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3D Direct Laser Writing of Highly Absorptive Photoresist
for Miniature Optical Apertures

Michael D. Schmid,* Andrea Toulouse, Simon Thiele, Simon Mangold,

Alois M. Herkommer, and Harald Giessen

The importance of 3D direct laser writing as an enabling technology increased
rapidly in recent years. Complex micro-optics and optical devices with
various functionalities are now feasible. Different possibilities to increase the
optical performance are demonstrated, for example, multi-lens objectives,

a combination of different photoresists, or diffractive optical elements. It

is still challenging to create fitting apertures for these micro optics. In this
work, a novel and simple way to create 3D-printed opaque structures with a
highly absorptive photoresist is introduced, which can be used to fabricate
microscopic apertures increasing the contrast of 3D-printed micro optics
and enabling new optical designs. Both hybrid printing by combining clear
and opaque resists, as well as printing transparent optical elements and
their surrounding opaque apertures solely from a single black resist by using

different printing thicknesses are demonstrated.

1. Introduction

The use of 3D direct laser writing as a fast and highly accurate
fabrication process for nano- and micro-optical devices is widely
used in different scientific fields such as biology,'— micro-
fluidics,*® imaging,”'% optical communication,3 beam
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shaping,*7 sensing,82% trapping,26:27]

or endoscopy.?8-3!l Furthermore, the com-
plexity of 3D-printed optics increased
drastically over the years by utilizing new
optical designs with multi-lens objec-
tives,327%]  diffractive surfaces,*® novel
photoresists with different dispersion and
their combination,?”38l or even moving
parts.’¥ Novel material classes such as
glass ceramics®)! or hybrid organic-inor-
ganic polymer resists*!l further broaden
possible applications. For optical perfor-
mance, apertures play a crucial role as a
fundamental design component. How-
ever, they could not be 3D printed to date.
There are other fabrication methods to
include apertures in 3D printed micro
optics, but they include additional fab-
rication steps and tools such as filling 3D printed voids with
black ink or evaporation of opaque materials.?2* In this
work we demonstrate for the first time how the black photo-
resist Prototype IP-Black (Nanoscribe GmbH & Co. KG) can be
polymerized via 3D direct laser writing and thus can be utilized
to fabricate arbitrary complex micro-apertures, enabling new
optical designs. We characterize the photoresist in terms of
absorption as well as dispersion and use this knowledge of the
material parameters to create different 3D direct laser-written
apertures in combination with different lens designs consisting
of standard photoresists such as IP-S (Nanoscribe GmbH & Co.
KG). Since there is enough light transmitted through flat sin-
glet lenses we demonstrate that it is even possible to create a
lens and aperture in a single step with the highly absorptive
photoresist, drastically reducing the fabrication complexity and
time.

2. Material Properties

Prototype IP-Black is a one-component cationically curing
epoxy-resin system. The material is solely light-curing with
an added photoinitiator in the ultraviolet (UV), making it suit-
able for direct laser writing. The viscosity of the material is
300 mPas. This is relatively low compared to other typically
used photoresists for 3D direct laser writing. However, it can
still be used for two-photon polymerization (2PP) lithography.
For the user, no special preparation or treatment of the resist
is necessary. To characterize the transmission of the black
photoresist we print patches with a side length of 250 um with
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Figure 1. a) Through illumination images of squares made of the black photoresist with different thicknesses of 50, 100, 150, and 200 wm. b) Transmis-
sion spectra in the visible for squares made of the black photoresist with thickness ranging from 25 um to 300 pm. The transmission decreases with
increased thickness. The photoresist shows the strongest absorption in the visible between 450 and 650 nm.

different heights from 25 pm to 300 um (Figure 1a). We use
a Nanoscribe Photonic Professional GT direct laser writing
machine on indium tin oxide-coated glass substrates. For the
fabrication of the different apertures, we use the wrapped fem-
tosecond direct laser writing method*! to avoid any contact of
the material with the objective and possible coloring. We use
the wrapped objective in dip-in mode resulting in a constant
beam path length through the material thus constant writing
intensity in the focal spot. This also enables structure heights
exceeding the working distance of the objective. The writing
parameters are: Slicing 2 pm, hatching 1 um, laser power 100%
(=58 mW, with a repetition rate of 80 MHz, the pulse energy
is 725 pJ or intensity of 3.7 TW ¢cm™), scan speed 40 mm s
Due to an extinction coefficient of =1 per mm at 780 nm the
laser power reduces to =70% in the focal spot or intensity of
2.6 TW cm™2. We use a 25x Zeiss objective (LCI “Plan-Neofluar”
25x/0.8) with a working distance of 380 um. After the printing
process, the sample is developed in mr-Dev 600 for 15 min to
remove residual photoresist and afterward cleaned in isopro-
panol for 5 min. For the transmission measurement, we use
an inverted microscope (Nikon Eclipse TE2000-U) attached
to a Princeton Instruments Acton Advanced SP 2500i grating
spectrometer, equipped with a Pixis-256e Peltier-cooled CCD
camera. We illuminate the sample with a fiber-coupled halogen
lamp (Oriel) using critical illumination under a maximum
numerical aperture (NA) of 0.65. The transmitted light is pro-
jected onto the entrance slit of the spectrometer using a Nikon
TU Plan Fluor ELWD 60X objective (NA 0.70). In order to nor-
malize the measurements, we used the spectrum of a resist-free
area on the same indium tin oxide-coated substrate as a refer-
ence. The resulting transmittance is depicted in Figure 1b. As
expected, the transmission reduces with increased photoresist
layer thickness. For the patch with a height of 25 um the lowest
transmitted intensity is still =75%. With a height of 250 um, the
transmitted intensity between 450 and 650 nm is below 5%,
but at wavelengths below 450 nm and above 650 nm it is much
higher. The absorption is mainly in the visible, which is ben-
eficial for the 3D direct laser writing fabrication process since
the laser beam at 780 nm can pass through the photoresist
without too much intensity reduction and can still polymerize
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the photoresist in the focal spot. Using these results, apertures
with a thickness of above 250 um should exhibit good perfor-
mance and can be fabricated via 3D direct laser writing.
Another important material parameter is the refractive index
and dispersion of the material. For the measurement, we use a
commercially available refractometer SCHMIDT + HAENSCH
ATR-L and measure the dispersion between 400 nm and
900 nm for the liquid photoresist, and after UV treatment with
a UV lamp (15, 30, and 45 min UV exposure with a DymaxBlue-
Wave 50 delivering UV light at 365 nm with an intensity of
3000 mW cm™2, at a distance of 3 cm with a resulting inten-
sity of 250 mW cm™, photoresist layer thickness =1 mm)
presented in Figure 2. The photoresist can be polymerized
with the UV lamp due to the low absorption in this wave-
length region. The refractive indices of the liquid photoresist
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Figure 2. Refractive index measurement of the Prototype IP-Black photo-
resist in the visible from 400 nm to 900 nm for different UV illumination
times. The liquid photoresist has refractive indices between 1.505 and
1.48. During UV treatment and the resulting polymerization the refractive
index increases, depending on the dose. After 30 min of illumination, the
refractive index has reached a saturation point at =0.02 above the liquid
photoresist. A 3D direct laser written test patch of 5 mm diameter and
250 um height exhibits similar refractive indices. We used a fine slicing
of 0.2 um and hatching of 0.5 um to match the fabrication parameters of
the later presented micro-optics.
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range from 1.48 to 1.505. After 15 min UV exposure the refrac-
tive indices increase and saturate for longer exposure times
after 30 min in a range from 1.50 to 1.528. A 3D direct laser
written patch of 5 mm diameter and 250 pm height was cre-
ated (same writing parameters as the patches but finer slicing
of 0.2 pm and hatching of 0.5 um equal to the later presented
micro-optics), exhibiting very similar refractive indices. This
indicates that after the long UV curing or direct laser writing
with high intensity the polymerization of the material satu-
rates. The Abbe number of the 2PP photoresist is 55 and the
refractive indices are very close to the commonly used 3D direct
laser writing photoresist IP-S from NanoScribe GmbH.* The
2 2 2
Sellmeier fit n(A)’ =1+ Ifl’l + 1232/1 133’1
AP=C A*=C, A'-C
provides the parameters B; = 1.03051, C; = 4.92832 1073 um?,
B, = 2.20788 10}, C, = 3.002 102 pm?, B; = 1.00968, and
C; = 1.03560 10 um?.

in Figure 2

3. Apertures and Functional Optical Designs

In the following, we use the Prototype IP-Black photoresist
to fabricate different optical devices, with the first being a
3D-printed pinhole camera. A sketch of the design is depicted
in Figure 3a. The pinhole camera has a diameter of 760 pm and
a height of 500 um which demonstrates that the fabrication of
high structures despite the absorption is possible. The pinhole

itself has a radius of 12 um and can be seen in Figure 3b. To
improve the developing process, the structure has holes at the
bottom providing better contact to the developer (visible in
Figure 3c). The aperture on top is angled according to the beam
path of the pinhole camera. In the image of a United States Air
Force (USAF) test target, the test pattern is visible (Figure 3d),
however, the imaging quality and contrast suffer from the low
light level and from the partial transparency of the structure
with thin parts, especially around the pinhole.

Since the black photoresist can be used for 3D direct laser
writing, arbitrarily shaped apertures can easily be fabricated.
In Figure 4 apertures with a quadratic, as well as a circular
outer boundary are depicted. We also demonstrate a combina-
tion of an aperture with the outer layer printed with the black
photoresist forming a hollow cylinder and then filled it with
silver metal ink NPS-J] (NANOPASTE series, Harimatec, Inc.),
which has a lower transmittance than the photoresist for better
dimming.

To demonstrate contrast improvement by apertures we fab-
ricate a hybrid design with a singlet lens made of IP-S and
an aperture made of the Prototype IP-Black photoresist
(Figure 5b,c). The IP-S lens with a diameter of 150 um and
height of 20 um is fabricated with a laser power of 70% (pulse
energy 508 pJ or intensity of 2.6 TW cm™), a scan speed of
50 mm/s, slicing 0.2 um, and hatching 0.5 um for good optical
surface quality. The aperture has a circular shape with a height
of 300 um and a diameter of 650 um. With these dimensions,

(b)

Figure 3. Pinhole camera printed with the black photoresist. a) Schematic cross-section of the pinhole camera, b) top view with through light illumina-
tion showing the absorbing structure around the pinhole and c) 60° angled view showing the hole design at the bottom of the structure for develop-

ment. d) Pinhole imaging of a USAF target.
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Figure 4. Different apertures printed with the black photoresist. a) Overview with square, metal-filled, and round aperture. Close image of b) round

and c) square apertures with d) an angled view.
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Figure 5. a) Hybrid lens design b) with IP-S singlet lens and c) Prototype IP-Black aperture. The imaging performance of the IP-S singlet d) without
and e) W|th Prototype IP-Black aperture is shown. f) The red and blue rectangles in the images mark the area used for the contrast comparison, which
nicely depicts the contrast improvement of more than a factor of four for the lens in combination with the aperture.
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Figure 6. a) Hybrid telecentric design of b) IP-S lens and c) Prototype IP-Black aperture. Imaging performance of the telecentric design d) without and
e) with Prototype IP-Black aperture. f) The red and blue rectangles in the images mark the area used for the contrast comparison.

we ensure high absorption of stray light. The opening angle is
fitted to the NA of the micro-lens of 14°, leading to a diameter
of 150 um at the micro-lens and 300 um at the top of the aper-
ture. The design is depicted in Figure 5a. For the aperture made
of the black photoresist, we use the same writing parameters as
before. In the first step, the lens made of IP-S is printed and
the aperture using the black photoresist is printed around it in
the second step. For the multi-material printing, the sample
has to be developed between the change of the photoresist (mr-
Dev 600 for 15 min and afterward isopropanol for 5 min) and
good alignment between the writing jobs is crucial. To ensure
proper alignment, small markers are printed during the first
job. The corresponding imaging result of a USAF test target
is depicted in Figure 5d,e. It is clearly visible that the contrast
in the image taken with the IP-S singlet exhibits a weak image
contrast, which is drastically improved in combination with
the 3D-printed aperture. A profile comparison of two intensity
cuts through a line pair of the USAF test target for the singlet
lens with and without a black aperture is depicted in Figure 5f
showing an enhancement in the Michelson contrast defined
by the equation Cy; = (Imax = Imin)/(Imax + Imin) of more than a
factor of four.

More complex optical designs are possible with the black
photoresist such as a telecentric lens design with an extended
depth of focus depicted in Figure 6a, where the stop is situ-
ated in the front focal plane. In this design, a singlet lens made
of IP-S is printed to the glass substrate using supporting leg
structures that the distance to the glass substrate (image plane)
and aperture is the focal distance (Figure 6b). In a second
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fabrication step, a hull of the black photoresist is printed around
the lens, forming the aperture placed in the focal plane of the
lens (Figure 6¢). The hull has an aperture diameter of 50 um to
maintain diffraction-limited performance across the full field of
view of the telecentric lens. The total thickness (z) of the hull
was chosen to be 500 pm to be well below the working distance
of the 3D printing objective lens, yet thick enough for over 95%
absorption in the bulk. The upper cone angles were designed
to be just above the maximum field angles of the IP-S lens, i.e.,
17° (design field of view +/-15°). Similar to the pinhole struc-
ture, our design of the Prototype IP-Black aperture comprises
holes in the lower part for improved development of the photo-
resist. The contrast enhancement is not as prominent as in the
singlet lens design depicted in the comparison of two intensity
profiles of line pairs of a USAF test target (Figure 6d—f).

However, the lens with the additional stop offers more func-
tionality, namely a longer depth of focus and telecentricity
compared to a lens without an aperture. The extended depth
of focus effect is demonstrated in Figure 7. Through-z scans
of a USAF test target are recorded for a lens without (Figure 7a
and with Figure 7b) the aperture and compared. Between each
image, the target is moved 10 um along the propagation axis
for the lens without aperture and 30 um for the telecentric lens
with aperture. We find that the depth of focus of the telecentric
design with aperture is about three times as long as the depth
of focus of the reference lens without aperture, as expected for
the improved case with aperture due to its reduced NA.

As demonstrated in the transmission measurements, the
black photoresist with a height of 25 um still transmits =75%

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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(a) Lens without aperture

Figure 7. Through-z scans of imaging a USAF test target for a telecentric lens a) without and b) with Prototype IP-Black aperture. Each measurement
series is normalized to the maximum in its focused image. The scan range is 60 im for (a) and 180 pm for (b). Note that the depth of focus is about
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three times longer for the telecentric design with aperture due to the reduced NA.

of the incoming light intensity in the visible, thus it is pos-
sible to fabricate a thin singlet lens with the Prototype IP-
Black photoresist and create the aperture directly in one single
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step. This reduces fabrication time and complexity drasti-
cally compared with multi-material designs. A singlet lens
made of Prototype IP-Black without and with an aperture is
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95UB01 7 SUOWILLIOD AIIEaID B |qedi(dde ay) Aq peusenof a1e ssjoie O ‘8sN JO Sa[nJ o} Akeiq18UIUO /311 UO (SUONIPUCD-PUE-SLUISY WD A3 1M ATe1q 1[BUlUO//STIY) SUONIPUOD Pue SWLe | 8y} 985 *[£202/0T/60] U0 A%eiqiauluo As|im ‘HeBims spyloljqigselseAlun Aq 6STTTZZ0Z WiPe/zZ00T OT/I0p/uod™Aa] 1w Ake.q i pul|uo//:Sdny Woij papeojumod ‘68 ‘€202 ‘82089T9T



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(@) (b)

IP-Black IP-Black

|
200 ym

(f)

Intensity

ki

o
®

o
~

—with aperture
—without aperture|

200 400 600
z[px]

normalized irradiance [a. u.]
o (=}
N (o))

o

Figure 8. a) The design for the Prototype IP-Black lens is identical to the singlet made of IP-S. 3D direct laser written one-step singlet lenses b) without
and c) with aperture solely made of Prototype IP-Black. Imaging performance of the Prototype IP-Black singlet lens d) without and e) with aperture
in one step. The red and blue rectangles in the images mark the area used for the contrast comparison. f) The contrast increases drastically by more

than a factor of seven, as visible in the contrast comparison.

depicted in Figure 8b,c). The singlet lens is the same design
as the IP-S singlet with a diameter of 150 pm and a height of
20 um (Figure 8a). This is possible due to the fact that the dis-
persions of IP-S and Prototype IP-Black are almost identical.
The writing parameters of Prototype IP-Black for the aperture
are identical to those mentioned above. For the writing of the
lens optical surface the writing parameters have to be adapted:
Slicing 0.2 um, hatching 0.5 pum. Furthermore, a hatching
angle of 90 degrees between the layers exhibits the best surface
results; printing the layers in parallel results in deformations. A
hatching angle of 30 degrees results in the formation of a small
spiral structure on top of the lenses. A longer piezo settling
time of 2 s or even 5 s reduced these deformations. Figure 8
compares the imaging performance and contrast of the singlet
Prototype IP-Black lens without (d) and with (e) an aperture.
The contrast improves drastically in the image taken with the
lens in combination with the aperture. Comparing the inten-
sity cut through the image shows that the Michelson contrast
improved by more than a factor of seven (see Figure 8f).

4. Conclusion

We introduced 3D direct laser writing of a black photoresist,
which enables the fabrication of various new optical designs.
Fabrication is possible due to the spectral transmission spec-
trum exhibiting high absorption in the visible but much lower
absorption at the used fundamental laser wavelength of 780 nm.
After characterizing important material parameters (absorp-
tion and dispersion) we demonstrated the use of the Prototype

Adv. Funct. Mater. 2023, 33, 2211159 2211159 (7 of 8)

IP-Black photoresist to fabricate a pinhole camera and show the
possibility to create different apertures. While imaging contrast
can be drastically improved by these apertures, the absorption
at the aperture edges is limited. This imperfection, however,
could also be used for targeted apodization design in future
works. In the following section, we combined a Prototype IP-
Black printed aperture in a two-step process with a lens made
of transparent IP-S, improving the Michelson contrast by more
than a factor of four. Due to the possibility of 3D printing, the
black photoresist complex aperture geometries can be realized.
We presented a telecentric design with an additional Prototype
IP-Black aperture with a 3x increased depth of focus. Since the
Prototype IP-Black photoresist still transmits more than 75% of
the incoming light at a height of 20 um (Figure 1b), we were
able to create a singlet lens of the black photoresist in combina-
tion with an aperture in a one-step process, showing improved
contrast compared to a reference lens without an aperture
by more than a factor of seven. This approach enables faster
fabrication and avoids alignment issues present in multi-
material writing. These are just examples of possible designs
with improved imaging quality. In general, the black photore-
sist offers a new one- and multi-material approach to further
improve the performance of complex 3D printed micro-optics
without the need for other fabrication methods used in the
past, such as metal evaporation or the filling of printed cavities
with metallic ink. Furthermore, it can be easily combined with
other novel developments, such as anti-reflection atomic layer
deposition coatings for reduced surface reflection®! or newly
introduced glass-based 2PP micro-optics offering improved sta-
bility and durability.0)
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