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High-aspect 3D two-photon polymerization structuring
with widened objective working range (WOW-2PP)

Kotaro Obata, Ayman El-Tamer, Lothar Koch, Ulf Hinze and Boris N Chichkov

We developed a novel two-photon polymerization (2PP) configuration for fabrication of high-aspect three-dimensional (3D) structures,
with an overall height larger than working distance of the microscope objective used for laser beam focusing into a photosensitive
material. This method is based on a modified optical 2PP setup, where a microscope objective (100X high N.A.), immersion oil and
cover glass can be moved together into the photosensitive material, resulting in an effective higher and wider objective working range
(WOW-2PP). The proposed technique enables the fabrication of high-aspect structures with sub-micrometer process resolution. 3D
structures with a height of 7 mm are demonstrated, which could hardly be built with the conventional 2PP set-up due to refractive index

mismatch and laser beam disturbances.

Light: Science & Applications (2013) 2, e116; doi:10.1038/Isa.2013.72; published online 6 December 2013

Keywords: femtosecond laser; large-scale structuring; laser material processing; photochemistry; two-photon polymerization

INTRODUCTION

With ultrafast laser systems, high-intensity laser pulses in a localized
focal volume and time can be generated. This allows for novel laser
applications in material processing based on nonlinear laser—matter
interactions.'™ An attractive three-dimensional (3D) micro- and
nanofabrication method using ultrafast laser pulses is the two-photon
polymerization (2PP) technique of photosensitive materials.”™ In the
2PP process, femtosecond (fs) laser pulses initiate 2PP via two-photon
absorption and subsequent polymerization in an extremely localized
focal volume. This results in 3D micro- and nanoscale structures. The
minimum resolution of the polymerized structures can be much smal-
ler than the diffraction limit of the incident laser beam. So far, the 2PP
process was primarily optimized for better process resolution, which is
widely studied and reported.'*° At the same time, large-scale 2PP
structuring to build structures with centimeter sizes and submicron
resolution is required for many applications. However, in the conven-
tional 2PP process, the structure height is limited by the working
distance of the microscope objective used for focusing laser pulses into
the photosensitive material. A typical working distance of a 100X oil
immersion type microscope objective is less than 170 um. Biickmann
et al”' suggested dipping the microscope objective directly into a
special photoresist material. However, this method can only be applied
with a limited number of photosensitive materials. Commercially
available oil immersion-type microscope objectives are not designed
for direct use with the photoresist material instead of the immersion
oil. Alternatively, a lower-magnification microscope objective lens
(e.g., 10X) with much larger working distance can be used for the
fabrication of larger structures. However, this is done at a cost of worse
process resolution. Thus, often a tradeoff has to be made between
working distance of the microscope objective and process resolution.

In this paper, we present a novel approach for the 2PP structuring,
which maintains a classical optical configuration of objective, immer-
sion oil and cover glass, but which allows moving them together
dynamically and arbitrarily through the photosensitive medium.
This results in a 2PP system with a higher and wider objective working
range (WOW-2PP). In addition, fabrication of structures with up to
7 mm height using a lower magnification microscope objective (10X)
is demonstrated.

MATERIALS AND METHODS
Figure la shows a schematic illustration of the experimental setup for
WOW-2PP. In this experiment, a high-repetition rate Ti:Sapphire fs laser
system (Chameleon XR; Coherent GmbH, Diesburg, Germany; repe-
tition rate: 80 MHz, wavelength: 780 nm, pulse width: <140 fs) is used.
The laser power is precisely adjusted by a combination of £/2 wave-plate
and polarizing beam splitter cube. The photo-polymerized structure is
generated layer-by-layer with a combination of an x—y galvanometric
mirror scanner (Hurry SCAN 14, SCANLAB AG, Munich, Germany)
and a high-resolution linear stage in z-axis (M-126.DGI; Physik
Instrumente GmbH & Co. KG, Karlsruhe, Germany). The laser beam
is focused into the sample with a microscope objective. For online mon-
itoring of the 2PP process, a CCD camera is mounted behind a dielectric
mirror placed in front of the x—y galvanometric mirror scanner. The
polymerized structure can be monitored due to changes in the refractive
index of photosensitive material induced by the polymerization process.
The unique configuration of the WOW-2PP technique with high-
and low- magnification microscope objectives is illustrated in
Figure 1b and 1c, respectively. In the case of a high-magnification lens
(Figure 1b), a 170 pm thick cover glass is fixed below the 100X oil
immersion microscope objective (Plan Apochromat, N.A.=1.40;
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Figure 1 (a) Schematic illustration of experimental setup. (b) Configuration of WOW-2PP with 100X high-magnification microscope objective. (¢) Configuration of

10X low-magpnification microscope objective. 2PP, two-photon polymerization.

Zeiss, Gottingen, Germany) at a constant distance with a metal
adaptor. This adaptor consists of two parts that are connected with a
fine-thread screw with a pitch of 0.5 mm. When the laser beam focus is
set at the glass surface, fluorescence can be observed by the process
monitoring camera. By observation of this fluorescence and by adjust-
ment of the fine screw, the focal point of the laser beam can be set
120 um below the lower surface of the cover glass in air. The gap
between the microscope objective lens and the upper surface of the
cover glass is filled with the refractive index matching oil (7,3=1.515).
A droplet of liquid photosensitive material is put between the cover
glass and glass substrate located at a distance of 120 um. Thus, the
combination of microscope objective and cover glass can be moved
together arbitrary in the liquid photoresist, and this movement is not
limited by the working distance of the microscope objective used for
the 2PP structuring. In the case of the low-magnification lens, a 10X
microscope objective (Epiplan N.A.=0.2; Zeiss) is used as shown in
Figure 1c. The microscope objective and the cover glass are also fixed
with a metal adaptor. The focal point of the laser beam is set 3 mm

£

below the lower surface of the cover glass using the same method as
mentioned above. The gap between the microscope objective and cover
glass is filled with air. During the 2PP process, the sealed microscope
objective is dipped into a tray filled with a liquid photosensitive material.
The depth of the material pool used in this contribution is 15 mm.

RESULTS AND DISCUSSION

WOW-2PP can produce structures with an overall height far beyond the
working distance of the microscope objective used for laser beam focusing.
Figure 2a shows a scanning electron microscope (SEM) image of 6X6 grid
structure fabricated by WOW-2PP with a 100X microscope objective. The
pentaerythritol tetraacrylate containing 1.5 wt-% of 4,4’-bis (diethylamino)
benzophenone photoinitiator is used as a photosensitive material. The laser
beam at 33 mW power is scanned at 4 mm s~ ' speed. The z-axis is moved
stepwise by 0.5 um to build 3D structures layer by layer. After the poly-
merization process, non-irradiated pentaerythritol tetraacrylate is removed
by 2-propanol and dried with a critical point dryer (E3100 Critical Point
Dryers; Quorum Technologies Ltd, East Sussex, United Kingdom).

Figure 2 (a) SEM image of 6X6 grid structure. (b) SEM image of “Tokyo Skytree”. Both structured are fabricated by WOW-2PP with 100X high-magnification
microscope objective. 2PP, two-photon polymerization; SEM, scanning electron microscope.
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The SEM image in Figure 2a shows a 3D structure with an overall
height of 459 pum, which is far beyond the working distance of 170 pm of
the microscope objective. The smallest lateral feature size in this structure
is 771 nm. Even at the top of this high-aspect structure, the grid is still
regular with a periodic pitch of 5 um, without any distortion and shrink-
age. Note that this accurate structuring works, although there is a slight
flow of photosensitive material, which happens after each layer is finished
and the objective is lifted to the next z-position. Figure 2b shows a
microscale television tower (“Tokyo skytree’) fabricated at the same con-
ditions as in Figure 2a. The polymerized structure is generated by a
combination of an x—y galvanometric mirror scanner and z-axis con-
trolled with CAD data. The input laser power and scanning speed are set
at 14 mW and 0.4 mm s, respectively. The hatching size for laser
scanning in the x-y layer is 0.2 pm; the step of the z-axis is 0.5 um at
each layer. The SEM image in Figure 2b shows an overall height of the
tower of 293 pm, which is also beyond the working distance of 170 pm of
the microscope objective. The smallest lateral feature size in this structure
is 1.2 pm and is determined rather by the CAD data than material
characteristics and experimental conditions. Thus, the WOW-2PP tech-
nique using high-magnification microscope objective has greater poten-
tial for high-resolution large-scale 3D structuring than conventional 2PP.
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Furthermore, application of the WOW-2PP technique with lower-
magnification microscope objectives has also many advantages.
Figure 3a shows schematic configurations of various types of tube
structures with straight, funnel and hourglass shapes. The wall thick-
ness of each tube is designed to be in the range of 50-100 pum. All
structures are connected to the glass substrate by small feet for removal
of the non-irradiated photosensitive material after the 2PP process.
Figure 3b shows tube structures fabricated with WOW-2PP using a
10X microscope objective and designs shown in Figure 3a. The non-
trombogenic polyethylene glycol diacrylate (SR610; SARTOMER,
Colombes, France) with 2 wt-% IRGACURE 369 (Chiba, Basel,
Germany) photoinitiator is used as a photosensitive material. The
laser beam is scanned at 150 mm s~ ‘. The hatching size in the x—y
plane is 2 um. The z-step between two successive layers is 10 pm. After
the polymerization process, non-irradiated polyethylene glycol dia-
crylate is removed by ethanol and dried with critical point dryer.
The overall height of the generated structures is 7 mm. The hourglass
shape structure takes the minimum fabrication time for approxi-
mately 90 min. The resulted structure shape corresponds well to the
original design, since the air gap between the microscope objective and
cover glass can be kept fixed during the whole process. Consequently,
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Figure 3 Photograph showing various shapes of tube structure fabricated by WOW-2PP with 10X low-magnification microscope objective. 2PP, two-photon

polymerization.
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there is no influence of the beam refraction at the interface between the
cover glass and material. The scanning speed of the laser beam used in
Figure 3 is 150 mm s~ '. The scanning speed of the laser beam is a
parameter of particular importance for reduction of the processing
time. However, only suitable combinations of photopolymer and
photoinitiator can make high-speed 2PP possible. In addition, the
laser pulse energy and the repetition rate also influence the morpho-
logy of the 2PP structures such as continuity and smoothness of the
fabricated lines. In our setup, the applied x—y galvanometric mirror
scanners provide very stable laser scanning in the liquid photosensitive
material during the 2PP structuring, resulting in realization of not
only large-scale structures, but also high-speed 2PP processing.

For the demonstration of functionality of the fabricated tubes, a liquid
flow test was carried out with the hourglass shape tube shown in Figure 3.
The tube was connected at one side to a motorized microsyringe which
injected test fluids into the tube. The opposite side was left open as a
drain. The test fluid successfully passed the tube; flow rates from 0.1 to
5.0 ul s~ were observed. When 2-propanol was injected into the tube,
no clogging or leakage was found. The same results were obtained with
Dulbecco’s modified Eagle medium: nutrient mixture F-12 (DMEM/
F12; Lonza Ltd, Basel, Switzerland) supplemented with 10% fetal calf
serum and antibiotics. The polyethylene glycol diacrylate is a biodegra-
dable polymer material. Thus, the tube structures fabricated by the
WOW-2PP technique can be applied as artificial blood channels.

CONCLUSION

A novel configuration for the 2PP fabrication of high-aspect ratio 3D
structures using microscope objective (100X high N.A.), immersion
oil and cover glass, which can be moved together through the pho-
tosensitive material, has been developed. This technique (WOW-2PP)
considerably extends the objective working range providing possibi-
lities for large-scale 3D structuring without laser beam distortions. This
technique can be used with all liquid type photosensitive materials.
Fabrication of high-aspect ratio structures, impossible with the con-
ventional 2PP technique, has been demonstrated. For reduction of the
processing time, WOW-2PP can be combined with multi-focus struc-
turing.”>* We hope that the demonstrated WOW-2PP technique can
bring 2PP closer to applications.
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