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Abstract: Two-photon polymerization enables the fabrication of micron
sized structures with submicron resolution. Spatial light modulators (SLM)
have already been used to create multiple polymerizing foci in the pho-
toresist by holographic beam shaping, thus enabling the parallel fabrication
of multiple microstructures. Here we demonstrate the parallel two-photon
polymerization of single 3D microstructures by multiple holographically
translated foci. Multiple foci were created by phase holograms, which
were calculated real-time on an NVIDIA CUDA GPU, and displayed on
an electronically addressed SLM. A 3D demonstrational structure was
designed that is built up from a nested set of dodecahedron frames of
decreasing size. Each individual microstructure was fabricated with the
parallel and coordinated motion of 5 holographic foci. The reproducibility
and the high uniformity of features of the microstructures were verified by
scanning electron microscopy.
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1. Introduction

Two-photon polymerization (TPP) is a widespread method to produce micron-sized structures
with submicron resolution [1–8]. Complex 3D microstructures can be created such as photonic
crystals [4, 5], microfluidic channels [6] or microstructures for holographic optical tweezers
experiments [7, 8]. The method is based on the two-photon excitation of a negative photoresist
by a femto-second laser with suitable wavelength. A high NA objective focuses the laser into a
layer of photoresist, thus two-photon absorption is confined into a small, ellipsoid-like volume
around the focus, called the voxel. 3D structures can be created by scanning the focus along a
pre-defined trajectory inside the photoresist. Polymerization of a complex microstructure with
fine features can take up to several minutes, therefore TPP microfabrication in large quantities
can be a time consuming process.

A straightforward way to speed up the microfabrication process is to redirect the original
laser beam into multiple polymerizing foci, allowing the better utilization of the available laser
power, which is usually much higher, than required for a single focus. This can be achieved
by various diffractive optical elements, such as kinoforms [9], microlens arrays [10, 11] and
spatial light modulators (SLM) [12–15] modulating either the phase or the intensity of the
laser beam. In the mentioned cases a 2D arrangement of foci is created, that is kept unchanged
while the photoresist layer is translated in 3D during illumination, resulting in the creation of
distinct identical microstructures by each focus. In this manner the fabrication time reduces
proportionally with the number of applied foci. With phase modulating liquid crystal SLMs it
is possible to create and dynamically rearrange multiple focal spots in 3D by holographic beam
shaping. Such devices are the key elements of holographic optical tweezers, where they are
used to create and move multiple optical traps in real-time [16]. This ability of an SLM has been
used to demonstrate parallel single-photon polymerization of multiple identical microstructures
by holographically created and translated focal spots [17]. However, TPP has not yet been
presented in such a manner, as neither the parallel fabrication of a single three-dimensional
structure with holographically translated multiple foci.

In this work we present two-photon polymerization of complex 3D microstructures, where
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each individual microstructure was polymerized with the coordinated translation of multiple
holographic foci. Such a fabrication was realized by continuously updating an electronically
addressed SLM with new holograms, so that foci created by successive holograms exposed suc-
cessive parts of the desired microstructure. Holograms were calculated real-time with the 60Hz
refresh rate of the SLM on an NVIDIA CUDA graphics card by a self-developed C++/CUDA
software. The recent development of CUDA technology enables to perform the hologram cal-
culation by parallel computing on parallel throughput GPU architectures much faster than on
CPUs. The software incorporates an OpenGL window to display the holograms on the SLM,
as well as the control over a motorized microscope stage for repeated fabrication. To demon-
strate the method, we designed a microstructure that is built up from a nested set of dodec-
ahedron frames with decreasing size. As a dodecahedron frame has a 5-fold symmetry, this
multi-dodecahedron structure was divided into 5 uniform segments and polymerized by 5 inde-
pendent holographic foci.

2. Experimental setup

Figure 1 depicts the holographic two-photon polymerization system. The light source for two-
photon polymerization is a femtosecond fiber laser (C-Fiber A 780, Menlo Systems, Germany)
operating at 100 MHz frequency with 100 fs pulse length at 780 nm. The applied laser power
was controlled with a half-wave plate (λ /2) in a rotational mount followed by a polarizing
beam splitter cube (PBS). A pair of lenses (L1, L2) are used to expand the beam to match
the SLM’s (LC-R 2500, Holoeye Photonics AG, Germany) rectangular reflective surface along
its shorter dimension. After reflection from the SLM the phase-shaped beam is imaged by a
telescope lens pair (L3, L4) onto the back focal plane of a 100x 1.25 NA oil immersion objective
(Zeiss Achroplan, Carl Zeiss, Germany) (OBJ) mounted on a Zeiss Axiovert 40 microscope.
Propagation of the 0th and higher diffraction orders are blocked at the focus of lens L3 by
an aperture (A). The 1st order beams are focused into the photoresist layer sample (S) by the
objective. Positioning and translation of the photopolymer sample are done by a motorized
microscope stage (LS-2000, Märzhäuser Wetzlar GmbH & Co., Germany).

The test structures were made of SU-8 photoresist (Microchem, USA, resin type 2007) spin
coated onto a 20 µm layer on a microscope cover slip. The layer was baked on a hot-plate prior
to illumination for 2 and after it for 10 minutes at 100 C, and was developed by rinsing 3 times
for 5 minutes in its developer (mr Dev-600) and finally in ethanol. Additionaly we used IPL
photoresist (Nanoscribe GmbH, Germany) to visualize the polymerization process.

The holographic fabrication software, controlling the SLM and the microscope stage, runs
on a desktop computer equipped with an NVIDIA Geforce GTX 560 Ti graphics card.

λ/2 PBS 
L1 L2 

M1 

L3 L4 

SLM 

Obj A 

S 

C-Fiber A 780 

Fig. 1. Schematic layout of the holographic two-photon polymerization system.
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3. Methods

3.1. Hologram calculation

An NVIDIA CUDA GPU was used to calculate holograms in real-time with the SLMs refresh
rate. NVIDIA’s CUDA [18] technology enables the development of applications that harness the
computing power of the GPU, and can provide up to a few-hundreds of times speedup compared
to CPU-utilizing applications. We have chosen to implement the weighted Gerchberg-Saxton
(GSW) algorithm [19] due to its ability to calculate holograms for various numbers of foci with
precise 3D arrangement and well controlled intensity. In the iterative procedure of the GSW
algorithm a hologram φ is obtained as the phase of the weighted complex superposition of
single focus holograms:

φ j = arg
[
∑
m

wm ei
(

∆m
j +θm

)]
(1)

where φ j is the jth pixel of the hologram, i is the imaginary unit, wm and θm are the weight and
phase of focus m, respectively, and ∆m

j is the jth pixel of the hologram projecting focus m to
coordinates (xm,ym,zm) relative to the objective lens focal point:

∆
m
j =

2π

λ f

[
x j xm + y j ym + zm

√
f 2 n2

i −
(

x2
j + y2

j

)]
(2)

where x j,y j are the jth SLM pixel’s coordinates on the back focal plane, f is the focal length of
the objective lens and ni is the refractive index of the immersion medium. In the iteration wm
and θm are initially set to 1’s and to random numbers uniformly distributed in [0,2π], respec-
tively, and are updated in each iteration step with respect to the complex field calculated on the
positions of each focus:

Vm =
1
N

N

∑
j=1

ei
(

φ j−∆m
j

)
(3)

wm = wm
〈|Vm|〉
|Vm|

(4)

θm = arg(Vm) (5)

where 〈〉 denotes averaging over all foci and N is the total number of pixels over Vm is calculated.
As wm are optimized during the iteration, deviations of |Vm| from 〈|Vm|〉 are reduced, thus φ

produces foci with highly uniform Im = |Vm|2 intensities. We note here that the term which zm
is multiplied with in Eq. (2) represents a spherical defocus wavefront that shifts the focal spot
axially. This type of defocus wavefront is superior over the parabolic wavefront defined in [19]
for high NA objectives designed to fulfill the sine condition [20]. To increase computational
speed we calculated the hologram only on pixels that fall inside the objective’s back aperture
projection on the SLM.

Since the calculation time of GSW grows almost linearly with the number of foci and it-
erations, it is reasonable to express the calculation performance as calculation time/number
of foci/number of iterations [16]. Our CUDA implementation of GSW achieves 0.165
ms/foci/iteration performance for holograms calculated over a circular area with 500 pixel
radius. Since usually ~10 iterations are enough to produce holograms with high diffraction
efficiency and uniformity, our software can calculate optimal holograms for up to 10 foci under
the SLM’s 16.666 ms refresh time. As an alternative for real-time calculation, the SLM can be
refreshed by pre-calculated holograms stored on a hard drive. This method has obvious draw-
backs in cases when a high number of holograms have to be displayed in a sequence, requiring
large storage capacities.
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3.2. Holographic two-photon polymerization process

The holographic two-photon polymerization process is controlled by a self-written C++/CUDA
software incorporating the GPU hologram calculation procedure, an OpenGL window and con-
trol over the motorized microscope stage. The OpenGL window is created and managed with
the FreeGLUT library [21], and serves to display the calculated holograms on the SLM. The
calculated holograms were directly rendered from the GPU DRAM into an OpenGL texture
through a Pixel Buffer Object, displaying the hologram on the SLM in less than 0.05 ms. Two
separate text files are loaded upon startup of the software: one contains the voxel coordinates
of the structure to fabricate and the other the microscope stage coordinates for repeated fabri-
cation. Each row of the first text file holds coordinates of voxels to be exposed simultaneously.
In the polymerization process a hologram for each row is calculated and displayed on the SLM
sequentially, thus in every 16.666 ms each focus is re-created at an unexposed voxel position.
A previously determined hologram that corrects for the SLM surface aberrations [12] is added
to each hologram to achieve diffraction limited focus quality. For precise fabrication it is nec-
essary to ensure that every hologram is displayed on the SLM for the same duration, so that
every voxel is exposed uniformly. This can be achieved by enabling vertical synchronization
for the OpenGL window, which ensures that the hologram in the OpenGL window is redrawn
in synchrony with the SLM’s refresh rate. As there is no mechanical movement involved in the
process, the voxels of a microstructure can be exposed in arbitrary order.

4. Results

The plot of the designed multi-dodecahedron microstructure exposed by the foci of 5 holo-
graphic beams is shown on Fig. 2(a). The different colors depict the five complementary parts
exposed simultaneously by the distinct foci.

(a) (b) 

Fig. 2. (a) Three dimensional plot of the test microstructure voxel coordinates. Z-
coordinates are relative to the focal plane of the objective. Different colors show voxels
exposed by foci of different holographic beams. See Media 1 for the visualization of the
scanning trajectories of the five foci. (b) Y-Z plot of the test microstructure revealing the
relative positions of the focal plane and the coverglass-SU-8 interface. Axis units are in
micrometers.

A 10 µm offset was added to both the x and y coordinates of the five holographic focal spots
to separate the corresponding beams from the zero order, which therefore could be blocked at
aperture A (Fig. 1). As diffraction efficiency for a holographic lens decreases with the absolute
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z-coordinate of the holographic focus, it was reasonable to center the voxels z-coordinates in
respect to the objectives focal plane. Consequently, the objectives focal plane was positioned
~6 µm over the glass substrates top surface that is inside the photoresist layer as illustrated in
Fig. 2(b).

The microstructure was composed of 3 dodecahedron frames, with circumscribed sphere
radii from 3 to 7 µm in 2 µm steps. With a uniform 150 nm voxel to voxel distance a total
number of 2745 voxels needed to be exposed by 549 holograms each creating 5 foci. The holo-
grams were calculated and displayed in real-time with the SLMs’ 60 Hz refresh rate, which
resulted in 9 µm/s scanning speed and 9.15 s fabrication time. We calculated every hologram
with the same set of initial phases θm (Eq. (1)). This was necessary to minimize intensity fluctu-
ations of the holographic foci that mainly arise from the random average phase change between
consecutive holograms [22], especially when random θm is applied in the calculations.

The IPL photoresist was used to visualize the holographic two-photon polymerization pro-
cess, since, in contrast to SU-8, it changes its refractive index immediately upon illumination.
Figure 3 shows 6 representative frames from a video of an IPL microstructure polymerization
recorded in our holographic TPP system.

Fig. 3. Brightfield microscope images of the fabrication process visualized in IPL photore-
sist (Media 2).

Figure 4 shows scanning electron microscope images of holographically fabricated SU-8 test
microstructures. The total applied laser power was 23 mW for the 5 holographic beams.

(a) (b) 

Fig. 4. Scanning electron microscope images of a holographically polymerized test struc-
ture, with viewing angle 45◦ (a) and top view (b).
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As a merit of fabrication quality we measured the lateral thicknesses of the 10 outermost line
segments of a microstructure (numbered on Fig. 4(b)). Each segments averaged thickness with
its standard deviation is plotted on Fig. 5. The average of the ten thickness values is 454 nm
with a standard deviation of 17.33 nm, which is 3.8% relative error. The thickness variation
within the individual lines is also remarkably small: the average of standard deviations is 10.12
nm. These values indicate high uniformity among the five distinct focus intensities and also
very low intensity fluctuation for each holographic focus during a holographic scan.

Fig. 5. The average and the standard deviation of thicknesses of the outermost line segments
numbered on Fig. 3(b).

5. Conclusion

We demonstrated that complex 3D microstructures can be two-photon polymerized by multiple
foci created and translated by a holographic spatial light modulator. Our implementation of the
GSW algorithm can calculate optimized holograms for up to 10 foci under the SLMs refresh
period on a CUDA GPU. This enabled us to efficiently generate five independent foci for the
parallel holographic two-photon polymerization of multi-dodecahedron test microstructures.
The uniformity of the foci and their temporal stability was verified by the very low thickness
variation of the polymer lines of the test structure. The 9 µm/s scanning speed achieved with
our 60 Hz refresh rate SLM can be further increased by the application of faster modulators:
200 Hz SLMs are already available and higher rate ones are expected to be released in the near
future.
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