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The application of diffractive optical elements can enhance the efficiency of the two- photon polymerization (TPP) process by multiplying
the polymerizing beams. Spatial light modulators (SLMs) can dynamically change the light intensity pattern used for polymerization, making
single shot polymerization possible. Most reflective, liquid crystal-based instruments, however, suffer from various surface aberrations. In
order to enable SLMs to generate suitable polymerizing beams for TPP, these aberrations need to be corrected. Several methods were
introduced earlier to compensate SLM aberrations in different applications. For the nonlinear process of TPP, we developed and specifically
characterized a correction procedure. We used a simple interferometric method to determine the surface distortion of the SLM, calculated
a correcting hologram and confirmed the correction with the polymerization of test structures. The corrected SLM was capable of parallel

polymerization of 3D structures with a quality achievable with non-SLM beams. [DOI: 10.2971/j€05.2011.11029]
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1 INTRODUCTION

The method of two-photon polymerization (TPP) to produce
polymer microtools for a wide range of applications [1]-[8]
has been used for more than a decade [9]-[11]. It is capa-
ble of producing structures with sub-micrometer features and
can create complex 3D structures in a few straightforward
steps. The method relies on focusing an ultrashort-pulsed
laser beam into a layer of photoresist, where only multi-
photon absorption can occur. The polymerization is confined
into a well-defined volume normally bearing an ellipsoid-like
shape, called the voxel [12, 13], which can have dimensions
lower than the diffraction limit. TPP is capable of producing
structures with feature size below 100 nm [14].

The efficiency of TPP can be improved by the multiplication
of the laser beam using various diffractive optical elements
such as kinoform, microlens array or spatial light modulators
(SLM) [15]-[18]. Multiplication of the original laser beam by
SLM has been used routinely in optical trapping experiments
where it creates several, independently movable focal spots,
allowing the parallel manipulation of numerous trapped ob-
jects in 3D [19]-[21]. In TPP, the control of the position of sev-
eral polymerizing focal spots in 3D enables the parallel poly-
merization of small identical objects [16] or extended struc-
tures [17, 18]; SLM-assisted polymerization of a complex mi-
crostructure was realized even with a single, static illumina-
tion with specially tailored optical fields [22]. SLM modified
beams generally suffer form a certain level of wavefront dis-
tortion due to the curvature of the reflecting surface. This is
present in almost all LCoS (Liquid Crystal on Silicon) SLMs
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with different severity [23]-[26], resulting in an irregular in-
tensity distribution in the focus. In optical traps, poor fo-
cal spot characteristics lead to smaller trap stiffness and dis-
torted force field [27, 28]. Wavefront distortion determination
methods may apply wavefront sensors [29]-[31], interferome-
try [24] or monitor focal spot distribution [26, 28]; the correc-
tion may apply Zernike polynomials [26, 28, 31], perform the
correction in domains of the SLM [32, 33] or apply a Laguerre-
Gauss beam to optimize the wavefront [25]. The correction can
even be performed for large area SLMs [34]. Some of these
methods are intended to correct the aberrations of the entire
optical pathway [32, 33], some only that of the SLM separately
[24, 31, 34]. What is common is that the methods use exactly
the phase shifting ability of the SLM to achieve the correction:
a calculated or approximated correction hologram generates
the inverse phase shift of what the surface distortion created.

During our TPP experiments, we observed strong distortions
in the geometry of the resulted structures when SLM was used
to create multiple polymerizing focal spots. We attributed this
to the distorted focal intensity distribution that affects the reg-
ular shape of the polymerizing voxel inversely and originates
from the distorted surface of the instrument. In order to poly-
merize microstructures with sub-micrometer features using
SLM-modified beams the distortion needed to be corrected.
Due to the nonlinear nature of TPP, the corrections have to
be implemented and critically characterized specifically for
this procedure. Our goal was to show that when a distorted-
surface LCoS SLM is used in TPP its adverse effect on the
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methods resolution could be eliminated by the application of
a correcting hologram. We show that in order to polymerize
microstructures of similar quality and reproducibility as with
systems not using SLM, one must apply such a distortion cor-
rection.

We built a Michelson interferometer setup to characterize the
distorting surface of the SLM, calculated a correction holo-
gram and combined it with the holograms used for the poly-
merization. The system can be built easily of parts that are
available in every optical lab, and did not require expensive
instrumentation. The degree of the correction was character-
ized by polymerizing individual voxels and 3D test struc-
tures with non-SLM beam, with SLM-reflected, but uncor-
rected beam and with a beam reflected by the corrected SLM.
We also performed SLM-assisted parallel polymerization of
3D microstructures.

2 Experimental

2.1 Two-photon polymerization setup

The light source of the TPP setup to create voxels was a fem-
tosecond fiber laser (C-Fiber A 780, Menlo Systems GmbH,
Germany, At = 100 fs, 10 nm BW, A = 780 nm, 100 MHz
repetition rate) and for the test-structures a Tisapphire
laser (Femtorose 100, R&D Ultrafast Lasers Ltd, Hungary
At =150 fs, 6 nm BW, A = 800 nm, 76 MHz repetition rate).
The beam was focused into the sample by a 100x oil immer-
sion objective (NA = 1.25) in two ways: either it was expanded
and driven directly into the objective, or it was expanded,
modified by the SLM and then directed into the objective. In
the latter case, the holograms were generating either a sin-
gle, corrected or uncorrected beam or several corrected beams
in the 1st order. We used the acrylic-based photoresist IP-L
(Nanoscribe GmbH, Germany) to polymerize individual vox-
els and 3D structures. 5 uL of IP-L was dropped and spread by
the pipette tip over a microscope cover slip. This resist poly-
merizes immediately during illumination without the need of
pre- or post- illumination treatment. It was developed by rins-
ing in 2-propanol 3 times for 5 minutes. The test structures
were made of SU-8 (Microchem, USA, resin type 2007) spin-
coated onto a 20 um layer on a microscope cover slip. They
were baked on a hot-plate prior to illumination for 2 minutes
at 95 °C, after the illumination for 10 minutes at 95 °C to
complete polymerization, developed by rinsing 3 times for 5
minutes in its developer (mr Dev-600) and finally rinsed with
ethanol.

The sample was moved by a piezo-driven 3D translation sys-
tem (Physik Instrumente, Germany). The individual voxels
were polymerized in IP-L with a common parameter range
that resulted in stable voxel formation with all types of beams
(SLM-affected and non-affected as well). The goal of get-
ting stable voxels also with the SLM-distorted beam, through
which the effect can be visualized the best, required working
well above the polymerization threshold of the non-distorted
beam. The voxels were polymerized with laser power varied
between 4 mW- 10 mW and illumination time between 10 ms
and 1000 ms. At each given parameter pair a series of voxels
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FIG. 1 Michelson interferometric setup for the determination of the surface curvature
of the SLM used for TPP. BE: beam expander; RM: reference mirror; CCD1 and CCD2 are
used to digitize the interferogram or the focused images, respectively; S: screen; L1
and L2 are 125 mm and 100 mm lenses, respectively; 0: 20x microscope objective; M:

optional mirror.

were polymerized by shifting the z positions of the consecu-
tive voxels in 250 nm steps thereby truncating them at var-
ious heights. 2-10 mW laser power and 1-12 ym/s scanning
speed was used to polymerize the SU-8 test structures. The
geometric features of the resulted structures were measured
on scanning electron micrographs using Matlab algorithms.
In the TPP experiments a reflective LCoS display-based SLM
was used with 1024x768 pixels resolution (LC-R 2500, Holoeye
Photonics AG, Germany). Prior to the experiments the phase
modulation of the display as the function of the grayness level
of the hologram was linearized [35]. We determined that the
device is capable of more than 27 phase shift in the
400- 700 nm wavelength range but at the polymerizing 800 nm
itis only 1.67.

2.2 SLM surface distortion measurement
setup

The surface curvature of the SLM display was determined by
a home-built Michelson- interferometric setup (Fig. 1). The
expanded (BE) beam of a 532 nm CW solid-state laser was
used as light source primarily because of its suitable coher-
ence length as opposed to the 35 um coherence length of
the polymerizing beam. In the arrangement, the interfero-
gram observed on a screen (S) was projected (lens L1) onto
a monochrome CCD camera (CCD1), and recorded as a video
stream. Alternatively, the reference mirror- (RM) or the SLM-
reflected beam was focused (L2) and projected (20x micro-
scope objective O) onto a second CCD camera (CCD2) to in-
spect focal plane intensity distribution.

The SLM surface curvature was calculated from the observed
interferogram by a home- developed program (Matlab, The
Mathworks Inc., Natick, MA, U.S.A.). Since the observed in-
terferogram is not uniquely determined by the surface distor-
tions, i.e. various surface distortions could generate the ob-
served interferogram, we had to apply one assumption for
the hologram calculations: the SLM display is a simple con-
cave surface with one minimum approximately in its center.
This is supported by the literature [26], and also by discus-
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FIG. 2 (a) Interferogram obtained with A = 532nm, extended to the aperture of the
SLM. (b) Representation of the calculated SLM surface (contour lines represent equal
height values, height scale is in micrometers). (c) The calculated correcting hologram
for 532 nm and (d) the measured interferogram with the correcting hologram displayed
on the SLM. The supplementary media file shows the effect of correction for 532 nm

with switching the correcting hologram OFF and ON.

sions with the manufacturer. The calculated correcting phase
shift pattern for 780 nm was tested by comparing the inten-
sity distributions of the original, the SLM-distorted and the
corrected beams and by TPP experiments.

2.3 Measurement of the SLM surface
curvature

We calculated the SLM curvature from the positions of the ob-
served intensity maxima and minima of the interferogram. In
order to determine the positions of these maxima and minima
we applied various image-processing algorithms of Matlab on
the recorded interferogram. From our initial assumption it fol-
lows that the neighboring intensity maxima and minima lines
refer to such contour levels on the SLM that are of the same
height relative to a lowest point. These levels reflect the in-
coming light with A/4 path difference (in our case 133 nm).
Therefore we approximated the SLM surface using these lines
as reference levels.

First, the static interferogram was centered on the screen re-
sulting in a single, averaged quasi- symmetric grayscale im-
age (Fig. 2(a)). On this image, the positions of the interfero-
gram maxima and minima lines were determined using im-
age processing routines such as contrast enhancement, level-
filtering, erosion, which resulted in a 1-bit image. These lines
were then assigned to pixel positions on the surface of the
SLM. The assignment involved the precise scaling and center-
ing of the 1-bit image on the device with the assist of a rectan-
gular mesh pattern displayed on it. We assigned Onm height
to the centermost line and such height values to the rest of the
lines, which were incrementally increasing in the outward di-
rection in 133 nm steps. The surface finally was re-created by
fitting fourth-order polynoms to the height values (Fig. 2(b)).

532nm

Intensity (A.U.)
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FIG. 3 Intensity distributions of focused 532 nm laser beam in the cases of (a) NonC-
SLM, (b) No-SLM and (c) C-SLM. (d) Normalized intensity profiles of (b) (dashed)

and (c) (continuous), respectively, measured in the direction of the arrows. Intensity

(a) (d)

780nm
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(e)

distributions of focused 780 nm laser beam in the cases of (¢) NonC-SLM, (f) No-SLM
and (g) C-SLM. (h) Normalized intensity profiles of (f) (dashed) and (g) (continuous),

respectively, measured in the direction of the arrows.

2.4 Calculation of the correcting hologram

The known surface allows the calculation of a correcting
hologram for any given wavelength (for A = 532 nm see
(Fig. 2(c)). This can be carried out simply by calculating the
mod(7rr/2) of the height matrix representing the surface and
then transforming each matrix element linearly into an 8-bit
grayscale image.

3 Results

3.1 Testing the correction hologram

The calculated surface indicates that there is 2.86 ym peak-
to-valley difference over the display of the SLM (Fig. 2(b)).
The surface is mostly bending around the vertical axis, simi-
larly to a cylindrical mirror. Interestingly, the middle section
of the display (a 250x250 pixels, or 5x5 mm area) has less
than 200 nm P-V distortion, enabling its use without correc-
tion. However, to take advantage of the full resolution of the
SLM, one must illuminate its entire surface.

From now on, we refer to the original beam not reflected from
the SLM as No-SLM, to the beam reflected from the uncor-
rected SLM as NonC-SLM, and to the beam reflected from the
corrected SLM as C-SLM. The SLM-reflected beams were al-
ways deviated to the 1st order from the unaffected Oth order
by a blazed grating hologram. In the case of NonC-SLM, the
grating hologram was used alone, in the C-SLM case it was
added to the correcting hologram.

The calculated correcting hologram was tested by recording
the C-SLM beams interferogram with the reference beam and
also by recording its intensity distribution in the focal plane.
The interferogram recorded with the 532 nm C-SLM beam is
shown in Fig. 2(d). The intensity depicts the beam’s residual
phase front error. The intensity minima, seen on Fig. 2(a), are
completely eliminated from the central region, and the resid-
ual peak-to-valley distortion regarding the entire surface is
less than A /4.
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The effect of the correction on the focal plane intensity distri-
bution, a crucial parameter in TPP, can be seen on Fig. 3. When
focusing the NonC-SLM beam either at 532 nm (Fig. 3(a)) or at
780 nm (Fig. 3(e)), two perpendicular focal lines are observed
similarly to an astigmatic system. This is in accordance with
the calculated surface, which is bent mostly around the ver-
tical axis. The distortion can be eliminated completely
at 532 nm (Fig. 3(c)), and almost completely at 780 nm (Fig.
3(g)) by the application of the correcting hologram. The C-
SLM 532 nm beam is of circular shape, its FWHM is only about
6 % larger than that of the reference No-SLM beam and has
somewhat larger side lobes. The correcting hologram also re-
sulted in a circular focal spot in the case of the 780 nm beam
(Fig. 3(g)), however the improvement is of smaller degree: the
shape is slightly not circular, also has larger side-lobes and the
FWHM in the indicated direction is about 9 % larger than that
of the No-SLM beam (Fig. 3(f)). We believe that this is due to
the only 1.6 7t phase shift what the SLM is capable of around
780nm.

3.2 Application of the corrected beam for
TPP

The goal of the SLM correction was to optimize beam quality
for TPP when SLM is used. In order to quantify the effect of
the correction, individual voxels and 3D test structures were
polymerized using the three different beams: No-SLM, NonC-
SLM, and C-SLM. In both of the last two cases a single beam
deflected into the 1st order was used. The voxels are the build-
ing blocks of the TPP structures; therefore, the effect of the dis-
torted beam on a 3D TPP structure can be effectively studied
through the distortion of their shape. The simplest elements of
any 3D TPP structure that already involves translation of the
focal spot are straight lines so we also examined the distorting
effect on polymerized lines constituting the test structures. In
the described parameter range we studied i) how the poly-
merization threshold, ii) how the shape of the polymerizing
voxel, and iii) how the eventual dimensions of the voxels and
scanned lines depend on the three types of beams.

Using the NonC-SLM beam, no IP-L voxel could be made at
the lowest 4 mW power even using 1000 ms illumination time,
however, with the No-SLM and C-SLM beams at 4 mW with
20 ms it was still possible. For the SU-8 test structures poly-
merized by the NonC-SLM beam, intact structures were found
only at and above 6 mW, at this power only below 4 ym/s scan
speed; with No-SLM and C-SLM beams, they were intact even
at 2mW power (at this power only below 2 ym/s scan speed).

Fig. 4(a) shows that the voxels made with the No-SLM beam
has indeed a regular ellipsoid-like shape with a circular cross
section. This results straight lines of equal width along the
x and y axis and rods along the z axis on the test structures
(Fig. 4(e)). The effect of aberration of the NonC-SLM beam is
present in the entire parameter range we studied, with higher
visibility at higher laser power. The polymerized voxels con-
sist of two perpendicular planes inheriting the directions of
the focal lines of the astigmatic focal spot. The shift of the
consecutive focal spots in the z direction allows a better vi-
sualization of the shape. On Fig. 4(c) the emerging of such
a voxel can be followed in the direction of the arrows: first,

(@)

FIG. 4 Electron-micrographs of IP-L individual voxels ((a)-(d)) and SU-8 test structures
((e)- (g)) polymerized with No-SLM ((a), (e)), NonC-SLm ((b), (c), (f)) and C-SLM ((d),
(g)) beams. The voxels were polymerized with 6 mW laser power and 20 ms illumi-
nation time (@), (¢), (d)) and 10 mW and 1000 ms illumination time (b); the test
structures with 6 mW laser power and 4 um/s scan speed. Scale bar for voxels: 1 um,

for test structures: 5 ym.
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FIG. 5 Diameter of the polymerized voxels made by the (a) No-SLM and (b) C-SLM
beams. Closed triangles: illumination time dependence at 6 mW laser power; open

triangles: laser power dependence at 20 ms illumination time.

one planar half of the vortex polymerized by one of the focal
lines appears, then gradually the perpendicular one produc-
ing an eventual cross-shaped cross section. At 10 mW laser
power, 1000 ms illumination time even the structured internal
intensity distribution of the astigmatic polymerizing beam can
be seen (Fig. 4(b)). Here, 3 such voxels are shown, displaying
the two perpendicular planar voxel halves at various angles.
The test structures are completely distorted and often collapse
when polymerized with this beam (Fig. 4(f)). The restoring ef-
fect of the correcting hologram applied on the SLM is, how-
ever, evident (Fig. 4(d)): the voxel again has a circular cross
section with an ellipsoid- like shape. On the test structures,
the straight lines (Fig. 4(g)) again obey the same geometry as
those made with the No-SLM beams.

We compared the diameter of the voxels made by the No-SLM
(Fig. 5(a)) and the C-SLM (Fig. 5(b)) beams. The dependence
on the illumination time at 6 mW laser power and that on the
laser power at 20 ms illumination time are presented for both
cases. Although these parameter ranges resulted in stable vox-
els also for the NonC-SLM, their cross-shaped voxels did not
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have a well- defined width, therefore could not be compared
quantitatively.

As a general observation, the diameter of the polymerized
voxels follow the same trend both in the case of the No-SLM
and in the C-SLM case: at 6mW power both are breaking
down at about 100 ms ilumination time, and using 20 ms il-
lumination time both are almost linear in the 4 mW-10 mW
power range. We attribute the difference between the diam-
eters measured at identical parameters to the not fully re-
covered intensity distribution of the corrected beam. We con-
sidered the dependency of the width in the applied power
regime to be linear: for the No- SLM beam 53 nm/mW slope
is achieved, for the C-SLM beam it is 58 nm/mW. The run of
the curves anticipate that the diameter values could be further
reduced [9, 36], especially with reducing the applied power.
However, in that parameter range the NonC-SLM beam does
not result in any voxel, so the comparison of their shape is not
possible. The thickness of the straight lines of the SU-8 test
structures also display similar linear dependence with laser
power at the applied scan speeds for the No-SLM and C-SLM
beams (not shown).

The fact, that the geometry of the voxels made by the C-
SLM beam behaves qualitatively the same way as the No-
SLM beam suggests that it is just as possible to produce re-
producible microstructures with the corrected beam as with
the original one. On the contrary, the double, perpendicular
focal planes polymerized with the NonC-SLM beam makes it
impossible. Considering the use of A = 780 nm beam, which
is out of the SLMs design range, we believe that this degree
of correction enables the device to produce two-photon poly-
merized microstructures with greater efficiency.

In order to demonstrate the increase of efficiency we per-
formed parallel polymerization of the test structures from SU-
8 by splitting the original beam to six beams and of the more
complicated 3D logo of our institute from IP-L with 4 beams.
For the first, the hologram resulted in a 2-by-3 arrangement
of the polymerizing focal spots, placed 12 ym from each other
(Fig 6.(a)), for the second one a 2-by-2 arrangement with dx =
15 ym and dy = 20 ym distances. The six beams feature a uni-
formity of U = 0.956 where U = 1-(Pmax-Pmin)/(Pmax+Pmin)
where Pmax and Pmin are the integrated maximal and min-
imal focal spot intensity values in the 6 beams, respectively.
The paralelly polymerized test structures (Fig. 6(b)) possess
the same geometric characteristics as the structure made by
only one C-SLM beam (Fig. 4(g)) and are practically indistin-
guishable from each other. Also, the parallel polymerization of
the logos resulted in identical 3D structures. We conclude that
the C-SLM beams are not only capable of producing TPP mi-
crostructures of similar quality as No-SLM beams, but using
SLM greatly enhances the efficiency of the procedure being
able to make multiple identical structures.

4 Conclusion

We optimized the use of a spatial light modulator in a two-
photon polymerization setup by calculating and correcting its
surface curvature. First, we determined the shape of its dis-

£l
a

(a)

(b)
FIG. 6 (a) Focal spot arrangement of 6 polymerizing C-SLM beams generated in the first
order and the non-corrected zero order beam in the sample plane. The normalized
numbers on the left of each spot represent the relative intensity of that beam. (b)
Electron micrographs of 6 SU-8 test structures polymerized in parallel mode by the 6
beams shown in (a) (6 mW power in each beam, 4 um/s scan speed). (c) Electron
micrographs of the parallel-polymerized logo of our institute made of IP-L by 4 C-SLM

beams (6.3 mW power in each beam, various scan speeds; imaged with 30 degrees

tilt). Scale bars are 1oum.

torted surface by a Michelson interferometric setup, and then
we calculated a correction hologram for the polymerizing
780 nm wavelength. The tests showed that the about 5 A phase
front distortion of the SLM-reflected beam could be reduced to
below A/4 in the region of the SLM used for TPP. The intensity
distribution of the focused beam could be restored with the
deviation of the width less than 10 % from the reference beam
at 780 nm and with a beam profile slightly off-Gaussian, com-
patible with the result of most of the wavefront-compensation
methods. Most importantly, as opposed to the non-corrected
SLM, the shapes of the voxels can be restored completely and
highly regular structures can be produced. The application of
the correcting hologram demonstrates the restoring power of
the applied surface aberration correction method, and enables
the SLM to increase the efficiency of TPP. The improvement of
the SLM-based TPP setup is an ongoing work applying meth-
ods to correct not only the distortion of the SLM itself but that
of the entire optical path.
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