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The development of a high-efficiency projection two-photon polymerization (P2PP) process by using a
liquid crystal spatial light modulator (SLM) is presented. Rapid fabrication of 2D patterned micro-
structures with P2PP is demonstrated, and the effect of laser pattern and exposure dose on the surface
roughness of the fabricated microstructures is investigated. It is found that the distribution of laser
intensity at the focal plane of objective has a significant effect on the profiles of microstructures. This
unique technology has a promising approach to increase the efficiency of two-photon polymerization
(2PP) and a parallel fabrication of complex 2D and 3D microstructures.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

2PP is a powerful tool that uses tightly focused high-intensity
laser to produce highly localized nonlinear light-matter interaction
inside a photosensitive material [1]. Due to the nonlinear nature of
2PP, this technique has a scalable resolution of hundreds of
nanometers down to sub-100 nm [2-4]. The most remarkable
property is that the network of precisely overlapped voxels can
permit fabrication of delicate 3D microstructures with arbitrary
shape. These properties make 2PP an appealing technique for the
fabrication of functional micro/nanodevices [5-10].

While this technique can produce extremely high-resolution 3D
structures, it has a major drawback of low efficiency due to the
serial nature of the point-by-point processing. It may take hours to
fabricate a single micro/nanodevice [11]. This significantly obstructs
the development of 2PP technology. Due to this point, 2PP has been
primarily limited to academic applications. Therefore, those
involved in the 2PP field would appeal for further research into
the area of parallel 2PP technique. Jun-ichi Kato et al. introduced a
mircolens array into the 2PP fabrication system to separate femto-
second laser into tens or even hundreds of spots for parallel
fabrication [12]. Similarly, Xianzi Dong et al. split a femtosecond
laser beam into multiple beams with diffractive optical elements
[13]. However, with the microlens array or diffractive optical
elements method, the distribution of the foci is related with the
design of the microlens array and diffractive optical elements.
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The locations of specified foci are fixed and unadjustable. Other
techniques involve holographic lithography [14,15] and use of
specifically shaped beams [16,17]. Nevertheless, with these meth-
ods, only microstructures with specific periods or specific profiles
can be fabricated. Recently, SLM was introduced into the 2PP
fabrication system where femtosecond laser beam was modulated
into multilaser spots and tightly focused into materials for parallel
fabrication [18-22]. This technique significantly increased the speed
of 2PP. However, microstructures were still fabricated by the
scanning of individual laser spots and the flexibility of SLM based
2PP was not fully investigated. A digital mirror device (DMD) based
lithography technique was also demonstrated recently [23,24].
Parallel processing of complex structures was realized by spatially
shaping the intensity profile of incident laser pulse using DMD.
However, DMD modulates the light by controlling micromirror
arrays to switch the light on and off at each individual pixel [24-26].
So only the laser reflected from the switched on mirror is used, which
sometimes accounts for only a small percentage of the whole mirror
array. In fact, the usable power is especially important in the 2PP
system since there exists a threshold power for 2PP. Besides, DMD can
modulate light beam into only 2D patterns, whereas 3D laser pattern
can be expected by phase modulation using a liquid crystal SLM,
which is used in this research.

This paper continues the research in SLM-based 2PP and DMD-
based lithography [18,24], presenting the development of a high-
efficiency P2PP process by using a liquid crystal SLM. A P2PP
system based on SLM is built. A femtosecond laser beam is
modulated to diverse 2D patterns and then focused into a photo-
resist with an objective lens for parallel fabrication. The fabrication
of microstructures is investigated based on the exposure dose and
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the laser pattern. It is hoped that this research could form a
foundation for the further development of P2PP technique.

2. Experiment
2.1. Principle

In traditional 2PP fabrication, femtosecond laser beam is
attenuated and then focused directly into photoresists to fabricate
microstructures serially in line and in layer with a single laser spot
[11]. However, in this experiment, a SLM is added to 2PP fabrica-
tion system and a high-efficiency P2PP apparatus is developed.
Laser beam illuminating the SLM is shaped to specific patterns
according to the loaded computer generated holograms (CGHs)
and then the modulated laser beam is focused by an objective into
curable photoresist. The illuminated area is solidified by 2PP and
the patterns are formed simultaneously in the photoresist under
one shot.

2.2. System overview

The P2PP system is schematically illustrated in Fig. 1. The
femtosecond laser source used in the experiment (Coherent
Chameleon) has 75 fs pulse width, 80 MHz repetition rate and
800 nm center wavelength. The power of femtosecond laser is
2.2 W and is attenuated with a half wave plate combined with a
Glan laser beamspliter. After passing through a beam expander,
the laser beam illuminates a phase only SLM (Holoeye Pluto NIRII)
which is suitable for wavelength from 700 nm to 1000 nm. To
achieve better modulation effect, the expanded laser beam slightly
overfills the SLM displayer. By loading CGHs to the SLM, the first-
order diffracted femtosecond laser beam forms arbitrarily desig-
nable patterns at the Fourier plane P. The other diffraction orders
created by the SLM are blocked with a spatial filter. The modulated
femtosecond laser pattern is then focused into photoresists with
an objective for 2PP. The photoresists used in the experiment are
IP-L (Nanoscribe) and SU-8 2075 (Microchem), both commercial.
IP-L is drop-casted between two cover glasses spaced with
adhesive plaster and then anchored to a 3D piezo-stage (Physik
Instrument E545). The adhesive plaster is more than 100 pm thick,
which is thick enough to make sure that 2PP happens in the inner
part of photoresists. SU-8 is prepared and developed according to
the standard guidelines. The process of fabrication is monitored
in situ with a CCD camera.

SLM is the core component of a P2PP system, which is used in
areas such as laser pulse shaping [27], optical trapping [28], and
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parallel ablation of metal surface [29]. The SLM used here is a
Holoeye Pluto NIRII, which is used for controlling an LCOS (Liquid
Crystal-on-Silicon) active matrix reflective mode phase only liquid
crystal displayer with 1920 x 1080 resolution and 8 pm pixel pitch.
This device is frequently used in displaying real-time CGHs. CGHs
that act as phase controlling holograms with 256 Gy levels are
used here. The CGHs are generated with the Gerchberg-Saxton
(GS) algorithm, an iterative 2D Fourier transform algorithm [28].

3. Results and discussion
3.1. P2PP with femtosecond laser modulated to curve patterns

The P2PP is demonstrated in Fig. 2. The insets of Fig. 2 show the
target laser patterns where white corresponds to laser light and
black corresponds to absence of laser light. The patterns include
letters (“U”, “S”, “T”, “C”), triangle pattern and circle pattern, which
we together called curve patterns. The designed patterns are in the
region of 100 x 100 pixels in SLM display panel. By loading the
calculated CGHs to SLM, femtosecond laser is modulated to
corresponding curve patterns and then focused into photoresists
with a 63 x objective (NA=1.4). In contrast to projection micro-
stereolithography [25,26] the innate chemical process of P2PP is
two-photon absorption and therefore polymerization can be
aroused only near the focus of laser beam, not all along the
beam path.

The first order of the diffraction beam from SLM has a
maximum power of 560 mW in our system. There is a power
threshold for 2PP and if the laser density in the designed laser
pattern is lower than the threshold, 2PP will not develop. Fig. 3
shows the results of P2PP with 100 x objective in SU-8 photo-
resist. The total power of T-shaped laser beam is 560 mW. The
exposure times of Fig. 3(a)-(d) are 5s, 1s, 500 ms, 200 ms in
order. As seen in the figure, the T-shaped microstructure becomes
less and less complete with the decrease of exposure time. The
further decrease of exposure time will fail 2PP. Since the average
laser power that corresponds to each pixel in the designed laser
pattern is low, the exposure time of P2PP is much longer than that
of the normal single spot 2PP. If the usable power of P2PP system
is increased, 2PP can be aroused as fast as that of normal single
spot 2PP. So, the usable power is a crucial factor of a P2PP system
to decide the efficiency of P2PP. In Fig. 3(c) and (d), it can be seen
that only some parts of the pattern survive the decrease of laser
power. This shows that the power distribution of laser pattern is
not uniform. The exposure time, which should be appropriately
selected, significantly affects the quality of fabricated patterns.

Glan Laser ) /2 wave
Splitter

Fig. 1. Schematic illustration of projection 2PP system. Inset: laser pattern focused into the photoresist.



84 L. Yang et al. / Optics Communications 331 (2014) 82-86

Fig. 2. Femtosecond laser reflected from the SLM is modulated to curve patterns and then focused into the photoresist with a 63 x objective (NA=1.4) for 2PP. The insets are

the designed curve patterns. All the scale bars are 30 pm.

3.2. P2PP with femtosecond laser modulated to plane patterns

In addition to P2PP with curve patterned laser beam, P2PP with
plane patterned laser beam is also investigated. Femtosecond laser
beam is modulated to circle plane, square plane and triangular
plane, and then focused into photoresists for 2PP fabrication. The
SEM images of the fabricated structures are shown in Fig. 4(a)-(c).
The designed laser pattern in Fig. 4(a) has a diameter of 20 pixels.
The designed laser patterns in Fig. 4(b) and (c) have a side length
of 20 pixels. In this research, IP-L is used as the photoresist with
50 x objective (NA=0.8). As shown in Fig. 4, circle, square and
triangular microstructures are obtained.

It is obvious that the top of the obtained microstructures is
relatively smooth. To find out whether they can still stay smooth
when the white points of the designed pattern are not continuous,
further experiments are conducted. In Fig. 4(d)-(f), femtosecond
laser beam is modulated to plane patterns with certain distance
between laser spots. In Fig. 4(d), there are 20 white points in the
diameter with an interval of 1 pixel. There are 20 white points and
40 white points at the side of the square plane in Fig. 4(e) and (f),
respectively, and the interval of white points is also 1 pixel. The
top of the microstructures is still smooth.

To further investigate how the surface roughness is affected by
the fabrication parameters of P2PP, a series of experiments are
done by changing the exposure time and the pixel intervals of
20 x 20 laser spots. The roughness of the top of microstructures
are measured with an optical profiler (Wyko NT 1100). The results
are shown in Fig. 5. As seen in the figure, with a certain exposure
time, the surface roughness of microstructures decreases with the
decrease of the laser spots interval. When the interval is fixed, the
surface roughness of microstructure decreases remarkably with an
increase of exposure time.

In conventional 2PP fabrication with single laser spot, 3D
structures are constructed by individual voxels with lateral size of
tens of nanometers. Thus, the edges of 3D structures are rather
sharp and smooth. However, the edge of plane pattern is not so
sharp that causes deformation. This is due to the intensity distribu-
tion of laser pattern not being uniform, especially at the edge of
laser pattern. In conventional 2PP fabrication, the height of a single
voxel can be about 200 nm. The 3D structures can be prototyped
every 200 nm. However, in this case, the heights of polymerized
microstructures are over 20 pm. Although the height depends on
the laser pattern and the processing parameters, it is generally
much larger than that of the conventional single voxel. This is a
significant difference between P2PP and conventional 2PP. Another
difference is that the average power for a laser spot to arouse 2PP is
lower when P2PP technique compared to conventional 2PP technique.
Here, 2PP can still be aroused with 40 x 40 laser spot while
the average power of a laser spot is 0.35 mW (Fig. 4(f)). However,
the threshold power to arouse 2PP in conventional 2PP technique
with our system is measured to be approximately 6 mW.

To illustrate the profile and surface roughness of polymerized
structure by P2PP, it is necessary to discuss the laser intensity
distribution at the focal plane and the process of polymerization.
Therefore, a semiquantitative analysis is conducted in this
research. The distance between polymerized voxels [ is linearly
related to the interval of pixels Ad in the designed laser pattern
and can be obtained as follows:

/1f 1 f objective
l= Ad~*> 1
dpixeleixel f2 @

where 1 is the wavelength of light source, f; and f, are the focal
length of lens1 and lens2 behind SLM, respectively, f,piective 1S the
focal length of objective, dpis the period of pixels on the
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Fig. 3. Microstructures fabricated with T-shaped femtosecond laser beam. The power of the T-shaped laser beam is 560 mW. The exposure time of (a), (b), (¢) and (d) is 5s,

1s,0.5s, and 0.2 s respectively.

a

AccV SpotMagn Det WD
500kV40 5000x SE 105 USTC

AccV SpotMagn Det WD
500kV40 5000< SE 105 USTC

s
I 20 um
STETTTs

- = ~ -

AccV SpotMagn  Det WD
500kV40 5000c SE 105 USTC

S Y — W0

Fig. 4. Femtosecond laser reflected from the SLM was modulated to circle/square/triangular plane and then focused into the photoresist for 2PP; (a)-(c) SEM images of the results of
P2PP with continuous pixel laser patterns. The scale bars are 10 um; (d)—(f) SEM images of the results of P2PP with discontinuous pixel laser pattern. The scale bars are 20 pm.

displayer of SLM and Ny is the number of used pixels in one
direction. To achieve better resolution of P2PP, shorter wavelength
of laser source and shorter focal length of lens1 as well as objective
should be chosen while longer focal length of lens2 should be
selected for a fixed SLM. In our system, A is 800 nm; f,, f,are
600 mm and 200 mm respectively. The focal length of a 50 x
objective fopjective 1S 3.6 mm; dpixel is 8 pm and Ny is 1080.
Hence, 1 pixel in the laser pattern corresponds to a size of 1 pm in

the photoresist. This fits well with the size of the microstructures
as shown in Fig. 4.

It is assumed that the resin is polymerized as soon as the
particle density of radicals,p(x,y,z), exceeds a certain threshold
value py,. The density of radicals, p, can be calculated from the
below equation:

p(x,y.2) =[1—exp(—5tI*)|pg )
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Fig. 5. Surface roughness of the fabricated structures versus exposure time and

pixel distance. The power of laser beam is 560 mW and a 50 x objective (NA=0.8)
is used in the experiments. Material used here is IP-L photoresist.

where Jis the effective two-photon cross section, p,, is the primary
initiator particle density, tis the exposure time and Iis the
distribution of laser intensity at the focus [30]. The profile of the
polymerized structure is related to the square of laser intensity
and the exposure time. With P2PP technique, microstructures that
correspond to the positions where the intensity of diffracted beam
is above the polymerization threshold are polymerized with one
shot. This process can be seen as parallel polymerization with
multilaser spots, where each laser spot corresponds to a white
pixel of the designed pattern. The profile of the polymerized
structure is a combined effect of ambient focal spots. The final
radical density at the focal plane can be expressed as

Jj k
pfacet(xaysz): Z Z p(x_nAX’y_mAY’z) (3)
n=0m=0

where jand k are the number of focal spots in the x and y direction,
respectively; Ay and A, are the intervals between laser spots in the
x and y direction. The profile of polymerized structure can be
achieved by solving

pfacet(xa y, Z) > Pth (4)

With longer exposure time and smaller interval, the area between
focal spots will be fully polymerized. Thus, the profile of micro-
structures will be smoother.

In fact, the intensity distribution of laser pattern at the focal
plane is not uniform. This is why the structures fabricated with
curve patterns and plane patterns are not so uniform and
deformed at the edge. The nonuniformity of the intensity dis-
tribution is caused by two factors. The first factor is the nonideality
of the optical system. Quantized phase levels and finite resolution
of SLM may cause phase distortion of laser beam. The high
numerical aperture objective also produces aberration and leads
to nonuniformity of intensity distribution. The second factor is the
inaccuracy of the GS algorithm which is a numerical approxima-
tion algorithm. So, these may lead to the distortion of intensity
distribution at the edge of laser pattern or in the whole laser
pattern. Thus, the edge of microstructures will be rough or even
deformed. Novel methods to improve the uniformity of intensity
distribution should be further investigated.

4. Conclusion

In this paper, a P2PP fabrication system has been built and
demonstrated by using SLM. Femtosecond laser beam has been

modulated to curve patterns and plane patterns for efficient 2PP.
With longer exposure time and smaller pixel distance, high surface
smoothness of microstructure has been acquired. It was found that
the distribution of laser intensity at the focal plane of objective has
a significant effect on the profiles of microstructures. With P2PP
fabrication technique, 2D or even 3D complex laser pattern can be
fabricated with single exposure. The increased efficiency afforded
by P2PP can make 2PP technique more viable for commercial use.
Future work will concentrate on the promotion of uniformity of
fabricated pattern and efficient fabrication of 3D structures with
2D and 3D laser patterns.
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