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Abstract

We report two-photon polymerization of an acrylate composite using a femtosecond laser at 1028 nm. The composite consists of an acrylate
monomer, a free-radical co-initiator and a photo-sensitizer. The material is transparent to infrared laser radiation and absorbs strongly in the visible.
By scanning the tightly focused laser beam, we employ two-photon absorption to polymerize and selectively solidify the material.

Two photo-polymerization of organic composites permits the construction of complex-shaped three-dimensional structures of sub-micron
resolution. Due to their versatile optical and chemical properties and the ability to mix them with active molecules, the materials described in this
work are particularly useful for a variety of applications such as photonic devices, actuators and micro-fluidic devices. In addition, as both the single
photon and the two-photon wavelengths are not in the ultraviolet part of the spectrum, this technique is particularly promising for incorporation
into the photo-polymer of active molecules that are sensitive to UV radiation.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Two-photon polymerization is a very powerful and relatively
simple technique for producing complex, three-dimensional
structures from a liquid photosensitive material. When the beam
of a femtosecond, infrared laser is tightly focused into the vol-
ume of a photo-polymerizable composite, the polymerization
process can be initiated by non-linear absorption within the
focal volume. By moving the laser focus in a three-dimensional
manner through the liquid, three-dimensional structures can be
fabricated. The technique has been used with a variety of acrylate
and epoxy materials [1-5] and several components and devices
have been fabricated such as photonic crystal templates [5,6],
microrotors driven by laser tweezers [7], mechanical devices
[8,9] and microscopic models [10,11].

Up to now the laser systems used were mostly Ti:Sapphire
femtosecond lasers, while previous studies have demonstrated
the feasibility of two-photon polymerization from new efficient
initiators using an Nd:YAG microlaser at the fundamental and
second harmonic wavelength [12,13]. We show that two-photon
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polymerization can also be achieved by employing a compact
femtosecond laser oscillator operating at 1028 nm and a poly-
meric composite whose components are readily available. As
both the single photon and the two-photon wavelengths are far
from the UV, this technique is particularly promising for incor-
poration into the photo-polymer of active molecules that are
sensitive to UV radiation [14]. To our knowledge this is the first
time two-photon polymerization has been demonstrated using a
femtosecond laser operating at a 1028 nm wavelength.

2. Materials composition

The photo-polymerizable system used in this work is an
acrylate-based photo-polymer, which has been used in the past
for single photon stereolithography [15—18]. It consists of three
basic components: a sensitizer dye, an amine co-initiator and
a multifunctional acrylate monomer. Pentaerythritol triacrylate
(PETIA, Aldrich, Fig. 1a) forms the backbone of the polymer
network. N-methyldiethanolamine (MDEA, Aldrich, Fig. 1b)
is used as a co-initiator and Eosin Y (2-, 4-, 5-, 7-tetrabromo-
fluorescein disodium salt, Aldrich, Fig. 1c) as sensitizer dye.
This system is particularly sensitive in the spectral region from
450 to 550 nm, where the two-photon absorption window for the
1028 nm laser lies.
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Fig. 1. Molecular structures of the different components of the photo-
polymerizable composite: (a) PETIA, (b) MDEA and (c) Eosin Y.

The process of single photon polymerization has been exten-
sively described in Ref. [19]. Similarly, the two-photon poly-
merization reaction is initiated through a radical process. Two
components are involved in radical formation: a dye capable of
absorbing two-photons of infrared radiation and an amine that
can be oxidized by the triplet state of the dye. Once the radicals
trigger the polymerization, the monomers polymerize, develop-
ing into a three-dimensional network.

The work reported in this paper has been obtained with
the following reference formulation: pentaerythritol triacrylate
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10ml: N-methyldiethanolamine 0.1 ml: Eosin Y 10mg (dis-
solved in 0.5 ml of methanol).

3. Experimental set-up

The set-up for the fabrication of three-dimensional
microstructures by two-photon microstereolithography is shown
in Fig. 2. The laser used is an Amplitude Systems t-pulse laser
femtosecond oscillator operating at 1028 nm. This source is a
compact diode-pumped femtosecond laser oscillator delivering
a train of high energy, short duration pulses. The average power
of the laser is 1 W, a pulse duration of less than 200fs and a
repetition rate of 50 MHz.

The photo-polymerized structure is generated using an x—y-
galvanometric mirror digital scanner (Scanlabs Hurryscan II),
controlled by SAMLight (SCAPS) software. The scanner has
been adapted to accommodate a high numerical aperture focus-
ing microscope objective (Nikon 50x, N.A.=0.8). The lateral
resolution of our objective is given by r=0.611/N.A.=785nm
and the axial resolution by r=2n/(N.A.)?> = 3.2 pm. Movement
on the z-axis is achieved with a single-axis piezoelectric stage
(PI) and beam control with a mechanical shutter (Uniblitz). The
piezoelectric stage and the shutter are computer controlled via a
National Instruments LabVIEW program. Beam intensity con-
trol is achieved using neutral density filters. A CCD camera
is mounted behind a dichroic mirror for online monitoring of
the two-photon polymerization process. This is possible as the
refractive index of the originally liquid photo-polymer changes
during polymerization, so that the illuminated structures become
visible during the building process.

4. Results

Fig. 3 shows the normalized absorption spectrum of
the PETIA/MDEA/Eosin Y composite, taken using a Cary
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Fig. 2. Experimental set-up.
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Fig. 3. Normalized absorption spectrum of the photo-polymerizable composite.

50 UV-vis/IR spectrometer. The material exhibits no absorption
above 1000 nm and absorbs very strongly in the green spectral
region, where the two-photon absorption window of the laser
used lies. The absorption in the green is due to the addition of
Eosin Y.

The three-dimensional structures are fabricated layer-by-
layer bottom up with the last layer attached to the coverslip.
As the material is very viscous and the build process lasts less
than a minute there are no issues with material drifting.

The first component built by two-photon polymerization con-
sists of 9 x 10square cells array. The component is built by
repeating the same pattern over 15 layers with a 1 pm separa-
tion thickness. The separation thickness is smaller than the axial
focal length of the lens; this was done so that there is adequate
adhesion between the layers.

The galvo scanning speed used in all cases is 7 mm/s. For the
same galvo speed, several laser powers were investigated. The
lowest laser energy per pulse that appeared to polymerize the
material was found to be 2.5nJ, which corresponds to a laser
fluence of 0.13 J cm™2. The components presented in this paper
were made using this minimum laser pulse energy.

After the completion of the component building process,
the sample was developed for approximately 20 s in methanol.
No further curing was carried out. Following the washout the
samples were coated with a few nanometers thick palladium
layer and their structural properties were investigated in a scan-
ning electron microscope (SEM). The results are depicted in
Figs. 4 and 5.

Fig. 4 shows an 850 x magnification of the component where
the effect of distortion due to polymer shrinkage can be clearly
seen. Fig. 5 depicts a 4000 x magnification of the central area
of the component. It can be seen that the resolution is approxi-
mately 1 um, slightly larger than the focused beam waist.

Figs. 6 and 7 show two other built components, a hollow gear
and a filled gear. Both these components we built with the same
conditions described earlier.

All the components built appeared to suffer from distortion
due to shrinkage. This is a well-documented problem in con-

Fig. 4. SEM image of the component built by two-photon microstereolithogra-
phy. The component was scanned using 15 layers at 7 mm/s and layer spacing
1 wm. The laser pulse energy used was 2.5 nJ.
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Fig. 5. A magnification of a feature of the component of Fig. 4.
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Fig. 6. A hollow micro-gear.
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Fig. 7. A filled micro-gear.

ventional stereolithography [20,21]. The industry addresses it
by engineering both the resins and the technique used. On the
materials front, the problem is greatly reduced by using a mix-
ture of oligomers as the polymer backbone; when oligomers
photo-polymerize the volume reduction is smaller compared to
monomer polymerization. In addition, nowadays mostly epoxy
resins are used, which suffer less from shrinkage effects [22].
Materials engineering is not, however, adequate for the shrink-
age to disappear. Therefore, it is necessary for components and
building sequences to take into account the amount of shrinkage.

5. Conclusions

We have demonstrated two-photon polymerization of a poly-
mer composite using a femtosecond laser at 1028 nm. The photo-
sensitive liquid consists of an acrylate monomer, a free-radical
co-initiator and a photo-sensitizer. It was feasible to fabricate
three-dimensional structures of 1 wm resolution to the Eosin Y-
sensitized acrylate composite. The material and the innovative
method of multi-photon polymerization are promising for incor-
poration into the photo-polymer of active molecules that are
sensitive to UV radiation. All the components built appeared to
suffer from high shrinkage, with the most likely reason being
the use of monomers instead of oligomers.
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