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1 Introduction

Production processes that enable ever smaller scale features to be created have driven
technological advancement in the past decades. From the creation of the first microprocessor
until the smart-phones available today, the possibility to create smaller and smaller features has
been of utmost importance. As a relatively new production process Two-photon-polymerization,
(2PP) is a promising process to produce free form 3D structures directly, without the use of
masks or building layer after layer involving the repetition of different process steps like some
other lithographic processes require. Besides the practical benefit of not involving several process
steps, another great advantage of 2PP is that it enables the fabrication of very small features
down to even 30 nm (Juodkazis et al. 2005). Moreover the process is suited for a large variety of
different materials and thus suited for applications in a lot of different fields like micro scale
optical components (Hiroaki Nishiyama, Yoshinori Hirata, book - Lithography 2010), or the
replacement of inner ear bones (Ovsianikov et al. 2007).

The current work will focus on the processing of Poly (Ethylene Glycol) diacrylate (PEGda) a
biocompatible material that, among other medical applications, is used in tissue engineering to
produce scaffolds that support the growth of cells into 3D tissues. Besides it’s relatively low
cytotoxicity another main advantage of using PEGda as precursor is the availability of PEGda of
different molecular masses, each resulting in different mechanical properties of the polymer that
is obtained after processing.

The final goal is to produce a hollow fibre to be used in a lab-on-a-chip system. The fibre will
provide cell cultures with the necessary nutrients. And will be in direct contact with the cells. An
earlier effort to create a hollow fibre out of Ormocomp was made. Ormocomp is a commercially
available resin to be used for 2PP. An important requirement of such a fibre however, is that it
should not be toxic to the cells in question. So biocompatibility of the materials used is definitely
of importance. The biocompatibility of PEGda is better than that of Ormocomp and moreover,
structures out of PEGda are biodegradable and are absorbed by living tissue over time. In order
to do further research into the possibilities that 2PP of PEGda has to offer, it is important to get
a picture of how different parameters (e.g. laser power, writing speed, different photo initiators
and water content) are of influence on results of the polymerization process. The current focus
will be specifically on getting a picture of the process window of PEGda 600, PEGda 700 and
PEGda 3460 with the photo initiators Irgacure 2959 and Irgarcure 369.

In the first chapter, the process of Two Photon Polymerization will be explained as well as the
material under investigation and a few of its implementations. The second chapter describes the
goal of the current research, the experiments that were done as well as the materials that were
used and the procedures that were followed. The results of the experiments can be found in
the third chapter. Subsequently the conclusions that can be made from these results will be
explained in the fourth chapter and finally a short discussion about the work presented here and
an outlook on further research will be given.

2 Fundamentals

Before the experiments and their results will be discussed it is essential to have an understanding
of the process of 2PP and the materials that were used. In this chapter the process of 2PP and
the properties of PEGda and the photo initiator (Irgacure) will be explained.

2.1 Two Photon Polymerization

Two-photon polymerization is a process in which a polymerization reaction is triggered by the
simultaneous absorption of two photons, so called two photon absorption, 2PA. The existence
of the process of an atom simultaneously absorbing two photons to reach its aggregated state
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was already predicted by M. Goppert Mayer (Goppert-Mayer 1931). The means of causing this
phenomenon to occur however were not available until the first LASER devices came around. In
1961 2PP was demonstrated in practice for the first time (Kaiser, Garrett 1961).

In two photon absorption, a so-called virtual intermediate state is involved (see
Figure 1). The first photon excites an electron up to this virtual intermediate state and a second
photon can be absorbed to bring the electron into an excited state as long as the virtual

intermediate state has not decayed. This virtual intermediate state only exists for a period in the
order of 1 — 10 femtoseconds (Birge, Pierce 1986).

——r— Excited state = ———

[ LY A=790nm

A=395nm | Virtual intermediate state
A =790 nm
Ground state ————
. . he _ _ he
E=Ey = 395 nmn E =25y =2 790 nm

Figure 1 One photon absorption versus two photon absorption

As one can imagine, the density of photons passing through the material needs to be immensely
high in order for two photons to be absorbed within this period of time. The photon density
required to achieve this is far beyond the capabilities of any conventional light source. With
modern ultra-short pulsed lasers however, this energy density can be obtained.

Because the excited state in 2PA is reached by absorbing two photons, the rate of 2PA is
proportional to the square of the local power intensity. Furthermore the photochemical reaction
that is involved in initiating the polymerization process shows a certain threshold effect with
respect to the radiation intensity. As explained before, the number of photons passing through
the material needs to be very high in order for 2PA to occur. Because of this quadratic relation
and this threshold effect, the process of 2PA can be easily confined to the focus spot of the
beam, whereas One photon absorption, which is directly proportional to the local power
intensity, will occur along the full length of the beams path through the resin.

Another benefit of this threshold effect is that 2PP does not occur over the entire waist diameter
of the beam. It only occurs in the area where the power intensity exceeds the threshold value.
While the minimum waist size is limited to the diffraction limit, the minimum feature size can be
smaller than that due to this threshold effect. Therefore the 2PP process is perfectly suited to
write very small details and by manipulating the location of the focus relative to the work piece,
three dimensional structures can be created.

2.2 PEGda and its Applications

Polymers, such as PEGda, are materials that are made up of very long molecules with typically a
chain of carbon atoms as a backbone. These long molecules are fabricated by connecting a
series of smaller molecules (monomers) or groups of these smaller molecules (oligomers)
together. Typically the way to bond these small molecules together is to break up unsaturated
carbon bonds in the monomer molecules, which creates a chain reaction of monomers forming
a long chain. To get this chain reaction started in photo polymerization, a so called photo-
initiator is used. The photo-initiator is sensitive to light and upon absorption of a photon, forms
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radicals which are able to break up the unsaturated bonds in the monomer and bind themselves
to them, resulting in @ monomer radical with the photo-initiator molecule attached to it. This
newly formed radical in turn can break up another saturated bond and attach itself to a second
monomer. This process results in a chain reaction until two radicals meet up and form a
completed chain.

One of the characteristics of PEGda is that different types of cells are able to survive on surfaces
and structures made out of PEGda, it is bio-compatible. PEGda has been used for a number of
different applications in bio- and tissue engineering. Some examples of such applications are
the building of scaffolds for tissue engineered heart valves (Durst et al. 2011) or the creation of
PEGda particles containing cells (Panda et al. 2008) for different tissue engineering or drug
delivering purposes.

2.3 Energy Absorption

As mentioned earlier, the 2PP-process shows a certain threshold with respect to the energy
needed to initiate the process. The energy absorbed by the photo initiator can be taken as a
measure to quantify the 2PP-process and give a theoretical basis to the influence of the process
parameters. Following the same procedure as Pruzinsky et. al. (Pruzinsky, Braun 2005), the
energy absorbed per cubic centimeter by the photo initiator by means of 2PA can be calculated.
In order to do that, first the waist diameter of the focused beam and the number density of the
photo initiator in the different resins need to be calculated.

As not all data of the optics used in the experimental setup and the diameter of the laser beam
are available, some assumptions had to be made in calculating the waist diameter of the
focused beam. First of all, it was assumed that the focusing optics are perfect (i.e. aberration
free) and secondly the unfocussed beam diameter at the receiving end of the objective was
assumed to be equal to the diameter of the focusing objective. This allows a rough
approximation of the beams waist diameter with the following expression (Dr. ir. G.R.B.E. Rdmer
2009):

d_4M2Af_4M2 A
~ m D m 2N.A

Parameter Meaning Value (units)
d Waist diameter 0.629 (um)
M?2 Beam quality 1.00 ()
A Wave length 790 (nm)
f Focal length unknown (m)
D Unfocussed beam diameter | c.a. 7.8 (mm)
N. A. Numerical Aperture 0.8 (-)

Table 1 Description of parameters in calculating focus diameter

Secondly the number density, i.e. the number of molecules per cubic meter, of the photo
initiator has to be calculated. Given the composition of the different mixtures in Appendix 1, the
number density of the photo initiator can be calculated as follows:

_ mpiNA - Myot

i~ tot ~
Mintot PPEGda

Parameter Meaning Value (units)
N; Number density To be calculated (cm™)
my,; Mass Photo initiator -(9)
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Nj Avogadro constant 6.022-10%(-)

M Molar mass photo initiator 366.5 (g/mol)

Mot Total mass - (9)
PPEGda Density of PEGda 1.12 (g/ml)

Table 2 Description of parameters in calculating number density

Since the mixtures consist of r 99%"" and 99.5%"" PEGda 700 respectively, the amount of
photo initiator is neglected in calculating the total volume of the mixture. Based upon the data
in Appendix 1, the number density was calculated to be 1.885:10" cm? for the mixture with
1%"" Irgacure 369 and 8.891-10'? for the mixture with 0.5 %" Irgacure 369.

Finally the energy absorption of the photo initiator can be calculated:

(o] 4 g \
E= TeXpNi%WTp—P} < P(t) >2 Texp = a
Parameter Meaning Value (units)
E Absorbed Energy To be calculated (J/cm?)
Texp Exposure time (s) - (s)
\4 Writing speed - (um/s)
d Waist diameter focused beam 0.629 (um)
N; Number density op P.I. - (cm?)
OTpA TPA cross section (Schafer et al. 2004) 4-10”°" (cm* s photon™)
gp Dimensionless factor for pulse shape(Xu, 0.664 (-)
Webb 1996)
Tp Pulse duration 73-fs
F Repetition rate 73.1 (MHz)
hw Energy per photon 2.51-10"(J))
< P(t) > | Time averaged Power - (W)

Table 3 Parameters of influence on the absorbed energy by 2PP

With the assumption that the exposure time can be approximated by dividing the waist diameter
of the beam by the writing speed, the formula can be used to calculate the absorbed energy in
the case of continuous writing instead of creating single voxels with a fixed exposure time. In
this formula the fact that every pulse lands on a slightly different position due to the fact that
the sample is moving, is not taken into account. A more accurate calculation could be made by
incorporating this into the calculation.

This formula enables the calculation the amount of energy absorbed as function of the laser
power and the writing speed. Later on in chapter 4, the amount of energy absorbed by the resin
due to 2PP will be compared to the results of the experiments.

3 Experimental

In this part the goal of the experiments as well as the properties of the experimental set up, the
design of the experiment and the procedures that were followed will be described.

3.1 Materials

To get a good understanding of the experiments and the meaning of the results, the precursor
and photo initiators that were used are described in this section.

Page 6



3.1.1 Precursor

Different types of PEGda were used, all differing in molecular mass, see Figure 2. The
unsaturated bonds at the both ends of the carbon chain are involved in the polymerization
reaction as described in paragraph 2.2. The middle part, denoted with 'n’ can be varied in
length to create PEGda with an different molecular mass. This part of the molecule does not
take part in the polymerization reaction, so by changing the molecular mass of the PEGda the
crosslink density of the resulting polymer is also changed. This changes the mechanical
properties of the polymer significantly. In the current work PEGda 3460, PEGda 700 and PEGda
600 were used. PEGda3460 is a almost white powder at room temperature, while PEGda 700 is
a solidified gel at 6°C and a liquid at room temperature. PEGda 600 is stored at room

temperature in liquid state.
O
(@) CH
HQCA’T{ \/1\0)9 2
e n

Figure 2 Chemical makeup of PEGda of arbitrary molecular mass.

3.1.2 Photo Initiator

Irgacure 369, supplied by BASF, is one of the photo initiators used. In Figure 3 the extinction
spectrum of Irgacure 369 is shown, which is directly related to the absorption spectrum.
Depending on the concentration of Irgacure 369 in the resin, it will absorb a certain amount of
light between wavelengths of 200 nm up to a little more than 425 nm. In this case a 790 nm
Titanium:Sapphire laser was used. At his wavelength the photo initiator will not absorb any
photons. When the light intensity reaches a certain threshold however, 2PA can occur in which
case two 790 nm photons will be absorbed simultaneously as if it were 395 nm photons. As can
be seen in the absorption spectrum, at this wavelength Irgacure 369 does absorb photons.

Irgacure 2959 however, has a different extinction spectrum and as can be seen in Figure 4, it
does not absorb any light at a wavelength of 395 nm. This means that Irgacure 2959 is not
suited to be used as a photo initiator when working with a wave length of 790 nm.

T \Ua 1]
25 \ J 1
| [ l
, '| [ % —o.0
S - e
B .5 I 1
: |
. ’ ’*
l (A
N VA = AWAN
N A NN
. \.h-_#_,_,.-"" - =
Wawelenghth [nm]

Figure 3 Extinction spectrum of Irgacure 369 (Ciba Specialty Chemicals Inc 2001a)
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Figure 4 Extinction spectrum of Irgacure 2959 (Ciba Specialty Chemicals Inc 2001b)

3.2 Preparation of mixtures

As only a small amount of resin is required for each experiment, small quantities of the different
resins were prepared. To calculate the required amount of different substances the goal was set
to produce 3 grams of resin in total. The required amount of photo initiator and precursor can
be easily calculated by multiplying the desired mass fraction by this total amount of resin to be
produced. An overview of the actual composition of the produced resins can be found in
Appendix 1 on page 21.

In general fluids were handled using a pipette, which enables careful dosing. Solids were
handled using a metal scope. The amounts of both liquids and fluids were measured using a
scale. PEGda 700 however is a different case since it is solid at 6°C, it is stored in the fridge, and
liquid at room temperature. The most practical way to handle it was by using a metal scoop to
put the desired amount in to a plastic tray in order to weigh it on the scale and then pouring it
into a glass bottle to mix it with the rest of the components, any bits left behind in the plastic
tray were carefully scraped into the glass bottle.

After preparing the resins, they were shielded from light and stored at room temperature.

3.3 Preperation of Samples

An object glass was used to build the sample on as shown in Figure 5. First, two small drops of
water were placed at both ends of the glass in order to keep the spacers in place. On top of
both droplets a spacer was placed and again a small droplet of water was deposited on each
spacer. After that a drop of the mixture to be used (c.a. 0.1 mL) was deposited on the substrate
using a syringe. Finally a cover glass was carefully placed on top in such a way that no bubbles
would form in the mixture.
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Resin Spacer

Figure 5 Schematic of sample layout

3.4 Development

After the writing process the sample was put in a petri dish and two weights were placed on the
cover glass at the location of the spacers to prevent the surface tension of the water from
removing the cover glass in an uncontrolled fashion. The petri dish was filled with deionized
water up to the point where the sample was completely submerged. After a period of 10
minutes the weights, the cover glass and the spacers were carefully removed, while taking care
that no damage was done to the produced structures. The sample was left in the water bath for
another 10 minutes, in order to allow the remaining bulk of unexposed precursor to dissolve
into the water. Finally the sample was taken from the petri dish and the water was drained from
the sample by keeping it in a vertical position for up to 30 seconds. Any water remaining on the
sample was carefully blown away with air.

3.5 Experimental Set-up

20x 0.8 Objective
(adjustable in z-direction) Beam dump

Beam
Aerotech expander .
xy-stages =
| ]

AN
<= i = N 4
.Camera

v AOM
onoo Power
meter H
Aerotech /
controller m
I Data/control Signal
[ I ] Laser beam —
i - = =
1 .
y— N . Beam Backlight for
Ti:SA laser N2 splitter observation
plate

Figure 6 Schematic of the laser setup

In Figure 6 a schematic overview of the experimental set-up is presented. When following the
path of the beam, starting at the source, the beam passes through a half-wave-plate which is
used to manipulate the polarization of the beam. In combination with the beam splitter, which
splits the beam depending on its polarization, the laser power reaching the sample can be
manipulated. After the beam splitter the laser beam is tightened, because the AOM can only fit
a beam with a maximum diameter of 1.3 mm. The Acoustic Optic Modulator works like a
grating and, when activated, diverts the 1* diffraction of the beam further along the path to the
sample. If the AOM is not active, the beam ends in the beam dump. So practically the AOM
works as a remote controlled shutter enabling the beam to passed or blocked by Aerotech
controller. After the AOM, the beam passes trhough a beam expander to expand the beam
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diameter (a bigger diameter results in a smaller focus spot) and to collimate it. Finally the beam
passes a focusing objective with a magnification of 20x and a numerical aperture of 0.8, which
focusses the beam on the sample.

To enable 3D writing the ability to move the laser focus spot in x-, y- and z-direction relative to
the sample is required. Movement in the horizontal plane (i.e. x and y direction) are realized by
mounting the sample on and XY-stage. The movement in vertical direction is realized by moving
the focusing objective in Z-direction.

Property Measured Value (units)
Time average power 520 (mW)

Pulse duration 72 (fs)

Pulse Frequency 73.1 (MHz2)

Pulse Energy 6.9 (nJ))

M? X:1.00Y:1.01

Table 4 Properties of the femtosecond laser source

The laser power reaching the sample cannot be measured directly due to the very small working
distance of the focusing objective. However the power of the beam at a point right before the
focusing objective is known. A graph provided by the manufacturer of the objective shows that
the transmittance of light at a wavelength of 790 nm is approximately 0.9. Taking this 10% loss
of power into account the laser power reaching the sample is estimated to be as shown in
Figure 7.

o1 \;
‘\
0,06

Laser power on the sample
o
o
[¢%)

0 5 10 15 20 25 30 35 40

Angle of half wave plate

Figure 7 Laser power at the sample as function of the half-wave-plate angle

3.5.1 Improvement of mechanical performance

During the writing process it is important that the velocity at which the sample moves relative to
the laser focus is constant, to get a constant and homogenous structure. In earlier experiments
with Ormocomp, a problem with over polymerization was observed at the beginning of writing
a line. The problem seemed to be originating from the fact that the system needs a little time to
accelerate up to the desired speed. In this period of time the actual speed is lower, which can
result in over polymerization.
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Moreover, the air bearings of the Y-stage have proven to be a problem when large accelerations
in X-direction are applied. The air pressure in the gap between the stage and its guiding rail is
not enough to counter the perpendicular force resulting from the acceleration in X-direction,
and thus the Y-stage bumps into its guiding rail.

To prevent the Y-stage bumping into the guiding rail, the maximum acceleration in X-direction
was lowered. First of all this was achieved by changing the motion profile from the default sine
ramp into the Aerotech supplied SCURVE, which according to the documentation has a lower
peak acceleration value. Moreover using some G-code commands (G65 and G66) the maximum
acceleration and deceleration values can be specified.

These measures however make the problem of having a too low velocity at the beginning of
writing each line even bigger. To solve this problem, an extra piece of trajectory was
programmed to bring the system up to speed before turning on the laser. During this piece of
trajectory, the stage accelerates to the desired speed and travels at a constant speed until it
reaches the beginning of the line to be written, where the laser is switched on. After writing the
desired length, the laser is switched off and the system uses some time to gently decelerate and
get into position for the next line to be written.

As a last improvement of the mechanical performance of the stages, the crossover frequency, F,,
was increased by changing the controller settings. Simply put, a closed loop mechatronic system,
like the Aerotech stages, works like a low-pass filter. The input of the filter is the desired motion
profile and the output is the realized motion. The cross over frequency is the frequency at which
the input signal is cut off. By increasing F. the realized motion will look more like the desired
motion profile since less of its frequency content is filtered out. The effect of increasing the
crossover frequency can be seen in Figure 8. To indicate when the laser is on, the scaled output
signal to the AOM was also plotted. When the signal is high, the laser is on and the velocity
error should be minimal. Both plots were generated using the extra trajectory to get up to speed
and a maximum speed of 20 mm/s.

Velocity error for Fc=43,9 Hz Velocity Error for Fc=120 Hz
——VelErr (X) (mm/sec) ——AOM on/off —VelErr (X) (mm/sec) ——AOM on/off

- A \ ) Zz
IS

o
N}

city error (mm/s)
S o
N o [N
o
—"—'>
=
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o =
N
——o“é
<<
Velocity error (mm/s)

Velocit

Time (s) Time (s)

Figure 8 Reduction of velocity error by increasing crossover frequency.
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3.6 Design of Experiment

In order to investigate the influence of laser power and writing speed on the two photon
polymerization process, matrices of small squares with varying writing speed and laser power
Top view:

Increasing writing speed

-1 |ncreasing laser Power

Cross section:

Squares

Foundation
2 um
Glass T =
were produced see

Figure 9. The dimensions of each square are 15 pm by 15 pm. The squares consist of lines in the
direction of the velocity axis with a spacing of 0.7 um. The power was varied with constant steps
in the angle of the half-wave-plate and since the relation between the power and the half-wave-
plate angle is not linear see Figure 7, the power difference between two adjacent squares in the
matrix is not constant. The speed was changed with constant steps.

Top view:

Increasing writing speed

~< 1 |ncreasing laser Power

Cross section:

Squares

Foundation
2 pm
Glass = —

Figure 9 Schematical overview of experiment

In order to be sure that the squares are attached to the glass, a base layer was written as a
fundament for the matrix, see Figure 9. This base layer consisting of three separate layers with a
distance of 2 um, also compensates for the fact that the sample can be under an angle with
respect to the focus plane. By making sure the focus position is in the object glass while writing
the first layer of the foundation, the whole base layer will be attached to the glass. The actual
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squares were also built out of multiple layers, of which the first layer is written into the top layer
of the foundation, to be sure the squares are attached to it.

4 Results

After developing the samples, SEM pictures were taken in order to investigate the structure
resulting from the various process settings that were used to create them. In this chapter the
results of the experiments will be presented and compared to the theory given in paragraph 2.3.

4.1 PEGda600

For the PEGda 600 with both 1% and 0.5% Irgacure 369 there were no significant results that
suggested writing by 2PP was possible at all. Though something looking like overpolymerization
was observed on the in process camera for a laser power of 140 mW and above and velocities
of 0.05 mm s and below.

4.2 Irgacure 2959

Though some resins containing this photo initiator were tested, none of them produced any
visible results. At near maximum power however, the in-process camera showed some bright
flashes, which could be signs of a reaction taking place. The extinction spectrum of Irgacure
2959 provided by the supplier shows that it’s absorption at 395 nm is zero see Figure 4.

4.3 Varying water content

Though the original goal was to test the influence of varying the water content of the resin on
the 2PP process, this could not be tested. At a certain point the Irgacure 369 reacted with the
PEGda as soon as the two substances were mixed. After a few more tries with different PEGda
and other photo initiators it was concluded that the Irgacure 369 had gone bad and could not
be used anymore.

4.4 PEGda 700 with 1%"" Irgacure 369

For PEGda 700 with 1%" of Irgacure 369, two successful experiments were carried out with
different process parameters, see Table 5. All the samples presented are oriented like Figure 9,
so with writing speed ranging from low speed at the bottom to high speed at the top of the
picture and laser power ranging from high power on the left to low power on the right of the
picture. Next to the SEM pictures a plot of the energy absorption by the resin due to 2PP is
shown, calculated as described in paragraph 2.3. On the horizontal axis the angle of the
halfwave plate is shown in order to scale the plot exactly the same as the corresponding SEM
picture. The relation between this angle and the actual laser power is show in Figure 7.

Sample Writing speed | Step size | Angle A/2 plate | Step size Power
(mm/s) (mm/s) (deg) (deg) (mW)
27.5.n01 (low speed) 0.05-0.60 0.05 10-30 2 28.6-124.4
27.5.n01 (high speed) 1.00-1.95 0.05 0-20 2 77.0 - 148.1

Table 5 Process parameters for PEGda with 1% Irgacure 369

The first test (27.5.n01 (low speed)) is shown in Figure 10. It is clearly visible that the foundation
layer did not stick to the glass substrate, at the bottom left corner and at the top. The most
important observations are the damaged structures at the bottom left of the matrix, where high
power and low velocity are combined, and the fading structures to the upper left of the matrix,
where low power and high speed are combined. The full power of the laser was not used, while
it would most probably result in severe over polymerization and bubbles forming during the
process, which could damage adjacent structures that would be undamaged otherwise.
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The energy absorption plot is scaled logarithmically, because of the very large difference
between the lowest and highest amount of absorbed energy. There seems to be some relation
between the amount of energy absorbed by the resin due to the 2PP process and the resulting
structures. The area with the damaged structures in the picture roughly corresponds to the area
with an energy absorption of 10°’ J cm™ and higher (red-purple). And the area with the faint
structures on the right side in the picture roughly corresponds to the area with an energy
absorption of 10*> and lower in the graph (yellow-red). Except for some squares at the top-right
that are somewhat less faint. The maximum absorbed energy per cubic centimetre is only 84
Joules, while the maximum lies at 19061 Joules per cubic centimetre.
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Figure 10 SEM picture of sample 27.05.no1 (low speed) and Energy absorption by 2PP plot velocity 0.05-
0.60 mm s power 28.6 - 124.4 mW

In the second experiment (27.5.no1 (high speed)) shown in

Figure 11, higher velocities were used, which enable and even require the use of more power to
give good results. Though no damaged structures can be seen at the bottom left part of the
matrix, the structures again start fading with the use of higher writing speeds and lower power.
In this experiment the minimum energy absorption was 187 J cm™ while the maximum value is
1350 J cm?.
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Figure 11 SEM picture of sample 27.05.n01 (high speed) and Energy absorption by 2PP plot velocity 1.00-
1.95 mm s power 77.0 — 148.1 mW
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4.5 PEGda 700 with 0,5% Irgacure 369

In this paragraph the results for the second mixture are presented. The second mixture tested
consisted of PEGda 700 (99.5%") as a precursor and Irgacure 369 (0.5%"") as a photo initiator.
For the process windows of each experiment see Table 6.

Sample Writing speed Step size Angle A/2 plate | Step size | Power (mW)
(mm/s) (mm/s) (deg) (deg)
21.05.no1 0.04 - 0.56 0.04 4-30 2 28.6-142.7
02.06.no1 1.00-2.00 0.04 0-20 2 77,0 -148.1
02.06.no02 2.00-4.00 0.10 0-20 2 77,0 -148.1

Table 6 Process parameters for PEGda with 0.5%"" Irgacure 369

In the first experiment (21.05.no1) shown in Figure 12, again relatively low speeds were tested.
Again, the matrix shows some minor defects. Some squares are a little bit rotated, and at the
edges the foundation seems not to be detached from the glass substrate.

The minimum value of absorbed energy lies at 90 J cm™ while the maximum lies at 31339 J cm”.
Though the photo initiator concentration is lower than in sample (27.05.no1(low speed)), see
Figure 10, the maximum energy absorption is calculated to be higher because more laser power
was used. As can be seen in paragraph 2.3, the amount of energy absorbed depends on the
square of the laser power. In this experiment however, the qualitative relation between
absorbed energy and the resulting structures is shown quite clearly. The area in the graph with
energy absorption of 10%° J cm? and below (yellow-red) corresponds to the area in the matrix
where the squares are barely visible, whereas the region with energy absorption of 10* and
above (purple-red) corresponds to the bottom left area in the matrix where structures are over
polymerized and damaged. The SEM picture and the energy absorption graph in Figure 12 show
roughly the same iso-contours. Though it is hard to tell from Figure 12 which structures are
damaged and which are not, when viewing the sample from a different angle, see Figure 13, it
is easier to tell. Comparing this SEM picture with the energy absorbed at each position in the
matrix, the damage threshold can be estimated. This energy absorption threshold above which
structural damage starts to occur, seems to be around 4.5 10° J cm?and 5.0 10° J cm”.

X m“Energ:.r absorbed by TPP (log scale) (chm3)
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Figure 12 SEM picture of sample 21.05.no1 and Energy absorption by 2PP plot, velocity 0.04 — 0.56 mm s™
power 28.6-142.7 mW
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Figure 13 SEM picture of sample 21.05.no1 under a 45 degree angle, velocity 0.04 - 0.56 mm s™' power 28.6-
142.7 mW

In the second experiment (02.06.no1) conducted with this mixture higher laser power and
writing velocity were tested as shown in Table 6. This time the matrix quality seems to be good,
no places where the foundation is detached from the substrate and all the squares seem to be
perfect in place.

The minimum energy absorption is 86 J cm™ and the maximum value is 637 J cm™. Because the
minimum writing speed in this experiment is about 50 times higher than in the first experiment,
as shown in Table 6, the maximum energy absorption should be a factor 50 lower according to
the calculation in paragraph 2.3. Again one can observe that the contour of the area with
fading structures in the picture seems to correspond to the area with energy absorption of 200 J
cm? and below (yellow red). In the bottom right corner an area with some brighter, higher
structures is visible, of which the contour roughly corresponds with the contour of the area with
an energy absorption of 550 J cm™ and above in the graph.
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Figure 14 SEM picture of sample 02.06.no1 and Energy absorption by 2PP plot, velocity 1.00 -2.00 mm s™
power 77,0 -148.1 mW

In the third and last experiment (02.06.n02), conducted with the 0.5%"" of photo initiator, even
higher speeds were used, see Table 6. The results are shown in Figure 15. Except for something
that could be a tear running through the matrix and a piece of debris that seems to be glass
resulting from cutting the sample down to size, the matrix is of good quality (i.e. no
detachments and all squares are in place).

The minimum and maximum energy absorption levels for this sample are 43 J cm™ and 318 J
cm? respectively. The difference between these levels of energy absorption and the levels
observed in other experiments are again a consequence of the different process parameters and
their relation to the absorbed energy as presented in paragraph 2.3. In the picture it is quite
hard to see any difference between the structures, except for the more faint structures to the
right. Under an angle of 45° see Figure 16, it is still hard to tell the difference between two
adjacent structures. Since the maximum and minimum values of absorbed energy are close
together, the difference between two adjacent squares is only very small. The only observation
to be made is that the area with faint structures on the right of the matrix again shows
correspondence to the area of low energy absorption (100 J cmand below) in the graph.
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Figure 15 SEM picture of sample 02.06.n02 and Energy absorption by 2PP plot, velocity 2.00 — 4.00 mm s™
power 77,0 -148.1 mW

Page 17



Figure 16 Sample 02.06.no2 viewed under an angle of 45°, velocity 2.00 — 4.00 mm s power 77,0 -148.1
mWw

4.6 Self-organizing structures
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Figure 17 Test matrix PEGda velocity 0.12 - 0.40 mm/s, power 77,0 -148.1 mW

The result of one of the earlier experiments showed a remarkable pattern besides the expected
matrix of squares, see Figure 17. One of the remarkable observations is that at some points the
pattern follow the writing direction used in the experiment (i.e. bottom to top), while at other
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points it seems to be orientated perpendicular to this direction or even changing at will between
the two directions. Though some attempt was made to analyse the periodicity and the
orientation of the pattern with respect to the writing speed and power used. By taking the 2D
fourier transform of sections the picture, as well as by calculating the autocorrelation of these
same sections of the picture. Both methods did show promising results for larger areas of the
picture. This sample however did not prove to be very well suited for such analyses. Each square
made with a particular set of processing parameters only has a small area to be used for image
processing, and as can be seen in Figure 17, the pictures suffer from some very strong relections
from the perimeter of the squares. Due to the small area of each square these strong reflections
are very likely of be of large influence on the results. The focus of this work is investigating the
influence of different parameters on the process window, therefore no further effort was made
to analyse these structures.

The damaged structures in the sample are caused by the problem of too low velocity at the
beginning of writing each line, mentioned in paragraph 3.5.1.

5 Conclusions

Based on the results presented and the comparison with the calculations of the energy absorbed
by the 2PP process, it can be concluded that there are signs of a direct relation between the
absorbed energy and the height of the structures. Although it is not very clear from the
experiments with 1% photo initiator, the experiments with 0.5%"" photo initiator show more
clear signs to support this conclusion.

Also there seems to be a threshold in the amount of absorbed energy below which 2PP can be
realized without resulting in damaged structures, once this threshold is surpassed, by either
using too much power or a too low speed, structural damage will occur. For the 1%"" photo
initiator mixture this threshold is a little hard to determine since it is not clear if the structures
are damaged, or have changed form because the PEGda has the tendency to shrink when in
dries. For the 0.5%"" photo initiator resin, the results are a little more clear and the threshold
seems to be somewhere between 4.5 10°J cm?®and 5.0 10 J cm”.

As for the comparison between the different concentrations of photo initiators; as presented in
paragraph 2.3 there is a linear relation between the concentration of photo initiator and the
amount of energy absorbed. So a higher concentration of photo initiator leads to more energy
absorption. At this time however there is no measurement data available to determine what the
exact effect on the quality and dimension of the structures is. The only conclusion that can be
drawn is that the resin with low photo initiator concentration seems to result in smaller structure
heights (i.e. structures seem to be fading already at higher power and lower velocity) when
compared to the resin with high photo initiator content.

6 Discussion and Outlook

The current experiments and measurements do not provide enough information to give a
guantitative relation between the absorbed energy and the dimensions of the resulting
structures. Therefore it would be interesting to make a height measurement of the samples and
compare it with the amount of absorbed energy to quantify the relation between them.

Furthermore it would be of great value to know the dimension of the lines that result from
writing at a certain velocity and with a certain power, this would help in optimizing the line
distance and layer distance for minimizing production times. Since it is quite hard to measure
the z-dimension of the written features directly, as they need to be attached to the glass
somehow, an indirect approach would be easier. Such an indirect measurement can probably be
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measuring the width of the features in the xy-plane and calculating the power intensity around
the focus position in 3-dimensions. With the assumption that the size of the created features
corresponds to a volume in which a certain energy threshold is surpassed, the exact dimensions
of the features can be deducted from the calculation.

Of course the influence of adding water to the mixture still have to be investigated as it can
affect the quality of the resulting structures drastically. Not only will the concentrations of photo
initiator and precursor be lower, but some other effects could be starting to occur. Water could
get trapped in the created polymer network, and the consequences of this water evaporating
for example, can be great. Furthermore the crosslink density of the structures, and thus their
mechanical properties, could be affected greatly by adding water to the resin.
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Appendix 1 Composition of investigated mixtures

Resin | H,O (g) | Photo initiator Quantity (g) | Precursor | Quantity (g)
| 2.13 Irgacure 2959 0.0296 PEGda 3460 0.891
I 1.203 Irgacure 2959 0.0310 PEGda 3460 1.785
I 1.163 Irgacure 2959 0.0297 PEGda700 1.749
v 2.070 Irgacure 2959 0.0313 PEGda700 0.881
V 2.056 Irgacure 2959 0.0540 PEGda700 0.908
VI - Irgacure 2959 0.0292 PEGda600 2.970
VI - Irgacure 2959 0.0901 PEGda600 2.911
VIl - Irgacure 2959 0.0336 PEGda700 2.990
IX - Irgacure 2959 0.0907 PEGda700 2.987
X - Irgacure 369 0.0304 PEGda 600 2.970
Xl - Irgacure 369 0.0309 PEGda 700 2.986
Xl - Irgacure 369 0.0156 PEGda 600 2.988
Xl - Irgacure 369 0.0146 PEGda 700 3.007
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