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1. Introduction

For more than five decades, laser light properties have been taken advantage of, mostly us-
ing first order interactions between photons and materials. Well-established methods such
as laser welding (Sieben & Brunnecker, 2009; El-Bataghy, 1997; Song et al., 2009), laser
ablation (Conforti et al., 2007; Baudach et al., 2000; Spyridaki et al., 2003; Blanchet et al.,
1993), and direct laser writing (Schweizer et al., 2008; Koechlin et al., 2009) were improved
concomitantly with the laser quality (e.g. beam profile) or the laser energy (e.g. short laser
pulses). The highly localized application of energy has led to more and more advanced
rapid prototyping techniques such as laser sintering or stereolithography (Stampfl et al.,
2004; Simchi, 2006).

Multi-photon polymerization (nPP, n = 2,3,...), in particular two-photon polymerization
(2PP), has attracted continuously increasing attention after its first demonstration in 1997 as
a method for the fabrication of three-dimensional structures with feature sizes far beyond
the diffraction limit of the applied laser wavelength (Maruo et al., 1997; Tanaka et al., 2002).
Contrary to conventional UV and (stereo-)lithography, 2PP is a truly three-dimensional laser
writing technique. The underlying physical phenomenon of two-photon absorption (TPA)
was theoretically postulated by Maria Goppert-Mayer in 1931 (Goppert-Mayer, 1931). It
took, however, several decades to finally prove this effect due to the lack of highly irradiant
light sources.

The invention of ultrafast lasers had led to many different applications. Particularly, the
interaction of lasers with polymer surfaces and polymer or glass bulk samples is of high
technological interest. The adaptation of polymers to laser beam characteristics and vice
versa is very challenging from the scientific as well as from the technological point of view.
Besides the implementation of two-photon absorption microscopy (Denk et al., 1990; Denk
& Svoboda, 1997) and spectroscopy (Asaka et al., 1998; Yamaguchi & Tahara, 2003), TPA is
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584 Coherence and Ultrashort Pulse Laser Emission

particularly used for the three-dimensional micromachining of a large variety of materials.
Two- or multi-photon absorption processes are particular examples, in which focused
ultrafast laser pulses are employed to trigger reactions in either glasses or photosensitive
polymers (Cheng et al., 2003; Wong et al., 2006; Deubel et al., 2004). This technique uses the
fact that TPA or nPA can only occur in the focal volume of the laser irradiation. Thus, the
triggered reactions are strongly confined to the focal region, and the production of 3D mi-
crostructures is performed in one production step just by moving the focal volume in 3D
through the materials. Among the applications of two-photon absorption so far are the fab-
rication of waveguides (Nolte et al., 2004; Houbertz et al., 2008a), of photonic crystal struc-
tures (Serbin et al., 2004; Houbertz et al., 2008b; Li et al., 2008), of phase masks (Jia et al.,
2007), and the production of three-dimensional structures for medical applications such as
scaffolds for regenerative medicine (Doraiswamy et al., 2005; Claeyssens et al., 2009; Beyer et
al., 2010). Due to the possibility of creating arbitrary 3D micro- and macrostructures which
are basically determined by the (shape/size of the) focal light intensity distribution of the fo-
cusing optics, other future applications will be conceivable which manifest themselves in the
fact that the use of TPA processes for micromachining, microscopy, or spectroscopy is a
continuously increasing field.

This chapter is organized as follows. First, general aspects of the material class of inorganic-
organic hybrid polymers such as ORMOCER®s! will be described in order to give a brief
overview about the materials and the accessible material parameters, followed by a brief
description of selected materials for the TPA process. Then, the experimental setup which
was used to fabricate small- and large-scale structures is described in detail. This section is
followed by the characterization of two-photon absorption cross-sections of selected photo-
initiators for the TPA processing. Finally, selected examples are given, ranging from the
determination of voxel sizes in dependence of the laser parameters to high-resolution small-
scale as well as large-scale structures (from sub-100 nm to the cm regime) fabricated by TPA.
Future aspects of technology development will be addressed as well.

2. Inorganic-organic hybrid polymers

2.1 General material aspects

In order to combine the advantageous properties of inorganic and organic materials,
different synthesis strategies are reported to produce inorganic-organic materials, ranging
from physically blending organic materials with inorganic compounds via multi-step
syntheses to one-step synthesis (Wojcik & Klein, 1995, Haas & Wolter, 1999).
Nanostructured materials such as inorganic-organic hybrid polymers (ORMOCER®s) are
intensively investigated due to their wide range of physical and chemical properties,
synergistically resulting from their hybrid structure. The material concept of ORMOCER®s
comprises the combination of material properties of organic polymers such as toughness,
functionalization, and processing at low temperatures, with those of glass-like materials like
hardness, chemical and thermal stability, and transparency on a molecular level (Haas,
2000). This concept allows one to achieve material properties which are not simply
accessible with composite or polymer materials and, simultaneously, to apply various
technologies to fabricate structures and elements on a different size scale. Due to the fact

1Registered trademark of the Fraunhofer-Gesellschaft fiir Angewandte Forschung e.V.
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that the material properties of ORMOCER®s can be tailored as required by the respective
applications, a large variety of different structures for applications in optics, ranging from
the nm to the cm regime, in microelectronics, or in micro- and biomedicine is enabled. As
the range of applications has been increased, the requirements on the materials and their
processing have become more challenging, and the fabrication of microstructures with nm
precision is a prerequisite for optical elements. Not only due to their excellent optical and
electrical properties, but also due to their enhanced thermal, mechanical, and chemical
stability and, simultaneously, their simple processability, they overcome the restrictions of
purely organic polymers for most applications. In addition, functionalization is used to
create suitable binding sites, particularly for biomolecules and cells for enabling micro- and
biomedical applications.

Contrary to class-I hybrids, the material class of ORMOCER® consists of materials, where
the inorganic and organic components are covalently bonded to each other (Sanchez et al.,
2005). Their synthesis is carried out via catalytically controlled hydrolysis and
(poly)condensation reactions using differently functionalized alkoxysilanes. Upon synthesis,
an organically modified inorganic-oxidic network is established on a molecular level (Haas
& Wolter, 2001), whereas also hetero-elements such as, for example zirconium, aluminum or
titanium can be introduced into the network for further tuning of the material properties
(Haas & Wolter, 1999; Helmerich et al., 1994; Declerck, 2010). The resulting hybrid materials
are storage-stable resins with negative resist behavior, i.e. an organic cross-linking can be
initiated via photochemical and/or thermal reactions.

The organic groups are employed as network modifiers, connecting groups, and also or-
ganically polymerizable moieties (cf., Figure 1). The latter are chosen with respect to
application requirements. For example, for patterning via UV or laser lithography, (oligo-)
methacrylate, acrylate, or styryl moieties are favored. Epoxy groups are preferred for
thermal cross-linking in screen-printing processes. Alkyl or aryl groups as non-reactive
groups can be connected to the -[Si-O],- network, and they also influence the material prop-
erties. An increase of their amount within the hybrid polymer can reduce the degree of
polymerization due to sterical reasons, thus resulting in a reduced density in the coated
layers. This directly influences the optical or dielectric properties such as the refractive index
or the dielectric permittivity.

By varying the type and/or amount of alkoxysilane precursors and, in addition, the
synthesis conditions (for example, the reaction temperature, the type and amount of
catalyst, and/or the type and amount of solvent), custom-designed hybrid materials with a
well-defined parameter profile can be provided for a large variety of applications. Among
those are ORMOCER®s for microsystems which are applied, for example, as optical
interconnects or waveguides (Streppel et al., 2002; Uhlig et al., 2006), in microoptics (Brauer
et al., 2001; Houbertz et al., 2006), in electro-optical applications (Robertsson et al., 1998;
Houbertz et al., 2008a), as dielectric layers (Haas et al., 2006), and as passivation materials
for the encapsulation of microelectronic devices and components (Houbertz et al., 2001;
2003a; 2003b).

The processing of an ORMOCER® typically consists of two steps. First, an organically modi-
fied -[Si-O],- network is established via chemical syntheses, resulting in a pre-polymer sol
(resin). Second, the organic cross-linking is initiated photochemically and/or thermally
which finally results in the formation of an inorganic-organic hybrid network. For that, UV
and/or thermal initiators have to be introduced into the pre-polymer resin.
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In Figure 1, a schematic sketch of selected multifunctional precursors which are employed
for material synthesis is shown. In addition, some material properties being influenced by
the individual precursors are summarized as well. As mentioned above, the hybrid
polymers” material properties can be adjusted in wide ranges with respect to application via
photochemical and / or thermal reactions. It has to be mentioned, however, that a change in
one material property also might influence other material properties, and a comprehensive
know-how is necessary to control this in a well-defined manner.

X: INORGANIC NETWORK
0 OH - hydrolysable - hardness
R y X O—Alkyl - (poly-)condensable - thermal stability
—AKY - low coefficient of
Cl thermal expansion
- Si
v R:
X\\ / \ R(I) B
(Hzc)"_o_ﬁ_T_CHZ ORGANIC NETWORK
R(l), X O CH, - cross-linkable - elasticity
CH=CH, - patternable - high coefficient of
o) thermal expansion
Si: (HoC)y—O—CH,—HC—CH,
Partially replaceable
by, e.g. Ti, Zr, Al,... R':
- hardness (HoC)n—SH FUNC::;:Q:';ZATION
- refractive ind =
- Eiirrgi:t;/ve e (H0),—NH, - wetting behavior
Alkvl - adsorption behavior
y

Fig. 1. Multifunctional precursors for ORMOCER® synthesis and their influence on resulting
material properties.

For optical applications such as single- or multi-mode waveguides for the near infrared
(NIR), the amount of Si-OH groups has to be as low as possible in order to reduce the
materials” optical absorption losses which are basically determined by the amount of silanol
groups due to 2nd harmonic (overtone) absorption at around 1438 nm (Rousseau & Boutevin,
1992). To the same extent, the materials” SiOx content which intrinsically has a low optical
loss is increased. It should be mentioned, however, that the higher the inorganic content, the
more brittle the material will be, and the resulting layer thicknesses will also be reduced
compared to a more organic material. The reduction of silanol groups can be performed, for
example, by reducing them in the material by silylating agents, or by special synthesis
conditions which are reported elsewhere (Buestrich et al., 2001). The best suited material for
waveguide application should have no detectable -OH signal in multi-nuclei magnetic
resonance (NMR) spectra. In addition, the amount of aliphatic -CH which is known to
absorb around 1310 and 1550 nm was reduced in some ORMOCER®s to a minimum by
increasing the amount of aromatic organic substituents. Scattering from the organically
functionalized inorganic oligomers (polysilsesquioxanes) is not very likely, because their
structural size, which was determined by small angle X-ray scattering (SAXS) measurements,
is in the range from 1 to 3 nm for ORMOCERS®s applied in optics. The structural features of the
hybrid polymers are dependent on the precursors which are used for synthesis. For example,
by NMR spectroscopy it can be shown that di-alkoxysilanes yield chain or ring polymers,
while tri-alkoxysilanes can result in three-dimensional networks.
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The mechanical properties of ORMOCER®s can be also varied over a wide range (Haas &
Wolter, 1999). For example, the Young’s modulus and the mechanical and thermal stability
can be increased by increasing the inorganic content in the hybrid network. This
simultaneously leads to a reduction of the coefficient of thermal expansion (CTE). Solvents
which are produced upon syntheses are usually removed from the hybrid polymer resins in
order to allow either solvent-free processing, or to replace them by other solvents or reactive
diluters. This provides highest flexibility in thin-film processing, because the materials’
viscosity can be simply adjusted to the process requirements. The storage stability with and
without photoinitiators was characterized for selected ORMOCER® materials to be more
than two years at room-temperature. For a prolonged storage, the materials should be kept
at 4 or -18 °C, respectively.

2.2 Selected materials for TPA processes

For the TPA experiments, three different hybrid polymer modifications were chosen with
respect to their reaction reactivity which significantly differs for each material. These
ORMOCERS®s are typically applied in optics and for biomedical applications. As reactive
moieties, either acrylate, (oligo-)methacrylate, or styryl groups were chosen. The
photochemical reactivity of acrylate groups in the TPA process is usually much higher than
the one of methacrylate or styryl groups, thus resulting in higher reaction rate.

The materials were modified such that their response to the femtosecond laser pulses is very
high in order to achieve a high densification of the laser light-exposed areas. Several
chromophore and initiator systems, respectively, were used to radically initiate the organic
cross-linking by TPA. Their concentration in the ORMOCER® materials was set to be
between 0.05 and 3 wt.-%. However, the two-photon absorption cross-section o> of these
chromophores and initiators was reported in the literature to differ significantly, being as
low as approximately 10-5> cm#s (105 GM) for 2-benzyl-2-dimethylamino-4’-morpholinobu-
tyrophenone (Serbin et al., 2003), or as high as 1250 - 10-50 cm#s (1250 GM) (Cumpston et al.,
1999; Schafer et al., 2004). All selected materials are transparent for the laser wavelength,
showing absorption losses of about 0.02 to 0.04 dB/cm.

3. Multi-photon patterning

3.1 General aspects

Multi-photon polymerization (nPP) processes are used to realize arbitrary three-dimen-
sional structures without any complicated processing sequences by multi-photon absorption
(nPA) in various materials such as, for example photosensitive materials. Typically, two-
photon absorption processes are considered due to their higher process probability
compared to higher order processes, and they are used to trigger the materials’ organic
polymerization by photochemical reaction with ultra-short laser pulses (Maruo et al., 1997;
Tanaka et al.,, 2002; Houbertz et al., 2007; 2008a; 2008b; Jia et al., 2007; Li et al., 2008).
Particularly, the 3D patterning of hybrid polymers such as ORMOCER®s is of high
technological interest for application in optics or biomedicine.

Due to the threshold behavior and the non-linear nature of the nPP process, structures far
beyond the diffraction limit can be achieved by choosing a suitable combination of pulse
energy, number of applied pulses, material, and initiator system (Tanaka et al., 2002;
Steenhusen et al., 2010a; 2010b). This technique uses the fact that TPA only occurs in the
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focal volume of the laser irradiation, where the photon density is locally high enough to
initiate TPA, while the entire material has to be transparent for the laser wavelength. Thus,
the organic cross-linking of the material is strongly confined to the focal region, enabling the
computer-assisted fabrication of 3D microstructures in only one production step just by
moving the focal volume through the ORMOCER® material in x, y, and z direction.

3.2 Experimental setup

In Figure 2, a principal sketch of the experimental setup for nPP patterning is shown which is
used for small- and large-scale patterning of ORMOCER®s. The setup consists of a laser and a
second harmonic generation (SHG) system, an acousto-optical modulator (AOM), and three
air-bearing motion stages for the 3D movement of the sample and the optics, respectively.
While most setups employ Tiisapphire laser systems operating at 780 to 800 nm for the
processing of polymer or hybrid polymer materials (Tanaka et al., 2002; Houbertz et al., 2008a;
2008b; Doraiswamy et al., 2005; Claeyssens et al., 2009; Schizas et al., 2010; Gittard et al., 2010),
the laser system in the present setup emits at a fundamental wavelength of 1030 nm. This is
converted to visible light for the 2PP process by SHG. Three-photon polymerization (3PP)
processes are initiated at the fundamental wavelength, i.e. without using SHG.

Laser “Fast shutter” 2o generation
- "
t=325fs opp
E =250 nJ
% = 1030 nm ALY

Controller A =515nm

> : e =

—
Telescope k )
; ]
-

Beam-
splitter

Control -
Unit —
[ Powermeter
y'y Stage illumination
Positioning, focusing, Power
Control monitoring adjust

Fig. 2. Experimental setup for multi-photon polymerization (nPP) for the fabrication of 3D
structures. DM: dichroic mirror, AOM: acousto-optic modulator.

The laser is a diode-pumped low-cost Ytterbium-based femtosecond laser system. The pulse
duration is about 325 fs at 1030 nm (determined for 2.3 W). The lasers’ repetition rate is
10.1 MHz, and the maximum pulse energy is 230 nJ. A combination of polarizing beam
splitter and half-wave plate mounted on a computer-controlled rotary stage (Aerotech ADR
160) allows a well-defined control of the pulse energy. The acousto-optical modulator
(AOM) which is also computer-controlled is used for switching the laser light on and off. All
reported average powers were determined below the focusing microscope objectives.
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For the 2PP patterning, the 515 nm (SHG) irradiation is expanded by a factor of three before
being focused into the ORMOCER®. The focusing is carried out using a microscope objective
with a numerical aperture (N.A.) of 1.4 for the fabrication of small-scale structures (up to
approximately 100 pm in height) (Steenhusen et al., 2010a), and with either a Nikon CFI
Super Plan Fluor ELWD 40XC objective with an NA of 0.60 or a Nikon CFI Super Plan Fluor
ELWD 20XC objective with an NA of 0.45. Both of the latter have long working distances of
about 3.8 mm and 8.2 mm, respectively, for the creation of large-scale structures (up to 1 cm)
(Stichel et al., 2010). For the 3D movement of sample and optics, an Aerotech ABL-1000 three
axis system is used with a travel distance of 10 cm x 15 cm x 15 cm in X, y, and z direction,
respectively. The setup allows scanning speeds up to 300 mm/s which is useful for the
fabrication of larger structures, and a precision of a few nanometers for the generation of
high-resolution structures. The patterning can be monitored in-situ by illuminating the
sample with red light from the backside, and detecting the transmission with a CCD camera
placed behind a dichroic mirror (DM).

The hybrid polymer resin is dispensed on glass substrates. Dependent on the required
structure sizes, the patterning is carried out using different exposure strategies which are
depicted in Figure 3. For small-scale structures, two standard setups are used. In one setup,
the material is sandwiched between two glass substrates, separated by a distance holder
(approximately 100 pm in thickness; cf., Figure 3 (a)). In the second setup, the material is
deposited as a droplet, being located head first on a glass substrate (Figure 3 (b)).
Subsequent cross-linking in order to generate the complete 3D structure is then performed

3D structure

ZI resist
ZI NA>1 i ZI , . ¥
immersion immersion

A oil X oil

NA<1
A= = -
3D structure 47;: X resist 3D structure‘,?;l X resist
(@) (b) (©)
Fig. 3. Exposure strategies. For high-resolution patterning, the material is placed (a) between
two glass plates separated by a distance holder, or placed (b) as droplet head first. (c) For

large-scale fabrication, an inverted setup is used with a material bath, a sample holder, and
an objective scanning the x-y-plane below the bath.

by moving the focus through the resin. In both cases, the structure is then built up starting at
the glass substrate’s surface. However, in the first case, patterning is carried out by moving
the pulsed laser beam up through the hybrid polymer’s volume, while for the second setup
the patterning is performed through the volume of the already cross-linked material. It has
to be mentioned that beam distortion might occur for the setup displayed in Figure 3 (b) due
to the fact that the light has to travel trough the already cross-linked material, having a
higher refractive index than the liquid resist. Finally, for very large-scale structures, the
setup is inverted, using a bath as material reservoir, a sample holder movable in the z
direction, and an x-y-scanning objective. The sample is moved upwards which enables one
to build structures whose heights are not limited by the working distance of the employed
objective anymore.
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590 Coherence and Ultrashort Pulse Laser Emission

Contrary to other lithography methods such as conventional UV or laser lithography, the
2PP process can be carried out also in the volume of the materials. Thus, principally two
types of processes can be performed which are schematically depicted in Figure 4. On the
one hand, the patterning process can be carried out, initiating a cross-linking of the
materials” photochemically active organic moieties, followed by a subsequent removal of the
non-exposed parts in a suitable developer solvent, analogously to classical processing
schemes (solvent-based processing, Figure 4 (a)). On the other hand, structural features can
be written inside the hybrid resins” volume, while the surrounding material is not removed
by a developer, and which can be differently treated in further processing steps (solvent-free
processing, Figure 4 (b)) (Houbertz, 2007; Houbertz et al., 2008). Examples for both routes
will be given in chapter 3.4.
| |

Dispensing of ORMOCER®
I I
ORMOCER?® patterning via TPA

Development

Further Process

v v
(a) (b)

Fig. 4. Process flow diagram. (a) Solvent-based, and (b) solvent-free processing.

3.3 Absorption cross-sections

In order to characterize the non-linear properties of the photoinitiators which are introduced
into the selected ORMOCER® materials, a z-scan experiment was set up which determines
the transmitted laser light signal passing a quartz glass cuvette filled with initiator/solvent
solution. It is widely accepted that the higher the initiators” absorption cross-sections, the
more efficient should be the TPA process. It should be mentioned, however, that not only
the absorption cross-section of the employed photoinitiators determine the process
efficiency, but also the surrounding matrix, i,e. ORMOCER® material and solvents, if
included. The latter two might have a much stronger influence on the process efficiency
than the absorption cross-section of the initiators itself (Houbertz et al.; 2010).

There are two effects which can occur, namely non-linear absorption and non-linear
refraction, and which were theoretically described in literature (Sheikbahae et al., 1989;
Sheikbahae et al., 1990). Non linear refraction causes a phase shift of the incident laser beam
depending on the irradiance, because the materials’ refractive index also varies with
irradiance. This is the reason why the incoming beam in a z-scan experiment is focused and
defocused, if the cuvette is scanned across the focal region. Due to the fact that nPA is
dependent on the irradiance at the sample, the transmitted signal will have a dip for the
sample being directly located in the focus. From the magnitude of this dip, the TPA cross-
section 67 can be calculated (van Stryland & Sheikbahae, 1998).
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detector1 lens cuvette lens detector 2
515 nm /E
L 4

beam splitter i
aperture (opt.)

Fig. 5. Experimental setup for the z scan. (a) 3D view, and (b) schematic sketch of the setup.

In Figure 5, a 3D presentation of the experimental setup for the z-scan experiment as well as
a schematic sketch is shown which was used to determine the TPA absorption cross-sections
of the photoinitiators. As laser wavelength, 515 nm pulses were used which were split with
a beam splitter for providing reference and transmission signal. The transmitted beam is
then focused using a lens, and detected with a 9.8 mm photodiode (detector 2). Optionally, a
variable aperture and an additional lens are located in front of the photodiode. The
photoinitiators were dissolved in methylisobutylketone in a 1 mm quartz glass cuvette
which is moved along the beam propagation path with a 75 mm linear travel stage. The
signal-to-noise ratio was improved by recording multiple scans for each measurement.

For the determination of the absorption cross-sections, non-linear refraction should be
neglectable. This can be achieved by an open-aperture scan, where the transmitted signal only
depends on the non-linear absorption which is dominated by TPA. The fraction of non-linear
refraction can be determined by using the aperture in front of the detecting photodiode, re-
sulting in additional signals in the transmission curve (Sheikbahae et al., 1989).

Aside a high absorption cross-section of the photoinitiators, a high chemical reactivity of the
hybrid resins is required. A first insight into their reactivity in selected hybrid polymer
systems was deducted from photo-DSC (photo-differential scanning calorimetry)
measurements of the ORMOCER®/initiator formulations. It has to be mentioned, however,
that the underlying reaction is initiated in a classical one-photon process which already
gives a good measure of the reaction enthalpy, and thus of the materials’ cross-linking
behavior upon UV light exposure. From these measurements, two different commercially
available UV initiators were chosen, henceforth labeled as Inil and Ini2 (BASF), respectively,
as well as a specially developed photoinitiator, labeled as Ini3 (Seidl & Liska, 2007).

In order to prove whether non-linear absorption and/or non-linear refraction are taking
place, the magnitude of the absorption dip was determined in dependence of the excitation
power. The result is shown in Figure 6 (a). For pure two-photon absorption, a linear power
dependence with no offset is expected from the theory (equation (1)). For the exclusion of
non-linear refraction, the transmission measurements were repeated with an additional lens
and aperture placed in front of detector 2 (cf., Figure 5). If there is no influence on the
transmission signal upon opening and closing the aperture, the detector area is large
enough, and defocusing attributed to non-linear refraction can be neglected. In Figure 6 (b),
a representative z-scan transmission curve is shown. The curve was recorded using a solu-
tion of Ini3 and MIBK at an average laser power of 243 mW.

According to the theory (van Stryland & Sheikbahae, 1989), the change in the transmission is
given by
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_oply T-exp(-enl) 1 1)
242 oy 1+ zz/zﬁ

with oy and oo as linear and non-linear absorption coefficients, respectively, and z as the
cuvette position. zr is the Rayleigh length, and L is the sample thickness. The intensity Iy is
proportional to the average laser power.
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Fig. 6. z-scan results. (a) Magnitude of the transmission signal dip as a function of excitation
power for three different photoinitiators. (b) Open aperture trace for Ini3 (for better
illustration, only every fifth point is shown).

Due to a negligible linear absorption coefficient, the second term in equation (1) can be
approximated by the sample thickness L, leading to a more simplified expression. The non-
linear absorption coefficient o, can be correlated to the TPA cross-section 6, using the photon
energy and the density of the initiator molecules in the cuvette. In addition, information on the
beam waist wy is necessary for the determination of the incident on-axis irradiation Ip. This
was determined with a home-built USB camera beam profiler which was scanned along the
beam path. A beam waist of about 16 pm was found for the underlying focusing conditions,
i.e. the thin sample approximation zr > L is valid (Sheikbahae et al., 1989).

The TPA cross-sections can be better determined from the slopes of the curves in Figure 6(a),
which yield better statistics, because more measurements contribute to the determination of
o2. From the data it was calculated that Ini3 has the highest absorption cross-section, and
thus the highest TPA efficiency, followed by Ini2, while Inil has the lowest absorption cross-
section which is about a factor of 10 lower than published for the same initiator by Schafer et
al. (Schafer et al., 2004). The quantitative results are summarized in Table 1.

Initiator . Inil Ini2 Ini3
Cross-section

G2 (mis) (6.7 £0.4) 105 (1.4 £0.3) 10-58 (3.2+0.2) 1056

o2 (GM) 0.7 1.4 320

o7 (relative to Inil) 1 +0.1 21+04 472 £ 32

Tab. 1. Calculated TPA cross-sections for Inil, Ini2, and Ini3. The error bars were determined
by identifying the minimum and maximum slope found for each photoinitiator.

There are several possible explanations for the difference in c,. The presence of non-linear
refraction which significantly influences the TPA cross-section results towards higher

www.intechopen.com



Two-Photon Polymerization of Inorganic-Organic Hybrid Polymers
as Scalable Technology Using Ultra-Short Laser Pulses 593

values, and cannot be excluded in the data of Schafer et al. (Schafer et al., 2004) due to the
fact that no details are given in their publication. Finally, the determination of the beam
waist wy is difficult and a significant source of error in the determination of o,. This is
related to the quadratic dependence of Iy on wy, i.e. only slight deviations in wo will
significantly impact the value of c,. Therefore, Table 1 also gives relative absorption cross-
sections (normalized to Inil) in order to allow a better comparison of the different
photoinitiators.

3.4 TPA patterning

3.4.1 TPA-written arbitrary 3D structures

The most impressing way of demonstrating the possibilities of TPA processing is to write
computer-generated, arbitrary 3D structures which demonstrate the ability of scaling up
structures from the pm to the cm scale. In order to show the power and the beauty of the
technology, we have produced various 3D microstructures using differently functionalized
ORMOCER® materials with two commercially available initiators (Inil and Ini2,
alternatively). Figure 7 shows examples of arbitrary 3D structures which were fabricated in
an acrylate and a methacrylate-functionalized ORMOCER®, henceforth labeled as OC-V and
OC-], respectively.

Fig. 7. Selected 3D structures, fabricated by 2PP for different ORMOCER® formulations. (a)
Tooth created in OC-I/Inil [average power: 500 W, dimensions: (32 x 37 x 55) pm?], (b)
Hollow ball after (Hart,2009) written in OC-V/Ini2 [average power: 34 pW, diameter: 75 pm,
hatch distance: 500 nm], (c) Knot after (Wei,2010) created in OC-V/Ini2 [average power:
105 pW, dimensions: (90 x 90 x 50) um?3]. (d) Photonic crystal structure after (Steenhusen,
2008) written in OC-V/Inil [average power: 48 uW, period of 2 um, dimensions: (50 x 50 x 6)
pm3]. The writing speeds were (a), (c) 50, (b) 100, and (d) 60 pm/s. All materials were
formulated with 3 wt.-% photoinitiator except for (c) which includes only 1 wt.-% initiator.

3.4.2 Voxel size determination
While these types of structures typically inspire end-users, only little is known about the

cross-linking behavior of hybrid polymers in this process due to the fact that many effects
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influence the reaction kinetics. The minimum achievable feature sizes are related to different
effects, which occur simultaneously in the 2PP experiment, influencing each other and
which finally will determine the voxel size. Among them are the diffusion of initiators and
oxygen molecules, the polarity of the ORMOCER® matrix or traces of solvents, and the
process efficiency of the photoinitiator, only to mention some. It could be shown by Monte
Carlo simulations that initiator molecules spread into free space after being excited by one
or several laser pulses. According to this diffusion of initiator radicals, the voxel is enlarged
significantly, because polymerization can be triggered outside the focal volume (Steenhusen,
2008). Oxygen which is present in each material is known to act as radical scavenger, i.e.
upon formation of initiating radicals by (laser) light irradiation the initiator’s triplet states
will, for example be quenched, thus reducing the amount of initiating radicals in the resin
(see, e.g. Studer et al., 2003). Although it is widely accepted that the TPA efficiency of the
photoinitiators plays a major role in the initiation of the cross-linking, the matrix materials
which contain these initiators as well as the propagation of chain growth and termination
reactions also have significant impact on the reaction kinetics (Houbertz et al., 2010).

Thus, the voxel dimensions are not only dependent on the technical equipment such as
optics used for patterning. Figure 8 shows a schematic of the different interaction volumes
which influence the minimum voxel dimensions in TPA-initiated cross-linking experiments,
impacting the resulting feature sizes significantly.

The technical interaction volume (red in Figure 8) is principally determined by the
employed optics, by the stability of the laser, and by the stability and accuracy of the
positioning system. From a technical point of view, this can be optimized by using specially
adapted optics (Fuchs et al., 2006), by stabilizing the laser source, and by employing highly
accurate positioning stages, mounted on suitable damping systems. The chemical
interaction volume (green in Figure 8), however, is much more complicated to minimize,
because this is dependent on many different factors such as, for example by the reaction
kinetics of the material formulation and, consequently, on the laser-light initiated
propagation and termination reactions in the hybrid resin, as already described above. In
addition to them, the reaction rate is also influenced by the diffusion of radicals and radical
scavengers in the liquid resin (Steenhusen, 2008; Struder et al., 2003).

Fig. 8. Schematics of the different interaction volumes, influencing the achievable voxel sizes
in a 2PP experiment: technical (red) and chemical (green) interaction volume. The threshold
behavior determines the third interaction volume (blue).
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The third effect, i.e. the threshold behavior (blue in Figure 8; Tanaka et al., 2002) of the
reaction, could principally lead to infinitesimal small voxel sizes. However, aside the
exposure dose (determined by the average power, the number of pulses, and the writing
speed), the threshold behavior is also dependent on the minimum initiator (i.e. the
threshold) concentration necessary to start the chemical reaction. This, however, is not really
known, and thus not as well-defined as the laser parameters.

In order to gather information on the 2PP process for a given material formulation, voxel
arrays were written using the ascending scan method which is described elsewhere (Sun et
al., 2002). In Figure 9, a voxel array is shown which was written using a constant average
power of 164 uW. From the left to the right, the exposure time was varied in 2.5 ms
intervals, and the height of the laser focus was varied in intervals of 0.25 um from the top to
the bottom of the array. The voxel pitch was set to 2 pm. It has to be mentioned, however,
that the degree of cross-linking also has to be considered which will be discussed in the next
section.

I LR
#

Fig. 9. Typical voxel field created in OC-V with the ascending scan method (Steenhusen et
al., 2010a).

Contrary to 2PP experiments previously reported (Kawata et al., 2001; Serbin et al., 2003),
the pulse energy for initiating a photochemical reaction is much lower in the present case,
being only about 5 to 50 pJ, under the assumption that the focusing condition and the
writing speed are comparable in the experiments. There are two possible reasons for this
which will be briefly summarized in the following. First of all, the literature data were
created using a central wavelength of 800 nm which is about 30 % higher than the
wavelength used for our experiments. The overlap of the initiators’” maximum in linear
extinction coefficient with the laser spectrum significantly determines the process efficiency
(Houbertz et al., 2006). For the chosen initiators, this overlap is much more pronounced at
515 than at 800 nm. In addition, a specially designed acrylate-based ORMOCER® system
was used for the experiments which usually has a much higher reaction rate than, for
example methacrylate-based materials (Odian, 1981).

3.4.3 Investigation on voxel sizes

In order to account for a well-defined fabrication of 3D functional structures for application,
an understanding of the underlying polymerization processes initiated by the laser
light/ material interaction is necessary. By Serbin et al. (Serbin et al., 2003), a simple model
which can be used in a first approximation for estimating the voxel diameter d was
proposed, where d is given by
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"2
d(t,Fy) = wp, [In| —- 22V )
ln(Po/Po - pth)

However, the beam waist wy, the effective TPA cross-section o,*, and the threshold radical
concentration pg, for the initiation of the 2PP process which are needed for the calculation of
the voxel diameter are not known. The initial photoinitiator concentration is given by po, Fo
describes the incident photon flux, and t, v, and t are the temporal parameters exposure
time, repetition rate, and pulse duration, respectively.

In order to investigate the 2PP process at 515 nm, exactly the same material formulation as
reported by Serbin et al. was used to create voxel arrays (Steenhusen et al., 2010a). The
average laser powers at which voxels could be fabricated were three orders of magnitude
lower than reported in (Serbin et al., 2003), i.e. in the W instead of the mW regime. From
the data evaluation assuming the same threshold radical density of 0.25 wt.-%, a TPA cross-
section was determined which is four orders of magnitude higher than the one given by
Serbin et al.. These differences in the 2PP process are attributed to the higher overlap of the
laser spectrum with the initiators’ extinction spectrum, because the chemical composition in
both experiments is the same.

400 . —k . . 475 — . . . .

(@) : 450 ]
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Fig. 10. (a) Voxel size dependence on the applied exposure time for OC-I and OC-V, both
formulated with 2 wt.-% Inil at an average laser power of 120 pW. (b) Impact of the initiator
on the voxel size of OC-V, formulated with 1 wt.-% of Inil and Ini2 (Steenhusen et al.,
2010a).

In order to demonstrate the different reactivity of various ORMOCER® material systems,
voxel arrays were written using OC-I and OC-V, both formulated with 2 wt.-% Inil, and the
resulting voxel diameters were evaluated. In Figure 10 (a), the voxel diameters determined
from voxel arrays generated in acrylate-based (OC-V) and the methacrylate-based (OC-I)
ORMOCER®s are compared. Obvious from the data is that OC-V requires a significantly
shorter exposure time (and thus exposure dose) in order to produce a voxel equivalent in
size of the ones fabricated in OC-I which is related to the different reaction rates of acrylate
and methacrylate groups (Odian, 1981). A comparison of the TPA cross-sections, however,
cannot be performed, since the threshold concentrations will significantly differ due to the
different cross-linkable moieties. In addition, the materials have different polarity as well as
different oxygen sensitivity.
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The voxel diameters of OC-V in dependence of the exposure time are compared. The mate-
rial was formulated with two different photoinitiators of the same concentration (1 wt.-%
Inil and Ini2, respectively, at an average laser power of 150 pW). The results are shown in
Figure 10 (b). For the formulation of OC-V with Ini2, the voxel diameter increases much
steeper than for the same material formulated with Inil, i.e. Ini2 is much more efficient.
From the fits using the model of (Serbin et al., 2003), the TPA cross-section of Ini2 is
approximately two times larger than the one of Inil, which is in good agreement to the z-
scan data (cf., Table 1; Steenhusen et al., 2010a). A more comprehensive study will be
published elsewhere.

The effect of different initiator concentrations on the voxel formation was also investigated
for OC-V at a given average laser power and varying the exposure times which is reported
elsewhere (Steenhusen et al., 2010a). Beside other findings, it was observed that the
dependency of the voxel sizes on the initiator concentration is not linear. From
investigations on the cross-linking behavior and the resulting refractive indices in
dependence of the UV initiator concentrations which were carried out by one-photon
processes (classical UV exposure), it was concluded that different initiator concentrations
lead to different inorganic-organic hybrid networks in the final layer (Houbertz et al., 2004;
Fodermeyer, 2009; Landgraf, 2010).

Finally, the extraordinary performance of Ini3 should be underlined by the fact that voxel
sizes comparable to the ones fabricated using Inil and Ini2 in a given ORMOCER® material
system were achieved with an about 200 times lower initial initiator concentration of Ini3
than of Inil or Ini2.

An investigation of the voxel diameter in dependence of the exposure time at different
average laser powers has revealed that the higher the laser power, the larger the voxel
diameters will be (Steenhusen et al., 2010a). The determined TPA cross-section o, by using
equation (2), however, are about two times larger than derived from the z-scan experiments,
which can be attributed to the fact that the assumed threshold concentration of 0.25 wt.-% is
too high. Additional experiments with conventional UV exposure which were carried out to
support this statement have revealed that the organic cross-linking can be initiated for
initiator concentrations being as low as 0.01 wt.-% (Landgraf, 2010). However, although the
model proposed by (Serbin et al., 2003) yields a reasonable starting point for theoretically
determining the TPA cross-sections, it lacks of some important effects such as the diffusion
initiator radicals or molecular oxygen.

As mentioned above, the minimum voxel sizes which can be fabricated are dependent on
many different parameters, among which the chemical and the threshold behavior are the
most difficult to quantify. In the following, some results will be presented for sub-100 nm
patterning, and they will be discussed with respect to the degree of organic cross-linking.
The typical minimum feature sizes reported for several years were about 100 nm
(“resolution limit”). Recently, several groups have reported sub-100 nm resolution using
various polymer materials, where minimum feature sizes down to 40 nm were achieved,
some of them using the stimulated emission depletion (STED) approach (Li et al., 2009;
Andrew et al., 2009; Haske et al., 2007). In Figure 11, a representative image of a voxel,
fabricated in a styryl-based ORMOCER®, formulated with 2 wt.-% Inil is shown. The
patterning was carried out at an average laser power of 65 uW and an exposure time of 100
ms, with no further optimization of the technical equipment, yielding a voxel diameter of
about 90 nm. Features as small as about 75 nm can be routinely achieved, and the data will
routinely achieved, and these data be published elsewhere.
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From conventional UV lithography in dependence on the processing parameters it is known
that the organic cross-linking is very sensitive to the process conditions. If these are not
suitably chosen or adapted, part of the material will not be cross-linked, and will be
removed in the development step. This then results, for example in lower layer thicknesses
or smaller structures than adjusted. The same effects can be observed in 2PP experiments,
since the underlying process is a laser light-induced organic cross-linking, i.e. if the 2PP
parameters are not optimized with respect to the reaction kinetics of the material, smaller
structures consequently will result. It has to be mentioned, however, that there is a trade-off
between threshold effect and cross-linking by reducing the photon dose. By driving the
threshold effect, smaller structures will definitely occur which, however, might not be as
well cross-linked as voxels being fabricated with a higher photon dose and/or initiator
concentration, i.e. the resulting voxels will be less stable, and further reduction in size by the
development step might thus occur. This needs to be investigated in more detail.

Fig. 11. Sub-100 nm voxel (diameter: 90 nm), fabricated by 2PP in a styryl-based
ORMOCER® material, formulated with 2 wt.-% Inil.

We therefore have started to investigate the degree of organic cross-linking of ORMOCER®
materials which were processed by 2PP by high-resolution p-Raman spectroscopy. In
Figure 12, typical p-Raman spectra are displayed as well as the degree of organic cross-
linking of OC-I formulated with 1 wt.-% Inil in dependence on the average laser power. As
p-Raman sample, squares of 10 pum x 10 pm were written with a velocity of 100 pm/s and a
hatch distance of 0.1 um. In Figure 12 (a), two p-Raman spectra are displayed for a different
cross-linking state of OC-I. At about 1648 cm-!, the C=C bond resulting from the methacry-
late groups which decreases in intensity the more cross-linked the material is can be seen.
As internal reference, the C=C bond of the diphenylsilane precursor at 1569 cm! was used.
The calculation of the degree of cross-linking was performed as reported in (Houbertz et al.,
2004), and the first result is shown in Figure 12 (b). Analogously to the results from
ORMOCER® layers which were prepared by conventional UV lithography, the degree of
cross-linking increases continuously until saturation for the given process conditions.
However, almost the same magnitude in organic cross-linking is achieved in saturation by
TPA processing as for classical UV exposure. A more comprehensive study on the TPA-
initiated organic cross-linking will be published elsewhere.

Additionally to the 2PP experiments, first patterning by 3PP using the fundamental
wavelength of 1030 nm was performed which was straightforward when considering the
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extinction spectra of the initiators (Steenhusen et al., 2010a). From the spectra it can be
concluded that no TPA processes will occur, because there is no absorption of the initiator at
515 nm. Excitation with three photons, is likely depending on the three-photon absorption
cross-sections which have to be evaluated for the different systems from z-scan experiments
at 1030 nm. The latter is still under investigation. A resulting voxel array written using OC-1
with 2 wt.-% Inil and an exposure time of 200 ms is displayed in Figure 13. A photonic
crystal structure written by 3PP can be found in (Steenhusen et al., 2010b).

The average laser power was with 5.2 to 5.7 mW about three orders of magnitude higher
than for the respective TPA process at 515 nm, indicating a higher order non-linear process,
being related to the lower efficiency of the 3PA process compared to the TPA process.
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Fig. 12. Cross-linking investigations of OC-1/1 wt.-% Inil. (a) Selected p-Raman spectra, and
(b) degree of organic cross-linking in dependence on the average laser power.

By evaluating the voxel size, it can be seen that features being only the seventh part of the
fundamental wavelength are achieved. The voxel pitch was set to 2 pm, and the smallest
voxel in these data has a diameter as low as 155 nm which is far beyond the diffraction limit.
However, also for these data the degree of organic cross-linking needs further investigation
in order to give final proof for real sub-diffraction limit structures.

Fig. 13. (a) Voxel array (pitch 2 pm) written by 3PP in OC-1/2 wt.-% Inil, and (b) zoom into
(a), displaying an individual voxel of about 155 nm in diameter (i.e., a feature size of 1/7).

The data yield a proof of concept for 3PP experiments at 1030 nm. By varying the exposure
parameters, a tremendous potential for further decreasing the feature sizes is seen. A more
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comprehensive study of 3PP processes at 1030 nm including z-scan experiments is presently
carried out, and will be published elsewhere.

3.4.4 Large-scale TPA patterning

Up to now, most patterning results making use of TPA processes are restricted to smaller
scale structures, where typically structures of view hundreds of um in size were reported
(Ostendorf & Chichkov, 2006). The restriction in structure dimensions is mainly related to
limitations of the working distance of the high-NA focussing optics and to long fabrication
times. Instead of the focussing objective with an NA of 1.4 which is used for high-resolution
patterning, for large-scale fabrication this objective was replaced either by a microscopy
objective with an NA of 0.60 or with an NA of 0.45, characterized by long working distances
(cf., section 2.2). In addition, they offer a correction collar enabling an adaptation to different
cover glass thicknesses ranging between 0 and 2 mm in order to reduce spherical aberration,
resulting from a refractive index mismatch of air, glass substrate, and ORMOCER® resin,
leading to blurring of the focal light distribution. Due to fact that the refractive index
mismatch of glass and resin is very small compared to their difference to the refractive index
of air, the spacer thickness can be included into the corrective adjustments. Nevertheless,
this correction of the spherical aberration is only valid for a distinct penetration depth of the
focal spot into the resin, and thus inhomogeneous patterning results can be observed during
processing with the common sandwich configuration (cf., Figure 3 (a)) and varying the
penetration depth by vertically objective movement (Stichel et al., 2010).

In order to demonstrate the full potential of the TPA technology, the experimental setup for
the TPA patterning was modified (cf., Figure 3 (c)) in order to allow the fabrication of high
resolution large-scale structures with structure heights being not limited by the objective’s
working distance. These structures might be employed, for example as scaffolds for
regenerative or biomedicine (see also section 3.4.5). In Figure 14, two examples for the 3D
fabrication of arbitrary 3D large-scale structures by 2PP in an acrylate-based ORMOCER®
(OC-V/2 wt.-% Ini2) are shown.
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Fig. 14. Examples of large-scale structures fabricated by 2PP in OC-V, formulated with 2 wt.-
% Ini2. (a) Statue of liberty, and (b) human ossicles in life-size.

3.4.5 Application examples
Finally, in this section two application examples will be given, one for optics and the other
one for biomedical applications.
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Due to the fact that the selected ORMOCER® materials exhibit particularly low absorption
losses at data and telecom wavelengths (850, 1310, and 1550 nm) (Houbertz et al., 2003b), the
employment of TPA for the fabrication of highly sophisticated optical designs would be
advantageous, since this process can also be carried out on pre-configured substrates,
already containing opto-electronic elements such as laser- or photodiodes, vertical cavity
surface emitting lasers (VCSEL), or microlenses.

Two-photon absorption (TPA) processing was used for the fabrication of multimode
waveguide (WG) using just one individual ORMOCER® material which was specially
designed for the process. This reduces the process steps significantly, and only two to three
process steps need to be performed in order to create the waveguide (Houbertz, 2007;
Houbertz et al., 2008). The ORMOCER® material was coated onto a pre-configured printed-
circuit board (PCB) substrate, where laser source (transmitter) and photo-diode (receiver)
were already mounted. As laser source for this application, a femtosecond laser
(fundamental wavelength A = 800 nm, pulse durations between 130 and 150 fs) was
employed, and focused about 80 to 250 um deep into the ORMOCER® layer without using a
cover glass. This depth is just dependent on the position of the optoelectronic devices’ active
surfaces. The patterning by TPA then results in solid polymerized structures embedded in
the non-exposed resin. The waveguide is then finally obtained by thermally treating the
samples for 2 h at 200 °C in a nitrogen atmosphere. This particularly avoids any solvent-
based processing (cf., Figure 4). Dependent on the chosen optoelectronic elements, data
transfer rates as high a 7 Gbit/s at a bit error ratio of about 10~ were routinely achieved.

Fig. 15. TPA-WG fabricated by 2PP in a specially designed acrylate-based ORMOCER® after
(Houbertz et al., 2008a). As laser source, a Ti:sapphire laser was used operating at 800 nm.

Another application example is related to the field of regenerative or biomedicine which
attracts increasing attention. For example, micro-needle fabrication for drug delivery or the
realization of scaffold structures using 2PP was already demonstrated (Doraiswamy et al.,
2005; Narayan et al., 2005; Ostendorf & Chichkov, 2006). Scaffolds for medical applications
provide 3D structures with well-defined shapes with an interconnecting pore structure in
the range of a few up to several hundreds of um, thus mimicking the properties of
extracellular matrices. Such artificial matrices should support 3D cell formation, cell
proliferation, and differentiation in order to create neo-tissue or grafts from autologous cell
cultures.

The large-scale fabrication of biomedical scaffold structures with dimensions in the mm-
range still remains very challenging from a technical and a materials” point of view. Most
commercial rapid prototyping techniques cannot provide sufficiently small structure sizes
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of a few pm in order to produce highly-porous scaffolds. Thus, 2PP with tailored material
systems is a promising technology for this application, because it allows a real 3D
fabrication at high resolution and a free design of the structures. In Figure 16, various
highly-porous scaffolds fabricated by 2PP in OC-V /Ini2 are shown. An objective with a NA
of 0.45 in the inverted configuration (cf., Figure 3 (c)) was used. It has to be mentioned,
however, that the processing times are not yet optimized, and the equipment is
continuously modified in order to reduce the necessary production time. This will be
published elsewhere.

Fig. 16. Scaffolds fabricated by 2PP in OC-V /2 wt.-% Ini2. (a,b) Scaffold after a design from
(Phoenix), redesigned by the authors, (c) scaffold after (Hart, 2009), and (d-f) scaffold with
cubically designed pores of about 180 um size (hatch distance 20 pm).

4. Conclusions

We have demonstrated the use of visible and infrared laser pulses for the fabrication of sev-
eral types of sub-diffraction limit micro- and nanostructures by 2PP and 3PP. The data
demonstrate that a well-defined fabrication of arbitrary structures can routinely be
performed. The TPA cross-sections of some photoinitiators were characterized by the z-scan
method, and were correlated to voxel size studies for differently functionalized hybrid
polymers. First results on the fabrication of sub-100 nm features with a specially tailored
hybrid material were presented as well. An investigation of the degree of organic cross-
linking of patterns written by 2PP has yielded that it is comparable to the one achieved on
conventionally UV-exposed ORMOCER® layers. First 3PP results demonstrate a significant
circumvention of the diffraction limit, resulting in feature sizes of only A/7 even without
any optimization of process and material. Large-scale scaffolds up to the cm regime were
fabricated using a modified TPA setup which has a huge potential for biomedical and tissue
engineering applications. The scaffolds were fabricated with interconnecting pores, and a
pore density as high as 90 % can be crated by using hybrid polymer materials due to their
excellent mechanical stability. However, further work concerning the TPA cross-sections of
initiators and voxel formation for differently functionalized materials including
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investigations on the organic cross-linking by spectroscopic methods and mechanical
stability investigations are presently carried out.
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