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ABSTRACT

Two and three dimensional structures with micron and submicron resolution have been achieved in commercial resists,
polymeric materials and sol-gel materials by several lithographic techniques. In this context, silicon-based sol-gel
materials are particularly interesting because of their versatility, chemical and thermal stability, amount of embeddable
active compounds. Compared with other micro- and nano-fabrication schemes, the Two Photon Induced Polymerization
is unique in its 3D processing capability. The photopolymerization is performed with laser beam in the near-IR region,
where samples show less absorption and less scattering, giving rise to a deeper penetration of the light. The use of
ultrashort laser pulses allows the starting of nonlinear processes like multiphoton absorption at relatively low average
power without thermally damaging the samples.

In this work we report results on the photopolymerization process in hybrid organic-inorganic films based
photopolymerizable methacrylate-containing Si-nanobuilding blocks. Films, obtained through sol-gel synthesis, are
doped with a photo-initiator allowing a radical polymerization of methacrylic groups. The photo-initiator is activated by
femtosecond laser source, at different input energies. The development of the unexposed regions is performed with a
suitable solvent and the photopolymerized structures are characterized by microscopy techniques.
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INTRODUCTION

The possibility to create novel micro- and nano-structured materials has attracted great attention in scientific community.
Among the nanofabrication methods, the non-linear optical lithographic technique, called Two Photon Induced
Polymerization (TPIP), and based on two-photon absorption (TPA) in a photosensitive material, is a powerful tool to
obtain 2D and 3D structures. This technique offers multiple advantages, including spatial and temporal controls, fast
curing speed at room temperature, large efficiency and great versatility of the composition of the initial prepolymer
blend.

The photopolymerization process, initiated by non-linear absorption of tightly focused ultrashort laser pulses, is well
confined within the focal volume. The extension of the excited region, below the sub-diffraction limit spatial resolution,
is determined by the dimension of the focused beam.'” By moving the sample in 3D directions, it is possible to create
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the desired pattern within samples. Generally, in a second step, the unexposed regions are washed away with a suitable
developer. Several groups have utilized this process to write 3D photonic band gap structures or to realize 3D optical
memories.”®

Materials commonly used as photoresists for TPIP are organic polymers: a great variety of prepolymer resists have been
studied.”'® In many works, the photoactive units are (meth)acrylates, undergoing free-radical polymerization, activated
through photoinitiators by mean of adequate wavelength sources. This mechanism is severely inhibited by atmospheric
molecular oxygen that causes numerous effects, including slow polymerization rates, low conversion and short polymer
chain length.!" We have recently reported some results confirming that this is an important feature when one-photon
polymerization experiments are performed.'

FT-IR""*" and real time Raman'® spectroscopies are the main techniques to investigate the rate and the efficiency of the
photopolymerization processes.

In this contribution we report on preliminary results using new materials obtained from hybrid organic/inorganic sol-gel
precursors. The sol-gel chemistry, based particularly on the use of hybrid organic/inorganic materials, is largely
exploited to design a large variety of novel materials, with controlled micro- and nano-structures. The final sol-gel
materials often possess superior properties with respect to polymers, such as high optical properties, good mechanical
and chemical resistance (like superior resistance against dry etching processes and scratch) and the possibility of
embedding large amounts of active compounds'®'"'®,

In particular, we explore the use of Si-based nanobuilding blocks (NBBs) to improve the spatial resolution of the
photopolymerized structures.'®?*?"** These nanosized objects, containing lateral acrylate groups, suitable for
polymerization, are obtained by the condensation reaction between Ph,Si(OH), (diphenylsilanediol, DPDO) and
methacryloxypropyltrimethoxysilane (MPTMS) in controlled synthetic conditions, exploiting the in-situ water
production by means of an esterificatione reaction.” It is recognized that the very low hydrolysis ratio and the strict
control on hydrolysis —condensation process achieved through this approach is useful to obtain an almost complete
reaction between the Si-OH and the Si-OR groups of the precursors reaching a good yield in cyclosiloxane-based
oligomers.

Our research is aimed at the production of well condensed hybrid precursors containing a large amount of double bonds
useful for an efficient photopolymerization process. The photopolymerization experiments are performed with a
femtosecond laser source, employing a focusing set-up with 0.55 and 0.8 numerical aperture long working distance. The
obtained structures are analyzed by confocal optical microscopy, scanning electron microscopy (FE-SEM) and atomic
force microscopy (AFM).

METHODOLOGY
2.1 Synthesis of sol-gel samples

The synthesis of the NBBs is achieved by mixing the DPDO (2.5 mmol, 0.5408 g), MPTMS (12.5 mmol, 2.971 ml),
CH3COOH (AA) (5 mmol, 0,286 ml) and ethanol (10 mmol, 4.06 ml). The molar ratio is: DPDO:MPTMS:AA:EtOH =
1:5:2:4. The viscous yellowish solution, obtained after stirring for 14 days at 75°C, is evaporated to dryness and diluted
with dry THF to a desired final concentration.

For the preparation of the photosensitive blend (called "NBBZrMA"), Zr-butoxide (Zr(OBu');) and Metacrylic acid
(MAA) are kept in stirring for five minutes. This solution is mixed together with the one of NBBs. This mixture is kept
under stirring for one hour, before the addition of the photoinitiator, previously solubilized in chloroform. The molar
ratios used are: Si:Zr(OBu');:MAA= 5.5:3:6.

The photoinitiator ((E,E,E,E,E,E)-1,13-bis-[4-(diethylamino)phenyl]-tri-deca-1,3,5,6,8,10,12-hexaen-7-one), labeled
"TPP") has been synthesized through the cetolization-crotonization reaction from (E,E)-5-[4-
(diethylamino)phenyl]penta-2,4-dienal and acetone in basic conditions.** The amount of TPP is equal to 0.2 % with
respect to the numbers of acrylic groups.
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2. 2 Deposition technique

The sol, containing 0.093 g of (Si+Zr)/liter, is kept in ultrasonic bath for 15 min to allow a good dispersion of the TPP.
This solution is used to prepare films deposited by spin-coating technique at 2000 rpm for 10 sec. Samples with similar
thicknesses, not much lower than one micron, are prepared. After photopolymerization, the unreacted units are
efficiently developed in acetone bath for 10 seconds.

2.3 Characterization techniques

- The microstructure characterization of the sol-gel films is performed by FT-IR spectroscopy using a Jasco 620
Spectrometer from 400 to 4500 cm™, with 2 cm™ resolution.

- The UV-Visible absorption spectra are collected with the spectrometer Varian-Cary5 from 300 to 800 nm, with a
resolution of 1 nm.

- The NonLinear optical characterization of the TPP in solution is performed by Two-Photon Induced Fluorescence
(TPIF) technique. TPIF experiments are performed using a tunable Ti:Sapphire femtosecond laser system (Coherent
Mira 900-F), with pulses of approximately 130 fs temporal length, 76 MHz repetition rate and 700 to 930 nm varying
wavelengths. The laser beam is focused on the sample, contained in a 10 mm quartz cell, via a 40 cm focal length lens.”
For each exciting wavelength investigated, the quadratic trend of the TPIF signal versus light intensity was verified and
recorded, and the Two-photon Absorption (TPA) cross-section o, was obtained using the expression:*

2
o =G| E (1)
" q.C\n ) F

s r s

where g; are the coefficients of the quadratic fit, ; the solvent refractive indices, F; the fluorescence quantum yields, C;
the concentration for the sample (suffix s) and the reference (suffix r) solutions and o, is the TPA cross section of the

reference. TPA cross sections of the reference chromophore (Rhodamine B in methanol) are those published by Xu et
al.?

- The morphology of the polymerized structures, after the developing stage, is observed by Confocal microscopy
(Olympus BX51WI), by Field Emission Scanning Electron Microscope (FE-SEM LEO FEG Supra 35) and by Atomic
Force Microscopy (AFM, Ntegra Mod. NT-MTD ), in semi-contact modality.

- The two-photon polymerization experiments are performed with the same fs laser system, used also for the TPIF
measurement. The excitation wavelength is fixed at 850 nm, near to the maximum of the TPA spectrum of the
photoinitiator. The maximum average power measured is 650 mW. The optical set-up used is depicted in figure 1.
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Fig. 1: Optical set-up for the two-photon polymerization experiments.
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The laser beam crosses absorbing filters, allowing the control of the final optical power, and an iris diaphragm.
Afterward the beam is reflected by a mirror and it is expanded by a Kepler Telescope in order to completely illuminate
the entrance aperture of the focusing microscope objective (50X Olympus LMPlan, with a numerical aperture of 0.55
and a working distance of 6 mm). The position of the focal volume is controlled in 3D along the beam propagation, with
micrometric screws. The diameter dimension of the laser beam at the focal position is estimated to be about 2 um,
considering a propagation of a Gaussian beam in the microscopic objective.

RESULTS AND DISCUSSION

3.1 Optical characterization

The UV-Visible spectrum of the photoinitiator dissolved in CHCl; shows the absorption maximum centered at about 508
nm. The molecular structure and the One Photon Absorption (OPA) spectrum are reported in figure 2. Figure 2 reports
also the UV-Vis spectra of the photoinitiator in NBBZrMA matrix: the inclusion of the photoinitiator into solid matrices
causes a red-shift of its absorption peak, this that can be explained with interaction process with the matrix.

In order to have an efficient photopolymerization process, the photoinitiator must be able to produce radicals after
excitation: these react with the double bonds of the prepolymer blend and the chain reaction starts and propagates. The
characterization of the non linear optical properties of TPP is therefore an essential step to evidence the best spectral
region for its excitation during the photopolymerization experiments. The TPA spectrum measured with ns regime is
already reported.”’
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Fig. 2: One (continuum line) and two-photon absorption (dots and line) of the photoinitiator in CHCl; and OPA (dashed
line) in NBBZrMA matrix. The TPP molecular structure is depicted on the inset.

Figure 2 shows the One and Two Photon Absorption spectra, measured with the previously described techniques. The
wavelength abscissa scale of the TPA spectrum is halved to have a direct comparison with the linear absorption and the
values of TPA cross-section are expressed in Goppert-Mayer units (1 GM = 10°° ¢cm* s photon™ molecules™). The
maximum of TPA does not coincide with the peak of OPA, because of the symmetric structure of TPP that can induce
different selection rules for the two-photon absorption.

Figure 3 shows FT-IR spectrum of the hybrid films. The almost total absence of OH groups (absorption at 3400cm™)
confirms the high condensation level of the nanobuliding blocks. The presence of the band at about 1719 cm™ and 1638
em™ is due to C=0 and C=C bonds.

3.2 Two-photon polymerization

For the two-photon induced polymerization, we have chosen the wavelength at 850 nm, in order to guarantee both high
TPA cross-section and high incident energies.
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Fig. 3 : FTIR Spectrum of the hybrid film deposited on silicon substrate.

In TPIP experiments, the incident energies are varied from 5 to 50 mW and the exposure time is less than 1 sec. We have
previously noted that the TPIP experiments on acrylate systems are not influenced by the presence of molecular oxygen
in experimental atmosphere'?, allowing to perform the irradiations in air. Instead, the efficiency of the polymerization
can be subjected to the quantity of acrylate double bounds available to the photopolymerization. For this reason, we have
chosen the NBBs system with the highest number of reactive organic functions as polymerizable hybrid
organic/inorganic precursor.

In this work the effect of the input energies on the final features has been investigated. Figure 4 show respectively the
confocal images of the patterns remained on the substrate after the development stage. Every line represents the
polymerized dots obtained with different energies, ranging 50 to 5 mW, and less than 1 second irradiation time, using a
50X microscopic objective, with N.A. 0.55. From the micrographs, it is possible to observe that the resolution on the
final structure becomes more defined when the input energy decreases. In fact, it is possible to control the polymerization
reactions when the energy dose is low enough to prevent diffusion of the radicals over an area larger than the laser spot.
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Fig. 4: Confocal images of the spots remained on the silicon substrate after the development stage. Every line represents the
polymerized dots obtained with different energies, ranging from 50 to 5 mW, and less than 1 second irradiation time,
with an objective 50X, with N.A. 0.55.
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