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Abstract: Optics manufacturing technology is predicted to
play a major role in the future production of integrated pho-
tonic circuits. One of the major drawbacks in the realization of
photonic circuits is the damage of optical materials by intense
laser pulses. Here, we report on the preparation of a series of
organic—inorganic hybrid photoresists that exhibit enhanced
laser-induced damage threshold. These photoresists showed
to be candidates for the fabrication of micro-optical elements
(MOEs) using three-dimensional multiphoton lithography.
Moreover, they demonstrate pattern ability by nanoimprint
lithography, making them suitable for future mass produc-
tion of MOEs.
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1 Introduction

Micro-optical elements (MOEs) are ideal candidates for
optical applications such as beam focusing, shaping, and
steering elements [1]. Their widespread use has been hin-
dered by their fabrication complexity and high unit cost,
which traditionally includes micro-milling, micro-polish-
ing, molding, and ion-beam finishing. Recent progress in
additive manufacturing (AM) has enabled the three-
dimensional (3D) printing of complex microscale struc-
tures for a variety of applications, including optical and
micro-optical components. One of the highest resolution
AM techniques is multiphoton lithography (MPL), which
has allowed the freeform 3D printing of complex micro-
optical elements and components such as complex lenses
and microscopes objectives [2-4], metalenses [5, 6],
stacked metasurfaces with multilevel advantages enabled
by MPL [7], axicons [8], and Fabry—Perot resonator [9] on
flat substrates, as well as on optical fibers [10-15].

MPL is based on the multiphoton polymerization of a
transparent photopolymer [16, 17]. There is a wide variety of
photosensitive materials used that can be employed,
including biomolecules, organic photopolymers, and hydro-
gels, or organically modified ceramics [18-20]. The latter class
of materials is particularly suitable for MOE fabrication, as
they can be structured accurately with minimal shrinkage,
keeping their transparency at visible and near-infrared (NIR)
wavelengths [21-24]. However, most of these materials have a
low laser-induced damage threshold (LIDT), as a result of
their high organic content [25, 26]. This makes them suitable
only for low-power laser applications.

In this paper, we present a novel formulation of
organically modified ceramics materials, with improved
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LIDT performance, compared to other materials used for
MOE fabrication using MPL [25]. The new hybrids are
synthesized by reducing their organic content to the min-
imum amount possible, while still allowing their process-
ing by lithographic techniques, i.e. the removal of the
material at the unexposed areas during the structure
development step. We validate that they can be structured
accurately on flat substrates and on fiber tips by MPL.
Moreover, we demonstrate that the formulated resists are
suitable for large area ultraviolet light assisted nano-
imprint lithography (UV-NIL) processing, allowing for
mass-replication and their utilization in optical applica-
tions such as diffractive optical elements (DOEs). Finally,
we use them to build MOEs such as lenses and axicons on
glass substrates and on optical fibers, and we characterize
them.

2 Materials and methods
2.1 Material synthesis

Four different photoresists were synthesized based on zirconium-
silicon and titanium-silicon inorganic networks. The materials were
fabricated from 3-(Trimethoxysilyl) propyl methacrylate (MAPTMS,
Sigma-Aldrich), a hybrid monomer bearing photopolymerizable
methacrylate moieties and zirconium propoxide, (ZPO, 70% solution
in 1-propanol, Sigma-Aldrich) and titanium (IV) isopropoxide (TIPO,
97%, Sigma-Aldrich) were used as an inorganic network former. The
molar ratios of MAPTMS to ZPO and TIPO that were studied were 8 : 2
to 7:3 for both metal alkoxide precursors. In a typical synthesis,
MAPTMS was firstly hydrolyzed by adding HC, (concentration 0.1 M)
at a 1:1 molar ratio and the mixture was stirred for 10 min. ZPO
or TIPO was then added dropwise in the hydrolyzed MAPTMS
monomer, and the mixture was stirred for 30 min. Finally, 2-benzyl-2-
(dimethylamino)-4’-morpholinobutyrophenone (Irgacure 369, 97%,
Sigma-Aldrich) was used as a photoinitiator (PI) at a 1% wt in respect
to the MAPTS monomer. After stirring for 20 more minutes, the
materials were filtered using 0.45 pm pores size filters.

Before processing, the samples were dried under vacuum over-
night. This resulted in the condensation of the hydroxy-mineral moi-
eties and the formation of the inorganic matrix.

2.2 LIDT characterization

LIDT samples were prepared by spin coating onto fused silica sub-
strates creating a thin film of 1.5 pm and the resultant films were dried
in vacuum overnight before photopolymerization using a UV lamp.
The LIDT characterization of the new composites was carried out
for two different pulse lengths, namely 10 ns and 300 fs, according to
the ISO 21254 standard. The damage threshold was estimated for both
the single pulse per site irradiation (1-on-1 test) and a series of pulses
with constant energy per site (S-on-1 testing, S = 1000). Depending on
dominating failure and pulse duration, single-shot (1-on-1) results
might represent either fundamental (intrinsic) material properties [27]
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or signature of extrinsic (defect driven) damage [28], responsible for
initiation laser-induced failure, while multi-shot (S-on-1) testing is
used to evaluate fatigue effects attributed to defect generation (bond
breaking) [29] and thermal energy accumulation [30]. As in MOE ap-
plications, the main damage cause is fatigue, S-on-1 LIDT character-
ization is used for the benchmarking of different materials and
coatings.

The laser characteristics employed in this study are summarized
in Table 1.

Fluence was adjusted with a motorized attenuator consisting of a
half-wave plate and polarizer.

The online damage detection system was based on optical scat-
tering from the irradiated sample surface. A photodiode sensor was
used to track laser-induced surface changes. Damage detecting optical
scattering signal was recorded for every pulse.

The off-line inspection of irradiated sites was performed by
Nomarski microscopy (BX51, Olympus) after irradiation exposure.
Here, the criterion of damage is any visible modifications that can be
seen with it. LIDTs have been calculated using a nonlinear fitting
procedure based on the maximum-likelihood approach described
elsewhere in detail [31]. Estimated error bars correspond to a confi-
dence level of 95%. Distance between neighboring exposition points
was fixed to 500 pm to avoid deposition of the damaged (ablated)
material on the surrounding surface. The damage threshold of the
substrate was always higher than the composites tested and therefore
did not influence the results.

2.3 MPL microfabrication

MOEs were fabricated on glass substrates and on the endface of optical
fibers.

For the micro-lens fabrication, a home-built experimental setup
was employed, where the focused laser beam remained stationary,
and the sample moved. The laser source employed was a Femtosecond
Fiber Laser (FemtoFiber pro NIR, Toptica Photonics AG) emitting at
780 nm with a pulse duration of 150 fs, average output power 500 mW,
and a repetition rate of 80 MHz. A 100x microscope objective lens
(Zeiss, Plan Apochromat, N.A. = 1.4) was used to focus the laser beam
into the volume of the photosensitive material. Sample movement in
the xyz space was achieved using piezoelectric stages (Nanocube,
Physik Instrumente). The writing speed was 30 pm/s and the peak
intensity at the center of the focal point was approximately 0.5 TW/
cm? The detailed experimental setup and writing procedure has been
described elsewhere [32].

Table 1: Characteristics of the lasers employed in LIDT
measurements.

ns
characterization

fs
characterization

Central wavelength

Pulse repetition frequency
Spatial beam profile in the
target plane

Beam diameter in target
plane (1/€?)

Pulse duration (FWHM)

1064.0 nm

100 Hz

TEMOO

(230.9 + 3.7) ym

(9.6 + 0.3) ns

1030.0 nm
200 kHz
TEMOO

(74.4 + 0.4) pm

300 fs
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For the fabrication on the endface of optical fibers, a different
set-up was used, employing the same light source, a homemade fiber
holder, and a galvanometric scanner. In this case, the structure is
printed layer-by-layer, with the focused laser beam moving on the x-y
axis, while the sample moves only on the z-axis, to enable the writing
of another layer. A 40x microscope objective lens (Zeiss, Plan Apo-
chromat, N.A. = 1.4 Oil DIC) was used to focus the laser beam into the
volume of the photosensitive material. Three different designs of
axicons were fabricated by using different internal angles, namely
145°, 135°, and 120°. The writing speed was 15 mm/s and the peak
intensity at the center of the focal point was approximately 0.67 TW/
cm’. Moreover, the layer thickness (step in z-axis), as well as the
hatching (step in xy axes), was set at 100 nm. The results are presented
in Figure 4. The fiber holder and the 3D writing procedure have been
described elsewhere [9].

After the completion of the component building process, the
samples were developed for 30 min in 4-methyl-2-pentanone and were
further rinsed with 2-propanol.

2.4 UV-NIL patterning

UV-NIL patterning was carried out by Nanotypos (Thessaloniki, Greece)
[33]. A silicon master mold comprising various two-dimensional dif-
fractive grating structures and DOEs was fabricated by electron-beam
lithography and reactive ion etching processes. To promote separation
during the UV-NIL step, the Si master molds were treated with a low
surface energy antisticking agent (Optool DSX, Daikin chemical) based
on fluorosilanes. This layer has a thickness of about 3 nm and results in a
surface free energy of 11 + 0.5 mN/m, which prevents any adhesion effect,
which could contaminate the replicated step. During our experimental
work, our working mold was a soft PDMS mold which was a negative
replicate from the Si master mold. PDMS was realized by mixing the
curing and base material in a 1: 10 ratio, respectively.

The hybrid photoresist layer was spin coated on a glass substrate
while the assembly (PDMS mold and substrate/resist) was bought into
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physical contact (holding pressure 1 bar) inside the chamber of a
commercial nanoimprint lithography tool (CNI tool from NILTech-
nology Aps. Denmark) at a temperature of 70 °C for 120 min. Following
the prebaking process, a UV light irradiation exposure was carried out
for 12 min followed by a post exposure bake at 70 °C for 180 min. The
topographical characterization of the imprinted patterns was observed
by scanning electron microscopy (SEM) in the top and tilted view
(Figure 3).

2.5 Spectral characterization

The absorbance spectra of thin films of all four synthesized materials
were recorded in the 300-1300 nm spectral range using a PerkinElmer
UV-vis spectrometer.

3 Results and discussion
3.1 Absorption spectra

The UV-vis spectra of the ZPO and TIPO material thin
films after photopolymerization are shown in Figure 1.
All synthesized composites exhibit zero absorbance
above 500 nm and thus are fully transparent in the NIR
and visible part of the spectrum, making them suitable
for transmissive MOE applications using such wave-
lengths. In all cases, the materials start to absorb below
500 nm with identical absorption curves regardless of
their composition. This is attributed to the PI Irgacure
369 that they contain which has a typical absorbance
between 250 and 430 nm.

Absorbance (a.u)
o
(3]

—— MAPTMS:ZPO 7:3
—— MAPTMS:ZPO 8:2
—— MAPTMS:TIPO 7:3

MAPTMS:TIPO 8:2

Figure 1: Absorption spectra of the ZPO and
TIPO hybrid photoresists. The red and black
line corresponds to the MAPTMS : ZPO 7: 3

0.0

300 400 500 600 700 800 900 1000 1100 1200 1300

Wavelength (nm)

and 8 : 2 molar ratio material, respectively,
while the blue and green line corresponds
to the MAPTMS : TIPO 7 : 3 and 8 : 2 molar

ratio, respectively.
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3.2 LIDT measurements

As discussed earlier, LIDT characterization was done by
using both ns and fs pulse durations, using 1 and 1000
pulses.

The results of the ns investigation are shown in Table 2. In
the same table, the LIDT characterization of ORMOCOMP™
and SU-8 is presented [25], for comparison reasons. Both
these materials are widely used in MPL and NIL [34, 35].

As it can be seen, all the new composites have a
considerably higher damaged threshold than the reference
materials, especially in the S-on-1 test, which is the one that
defines the suitability of the material for optical applica-
tions. The material exhibiting the highest LIDT is the one
containing MAPTMS : ZPO 8 : 2, whose damage threshold is
1.36 times and 9.35 times higher than ORMOCOMP™, for the
1-on-1 and S-on-1 test, respectively. This is not surprising, as
Zr0, is the material of choice for high-power optical compo-
nents, and the MAPTMS:ZPO composites are likely to
contain ZrO, nanoparticles. This is confirmed by the residual
fluorescence in MAPTMS : ZPO composites [36].

The results of the fs investigation are shown in Table 3.
Here, the zirconium composites again have higher LIDT
than the others. The MAPTMS : ZPO 7:3 composite has
slightly higher LIDT than the MAPTMS : ZPO 8 : 2, exhibit-
ing a damage threshold is 1.2 times and 2.05 times higher
than ORMOCOMP™  for the 1-on-1 and S-on-1 test,
respectively.

When directly comparing LIDTs of the investigated
samples, titania-based composites did not perform as well
as the zirconia compounds. As it is shown in Figure 1
titania-based coatings also exhibit a lower bandgap. Lower
bandgap can be directly related to laser damage resistance,
as multiphoton processes are typically involved [37]. Also,
as it can be seen, the lack of organic compounds seems to
affect fatigue properties and long-term damage perfor-
mance. Accordingly, oxide-only materials are preferred for
free-form micro-optics for high-power laser applications,
however, they cannot be processed by MPL and UV-NIL

Table 2: ns LIDT characterization.

Material

Damage Threshold
(/cm? (1-on-1)

Damage threshold
()/cm?) (1000-0n-1)

MAPTMS : ZPO 7:3
MAPTMS : ZPO 8: 2
MAPTMS : TIPO 7 : 3
MAPTMS : TIPO 8: 2
ORMOCOMP™ [25]
SU-8 2015 [25]

26.9 (+2.66, —4.42)
33.48 (+2.51, —4.04)
23.97 (+2.14, -3.42)
28.36 (+2.14, -3.43)

24.60 +2.73
19.77 £ 2.29

2.75 (+0.28, -0.52)
12.63 (+1.07,-1.80)
2.75 (+0.28, -0.52)
1.93 (+0.15, -0.23)
1.35+1.05
0.49 = 0.09
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Table 3: fs LIDT characterization.

Material Damage threshold

(/cm? (1-on-1)

Damage threshold
(J/cm?) (1000-0n-1)

MAPTMS : ZPO 7 : 3 2.011 + 0.088 0.678 + 0.025
MAPTMS : ZPO 8: 2 1.870 + 0.084 0.552 + 0.032
MAPTMS : TIPO 7 : 3 1.652 +0.071 0.573 + 0.024
MAPTMS : TIPO 8: 2 1.124 + 0.055 0.244 +0.013
ORMOCOMP™ [25] 1.67 + 0.65 0.33+0.13
SU-8 2015 [25] 1.48 £ 0.41 0.17 £ 0.05

[38, 39]. For femtosecond pulse durations, both 1-on-1 and
1000-on-1 LIDT, there was limited smooth damage
morphology indicating deterministic damage governed by
electronic absorption processes and color center formation
within the entire matrix of coating material. In the case of
nanosecond pulses, damages were rather catastrophic,
originated from localized absorption centers (sporadic
defects) embedded either within coating or substrate thus
indicating some inhomogeneity. Such defects could be
attributed to self-forming clusters of unoxidized absorbing
material or polishing defects embedded within substrates.
For nanosecond irradiation, some of the zirconia-compound-
based sample sites withstand 1000 pulses and survived at
fluence >60 J/cm? thus also showing the potential of these
materials for further improvement (removal of defects). That
is not trivial and could be achieved by further purification of
the photoresist composite materials (all were used as pur-
chased), and by performing the preparation and processing
of the materials in a clean-room environment.

3.3 UV-NIL patterning

Figure 2 shows photographs of some of the gratings fabri-
cated by UV-NIL, using some of the photoresists devel-
oped. It is clear that the new composites can be processed
over large areas without breaking or cracking. Figures 3
and 4 show SEM images of some of the relief surface
structures and a DOE, respectively, made using the
MAPTMS : ZPO 8:2 composite. The composite can be
UV-NIL printed with accuracy, making it a material suit-
able for the mass fabrication of MOEs for high-power laser
applications.

3.4 3D MPL microfabrication

To investigate the performance of the composites in 3D
multi-photon lithography, micro-optical structures were
fabricated, using the composite MAPTMS : ZPO 8 : 2, which
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showed the most promising LIDT performance. Plano-
convex microlenses were fabricated on flat surfaces and
micro-axicons were fabricated on flat surfaces as well as on
optical fibers.

Plano-convex microlenses were fabricated with a
radius of curvature of 100 pm and a diameter size of 90 pm.
Figure 5 depicts images of the fabricated lenses. Figure 5a
shows an SEM image of the lens in the top view, while
Figure 5b shows the same lens at the tilted view. Figure 5¢
shows an optical microscope image (taken with Dino-Lite
digital microscope [AM7915MZT, AnMo Electronics Corpo-
ration, Taiwan]) of the same lens in transmission mode,
while in Figure 5d the focusing of the transmitted light from
the microlens can be seen by changing the focal point to a
plane above the lens. The focused beam spot size was
measured using DinoCapture 2.0 software and was found
to be 15 pm. The focal length was calculated to be
approximately 200 pm, using the formula f =< [40],
where rc is the radius of curvature and n is the refractive
index of the material, in our case n ~ 1.52.

Figure 2: Patterned areas using the new hybrid photoresist
MAPTMS : ZPO 8 : 2 made by NIL.

Figure 3: Representative SEM images from the hybrid photoresist consisting of MAPTMS : ZPO 8 : 2 molar ratio (a and b) images of a patterned
area consisting of squares (c and d) a patterned area consisting of lines.
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—_— Figure 4: A DOE made by UV-NIL lithography
MUUIRUVIUE  of the MAPTMS : ZPO 8 : 2 composite.

20kV X750 20pm 20kV  X1,000 10pm

(c) (d)

Figure 5: (a) SEM image of a printed microlens using the MPL technique (b) tilted view of the microlens (c) optical microscope image of the
same lens (d) optical microscope image of the microlens focusing on a plane above the lens, where the focusing of the transmitted light can be
observed.



DE GRUYTER

20kV  X1,000 10pm
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20kV  X1,000 10pm

Figure 6: (1a), (2a), and (3a) present the CAD images of 100 pm-diameter axicons with inset angles of 145°, 135°, and 120°, respectively.
Scanning electron microscopy (SEM) images of fabricated axicons are presented in (1b), (2b), and (3b).

40um

As it is clear the new composites can be structured
accurately using 3D MPL and are being candidates for
the fabrication of MOEs with even more complicated
designs.

Figure 6 shows the computer-aided designs (CAD) and
respective SEM images of a series of axicons with different
internal angles made using the MAPTMS : ZPO 8:2 com-
posite, on a glass substrate. Axicons with the same internal
angles were subsequently fabricated on the endface of a
multimode optical fiber. The purpose of the support

Figure 7: Digital microscope images at 220x
magnification of the fabricated axicons on
the endface of the optical fiber.

structures was to allow the Gaussian beam to expand
before entering the axicon.

All the MOEs fabricated on flat glass surfaces show
integrity and stability. Figure 7 shows a digital microscope
image of axicons fabricates on the tip of an optical fiber.
Characterization of the axicon was performed to prove its
ability to produce non-diffracting beams. Initially, a He-Ne
laser (632 nm) was coupled to the fiber using a focusing
lens (40x aspheric lens with A coating). The occurrence of
non-diffracted beam is monitored using a magnifying lens
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g Figure 8: Radial intensity profile

-8 -6 -4 -2 0 2 4
Distance from peak (um)

(60x aspheric lens, A-coated) and a visible-infrared camera
(WinCamD, pixel dimensions 9.3 x 9.3 um?. The magni-
fying lens and the camera are mounted on a linear trans-
lation stage (Thorlabs). The distance between the magnifying
lens and the camera is kept fixed giving a magnification factor
of 90. Figure 8 shows the radial intensity distribution and the
corresponding transverse profile (inset) of the generated non-
diffracting (Bessel) beam from the above explained setup.
The transverse profile depicts a zero-order Bessel function
pattern and the corresponding radial intensity profile mimics,
to a large degree, the expected pattern from such a transverse
profile.

4 Conclusions

To sum up, a series of photosensitive, transparent zirco-
nium and titanium silicates with minimal organic content
were synthesized and investigated for their LIDT and their
suitability for processing using NIL and MPL. All materials
exhibited high LIDT, with the zirconia silicates exhibiting
higher LIDT values. The materials showed good process-
ability using MPL and NIL, and over large areas, with no
signs of cracking or breaking. The ability of the newly
synthesized hybrids to be processed accurately with MPL
and NIL could give rise to the mass production of MOEs and
DOEs with elevated complexity, whose fabrication is
limited up to now with the existing techniques. Micro-
lenses and micro-axicons were fabricated successfully us-
ing these materials via MPL. Axicons on fiber endfaces

6 8 10

corresponding to the transverse profile of
the generated nondiffracting beam (inset).

were made and characterized in their ability to produce
nondiffracting beams. Our results show that these mate-
rials as candidates for the fabrication of MOEs for high-
power laser applications.
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