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Nanofabrication techniques that can generate large and complex 3D structures with nanoscale features are
becoming increasingly important in the fields of biomedicine, micro-optics, and microfluidics. Direct laser
writing via two-photon polymerization (DLW-TPP) is one such technique that relies on nonlinear absorption
of light to form nanoscale 3D features. Although DLW-TPP provides the required nanoscale resolution, its
built height is often limited to less than a millimetre. This height limitation is driven by the need to tightly
focus the laser beam at arbitrary depths within the photopolymer. This requirement necessitates
matching the photopolymer's refractive index to specific values but the required techniques have not
been disseminated widely in the open scientific literature. To address this knowledge gap, we test two
universal, different approaches to generate refractive index-matched polymeric and preceramic resins
and demonstrate their performance by printing of fine submicron features in 3D structures as tall as 2.5
mm. Specifically, we achieve index-matching by mixing commercially-available resins or covalent

modification of functional monomers. This work investigates the relationship of voxel shape to RI
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material system of preceramic resin which has never been demonstrated before. We demonstrate the
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Introduction

High-resolution nanofabrication has been a driving force for
advancements in various fields such as reproductive medicine,
micro-optics, and microfluidics.'™ There are a wide variety of
different lithographic nanofabrication techniques including
scanning probe lithography (SPN)," directed self-assembly
(DSA),"""” dot-matrix holography,"” deep UV (DUV),"® nano-
imprint (NIL),"® interference,'® electron beam printing (EBM),*
and direct laser writing via two-photon polymerization (DLW-
TPP) techniques. Several reviews have surveyed the field
comparing both advantages and disadvantages of each
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material flexibility by generating 3D silicon oxycarbide structures from preceramic resists while
simultaneously eliminating the part-height limitation of conventional DLW-TPP.

technique."** Of the many nanofabrication techniques, DLW-
TPP has excelled as a method for obtaining three-dimensional
(3D) microstructures with defined features well below 1
um.**** It is important to note that print quality, feature size,
resolution (resolvable distance between two features) and ulti-
mately the functionality of the printed part rely not only on the
DLW-TPP hardware and laser parameters used for fabrication,
but also depend strongly on the photoresist properties.

The finest DLW-TPP features are generally obtained by
utilizing high numerical aperture (NA > 1) oil immersion
objectives. DLW-TPP fabrication can then be performed in
a conventional microscopy setup in which the writing laser is
focused through an index matched oil and a transparent glass
substrate into the photo-responsive resin (Fig. 1a). This method
of writing is amenable to a wide variety of materials, including
opaque resins, such as those containing carbon fillers.*®
However, in this mode fabrication of taller structures is severely
limited by the finite working distance of the objective which sets
a hard limit to the sample height. Even before reaching this
hard limit, the print resolution deteriorates with increasing
print height as the laser beam travels through increasing
distances of opaque or refractive index mismatched mate-
rial.>’*® These issues have been overcome in part through
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Fig.1 (a) and (b) Two-photon lithography print configuration modes:
traditional immersion medium vs. dip-in laser lithography. (c) Scanning
electron micrographs of a 2.5 mm tall pillar in the form of a gyroidal
lattice printed in dip-in lithography with a photo-resin with a refractive
index of 1.52, as described below in Fig. 2.

modified optical setups in which the immersion oil, cover glass
and objective move together.>>*

The limitations outlined above motivated the development
of the so-called dip-in DLW TPP configuration in which the
photo-resin is applied directly to the objective (Fig. 1b). Here,
the resin has a dual functionality as immersion medium and
active resin, thereby ensuring a constant (size and shape) laser
beam focal spot throughout the entirety of the built without
limitation to the built height, as demonstrated by the 2.5 mm
tall gyroidal lattice shown in Fig. 1c. A key requirement for this
approach is that the refractive index of the resist must match
the refractive index of the immersion medium for which the
objective lens was designed.

In this work, we report on two universal approaches to
design refractive index matched (RIM) resins for DLW-TPP
based on simple mixing of resin components or covalent
modification of functional monomers. We have previously
implemented similar designs for resins with enhanced radio-
opacity®® and for scalable parallelization of the two-photon
fabrication process.*” Herein, we systematically explore the
effects of RI-matching on print quality while qualitatively
illustrating the dosage dependence on voxel shape and size.
Finally, we show how RI-matching can be utilized to design pre-
ceramic resins from thiol-ene modified polyhedral oligomeric
silsesquioxane (POSS) monomers to produce ceramic objects
with finer features and without height limitations.
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Experimental
Materials

All material were used as received. 7-Diethylamino-3-
thenoylcoumarin (DETC; Exciton), pentaerythritol triacrylate
(PETA; Alfa Aesar, contains 300-400 ppm 4-methoxyphenol
(MEHQ) as inhibitor), Bisphenol A ethoxylate diacrylate
(BPADA; Aldrich, contains 250 ppm MEHQ as inhibitor), phe-
nylthiol (Aldrich), 1,8-diazabicyclo[5.4.0Jundec-7-ene (Aldrich)
and acrylo POSS cage mixture (acro-POSS; Hybridplastics).
Other solvents (acquired from Aldrich and used as received)
utilized for processing and synthesis of the nanofabrication
resins described in this work include tetrahydrofuran (THF)
dichloromethane (DCM), isopropanol (IPA), triethylamine
(TEA), and propylene glycol monomethyl ether acetate
(PGMEA).

Formulation of RIM resins: see Table S1}

Polymeric resins were prepared by dissolving 0.1 wt% DETC as
the photoinitiator in a mixture of multi-functional acrylate
monomers BPADA (RI = 1.545) and PETA (RI = 1.49) of varying
ratios. For RI tunability and measurement of each resin see
Table S1.}

Formulation of preceramic RIM-resins

Covalent modified RIM-resins. DETC photoinitiator (2 mg,
0.1 wt%) was dissolved in phenolthio-POSS (2 g, RI of 1.52, n =
2.88, where n is the degree of thiol-ene substitution) to yield an
optically transparent, viscous photopolymerizable resin.

Mixed RIM-resins. DETC photoinitiator (45 mg, 1.0 wt%) was
dissolved in functionalized preceramic phenolthio-POSS (2 g, RI
of 1.57, n = 8) and acro-POSS (2.5 g, RI = 1.48, n = 0) yielding
optically transparent, viscous photopolymerizable resin with
measured RI of 1.52. RI (1.52) was calculated by summing up
the RI contributions of each component in proportion to its
mass fraction as: (phenolthio POSS wt%) x 1.571 + (acro
POSS wt%) x 1.48 = 1.520.

Synthesis of phenolthiol-POSS: see Table S2.1

A 20 mL vial was charged with acro-POSS (2 g, 1.513 mmol),
5 mL of a polar aprotic solvent such as tetrahydrofuran and
thiophenol (varied from 2.5 to 8.5 molar equivalents relative to
acro-POSS). The reaction mixture was then briefly stirred to
achieve a clear homogenous mixture. Then 1,8-diazabicyclo
[5.4.0]undec-7-ene (DBU; 20 pL) was added to the reaction
mixture resulting in noticeable warming of the reaction vessel -
note: the reaction mixture gently boiled for higher equivalents
of thiophenol. The reaction was allowed to stir at room
temperature for 24 hours before being transferred to a separa-
tion funnel. Next, 25 mL water and 40 mL of ethyl acetate were
added. The organic layer was collected, washed sequentially
with 1 M HCI and saturated brine, and then dried over sodium
sulfate. Concentration via rotary evaporation, followed by high
vacuum yielded an optically clear thiophenol-POSS.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Two-photon lithography setup

Printing was performed on a commercially available Nanoscribe
GmbH Photonic Professional GT laser lithography system,
powered by a FemtoFiber pro near-infrared laser supplied by
TOPTICA and operating with a pulse duration of ~100 fs at
a center wavelength of 780 nm and a repetition rate of 80 MHz.
Average laser power (mW) was measured before the microscope
objective and was varied to control light exposure. Focusing of
the laser was accomplished with a Zeiss plan-apochromat 63 x
1.4NA oil DIC M27 objective lens.

General protocol for printing/development

A drop of RIM-resin was applied to the glass substrate (25 x 25
x 0.7 mm?®) which was first were treated with 3-(trimethoxysilyl)
propyl acrylate at 90 °C for 3 min and washed with isopropanol.
All structures were printed in the “dip-in” mode. The substrates
were then submerged in propylene glycol monoether acetate
followed by a bath in isopropanol (IPA) to remove unpoly-
merized resin after printing. The substrate was then dried either
in ambient atmosphere for 24 h or in a Microscopy Sciences
3100 super-critical CO, dryer.

General protocol for pyrolysis

The printed green parts were subjected to a heat treatment
process where the samples are heated in a tube furnace under
nitrogen atmosphere up to 1000 °C at a heating rate of
2°C min . Initially samples were heated to 250 °C and main-
tained at that temperature for 60 min. Subsequently, the
samples were heated to 400 °C and maintained at that
temperature for 60 min. Then the temperature was increased to
600 °C and held constant at that value for 60 min. From then on
to 1000 °C and again held at that temperature for 60 min.
Finally, samples were cooled down to room temperature and all
the steps were carried out a heating and cooling rate of

2 °C min .

General characterization

Nuclear Magnetic Resonance (NMR) spectroscopy was con-
ducted on a 600 MHz Bruker spectrometer in CDCl;. Scanning
electron microscopy (SEM) images were obtained on either
a JEOL 7401-F scanning electron microscope at 2-3 keV accel-
erating voltage or a Phenom Pro desktop scanning electron
microscope at 5-10 keV. The RI of the uncured photoresist was
measured at 20 °C with a Mettler Toledo RE40 refractometer,
using the D line of sodium (589.3 nm). For SEM and energy
dispersive X-ray spectroscopy (EDS) analysis, samples were
coated with ~10 nm of Au-Pd and mounted on an aluminum
stub using carbon tape. The estimated probing depth is 10 kV is
~1-1.5 pm.

Point spread function analysis**

PSF simulations were preformed using PSF lab software with
the following parameters: illumination in the xz plane (y = 0;
units in um) for a NA = 1.4 oil immersion objective; with
a linear polarized light (®gs iy = /4, 6i = 1/2) of wavelength A;,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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= 780 nm and with a constant illumination intensity profile BG
= 0 for a = 0. Substrate thickness CG = 0.17 mm, working
distance ¢ = t* = 0.19 mm.

Results and discussion

Polymer based RIM-resins with a RI of 1.52, designed to match
the RI of common immersion oils, were prepared by mixing
different acrylic monomers with lower and higher RI values. For
example, an approximate 2 : 3 ratio mixture of pentaerythritol
triacrylate (PETA, RI = 1.48, see Fig. 2a) and bis-acrylate
bisphenol A monomer (BPADA, RI = 1.545) will yield an opti-
cally clear viscous fluid with a RI of 1.52. A printable RIM-resin
can then be generated through addition of a photoinitiator;
DETC photoinitiator is used throughout this work. Fig. 1b
illustrates the utility of this particular RIM-resin for generating
height-scalable (>1 mm) structures with sub-micron features
maintained throughout the built using DLW-TPP dip-in
lithography. The relation between the RI of a substance and
the polarizability of its molecular components is mathemati-
cally described by the Lorentz-Lorenz equation.’”*® In general,
lower indices (RI < 1.4) can be achieved by adding electroneg-
ative groups, such as fluorinated moieties,*® whereas higher
indices (RI > 1.7) are obtained by integrating polarizable groups,
such as a sulfur and halogens (except fluorine) or by incorpo-
rating extended conjugation in the photoresists.*®

The effect of the photoresist RI value on the print threshold,
defined as the minimum laser intensity (I = dosage/laser speed)
necessary to generate a freestanding log-pile structure, was
studied by systematically changing the PETA/BPADA mixing
ratio (Fig. 2b). The initiator concentration (0.1% DETC) was
kept constant across the mixing series. Details of the power tests
can be found in the ESI (Fig. S2 and S37). Resins with a RI near
1.52 required substantially lower laser intensities and produced
structures with higher quality lattice structures (compare SEM
images, Fig. 2b RI 1.495 vs. 1.521). The notable asymmetry in
print threshold in Fig. 2b is ascribed to different inhibitor
concentrations in the individual resin components. Acrylic
monomers are stabilized with inhibitors to prevent sponta-
neous polymerization. Both BPADA and PETA are sold
commercially containing 4-methoxyphenol (MEHQ), however in
this particular case, PETA contains a 1.4 x higher concentration
of MEHQ than BPADA therefore the inhibitor concentration
decreases with the increase of BPADA wt% relative to PETA thus
has a higher print threshold for the same photoinitiator
concentration (Fig. 2b).**** Next, point spread functions (PSF)
were simulated using PSF Lab software to visual the three-
dimensional diffraction pattern of light transmitted through
resins with RIs above and below that of immersion oil (i.e.
1.518), see Fig. 2¢.***> This analysis helps to predict the size and
shape of the voxels printed with resins that do not conform with
the immersion specifications of the NA 1.4 objective used in this
work. We note that this analysis is qualitative in nature due to
the non-linearity of two-photon absorption; i.e. the size and
shape of the voxel would be subject to photoresist-specific
thresholds. Furthermore, we measured the RIs of our resins
using the D-line of sodium 589.3 nm which are expected to

RSC Adv, 2021, 11, 22633-22639 | 22635
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Fig. 2 (a) Pentaerythritol triacrylate (PETA) and bisphenol A ethoxylate

diacrylate (BPADA) monomers and their relative RI. (b) Effect of Rl on
print threshold measured by minimum required laser intensity to arrive
at a free-standing part for 10 and 1 mm s~ ! scan speeds, left axis. Dash
line is a linear fit of combination of PETA and BPADA different amounts
of methoxy hydroquinone (MEHQ) inhibitor in the used formulation,
right axis. The inserts below show scanning electron microscope
images (SEM) comparing structures printed with resins with a Rl of
1.491 and 1.5215, respectively (scale bars are equal to 1 pm). (c) Ilu-
mination intensity profile as function of RI, generated using PSF lab
software, where log(£;®) [a.ul is the intensity and pattern of light
emitted by the two photons source on the resin.*

slightly differ from the RIs at the print wavelength of 780 nm.
Nonetheless, the PSF results suggest the smallest and most
tightly focused illumination will occur with an RI of ca. 1.5215
which is the approximate average of the objective design values
of the immersion oil and cover slip. The voxel shape predicted
at 1.5215 has an aspect ratio of 3 : 1, consistent with experi-
mental results (see SEM images in Fig. 2d and images in Fig. 3).
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As the RI shifts away from 1.5215, the PSF predicts elongated
voxels with aspect ratios of 6 : 1 or greater. At higher illumina-
tions, the PSF further predicts bilobed shaped voxels. Our
experimental data are consistent with these predicted trends
(Fig. 3 and S37).

To further evaluate the PSF results as a function of dose
(intensity® x speed '), we again turned to a series of power tests
using the modified log-pile structure shown in Fig. 3a, which
was designed to enable head-on imaging of the cross-section of
the printed nanowires for the purposes of accurately assessing
voxel size and shape. Fig. 3b shows a series of SEM micrographs
from a test series printed with a resin with a RI of 1.521 and
a constant scan speed of 1 mm s ' as the intensity was
systematically increased, from 10 mW to 30 mW. The voxels
exhibit a constant 3 : 1 aspect ratio but increased in size with
increasing dose; for example, the voxel width grew from 179 +
19 um at the print threshold to 552 4= 44 um at the highest dose
(see Fig. S4t). The SEM images also reveal the appearance of
wings at higher intensities (dose) resulting in notable height
asymmetry (white arrows). These wing-features were apparent
in all tested resins, including the RIM resins with a RI of 1.521
at higher energy dosages (Fig. 3¢ and S3t). Prints using resins
with greater mismatches, RI = 1.49 and 1.55, indeed showed the
predicted asymmetry with elongated bilobed voxels at higher
dosages (Fig. 3c) and wing-features (Fig. 3d). This result implies
that the dip-in DLW-TPP can tolerate mis-matched RI-resins if
the only goal is to avoid noticeable voxel asymmetries. However,
if low aspect ratios are desired, efforts should be made to match
the RI of the photoresist to the value for which the objective lens
was designed. Finally, if asymmetric voxels are desired, the
authors recommend increasing the dosage relative to the print
threshold for the index-mismatched resists. One way to achieve
this is to decrease the print threshold by increasing the
concentration of the photoinitiator.

The simple mixing RIM approach described above requires
miscibility between the resin components. However, this is not
always easily achievable in practice. Covalent modification of
monomers and/or prepolymers with RI-modifying groups serves
as an alternative strategy towards RIM-resins. We illustrate this
approach using covalently modified polyhedral oligomeric sil-
sequioxane (POSS) to prepare preceramic RIM-resins, see
Fig. 4a.

Examples of early preceramic resins for DLW-TPP include
work by Pham et al., in which polyvinyl silizane photoresists
were printed and pyrolyzed into silicon carbon-nitride (SiCN)
microstructures  following  approximately 41%  linear
shrinkage.” More recent works have explored the formation
silicon oxy-carbide (SiOC) from polydimethylsiloxane photo-
resins.*»** Similar pyrolyzable inorganic polymer resins,
including POSS, have successfully been utilized in immersion
medium print configuration to generate structures mimicing
marine diatom coscinodiscus frustules.*

However, none of the past studies demonstrated the ability
to print in the dip-in mode using index-matched preceramic
resins; consequently, the structures were limited to less than
half a millimetre in height.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of voxel size and shape as a function of dose. (a) Graphical rendering and accompanying scanning electron micrographs of
a voxel-imaging test structure, printed on the edge of glass substrate to facility voxel analysis. Red arrow indicates print direction in dip-in
lithography mode. Scale bar =10 pm. (b) SEM images of voxels produced by an Rl = 1.521 resin printed at a constant scan speed of 1 mm s twith
increasing peak laser intensity. Scale bar = 1 um. Inset micrographs highlight the shape of the voxels, scale bar = 0.5 pm. Red arrows indicate
‘wing’ features. (c) RI = 1.49 resin printed at a constant laser intensity 20 mW with varying scan speed. Scare bar = 10 um. (d) Rl = 1.55 resin printed
at a constant scan speed of 1 mm s~ with increasing peak laser intensity. Scale bar = 10 um. Inset micrographs, scale bar = 1 um.

Here, using the example of POSS, we present a universal
scheme to generate index-matched resists through covalent
modification. Preceramic octa-acryl POSS is commercially
available and has an RI of 1.48 (Fig. 4a). The pendant acrylate
groups in POSS were modified via thiol-Michael additions using
thiophenol.* "H NMR (Fig. S61) confirmed that the molar ratio
between phenylthiol and the pendant acrylate groups can be
tuned (n = 0-8, where n is the degree of substitution) to modify
the RI between 1.48 and 1.57. RIM preceramic resins with a RI
of 1.52 could be formulated via precise covalent functionaliza-
tion, where n is approximately 2.8. Alternatively, the simply
mixing strategy could again be employed to arrive at RI = 1.52
using ~1 : 1 ratio of fully functionalized phenolthio-POSS (n =
8) combined with unfunctionalized acro-POSS (n = 0). Both
formulations, each containing 0.1 wt% DETC photoinitiator,
performed well in the dip-in lithography configuration, see
Fig. 4b for the covalent formulation and Fig. 4c for the physi-
cally mixed formulation. Finally, we note that in the physically
mixed preceramic formulation, the n = 8 phenolthio-POSS
derivative no longer contains reactive functional groups and is
therefore only physically entrained within the cured material,
i.e., n = 8 phenolthio-POSS is not covalently attached to the
network that results from polymerization of the n = 0 acryl-

© 2021 The Author(s). Published by the Royal Society of Chemistry

POSS component of the formulation. Non-covalently attached,
physically entrained molecules or even particulate fillers are
prone to leach from polymeric networks under certain condi-
tions, such as network swelling in the presence of theta
solvents. Moreover, non-covalently attached molecules can also
act as plasticizers which may unpredictably impact the physical
and mechanical properties of the cured material. For these
reasons, we generally prefer to avoid the use of modifiers that do
not contain reactive functional groups for the purpose of DLW-
TPP RIM-resin design. However, in this particular case, the
mixture of n = 0 and n = 8 phenolthiol-POSS RIM-resin per-
formed well under both printing and sintering with no
observable indication of n = 8 phenolthiol-POSS leaching
during printing nor development. We in part attribute the lack
of n = 8 phenolthiol-POSS leaching to the relatively large size of
this molecule (2.2 kDa).

Sintering n = 0 and n = 8 phenolthiol-POSS RIM-resin at
1000 °C results in formation of a silicon oxycarbide (SiOC)
ceramic composite with finer features than their printed coun-
terparts. Pyrolysis results in linear isotropic shrinkage of
approximately 35% reducing the feature size from 459 nm to
~240 nm without any indication of cracks. Energy-dispersive X-
ray spectroscopy (EDS) data showed a uniformed composition

RSC Adv, 2021, 11, 22633-22639 | 22637
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Fig. 4 (a) Polyhedral oligomeric silsesquioxanes (POSS) and func-
tionalization of acryloyl groups via thiol-Michael addition with phenol-
thiol. Rl increases linearly with the degree (n) of acryloyl groups
functionalization. (b) SEM images of lattice structures from covalent
RIM-resin with Rl = 1.50 (n = 2.8). (c) SEM images 1 mm tower and
a bridge structure with self-supporting cable printed using a RIM-resin
prepared from a mixture of n = 0 and n = 8 phenylthiol/acrylo-POSS.
Corresponding image of silicon oxycarbide nanobridge following
pyrolysis.

of silicon oxy carbide pyrolyzed ceramic nanostructure with
52.54 wt% Si, 14.56 wt% C, and 32.61 wt% O (38.84, 23.6, 37.3
atomic%) which is comparable to the values of other reported
SiOC materials values.”” (see Fig. S5 and Table S3t for full EDS
details). While similar SiOC materials have been reported in
previous studies, our RIM preceramic resin enables for the first
time using the dip-in lithography scheme thereby opening up the
route to print mm-tall SiOC structures (Fig. 4c).

Conclusions

In conclusion, we report on two different approaches to
generate RIM-resins for fine feature dip-in DLW 2PP structures
with no height limitation. We systematically studied the effect
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of RIM on feature size and voxel aspect ratio. In one appoach,
we use a mixture of high RI (BPADA) and low RI (PETA) acrylic
monomers to tune the RI and study its effect on the threshold
exposure. Supporting PSF simulations were performed to
predict the effect of the RI on voxel shape, and generally good
agreement was found between experiment and simulation. Both
confirm that the smallest and most tightly focused illumination
will occur with an RI of proximity 1.5215 resulting in a voxel
aspect ratio of 3 : 1. However, even for RIM resins, the voxels
adopt a more elongated shape as the laser intensity increases.
Using resins with mismatched RI results in both elongated
bilobed voxels at higher dosages and the appearance of wing-
like features. In the second approach, RIM resins were
prepared through covalent modification of RIM monomers.
Specifically, we explored the functionalization of acrylo-POSS
with thiophenol via thiol-Michael addition. The RI is fully
tuneable by varying the degree of functionalization of the
available acrylic groups of acrylo-POSS (maximum of eight per
acrylo-POSS). The resulting preceramic RIM-photoresists enable
printing of 3 : 1 aspect ratio voxels and allow print designs with
submicron scale features without built-height limitations as
seen in Fig. 4c. Post-print pyrolization results in ~35% isotropic
shrinkage while transforming the printed green body into
a SiOC ceramic. While we have demonstrated RI tuning on two
specific resin systems for the dip-in DLW 2PP application, we
note that there are other print technologies and applications
that are expected to benefit from the resin development
described in this work. Especially the covalent functionalization
opens the door to functional photoresists for biological and
catalysis application while at the same time providing the best
possible print performance and longest shelf-life. The covalent
functionalization also offers a more stable platform for large-
volume fine-feature builts that may take more than a day to
print as the covalent functionalization prevents loss of higher
vapor pressure functional additives.
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