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« Crack-free SiBCN microparts (20-
200 pm) are obtained by direct
photolithography of molecularly
designed boron-containing
photocurable preceramic polymers.

« Surface roughness below 3 nm and
Young’s modulus of ~ 60 GPa attest
the high quality of SiBCN patterns and
pave the way to applications in
microfabrication and microfluidics.
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ABSTRACT

Non-oxide ceramic MEMS based on Si, C, N and B elements are of great importance for high-temperature
applications in harsh and oxidizing conditions including electronics, photonics and actuators. Yet, struc-
turing and patterning ceramics is challenging and often relies on conventional soft-lithography or mold-
ing processes that can introduce defects and cracks leading to a decrease in the device’s performance.
Herein, we report on the design for the first time of SiBCN ceramic micro-components (in the 20-
200 pm range) from direct patterning of “tailor-made” UV-curable boron-modified polyvinylsilazane pre-
ceramic (polyborovinylsilazane) resins. This approach first involves a two-step chemical synthesis of pat-
ternable preceramic polymers through acrylate or methacrylate grafting onto polyborovinylsilazane
followed by subsequent crosslinking under UV light. FTIR and NMR spectroscopies confirmed the suc-
cessful grafting of boron and photocurable units on the preceramic polymers while thermogravimetric
analysis was used to monitor the polymer-to-ceramic conversion. SiBCN micro-objects obtained after
pyrolysis were thoroughly characterized by SEM, AFM, nanoindentation and profilometry techniques.
The Young’s modulus results for such microstructures (~60 GPa) are characteristic of good mechanical
properties making these ceramic microstructures promising materials for MEMS applications.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the last few years, micro- and nano-electrochemical systems
(MEMS/NEMS) have been extensively studied due to their poten-
tial applications in the fields of micro/nanofluidics, photonics, elec-
tronics and actuators [1,2,3]. One of the important research axes of
this field of study is the development of MEMS/NEMS based on
innovative and customized materials [4,5,6]. While conventional
MEMS and NEMS may lack thermal and chemical stability in severe
environments, ceramics are recognized as the most durable mate-
rials for fabricating highly stable advanced micro-components. The
traditional ceramic process (i.e. shaping of ceramic parts from pow-
der) remains however hardly compatible with the preparation of
MEMS and NEMS given the size and complexity of the shapes
sought. The high chemical, mechanical and thermal resistance of
silicon-based ceramics, in particular for non-oxide compositions,
represent great potential for MEMS [7,8,9,10]. In this context, sev-
eral techniques have been developed to combine microfabrication
with ceramic design, including Si-micromachining, Low & High-
Temperature Co-firing Ceramics (LTCC and HTCC), Chemical Vapor
Deposition (CVD) and Physical Vapor Deposition (PVD)
[11,12,13,14,1819]. Nevertheless, these techniques are limited by
their high cost, time-consuming aspect and inability to produce
precise and fine complex shapes. The Polymer-Derived Ceramics
(PDCs) route, consisting in the conversion of polymer precursors
into inert amorphous ceramics, is particularly suitable for elabora-
tion of complex-shaped MEMS and micro-objects [20,15,16,17].
Indeed, the structure and properties of the final ceramic can be
adjusted by designing at molecular level the precursor’s chemistry.
Soft-lithography and photolithography are two fabrication tech-
niques widely used for micro-shaping and can be adapted to prece-
ramic polymers via elastomeric mold or UV-lithography,
respectively [22-26]. Soft-lithography involves initial preparation
of microstructures on a duroplastic polymer like polydimethyl-
siloxane (PDMS) followed by molding or printing. Direct lithogra-
phy consists in structuring crosslinkable preceramic polymers
using energy sources such as ultraviolet (UV), electron beam (E
beam), laser or X-ray. Since early 2000's, few reports on soft-
lithography techniques coupled with the PDCs technique con-
cerned the preparation of SiC [27] SiOC [28,29], SiCN [30-32],
and SiBCN [33] micro-parts. Schulz’s review gives a wide descrip-
tion of potential applications and possibilities given by the PDCs
route when combined with lithography methods [34]. Photolithog-
raphy is generally preferred to soft-lithography thanks to the rapid
and selective UV-curing that avoids the steps of mold preparation,
molding and demolding. Therefore, interest in preparing prece-
ramic photoresists has significantly increased. Indeed one of the
advantages of the PDCs process is the possibility to tune specific
properties through chemical modification of the preceramic poly-
mer. Several works described the grafting of photocurable func-
tions onto preceramic polymers thus initiating direct patterning
of the material through UV crosslinking. PDCs micro-patterning
prepared from acrylated or methacrylated preceramic negative
photoresists is a strategy already reported in the literature, in par-
ticular for SiCN [35-42] or SiOC [43]| micro-objects. On the other
hand, SiC patterning resulting from micro-stereolithography can
be carried out without grafting any photocurable function on the
polymer backbone [44]. However, to the best of our knowledge,
direct lithography of more complex quaternary systems such as
SiBCN exhibiting superior high temperature stability has not been
reported yet. Chemical modification of commercial preceramic
polymers such as polycarbosilane, polysilazane or polysiloxane
can lead to novel ceramic materials. For example, the introduction
of a new element X (X = Al, B, Fe...) during the synthesis step will
conduct to a Si-X-(0)-C-(N) amorphous ceramic with specific prop-
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erties. Si-Fe—C—N [45], Si-Al—C—N [46], Si-B—C—N [47-50], and
other multi-components ceramics were recently described in the
literature. In particular, introducing boron in SiCN matrix leads to
an amorphous microstructure composed of SiC, SizN4, BN and free
carbon nanodomains, particularly stable at high temperature and
resistant to the crystallization process [51,52]. Developing
advanced and cost-effective approaches to design materials with
desired shapes and properties has always been a prime focus of
materials research. In this work, we report on the synthesis of
UV-curable polyborovinylsilazane photoresists and we describe
their patterning by direct photolithography. A commercial
polyvinylsilazane was first modified by boron through dehydro-
coupling and/or hydroboration of vinyl and/or N—H functions,
respectively. Photocurable acrylate or methacrylate units were
then grafted onto the polyborovinylsilazane by adding isocyanate
on N—H functions for the production of SiBCN ceramic micropat-
terns. Full chemical characterization of these original preceramic
photoresists was carried out through Fourier-Transform InfraRed
spectroscopy (FTIR), Nuclear Magnetic Resonance spectroscopy
(NMR) and ThermoGravimetric Analysis (TGA). The influence of
the quantity of boron and photocurable functions on the UV
absorption and ceramic yield was evaluated. SiCN and SiBCN
micropatterns derived from the synthesized photoresists were
obtained via photolithography process followed by pyrolysis and
were characterized by Scanning Electron Microscopy (SEM),
Atomic Force Microscopy (AFM) and profilometry. The mechanical
resistance of the ceramic micropatterns was measured by nanoin-
dentation. As far as we know the synthesis of such SiBCN precursor
photoresist and such an extensive study has not been reported in
the literature. This approach could be extended to other non-
oxide ceramics in which composition and microstructure can be
tuned to control the quality and properties of the material. More
generally, these results extend the compositional panel of the
ceramics used for MEMS opening interesting perpectives in terms
of research on ceramics applied to several branches of technology.

2. Materials & methods
2.1. Reagents and chemicals

Durazane 1800 (Polyvinylsilazane PVZ) —commercial precursor
of SiCN ceramic - was purchased from Merck, Darmstadt, Ger-
many. Borane dimethylsulfide complex (BDMS, 2 M in toluene, Alfa
Asear, Kandel, Germany) and toluene (anhydrous 99.8 %, Merck,
Darmstadt, Germany) were used as received under argon flow for
the preparation of Polyborovinylsilazane (PBVZ). Isocyanatoethyl
methacrylate (IEM) and Isocyanatoethyl acrylate (IEA) were pro-
vided by ABCR (Karlsruhe, Germany) and used as received for the
grafting of acrylate and methacrylate functions on P(B)VZ. 2-Ben
zyl-2-dimethylamino-1-(4-morpholinophenyl)-butanone-1 from
ABCR (Karlsruhe, Germany) (BDMB) was used as Norrish photo-
initiator for UV crosslinking.

2.2. Synthesis of the preceramic photoresists

The synthesis of polyborovinylsilazane PBVZ was carried out
under argon atmosphere using a Schlenk line. In a typical synthe-
sis, 100 mL of toluene and 5 g of PVZ were added to a three-neck
round-bottom flask under argon flow. The BDMS solution was
slowly introduced at 0 °C to the mixture via an addition funnel
(2.4 mL for Si/B = 17 ratio and 1.3 mL for Si/B = 30 ratio). The Si/
B ratio of 17 corresponds to the BDMS quantity required for a com-
plete hydroboration of the vinyl units in PVZ and it conducts to a
highly viscous liquid suggesting a high crosslinking rate. As for
Si/B = 30, a partial hydroboration of vinyl units occurs giving a less
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viscous solution of PBVZ. After complete addition of BDMS, the
mixture was kept under stirring for 72 h at room temperature.
The toluene was then removed by distillation at reduced pressure,
yielding a viscous translucent solution of PBVZ polymer. The graft-
ing of acrylate and methacrylate was carried out after the introduc-
tion of boron in the preceramic polymer in the case of PBVZ.
Typically, in a three-neck round-bottom flask 5 g of P(B)VZ was
dissolved in 100 mL of toluene. 10 wt% of IEA (or IEM) was intro-
duced dropwise to a certain amount of P(B)VZ (500 mg in this
example) and the mixture was left at room temperature overnight
under vigorous stirring. After solvent removal, the final product
was recovered under argon inside a LABstar pro, Mbraun glove
box. Table SI 1 summarizes the synthesis parameters of the differ-
ent preceramic photoresists prepared in this study.

2.3. Fabrication of Si(B)CN microcomponents

Fig. SI 1 represents the top-down photolithography process
used for the preparation of SiCN and SiBCN micropatterns. The
photoresist solutions were prepared by dissolving preceramic
polymers (polysilazane or polyborosilazane) in toluene at 50 mg/
mL with 3 wt% of BDMB. Thin film of preceramic polymer was pre-
pared by spin coating of the negative photoresist solution at
1000 rpm for 30 s and 2000 rpm for 10 s. Photolithographic mask
(~20-200 pm dimensions) was then applied on the film surface
and UV irradiation was performed from 10 to 90 s (100 W;
365 nm; mercury bulb; UVP Blak-ray series) to selectively crosslink
specific areas of the thin film. Microscopy observation of the pho-
tomask layout is available in supporting information (Fig. SI 2).
Unreacted preceramic photoresist was removed by developing
the thin film in ethanol for 20 s then rinsed with acetone. Prece-
ramic micropatterns were introduced in a tubular furnace (type
R0OS20/250/12 with a silica tube, Thermconcept, Bremen, Ger-
many) and slowly heated at 1000 °C for 2 h under nitrogen atmo-
sphere (heating rate 1 °C/min; cooling rate 2 °C/min).

2.4. Characterization of the preceramic photoresists

Polymer-to-ceramic conversion was monitored by thermo-
gravimetric analysis (TGA), using a TGA-STD Q600 thermal analysis
device, from RT up to 1000 °C at 5 °C/min in nitrogen atmosphere
(100 mL/min flow). The chemical structure of the preceramic poly-
mers was investigated by Fourier Transform InfraRed (FT-IR) spec-
troscopy with a Nexus IS-50 Thermo scientific spectrometer using
KBr pellets (2 wt% of polymer mixed with previously dried KBr
powder followed by compaction into a dense pellet). 'H, '*C and
295i Nuclear Magnetic Resonance (NMR) spectroscopy was also
performed on the samples dissolved in deuterated THF and anal-
ysed with a Bruker AM 300 spectrometer operated at 300 MHz.
Chemical characterization was completed by diffusion-ordered
NMR spectroscopy (DOSY) carried out with a Bruker Avance III
600 spectrometer operating at 600 MHz and equipped with a probe
Prodigy TCI. DOSY data set is typically acquired using a pulsed field
gradient spin echo or stimulated echo (PFGSE or PFGSTE) pulse
sequence. Diffusion information is obtained by recording spectra
with different field gradient pulse amplitudes. A diffusion coeffi-
cient for each signal can be obtained by fitting the signal attenua-
tion to the equation Eq1 for unrestricted diffusion.

p = expl-Dirgo)* (A -] 1)

where p is the Attenuation Factor, D is the diffusion coefficient,
y is the magnetogyric ratio, g is the gradient strength, A is the cor-
rected diffusion time and § is the gradient pulse width.
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Solid-state 2°Si MAS and *C CP MAS NMR were recorded on a
Bruker Avance 300 spectrometer (By = 7.0 T, v ('H) = 300.29 MH
z, Vo (13C) = 75.51 MHz, v (>°Si)=59.66 MHz) and 700 spectrome-
ters (Bo=16.3 T, vo ('H)=699.97 MHz, v, ('3C)=176.02 MHz) using
a4 mm Bruker probe and spinning frequency of 10 kHz. The chem-
ical shift values were referenced to TMS for '>C and 2°Si. The pho-
tosensitivity of the synthesized polymers was evaluated by
UltraViolet-visible spectroscopy. UV absorbance spectra were
recorded on a JASCO V-570 spectrometer on 200-450 nm wave-
length range. Analysed products were dissolved in THF (0.5 mg/
mL) and placed in quartz cells.

2.5. Characterization of the ceramic micropatterns

Morphology and elemental composition of the prepared
micropatterns were investigated by Scanning Electron Microscopy
(SEM) and Energy Dispersive X-ray analysis (EDX). Samples were
Platinum metalized and observed with a Hitachi S4800 SEM.
High-resolution pictures of the micropatterns were generated by
a Keyence VHX-7000 numerical microscope. Atomic force micro-
scopy (AFM Nano-Observer, CSInstruments) was used in tapping
mode to characterize the top surface morphology as well as the
profile of the SiBCN micropatterns. Silicon cantilevers (PPP-NCH,
Nanosensors) with a typical tip radius of ~ 5 nm were used. The
resonance frequency of the cantilever was about 235 kHz. The pro-
filometry investigation of the samples was carried out using a
Veeco Dektak 150 profiler (Veeco, Plainview, NY, USA). Nanoinden-
tation experiments were performed using CSM Instruments Open
Platforms. Indentations are conducted using a Berkovitch indentor
(pyramidal tip). Indentation sites are selected by optic microscopy
(x500). The load range is from 10 puN to 500 uN (resolution 0.1puN
and 0.1 nm) for the ultra nanoindentation platform. The force
required to indent the material is monitored as a function of the
penetration depth. The elastic modulus of the samples can be
derived from the load-displacement loading/unloading curves.
The data are analyzed with the most extensively used method pro-
posed by Oliver and Pharr [53].

3. Results and discussion
3.1. Characterization of the preceramic photoresists

3.1.1. FTIR spectroscopy

Mechanisms describing the incorporation of boron into
polyvinylsilazane by dehydrocoupling and hydroboration are pre-
sented in Fig. SI 3 and Fig. SI 4, respectively. Dehydrocoupling
between N—H functions of PVZ and B-H of BDMS forms B-N bonds
leading to crosslinking of the polymer. Hydroboration of the vinyl
functions in PVZ by BDMS corresponds to the formation of B-C
bond. PBVZ17 and PBVZ30 polymers with Si/B = 17 and Si/B = 30
ratios, respectively, were synthesized. FTIR spectra corresponding
to the as-synthesized polymers are presented in Fig. 1. Character-
istic units of PVZ (Fig. 1.a, black line) are detected at 2126, 3400,
1253 and 1166 cm™! and correspond to Si-H stretching, =Si—N—H
stretching, deformation of CH in Si-CHs, and Si-N vibration bands,
respectively. Presence of the vinyl group is confirmed by the C=C
stretching, the CHy, deformation in the vinyl function and the CH
stretching bands at 1593, 1400 and 3047/3005 cm ™' respectively.
Bands below 1000 cm~! are hardly distinguishable because of
the overlap but Si-C around 850 cm™! and Si-N around 700 cm™!
can be isolated. Similarly, PBVZ30 spectrum (Fig. 1.b, burgundy
line) presents the same bands of PVZ with a reduced intensity of
CH stretching bands at 3047 and 3005 cm ! and Si-CH = CH, band
at 1593 cm™!. The consumption of the vinyl group is probably
associated with the hydroboration of the vinyl functions by BDMS.
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Fig. 1. FTIR spectra: a) Boron-free photoresist aPVZ10 and mPVZ10 b) Boron-based
photoresist with ratio Si/B = 30.

Similar conclusions can be made for PBVZ17 (Fig. SI 5, blue line)
but in addition, the B-N band detected around 1300 cm ™! confirms
the dehydrocoupling reaction between N—H and B-H groups.
Moreover, B-H band around 2400 cm™! can be distinguished and
suggests that BDMS is not completely consumed during the syn-
thesis of PBVZ17. The grafting of acrylate and methacrylate func-
tions on PVZ and PBVZ (see mechanisms in Fig. SI 6 and Fig. SI 7
in Supporting Information) was monitored by FTIR analysis, results
are presented in Fig. 1 and Fig. SI 5. Photocurable entities are
grafted onto the polyvinylsilazane backbone via the addition of iso-
cyanate functions (-NCO) to N—H groups to form urea bonds (-CO-
NH-). This reaction is confirmed by the appearance of an absorp-
tion peak assigned to the urea group at 1545 cm~! [37]. The nearly
disappearance of the isocyanate peaks (-NCO) at 2272 and
1363 cm! confirms the consumption of the function to form urea.
Further, the signals of incorporated methacrylate or acrylate func-
tions appear at 1714 cm ™! (C=0) and 1639 cm~! (C=C). According
to FTIR, the grafting of acrylate or methacrylate on PBVZ and PVZ is
confirmed. Nevertheless, NMR characterization of preceramic pho-
toresists was also performed to obtain a better description of the
molecular structure.

3.1.2. NMR spectroscopy

Fig. SI 8.a and SI 8.b display the 'H NMR spectra and DOSY (Dif-
fusion Ordered SpectroscopY NMR) analysis associated with PVZ,
aPVZ10 and mPVZ10, respectively. Discussion and interpretation
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of these figures are available in supporting information. '"H NMR
analyzes of boron based photosensitive resins are presented in
Fig. 2.a. The characteristic chemical functions of PVZ are found in
PBVZ30 with nevertheless a decrease in the intensity of the signal
associated with Si-CH = CH, (5.9-6.3 ppm) probably caused by
hydroboration via BDMS (see mechanism in Fig. SI 4). After the
addition of IEA or IEM, CH,-NH and CH,-O groups are visible but
with a much weaker intensity than in the case of boron-free resists.
This suggests that the grafting of the photosensitive groups is less
favorable in the presence of boron, which is consistent with the
FTIR analyzes presented in Fig. 1. The steric hindrance and the con-
sumption of a part of the N—H groups caused by the dehydrocou-
pling reactions, taking place during the introduction of boron (see
Fig. SI 3), can reduce the availability of N—H sites for the grafting of
the acrylate/methacrylate groups. Despite the low intensity of the
signals associated with the photosensitive groups, the DOSY anal-
ysis (Fig. 2b) confirms the successful grafting of the photosensitive
units on the polymer chain with a Brownian motion mode around
1095 m?/s. The NMR study is finally completed with solid-state
NMR (Fig SI 9) carried out on crosslinked samples.

3.1.3. Thermogravimetric analysis

Fig. 3.a and 3.b show the TGA curves under nitrogen atmo-
sphere of PVZ and PBVZ photoresists, respectively. The degradation
of PVZ occurs in 3 steps: a first massive weight loss between 100 °C
and 250 °C is attributed to the evacuation of gaseous NHs; and
small oligomers; a second weight loss between 300 and 500 °C cor-
responds to the release of CyHy species (with 2 to 4 carbons) and a
final decomposition between 600 and 1000 °C is associated with
the ceramization of preceramic polymers by release of CH4, and
H, [49]. Introduction of acrylate and methacrylate functions
increases the ceramic yield of modified PVZ (67 % for aPVZ20 and
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o N
PBVZ30
8 7 6 5 4 3 2 1 0
8 (ppm) o
b) , ‘ £
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| =
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Fig. 2. a) "H NMR spectroscopy of PBVZ30, aPBVZ30-10 and mPVZ30-10 (small
scope in inset) and a) 2D DOSY analysis for aPBVZ30-10 and mPVZ30-10; 50 mg/ml
in deuterated THF.
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Fig. 3. TGA curves under nitrogen a) preceramic polymers without boron b) preceramic polymers with boron.

61 % for mPVZ20 versus 59 % for PVZ). This can be explained by an
early crosslinking of the polymer initiated by the grafting of IEA or
IEM as evidenced by the increase of the viscosity during the syn-
thesis. Furthermore, the degree of crosslinking seems higher for
samples modified with 10 % methacrylate than for samples modi-
fied with acrylate, which justifies the higher weight loss measured
for aPVZ10 against mPVZ10. Addition of boron clearly increases the
ceramic yield of the preceramic polymer to approximately 67 % for
Si/B = 30 and 68 % for Si/B = 17. For polymers containing boron, the
first weight loss (from 150 to 250 °C) is reduced compared to PVZ.
Indeed, a certain amount of vinyl and N—H groups were consumed
during the synthesis of PBVZ by the formation of B-N and B-C
bonds (see mechanisms in Figs. SI 3 and SI 4). Under these condi-
tions, transamination reactions leading to the release of NH3 are
less likely to occur. Finally, the high ceramic yield of PBVZ photore-
sists can be explained by the grafting of acrylate/methacrylate (ce-
ramic yield reaches almost 75 % for aPBVZ17-10). Strong shrinkage
occurs during pyrolysis, which can lead to “mud-cracks” or other
defects [54,55]. Increasing the ceramic yield of the photoresist is
of great importance as it generally limits the shrinkage upon
pyrolysis.

3.2. Characterization of the ceramic micropatterns

3.2.1. Morphological properties

3.2.1.1. Before pyrolysis. Optimization of the photolithography pro-
cess is necessary to obtain the most faithful reproduction of the
pattern of the lithographic mask. The dose-to-size (E;) value corre-
sponds to the amount of energy exposure required to produce the
proper dimension of the resist feature [56]. The evaluation of E of
each of the synthesized preceramic photoresists was performed
through a UV-dose test. It consists in exposing the spin-coated
photoresist film with different amounts of irradiation energy. After
development, the obtained micropatterns were observed with
high-resolution numerical microscopy as shown in Fig. 4 and in
supporting information (Fig SI 11 to SI 13). Four areas are visible
on the micrographs and correspond to UV exposure of 10, 30, 60
and 90 s with a 365 nm UV lamp. As the delivered intensity of
the lamp is 20 mW/cm?, the densities of energy irradiating the 4
areas are 200; 600; 1200 and 1800 mJ/cm?, respectively. The litho-
graphic mask micrographs in Fig. SI 2 displays the pattern dimen-
sions and shape. They reveal 4 different models A, B, C and D
corresponding to small dots with radius R, big dots with radius
Ry, big channels with W}, width and small channels with radius
R. and width W, respectively. The UV dose tests presented in
Fig. 4.a and SI 13 correspond to aPBVZ30-10 and mPBVZ30-10 pho-
toresists, respectively. For an exposure time of 10 s (200 mJ/cm?),

the exposed polymer is completely dissolved after the develop-
ment step, no micropatterns are visible for the two photoresists.
For an exposure of 30 and 60 s (600 and 1200 mj/cm?), some
micropatterns are visible but the reproduction of the mask pattern
is not accurate. For a 30 s exposure, small dots (pattern A), large
dots (pattern B) and small channels (pattern D) are smaller than
expected (radius and channel shift between 5 and 9 pum) in the
case of aPBVZ30-10 and almost missing for mPBVZ30-10. Mask
pattern reproduction is more accurate for a 60 s exposure but mod-
els B and D are damaged by the development step. In conclusion,
the most faithful reproduction for the two photoresists is obtained
for an energy density energy of 1800 mJ/cm? with undamaged pat-
terns and an overpolymerization below 12 pm. The aPBVZ30-10
resist displays high resolution as shown by the well defined
20 pm dot grid made with 1800 mJ/cm?. For comparison, a recently
developed acrylic resin reveals a similar resolution ~ 20 pum [57].
Nevertheless, in the case of mPBVZ30-10, the small dots of pattern
A are absent unlike sample aPBVZ30-10. This is relevant with the
lower reactivity of methacrylate functions compared to acrylate
as mentioned previously. In summary, aPBVZ30-10 and
mPBVZ30-10 photoresists seem to be ideally crosslinked by an
irradiation energy density between 1200 and 1800 mjJ/cm?. Addi-
tionally, the presence of boron in the photoresist decreases the
reactivity of aPBVZ30-10 and mPBVZ30-10 to UV light compared
to boron-free photoresists. This is consistent with the NMR analy-
sis in Fig. 2 showing that the grafting of photosensitive units is less
likely to occur in presence of boron in the polymer. The lower
amount of acrylate/methacrylate groups leads to a lower photo-
sensitivity of photoresists containing boron. Similar UV-dose tests
were carried out on boron-free photoresists, there discussion,
interpretation and micrographs are displayed in supporting infor-
mation (Fig. SI 11 and SI 12).

The UV sensitivity and dose-to-size of each resist is illustrated
in Fig. 5.b. showing the dimensional shift of R,, W, R, and R values
with respect to the dimensions of the UV mask and with respect to
the irradiation energy density. On this graph, the phenomenon of
overpolymerization is visible in the case of aPVZ10 and mPVZ10
but, on the other hand, it is clearly less intense for the boron-
containing aPBVZ30-10 and mPBVZ30-10 photoresists. For resins
with high UV sensitivity (i.e. aPVZ and mPVZ) a trend reversal
may be observed e.g., the channel width W.. To complete the
microscopy observations, the influence of UV exposure on the
topography of the micropatterns was evaluated by profilometry
and is shown in Fig. SI 14. Overall, the profilometric representation
of the samples confirmed our results: the width of the micropat-
terns increases with the UV exposure time and their values mea-
sured by profilometry are of the same order of magnitude as for
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the microscopic observations. By comparing the micropatterns
profiles, it is clear that the exposition time greatly influences the
shape and the measured height. Regarding aPBVZ30-10 and
mPBVZ30-10 profiles, their “wall-like shape” with vertical edges
is quite similar and their height and width increase with exposure
time. On the contrary, for aPVZ10 photoresists, as the channel’s
width increases its height decreases with the irradiation energy
density. Moreover, the shape in the case of aPVZ10 observed for
higher exposure changes from “wall-like” to “dome-like” shape.
These changes in shape and height can be explained by two causes:
(i) the increase in width was previously attributed to overpolymer-
ization (see Fig. 5.a and b) (ii) the decrease in height could be asso-
ciated with shrinkage occurring during photopolymerization of the
resin.

3.2.1.2. After pyrolysis. The shrinkage evaluation occurring during
pyrolysis was studied by profilometry (see Fig. 5). Usually, in the
case of “channel-like” microstructure, the shrinkage that occurs
during drying or after thermal treatment leads to a double-peak
profile [54]. This shape is observable on the profiles shown in
Fig. 5, in particular for aPBVZ30-10, mPBVZ30-10 and mPVZ10.
Overall, it seems clear that the lateral shrinkage occurring during
the heat treatment is very low regardless of the concerned pho-
toresist. On the other hand, radial shrinkage is very important. It
is consistent with the Griffith criterion discussed in the work of
Lange [55]. Indeed the thickness plays a critical role in lithography
process, due to the low thickness of the prepared micropatterns,
the direction of shrinkage is almost entirely radial.

3.2.2. Surface properties

Both the top surface roughness and the thickness profile of
micropatterns made of aPVZ10 and aPBVZ30-10 were studied by
AFM. The AFM topographic profile presented in Fig. 6.a indicates
that the aPVZ10 micropattern has an average thickness
of ~ 250-300 nm and a height profile width of ~ 11 um. The typ-
ical AFM topographic image presented in Fig. 6.b reveals that the
SiBCN micropatterns have a root mean square (RMS) roughness
surface of ~ 0.8 nm, and no traces of micro- or nano-cracks are
detected. Note that (bright) small clusters of a few tens of nanome-
ters can be distinguished and could be formed by gas release occur-
ring during pyrolysis. For comparison, the AFM topographic profile
as well as the top surface image of aPBVZ30-10 micropattern are
also presented in Fig. 6.c and 6.d. The AFM topographic profiles
show that the aPBVZ30-10 micropattern has an average thickness
of ~ 110 nm and a height profile width of ~ 1 um while a RMS
roughness surface of ~ 2.9 nm was extracted from the AFM topo-
graphic view. For both samples, the AFM results are in agreement
with the profilometry data discussed in the previous paragraph
and the SEM observation displayed and discussed in supporting
information (Fig. SI 15). Although the work was not performed in
a clean room, we can notice that both the aPVZ 10 and aPBVZ30-
10 micropatterns exhibit low RMS roughness surfaces (i.e. below
3 nm) which is an encouraging result as microfluidic requires
smooth surfaces to ensure undisturbed fluid flow.

3.2.3. Mechanical properties

We evaluated the mechanical properties of the ceramic
micropatterns using the nano-indentation technique. It is impor-
tant to ensure that SiCN and SiBCN microstructures resulting from
the pyrolysis of the photoresists exhibit Young’s modulus values
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compatible with the PDC materials. Fig. 7.a displays optical micro-
graphs explaining the indentation area on aPVZ10 sample after
pyrolysis at 1000 °C. Irisation phenomenon is observable on the
sample and illustrates the inhomogeneity of the coating thickness,
therefore indentation was carried out on distinct zones. Five inden-
tations were performed in each area. The stiffness of the film was
evaluated between 55 and 65 GPa which is similar to the Young’s
modulus value reported for analogous studies [35,36]. For exam-
ple, the load-displacement curve displayed in Fig. 7.a was collected
for one of the indentation regions; it confirms the brittle behavior
of the microstructure with a Young modulus reaching 65 GPa. For
comparison, a recently developed polymer based photoresist has
an elastic modulus close to 3.2 GPa [58]. A comparative study
was carried out on SiBCN micropattern derived from aPBVZ30-
10. A greater homogeneity of the thickness was noticed for this
sample, a simple set of four measurements is sufficient to collect
a precise value of the Young’s modulus. According to this result
(Fig. 7.b), the introduction of boron in the Si—C—N matrix seems
to decrease the mechanical properties of the film with a Young
modulus of ~ 39 GPa, which is in agreement with the literature
[21].

4. Conclusion

In this work, we describe a molecular design approach of pho-
topatternable preceramic polymers precursors of SiBCN ceramics.
For the first time, we prepared a tailor-made SiBCN polymer pre-
cursor by grafting UV-curable functions i.e. acrylate or methacry-
late on the boron-containing polymer backbone, which turned
the boron-containing polymer photo-responsive. Direct pho-
tolithography was then used to pattern the as-synthesized pho-
toresists that convert after annealing to ceramic microstructures.

Characterization of the photopolymers and the derived ceramics
is systematically presented with emphasis on the correlation
between the chemical composition and the photopolymerization
behavior of the resists. Thin, crack-free non-oxide microstructures
with Young’s modulus as high as ~ 60 GPa were obtained. Overall,
our study lay the groundwork for a rational approach towards the
design and advanced patterning of highly stable SiBCN ceramic
microparts. This two-step approach, combining precursor’s chem-
istry with lithography, is versatile and could also be extended to
other ceramics which composition and properties can be cus-
tomized “on-demand” to control the quality and functionalities
of the microstructures. Our investigations on designing complex
quaternary ceramics could therefore bridge the gap between
chemistry and engineering and benefit both fields. Finally, we also
stress that this work will lay the ground for a rational approach
towards not only microfabrication but also additive manufacturing
by vat photopolymerization of SiBCN ceramics. Our rationally
designed SiBCN polymer precursor has potential for other manu-
facturing strategies and in particular 3D printing. This underscores
the versatility of our strategy for realizing complex designs, which
are currently difficult to achieve using conventional top-down
strategies.
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