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The two-photon cross-linking (TPC) process using ceramic precursors is recognized as a unique fabrication means of real
three-dimensional (3D) ceramic microstructures. These structures can be applied to various microscale devices that are used in
harsh conditions that demand high strength, high temperature endurance, and good chemical corrosion properties. However,
the large shrinkage amount of 3D structures during pyrolysis is a serious limitation to the practical application of these
structures; during pyrolysis, asymmetric distortion and shrinkage occur intrinsically. In an attempt to address this, a method is
proposed for the precise fabrication of 3D ceramic microstructures that utilize shrinkage guiders to lead to isotropic shrinkage.
SiCN ceramic woodpile structures were fabricated to show the efficiency and usefulness of the proposed method. In the results,
the woodpiles showed no distortion after pyrolysis.

Introduction

Polymeric materials have been applied success-
fully in areas that include ultrasmall scale patterning,
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biochips, optical devices, and many other processes.1–8

Occasionally, however, these materials do not meet the
required properties for use in harsh environments. De-
vices used in harsh environments must be able to with-
stand high temperatures and chemical corrosion, and
they must have a high mechanical strength. Therefore,
the need for novel engineering materials having advan-
tages in terms of their chemical and mechanical prop-
erties has significantly increased in the nano/
microfabrication field in the fabrication of high value-
added nano/micro-devices. The past 10 years has wit-
nessed the rapid progress of three-dimensional (3D)
microfabrication using direct laser writing; to date, a
variety of 3D applications have been reported that uti-
lize a range of engineering materials, including polymers
and metals.9–12 Moreover, recent research has proposed
the direct fabrication of 3D ceramic structures with a
high spatial resolution using a polymeric ceramic pre-
cursor cross-linked by two-photon absorption (TPA) for
3D shaping and transformed to a SiCN ceramic state
by pyrolysis.13 This process paves the way for the direct
fabrication of complex 3D ceramic microstructures with
a resolution near 200 nm; it may become increasingly
utilized for the fabrication of various innovative ceramic
applications in the near future, replacing the conven-
tional processes of mechanical machining, molding, and
photolithography.14–19

However, a severe shrinkage phenomenon that
inevitably occurs during pyrolysis of polymeric ceramic
precursors is recognized as the most important issue
related to the practical use of this method; particularly,
shape distortion accompanied by anisotropic shrinkage
is a serious problem that must be resolved before appli-
cation of these materials to mechanical and photonic
devices requiring precise construction, such as microro-
tors and photonic crystals, can become a reality.15,16,19–21

It is well known that the pyrolytic transformation
from low-density polymers to high-density ceramics in-
trinsically leads to inevitable volume shrinkage. In a
previous work by some of the authors of this work, a
mixture of silica (SiO2) nanoparticles and a precursor
was utilized to improve the shrinkage amount. By in-
creasing the volume of silica particles in the precursor,
the shrinkage amount was progressively reduced.13 This
was moderately effective, but when the amount of SiO2

particles was 450% in the mixture, direct 3D shaping
via TPA was not easy because of the muddiness of the
mixture; moreover, the surface roughness of the micro-
structures became much coarser with the increase of the

mixture ratio of SiO2. If a large amount of shrinkage
occurred, cracks and considerable residual stress re-
mained inside the structure after pyrolysis. To over-
come this problem, this study proposes an isotropic
shrinkage method (ISM) that introduces shrinkage
guiders.

Experimental Procedures

The fundamental cause for anisotropic shrinkage
of a 3D microstructure during a pyrolysis process is a
constraint condition related to the attachment of the
bottom side of the microstructure to a substrate (glass
plate). Therefore, shrinkage guiders are introduced,
which control the shrinkage of 3D microstructures in
all directions (isotropic shrinkage) in the ISM. Using
this method, the fabrication of precise 3D ceramic mi-
crostructures without shape distortions is possible even
when a very large amount of shrinkage occurs during the
pyrolysis process. Figure 1a and b illustrate schemati-
cally the difference in terms of the shrinkage mechanism
between anisotropic shrinkage and isotropic shrinkage.
With isotropic shrinkage (see Fig. 1b), the initial length
(d0) and height (h0) of a woodpile become df 2 and hf 2

using shrinkage guiders, respectively, without distortion.
Otherwise, the final lengths of the top and bottom sides
do not shrink at the same rate because of adhesion of
the bottom side to the substrate (anisotropic shrinkage):
d0 shrinks to df1 on the top and d0 to the same d0 at
the bottom. Therefore, in previous works, it was not
possible to fabricate ceramic microstructures without
distortion.

The shrinkage guiders are designed and fabricated
as slender rods having several hundred nanometers
width for free bending and free shrinkage without any
influence on the main structure. Hence, they may be
deformed readily because of the surface tension of a
rinsing material in a developing process. To solve this
problem and to enhance the mechanical stability of the
microstructures in the rinsing process, a photocurable
resin with a high strength after photoshaping is required
in the ISM. For this reason, functionalized photosensi-
tive polyvinylsilazane as a transparent solid phase with
a high molecular weight (HM–PVS) was synthesized
via the modification of solid polyvinylsilazane (KiON
Ultra Polysilazane, KiON, Charlotte, NC) through
linkage and/or insertion reaction routes with the addi-
tion of 2-isocyanatoethyl methacrylate (ICEM, Hestia
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Laboratories, New Berlin, WI) at a ratio of 20 wt%,
following a report published by the authors concerning
the synthesis of low-molecular-weight methacrylated
polyvinylsilazane (LM–PVS).13 The molecular weight
of HM–PVS increased slightly from 8940 to 10,366, as
measured by gel permeation chromatography (GPC),
presumably due to the addition of methacrylate groups
into the mother polymer (Mn 5 8940). According to a
nano-indentation test, HM–PVS has an elastic modulus
of 4 GPa after cross-linking without the use of a nano-
particle filler. This is four times stronger than that of
cured LM–PVS (approximately 1 GPa) (see Fig. 2). The
improved strength of the cured HM–PVS obviously
provided reliable stability against the mechanical defor-
mation induced by the surface tension of rinsing solvents
during the developing process, while the fabricated mi-
crostructures from LM–PVS were troublesomely col-
lapsed at this step. Moreover, the HM–PVS resin has
75.5 wt% of ceramic yield at 10001C, which is a rela-
tively high ceramic yield when a dense ceramic product
with less shrinkage is obtained during thermal conver-
sion to the ceramic phase by pyrolysis. To increase the
sensitivity in photo-crosslinking, a two-photon absorb-
ing photosensitizer [1,4-bis(2-ethylhexyloxy)-2,5-bis(2-
(4-(bis(4-bromophenyl)amino))vinyl)benzene] (EA4-
BPA–VB) of 0.4 wt% was mixed into the HM–PVS af-
ter dilution in a tetrahydrofuran (THF) solvent.22

A drop of the HM–PVS resin solution was placed
on a thin glass plate and the solvent was completely
removed in a vacuum condition. A nano-stereolitho-
graphy (NSL) process employing TPA was utilized for
the creation of 3D microstructures.23–26 As illustrated in
Fig. 3, 3D two-photon cross-linked structures were
created via forward layer-by-layer accumulation with a

Fig. 2. Dependence of elastic modulus on spin-coated polymer
films, UV-cured and pyrolyzed at various temperatures. The
polymer films were cured by UV exposure at 20 mW/cm2 for 10 min
and then annealed at various temperatures (100–8001C) in a tube
furnace in a nitrogen atmosphere.

Fig. 1. Processes of (a) anisotropic shrinkage and (b) isotropic shrinkage of woodpile structures. Anisotropic shrinkage occurs because of the
bottom surfaces of the structures sticking to the substrates strongly. The body structure, woodpile structure in this figure, can shrink isotropically
by using the isotropic shrinkage method by introducing shrinkage guiders.
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submicrometer resolution, which is simpler and stabler
than the backward accumulation process. Here, it is
worth noting that a change of the refractive index of the
resin before and after cross-linking is an important
criterion in the selection of a suitable accumulation

method. In the case of HM–PVS, the difference of the
refractive index was 0.008 from 1.493 to 1.501; there-
fore, building 3D microstructures using the forward ac-
cumulation method was not so complicated with the
negligible change of the refractive index. The 3D inor-
ganic microstructures fabricated via NSL can be trans-
formed to 3D ceramic microstructures via pyrolysis.
Figure 3 shows a schematic of the procedure for 3D
ceramic microstructures.

Results and Discussions

Experimental results of a parameter study of the
variation of the line width according to the laser dose
(power and exposure time) are shown in Fig. 4a. With a
decrease of the laser dose, the line width was progres-
sively reduced. The smallest line width of 180 nm was
achieved under a laser power of 30 mW and a duration
time of 1 ms. To verify the shrinkage amount explicitly
after pyrolysis, a woodpile microstructure without a
shrinkage guider was fabricated, as shown in Fig. 4b.
Its bottom side was attached strongly to a glass plate and
had no dimensional change, but the top side shrank
freely from 9 to 5.92 mm; the shrinkage varied aniso-
tropically from the bottom to the top side, and the
maximal shrinkage of 33% occurred at the top side after
pyrolysis. To solve the problem of shape distortion dur-
ing pyrolysis, the woodpile was redesigned with shrink-
age guiders at its bottom edges (see the initial structure
of Fig. 1b). In the ISM, it was assumed that the strength
of a 3D microstructure is much higher than that of the
thin shrinkage guiders; it was assumed sufficient to bend
the guiders without influencing the body structure and
leading to isotropic shrinkage. There are a number of
design parameters for the shrinkage guiders, including
the connecting positions, number of guiders (n), size of
the cross-section (s), inclination angle (y), and the initial
length (li) of guiders. The connecting positions with a
main body structure are determined as a group with the
same horizontal displacement (d) on the bottom con-
tours of the body structures before and after isotropic
shrinkage. As n increases, s can be reduced to provide
free bending of the guiders only at the edge joint of the
body structure; the group with maximal connecting po-
sitions (n) is then selected. For the woodpile structure, a
group consisting of eight guiders was selected (see Fig.
5a and b). The shrinkage guiders were all 0.5mm in di-
ameter. To increase the stability for the horizontal forces

Fig. 3. Complete process of the 3D ceramic microfabrication. The
ceramic precursor is shaped by the curing process, two-photon
induced nano-stereolithography. The inset illustrates forward
accumulation and backward accumulation; the former is simpler
and stabler than the latter method. When the change of refractive
index is large, the backward accumulation method is required.
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during the development process, the guiders were de-
signed to incline. In a preliminary test, the woodpile
structures with the guiders at an inclination below 751
were developed firmly without collapsing.

During pyrolysis, owing to the free bending of the
guiders, the body structures shrink isotropically and
gradually approach the substrate. A stable and nondis-
torted ceramic microstructure can be obtained when the
body structure sticks to the substrate simultaneously at
the end of pyrolysis, which is the ideal mode of the ISM.
From the schematic diagram of the shrinkage guiders
before and after pyrolysis shown in Fig. 5b, the initial

length (li) of the guiders for the ideal mode can be de-
rived as d/(1�e�cos y), where e is the shrinkage rate
obtained from the preliminary test.

To estimate the effectiveness of the ISM, woodpile
structures of a dimension of 9 mm� 9 mm� 9 mm with
shrinkage guiders with values of li from 1 to 5 mm were
fabricated (see Fig. 6a) and pyrolyzed (see Fig. 6b–d).
When e5 0.34, d5 1.72, and y5 751, li in the ideal
mode is calculated as 4.2 mm. Using this value of li, a
precise ceramic woodpile structure could be obtained
without distortion despite the large amount of shrink-
age, as shown in Fig. 6c. When the initial length is
shorter than d/(1�e�cosy), the body structure sticks to
the substrate before the entire pyrolysis process is fin-
ished; at that time, it experiences anisotropic shrinkage
when the subsequent pyrolysis process is finished, as
shown in Fig. 6b. As the length becomes longer, the
distortion of the structure is improved as shown in

Fig. 5. (a) A bottom contour of the woodpile structure before
pyrolysis, a bottom contour of an isotropically shrunk woodpile
structure after pyrolysis, and eight pairs of points which are the
points connecting with the shrinkage guiders. (b) Schematic
diagram of the formations of shrinkage guiders before and after
pyrolyis. When the body structure, woodpile structure in this work,
sticks to the substrate simultaneously with the end of the pyrolysis,
the initial length of the guiders can be calculated from y, d, and e.

Fig. 4. (a) Dependence of the line width of the polymeric phase on
the laser power and the exposure time as processing parameters of the
nano-stereolithography. The resolution of this process is about
180 nm, which is smallest in 3D ceramic fabrication processes. (b)
When the woodpile microstructure with dimensions of
9mm� 9mm� 9 mm was pyrolyzed at 6001C under N2, the
adhered structure to the substrate was anisotropically shrunk to the
dimension of 5.92 mm top length and 9mm bottom length.
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Fig. 6e. If the length is longer than d/(1�e�cosy), the
body structure remains supported by guiders after the
pyrolysis process finishes, as shown in Fig. 6d. However,
the distance between the body structure and the sub-
strate can be estimated from the design parameters
of the guiders, and this shrinkage mode can be used
when structures at some distance from the substrate are
required.

Conclusions

In summary, an ISM that uses shrinkage guiders is
proposed here to address an issue related to shrinkage,
which is recognized as a significant problem in ceramic
microfabrication processes using ceramic precursors.
Suitable design parameters for the shrinkage guiders
can be determined by considering the shrinkage and the

Fig. 6. (a) A two-photon cross-linked woodpile structure with shrinkage guiders, and (b–d) pyrolized ceramic woodpile structures with
shrinkage guiders of various lengths (2.0, 4.2, and 6.0 mm, respectively). By increasing the lengths of the guiders, the distortion of the structures
is reduced (g14g2). When a ceramic microstructure at some distance from the substrate is required, it can be obtained by designing the length
long enough. (e) Top length/bottom length versus length of the guiders.
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body structures in the ISM. For this method, materials
with high strength after photo-crosslinking are required
to increase the stability in the development process; a
ceramic precursor with a high molecular weight (HM–
PVS) was able to satisfy these requirements. According
to the fabrication results of woodpile structures utilizing
shrinkage guiders, it was possible to confirm that the
ISM is an effective method for the fabrication of 3D
precise ceramic microstructures that do not experience
distortion or residual stress.
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