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Abstract Two-photon stereolithography (TPS) provides many

advantages for achieving two-dimensional (2D) and three-

dimensional (3D) micrometer-scale polymeric, ceramic and

metallic structures applicable to complicated optical and neo-

electronic microdevices. In the fabrication of high-resolution

3D microstructures, TPS has significant advantages over con-

ventional microelectromechanical system (MEMS) processing,

which involves time-consuming multistep indirect fabrication

processes. Many studies have recently been made to develop and

improve the TPS process, focusing on creating greater efficiency,

higher resolution, and greater productivity, which are essential

requirements of a practical TPS process. For the first time, an

artistic microstructure has recently been successfully produced

with an ultraprecise spatial resolution, sub-30 nm nanofibers, 3D

multilayer imprint stamps for mass production, and ceramic 3D

microstructures. In this review, we report the progress of two-

photon polymerization based on 3D microfabrication, including

the results obtained from the original research. This report is

presented in three sections: improvement of resolution, precise

design schemes, and applications of 3D microstructures.
Precise micro 3D pattern fabricated by two-photon lithography.
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1. Introduction

Advances in microfabrication technology have made it
possible to provide other emerging technologies, such as
biochips and photonic crystals, with many innovative prod-
ucts ranging from high-density integrated circuits, high-
definition display, and information storage devices. The
growing demand for much higher densities of integration,
less power consumption, better performance, and a reduc-
tion in fabrication cost remain the salient issues behind the

continuous trend in downsizing the dimensions of devices.
In most of these cases, fabrication technology continues to
be the prerequisite for the success of these developments.

Among the various microfabrication technologies avail-
able, two-photon stereolithography (TPS) based on pho-
topolymerization has been considered as a unique process
for the realization of three-dimensional (3D) microstruc-
tures that are required in optical and electronic applica-
tions [1–9]. Furthermore, TPS offers numerous advantages
over conventional microfabrication processes used in the
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semiconductor industry, which generally requires compli-
cated processing steps and incurs a high cost [10–14]. The
major characteristics of TPS can be briefly described as (i)
direct fabrication of microstructures without use of any
photomask, (ii) high resolution near to 100 nm can be
achieved to sub-100 nm using special agents such as a rad-
ical quencher, (iii) realization of true 3D microstructures
by the accumulation of layers, and (iv) various engineering
materials such as polymers, ceramics, metals and hybrid
materials can be utilized in the TPS [15–21]. For this reason,
many researchers have devoted considerable effort to de-
veloping the TPS process, and have reported their research
results on the fabrication of high-functional 3D devices
using TPS [22–27].
Historically, TPS began with the direct fabrication

technology of 3D structures first introduced in 1981
by Kodama [28] and further developed by subsequent
groups [29, 30] as the rapid technique of stereolithography
(SL). Micro-SL (μ-SL) was then developed by increasing its
resolution, reaching up to one or two micrometers [31–34].
While TPS is derived from the earlier SL techniques, and
shares the same principles, it differs from these in the di-
mensions of the fabricated structures. Although conven-
tional micromachining processes generally utilize a sub-
tractive method in fabrication, μ-SL uses an additive ap-
proach, which enables the direct fabrication of complex 3D
microstructures [35]. However, there are limitations to μ-SL
in terms of the spatial resolution of fabricated structures.
The minimum thickness of layers is inevitably affected by
the viscosity and surface tension of the resin, because a thin
layer of resin is generally covered by the elevating method
along the normal direction of structures for the creation of
another layer [30]. Therefore, it is very difficult to use μ-SL
to fabricate ultraprecise microstructures that have a nano-
detail or submicrometer scale. However, these problems
have been easily resolved by using two-photon polymeriza-
tion. Since this differs from single-photon polymerization,
a very narrow and local region inside the focal plane (in
which a very high intensive laser beam is focused) is poly-
merized via two-photon absorption (TPA). Therefore, a
resolution of near 100 nm can be achieved by the TPA.
While a significant amount of research has re-

cently been reported on TPS, some technical issues and
questions remain unresolved for practical use in nano-
microfabrication. In this review, we will discuss the recent
progress of TPS, focusing on the improvement of resolu-
tion, effective fabrication, and potential applications. These
are still important issues in the field of TPS.

2. Two-photon stereolithography based on
photopolymerization

2.1. Mechanism of two-photon polymerization

Recently, many studies involving the absorption of multi-
ple photons into a substance followed by a photochemical

change have been performed. Photochemical processes in-
volving the absorption of multiple photons are non-linear in
nature, and can only be observed under the high intensities
of a laser beam [15,36]. Multiphoton absorbed excitation
has come to play an important role in microfabrication.
TPA is one of the popular multiple-photon excitation meth-
ods wherein an electron transits from a low energy level
to a higher energy level by the simultaneous absorption of
two photons. In the simultaneous TPA that has a virtual
intermediate stage during excitation, the first excited stage
becomes populated by the absorption of the first photon.
The stage then typically absorbs the second photon during
the lifetime of within 10−4 to 10−9 s [37, 38].
When the energy of a photon is given as hω, where

hand ω indicate Planck’s constant divided by 2π and the
light angular frequency, respectively, the electron can be
transited by absorbing the energy gap, hω = E2 − E1,
where E2and E1are the energy level of the upper and lower
energy levels, respectively. In the case of two-photon poly-
merization the photosensitization is brought about by the
simultaneously absorbed two photons by a two-photon chro-
mophore. A Ti:sapphire laser is generally used as a source
of light for two-photon polymerization due to the genera-
tion of super-high power pulses with widths of several tens
of femtoseconds (fs). Furthermore, the Ti:sapphire fs-laser
is very useful in the case of TPS, because it has a center
wavelength of about 780 nm, half of which is close to the
critical wavelength for the polymerization of ultraviolet
(UV) curable resins. This allows easy control of threshold
energy for polymerization in the TPS [36]. Also, Farsari
et al. [39] showed the possibility of TPA at a wavelength
of 1028 nm (operating wavelength of fs laser) for a TPA
dye with one-photon activity between 450–550 nm. Further-
more, three-photon polymerization was demonstrated for
the first time by the same research team to open the road
for achieving higher resolution; however, the highest reso-
lution, reaching 500 nm, was achieved by the three-photon
polymerization [40].

An alternative way for polymerization induced by two-
photon absorption is cationic polymerization process. In
this process, the photoinitiator generates an acid with a
spatial resolution by absorption of near-UV light. Then, the
latent image is crosslinked by chain reaction in a postbak-
ing process. A thick film of SU-8 negative photoresist is
generally used in the cationic polymerization; therefore,
this eases the sample handing and operations during the
direct writing process. By this means, complex and phys-
ically discontinuous shapes can be realized successfully
using this polymerization process [41].

2.2. Optical laser system and its operation

Generally, a mode-locked Ti:sapphire laser is used as a
beam source, having a wavelength of 780 nm, a repetition
of 80MHz, and a pulse width of less than 100 fs. The beam
is tightly focused using an objective lens (NA, numerical
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Figure 1 (online color at: www.lpr-journal.org)

Schematic diagram of a laser-optical system

setup.

aperture of 1.4 and magnification of 60 times) and is po-
sitioned along the out-of-plane (z-axis) direction using a
piezoelectric stage and along the inplane (x–y axis) direc-
tion using a galvano-mirror set. Recently, for large-area
fabrication within several hundred μm, a stage system has
often been used rather than the glavano-scanner to control
a focused beam position. In this case, the closely focused
beam is fixed and a plate is then moved. The exposing time
of the beam is controlled by a glavano-shutter with a stable
response time of 1ms. A resolution of beam positioning
is dependent on the capability of stages and scanners. The
shutter, scanner, and stage are controlled by a computer sys-
tem, and a highly magnifying charge-coupled device (CCD)
camera can be used to monitor the fabrication process. A
schematic illustration is shown in Fig. 1 [42, 43].

For the fabrication of a 3Dmicrostructure using the TPS
process, 3D stereolithography data are sliced into many lay-
ers along the z-axis to generate 2D beam-scanning paths. A
sliced layer of a 3D microstructure is polymerized along the
scanning paths of a laser beam. A further layer is then fabri-
cated after translating the location of a beam spot along the
z-axis by using the stage, and is attached to the previously
solidified lower layers. These procedures are continuously
repeated until the design of the 3D microstructure is com-
pleted. After the fabrication, unpolymerized liquid-state
resins (monomers) are eliminated using several rinsing sol-
vent droplets (generally, ethanol).

3. What is the end of the smallest feature size
in TPS?

The improvement of spatial resolution is one of the key
issues in the development of TPS, because of the com-
petition with various nanofabrication processes that have
very high resolutions, such as electron-beam lithography,
nanoimprint lithography, and focused ion-beam lithography.
Recently, various research studies have reported the reduc-
tion of the lateral feature size, reaching less than 100 nm,

by intentionally introducing radical quenchers into pho-
tocurable resins. Takada et al. [44] reduced the feature size
down to about 65 nm, and Park et al. [45] revealed line pat-
terns that are around 95 nm wide. They demonstrated the
tendency of voxel-size reduction by increasing the amount
of radical quenchers in a resin. However, the addition of
radical quenchers could result in an increase of thresh-
old for two-photon polymerization. Also, it is generally
known that the mechanical strength of polymers depends
on the length of polymerized chains. Therefore, by adding
a radical quencher, the voxel-size reduction causes the low
mechanical strength of a polymerized structure due to its
low molecular weight. As such, a microstructure with a
low mechanical strength is easily distorted by the surface
tension of a rinsing material in a developing process [45].
In the TPS, the resolution of microstructures is deter-

mined by the size of a voxel (volumetric pixel) that is the
minimum unit of a feature. Voxels are generated depending
on the laser power and exposure time, and their sizes can
be estimated theoretically as shown in Eqs. (1) to (2) [43]:
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where d, l, Eth, P , t, NA, and n represent the voxel diame-
ter, voxel length, threshold energy for polymerization, laser
power, exposure time, numerical aperture of an objective
lens, and the refractive index, respectively. As shown in
Eqs. (1) and (2), while the dimension of a voxel can be
minimized by optimizing the laser dose, the limit of a reso-
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Figure 2 Scanning electronic microscopy (SEM) images of (a) a

pattern fabricated by using different laser powers from 1.01mW

to 3.20mW at a linear scan speed of 50 μm/s. (b) Magnified SEM

image of the pattern having an 80 nm width. Reprinted with per-

mission from [38].

lution is known to be approximately 100 nm in the lateral
size of a voxel [19, 23, 43].

Recently, Xing et al. [46] reported a lateral spatial
resolution of 80 nm by using a highly sensitive initia-
tor (9,10-bispentyloxy-2,7-bis[2-(4-dimethylaminophenyl)-
vinyl]anthracene) (BPDPA), which contributes to a low
threshold and short exposure time. Exposure time influ-
ences the number of radicals generated by two-photon ab-
sorption. This means that a low threshold for two-photon-
induced polymerization would reduce the size of the region
where radicals are initially generated. Furthermore, a short
exposure time should decrease the number and diffusion
of radicals, resulting in ultralocalized polymerization in
a small region. For this reason, a highly sensitive initia-
tor could contribute by improving a resolution with a low
threshold and short exposure time. Figs. 2a and b show the
fabricated results using a highly sensitive initiator and a
short exposure time.

The repolymerization technique is an alternative
method used to reduce the feature size in the TPS. Three
different regions within polymerization: (i) a fully polymer-
ized region with high molecular weight (solid state), (ii)
a weakly polymerized region with low molecular weight
(solid-liquid state), and (iii) an unpolymerized region
(liquid state) [47, 48]. Generally, regions (ii) and (iii) are
removed by rinsing materials in a development process.
However, region (ii) could be utilized to generate ultrafine
features that have less than 30 nm in lateral size by repoly-
merization. Park et al. [47] fabricated a bunch of 22-nm
diameter nanofibers by using the weakly polymerized
region. For the generation of nanofibers, they proposed a
long-exposure technique (LET). The lateral size of a voxel
increased steeply up to a 1 s exposure, and then increased
gently up to a 6 s exposure, with a mixture of SCR 500
(JSR) and photosensitizers of 0.1 wt% (4,4’-(1E,1’E)-
2.2’-(9,9-bis(4-(octyloxy)phenyl)-9H-fluorene-2,7-diyl)-
bis(ethene-2,1-diyl)bis(N,N-diphenylaniline)). Employing
the LET, region-(ii) is widely extended around the voxels
by the diffusion of radicals, and nanofibers were generated
according to the interval between adjacent voxels (see
Fig. 3a). When the interval was significantly larger than a

Figure 3 (a) SEM images of fabricated voxels with the critical

distance (700 nm); dim nanofibers were generated near the voxels.

(b) Well-generated nanofibers between polymer lines. The dis-

tance between lines was about 270 nm. Reprinted with permission

from [39].

critical value, the coupling nanofibers did not appear since
there was no overlap between voxels and lines in region (ii).
In the previous work [47], the critical distance was about
700 nm. In the case where the weakly polymerized regions
overlapped, the low-density short-chained polymers in
region (ii) were transformed to highly dense, high-weight
polymers via repolymerization induced by the repeated ex-
posure of the laser beam. Fig. 3b shows the well-generated
nanofibers using the LET. The repolymerized long-chain
polymers are not easily eliminated in the developing pro-
cess due to their improved mechanical strength.
Other approaches for the generation of nanofibers in

the weakly polymerized region have been reported [49],
where thick lines were fabricated, and thin fibers of less
than 30 nm were then generated along the perpendicular
direction of the thick-line patterns via the high scan speed
of a tightly focused beam. The feature sizes were dependent
on the incident laser power and the scan speed of laser fo-
cus. At a certain laser power, the nanofibers became thinner
by means of repolymerization when the scan speed was in-
creased to reach a certain limit, as shown in Figs. 4a and 4b.

4. Effective fabrication of 3D microstructures

4.1. Multipath scanning method

Despite the powerful merits of TPS in 3D microfabrica-
tion, effective and precise fabrication is still an issue to be
resolved in terms of practical use. One of the barriers to
achieving precise fabrication is known to be the deforma-
tion of 3D microstructures during the developing process.
The major cause of pattern collapse is recognized as a
cohesive force induced by the surface tension of a rinsing
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Figure 4 (online color at: www.lpr-journal.org) (a) SEM images

of suspended nanofibers between polymer supports. The fibers

thinned down when the scan speed was accelerated in the direction

indicated by the arrow. (b) Magnified image of nanofiber having

23 nm in width. Reprinted with permission from [40].

material [50]. The driving force for collapse during a drying
step of the rinsing material can be expressed by the Young–
Laplace pressure (ΔP ), ΔP = σ(R−1

1 + R−1
2 ), where

the symbols represent the negative pressure difference, the
surface tension (σ) of a rinsing material, and the two radii
(R1 and R2) of the surface curvature between structures,
respectively. From this equation, a rinsing material that has
a low surface tension can be applied to allow a reduction
of the collapse force in the development process. However,
this application is more expensive. To overcome this prob-
lem, increasing the mechanical strength of a pattern itself
is essentially required.
Multipath scanning (MPS) is an alternative method

used for the effective and precise reinforcement of the me-
chanical strength of 3D microstructures without the need to
reduce the resolution, as illustrated in Fig. 5a [51]. The mul-
tipaths can be constructed from the sliced contour data of a
3D microstructure by using a Voronoi diagram. Offsetting
was then carried out to generate a new internal scanning
path. By repeating this procedure, more than three scan-
ning paths were obtained with precisely controlled offset
amounts. Therefore, the target thickness of a feature for
sufficient strength could be readily obtained via the control
of a number of contours and offset amounts (see Fig. 5b).
Using the MPS method, a more complex 3D microstructure,
‘the thinker’ was created with a height of 20 μm and a width
of 12 μm (see Fig. 5c). Since the creation of ‘the thinker’
designed by Rodin in 1880, this may be the first replica
of ‘the thinker’ in microscale. For the fabrication, double
scanning paths were used with an offset of 150 nm, under
the conditions of a 40mW laser power and 1ms per voxel
exposure time. As shown in Fig. 5c, the fine details of the
muscles, posture, and appearance were realized using the
MPS. Determining a relationship between the mechanical
strength and pattern collapse demonstrates the importance
of the precise fabrication of 3D microstuctures.

4.2. Subregional slicing method

One of the distinguishable merits of TPS compared to other
nano/microfabrication processes is its ability to fabricate a

Figure 5 (online color at: www.lpr-journal.org) (a) Illustration

of difference between two approaches for increasing contour thick-

ness; by increase of laser dose and multipath scanning method.

In the case of multipath scanning, only the contour thickness be-

comes thicker depending on the offset and number of paths. (b)

The variation of the contour thickness versus offset amount under

the conditions of 40mW and 80mW laser power, respectively. (c)

Successfully fabricated micro-“the thinker” that is about 20 μm

tall. Reprinted with permission from [43].
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3D arbitrary shape. However, when the 3D microstructure
has almost flat areas that are parallel to the slicing planes,
a very thin layer thickness is required in order to ensure
that all layers are connected to each other. This process,
however, significantly increases the fabrication time. The
contour scanning method (CSM) is a more effective method
compared to the raster scanning method (RSM) [15]. In
the CSM, 3D microstructures are fabricated by curing only
their contour shells rather than the full polymerization of
whole structures as used in the RSM method. For CSM, all
adjacent layers should be connected together to form the
fully closed shell of a 3D microstructure and it is essential
for all the voxels to overlap each other in two adjacent
layers. Generally, in order to avoid layer separation caused
by a layer thickness that is too large, a suitable layer thick-
ness is determined by considering the geometric slope of
a microstructure. A suitable layer can be obtained by ex-
perimental and theoretical approaches [52]. To resolve this
problem in TPS, two different slicing methods have recently
been reported.
The first of these is the subregional slicing method

(SSM), which was considered to be an effective method to
reduce processing time with high precision. In the SSM,
a 3D microstructure was divided into several subregions
by considering the structure’s geometrical shape or slope.
Suitable slicing thicknesses were then applied to each sub-
region of the microstructure. The total number of sliced
layers could therefore be reduced by using the SSM, while
the precision of the microstructures was not diminished in
comparison to the uniform slicing method, where the layers
are finely sliced (USM).

4.3. Two-dimensional slicing method

The second approach, the two-dimensional slicing method
(TSM), was proposed to cope with the manufacture of 3D
microstructures that have almost planar regions and very
gentle slopes [53]. TSM has two slicing data: horizontally
sliced data and vertically sliced data. In the TSM, a critical
slicing angle according to the shape of a microstructure is
specified for preparing two kinds of scanning data. In the
primary slicing phase, a 3D polyhedral model is divided
into two subdomains by considering the shape angle of
each triangular face. The subdomains are then sliced along
two different directions perpendicular to each other, as
illustrated in Fig. 6a. By using the TSM, a complex 3D
microstructure has been successfully realized, as shown
in Fig. 6b.

5. Applications of TPS

5.1. Implantation of 3D microstructures

During the past ten years, rapid progress in 3D microfab-
rication has been made using TPS. To date, a variety of

Figure 6 (online color at: www.lpr-journal.org) (a) Schematic

procedure flow of the two-dimensional slicing method (TSM).

The slicing data are composed of two directional slicing data. (b)

SEM image of microdragon fabricated by TSM, which has gentle

slops on its top. Reprinted with permission from [45].

3D applications have been reported for high-functional use
in diverse research fields such as optics, mechanics, and
biotechnology. Despite this promising potential of TPS, it is
still difficult to directly fabricate 3D microstructures on an
opaque material or within a large-area practical microsys-
tem. Even when direct fabrication is possible using TPS,
the nanoscale control of a tightly focused beam along a
large-area of more than 1mm is generally cost prohibitive.
This is one of the obstructions inhibiting the practical use

© 2009 by WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim www.lpr-journal.org
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Figure 7 (online color at: www.lpr-journal.org) Illustration of

three steps of contact print lithography (CPL); (a) fabrication of

a stamp using two-photon polymerization for implantation into

another surface; (b) positioning and joining the 3Dmicrostructures

on a surface by UV curing; (c) final shape after implantation by

the CPL. Reprinted with permission from [46].

of TPS as a nanofabrication process. As one of the possibil-
ities to resolve this issue, a contact-print lithography (CPL)
method has been proposed [54].

There are three basic steps involved in transplanting 3D
microstructures on a large-size substrate, as schematically
illustrated in Figs. 7a–c. Firstly, a 3D stamp is prepared us-
ing TPS; fabrication of 3D microstructures on a glass plate.
Prior to 3D microfabrication, a self-assembled monolayer
(SAM) is deposited on a glass plate (the stamp surface) to
reduce the adhesive force between the 3D microstructure
and the glass plate. The stamp is then precisely positioned
on a target substrate coated with a thin ultraviolet (UV)-
curable, adhesive layer. Next, the bonding layer is cured
by UV light in order to bond the 3D microstructure onto
the substrate and the glass plate is then carefully removed.
Figs. 8a and b show successfully transplanted microstruc-
tures on an opaque substrate, in this case silicon wafer used.
As shown in the figures, the edge size of the top surface
in the transplanted woodpile is also 9 μm, compared to the
edge size of the bottom surface of the structure before CPL.

5.2. Net shape manufacturing of 3D ceramic
microstructures and molds

When devices are used in harsh environments, they must be
able to withstand high temperatures and chemical corrosion,
and they must have a high mechanical strength. Therefore,
there has been an increasing demand in microfabrication for

Figure 8 SEM images of transplanted 3D microstructures;

(a) well-standing pillars with hexagon heads, and (b) a woodpile

structure. The inserts show the top view of implanted structures.

Reprinted with permission from [46].

Figure 9 SEM image of a woodpile after pyrolysis. The structure

was anisotropically reduced to the dimension of 5.92 μm from

9.0 μm at the top length. Reprinted with permission from [47].

new engineering materials that have advantages in terms of
their high-value properties. Recently, a precise fabrication
method has been reported for 3D ceramic microstructures
using a two-photon crosslinking process (TPCL) [19,55].
This process paves the way for the direct fabrication of a
complicated 3D microstructure with several hundred nano-
meter detail. This may become an important process for
the fabrication of various ceramic applications in the near
future. However, a severe shrinkage problem arises with
this process, which inevitably occurs during the pyrolysis
of polymeric ceramic precursors. This problem is consid-
ered to be an obstacle for the practical use of this process.
It is well known that the cause of volume shrinkage occurs
in the pyrolytic transformation from a low-density polymer
to a high-density ceramic (see Fig. 9). Another recent work
on direct patterning of inorganic material TiO2 having high
refractive index was reported for the promising fabrication
of photonic crystals [56]. In this case, 50% shrinkage of
volume was observed during thermal treatment to increase
the refractivity of TiO2; so the shrinkage problem is still a

www.lpr-journal.org © 2009 by WILEY-VCH Verlag GmbH & Co.KGaA, Weinheim
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Figure 10 (a)–(d) Two-photon crosslinked woodpile structures
with various shrinkage guiders. The structures were reduced

isotropically by the guiders. As shown in (b) and (c), the gap

(γ2) between top and bottom in (c) was much smaller than the

gap (γ1) in (b) due to the optimized guider length. Reprinted with

permission from [47].

challenging issue for direct patterning of inorganic materi-
als.

To control the amount of shrinkage during pyrolysis
or thermal treatment, a shrinkage guider was introduced.
Using this approach, the fabrication of precise 3D ceramic
microstructures was possible without any shape distortion,
even when a large amount of shrinkage occurred. Figs. 10a–
d show the fabricated results depending on various lengths
of shrinkage guiders. The length of the guiders could be
described as δ/(1 − ε − cos θ), where ε is the shrinkage
rate, δ is the horizontal displacement on the bottom contour
after pyrolysis, and θ is the inclination angle of a guider, as
illustrated in the insert of Fig. 10a. From the results, it was
confirmed that shrinkage-guiding is an effective method for
the fabrication of precise 3D ceramic microstructures.

Another method has been reported for the fabrication
of 3D SiCN-based ceramic molds for the stamp used in a
hot-embossing process [57]. The ceramic stamp is fabri-
cated by a sequential process involving the fabrication of
polymer master patterns and PDMS molds, micromolding
using a preceramic polymer, and a pyrolysis process. After
the fabrication of 3D master patterns by TPS, a casting
process is used to obtain a concave PDMS mold. The ce-
ramic precursor is then spread onto the patterned surface
of the PDMS molds that are fabricated from two master
patterns. Viscous polyvinylsilazane (Kion® VL20) is used
as a precursor of the SiCN ceramic. The excess polymer is
scraped away using a piece of flat PDMS, leaving a filled
PDMS mold. The filled mold is then brought into contact
with a Si wafer, and the polymeric precursor is cured un-
der a UV-light for 20min at an intensity of 10mW/cm2.
The PDMS mold is then removed either by peeling it from
the substrate or by dissolving it with a 1.0M tetrabutyl-

Figure 11 SEM images of fabricated PDMS molds (a and c)

and replicated SiCN ceramic structures (b and d) from the molds.

Reprinted with permission from [48].

ammonium fluoride solution in tetrahydrofuran at room
temperature. Both methods were performed without pro-
ducing defects in the polymeric structures. All of the pro-
cesses were carried out in an inert gas atmosphere in order
to avoid exposure to moisture. The patterned polymeric
microstructures were then transferred to a tube furnace and
heated to 800 ◦C at a rate of 2 ◦C/min. During the entire
process, 3D SiCN ceramic micropatterns were obtained
due to the phase transition during pyrolysis. Figs. 11a and
c show PDMS molds in which master patterns were fabri-
cated using the TPS process, while Figs. 11b and d show
SiCN ceramic structures created by microtransfer molding
using PDMS molds. In the latter case, various patterns can
be fabricated within a submicrometer resolution, providing
a considerable improvement compared to earlier research
in the area of fabrication of ceramic microstructures.

6. Conclusions

TPS has many advantages as a technique for the direct
fabrication of complex 3D structures on a scale of several
micrometers that might be difficult to be obtained by using
general miniaturization technologies. In this review, an
outline is presented of a number of research studies that are
related to the improvement of fabrication efficiency, precise
fabrication, and applications. While there has been a great
deal of achievement in the development of TPS, challenging
issues still need to be explored for the practical use of TPS
as a promising nano/microfabrication process: reliability
of TPS, improvement of TPA materials, and large-area
fabrication methods. However, in the near future, we expect
that the TPS will take a position as a powerful process
for the fabrication of 3D nano/microdevices applicable to
diverse research fields.
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