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Abstract

Ceramic micro-stereolithography (LSL) was recently introduced in the fabrication of complex 3D ceramic microstructures. Light scattering
is found as an important factor in the pSL of ceramics. In this work, the Monte Carlo ray tracing method is employed to investigate the
influences of the important materials properties on the scattering during the ceramic pSL. It is found that the scattering is the strongest when
the size of the ceramic powders approaches to the laser wavelength (0.364 um). It was also found that the higher the refractive index contrast
between the particle and the resin, the stronger the light scattering. High laser intensity is required to fabricate absorbing ceramic materials to
compensate for the laser energy absorbed by the ceramic particle. The pSL of three typical ceramic powders: silica, alumina, and lead
zirconate titanate (PZT) are examined by the numerical model. The numerical model has been demonstrated as an efficient tool to optimize the
WSL process. Finally, the ceramic micro green structures have been successfully fabricated.

© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ceramics are known for its excellent temperature and
chemical resistance, high value of hardness, low thermal
conductivity, ferroelectricity, etc. Many investigations have
been conducted on the application of ceramics as a func-
tional and/or structural material in micro-electromechanics
systems (MEMS) [1-4]. Various novel ceramic microfabri-
cation approaches, such as micro-extrusion [5], screen print-
ing [6], jet molding [7], and LIGA based injection molding
[8], have been developed. However, these processes are
mainly used to fabricate 2D or 2.5D structures, which
may greatly limit the performance of ceramic MEMS
devices. Micro-stereolithography (LSL) was recently intro-
duced to fabricate the complex 3D ceramic parts [9,10].

KSL is a microfabrication process based on the spatially
resolved laser polymerization in the UV-curable solution [9].
3D microstructures are fabricated in a layer-by-layer fashion
according to designed CAD solid models [11]. In the
ceramic PSL, ceramic green structures are fabricated from
a UV-curable solution containing monomer, photoinitiator,
ceramic particle, dispersant and UV absorber [10,12,13].
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The dense ceramic micro parts can be obtained from green
structures following the binder removal and sintering pro-
cesses. In order to avoid deformation and cracking during
binder removal, reduce the shrinkage during the sintering,
and fabricate the homogenized and dense ceramics part, a
solid loading of larger than 50% (volume ratio) is necessary
[14].

Fig. 1 depicts the principle of a recently developed
ceramics PUSL apparatus [9]. Using this system, fabrication
of fine 3D complex alumina and lead zirconate titanate
(PZT) microstructures have been demonstrated [10]. Experi-
ments indicated that curing depth and curing radius are the
two critical parameters in uSL. In general, smaller curing
depth and curing radius are desired to achieve high spatial
resolution. However, a minimal curing depth and curing
radius are required to ensure strong bonding within the
whole microstructure [10]. It was found that light scattering
due to the particles suspended in monomer solution is the
most important mechanism determining the spatial resolu-
tions of puSL (Fig. 2). In-depth understanding of the funda-
mental physics of scattering and photochemistry involved in
the ceramic pSL is important to the process. A numerical
model based on Monte Carlo simulation has been developed
to investigate the light propagation, scattering and photo-
polymerization in highly concentrated ceramic suspensions.
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Fig. 1. Schematic diagram of ceramic uSL apparatus. In additional to the
standard pSL setup, a precision blade has been implemented to define a
flat thin layer of the viscous ceramic resin.
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Fig. 2. Schematic diagram shows how light scattering and absorption
occurs within the optically inhomogeneous media, which contains ceramic
particles with refractive index of n; and the UV-curable resin with the
refractive index of n,.

This model has been successfully applied to investigate the
doping effects as well in ceramic puSL [15]. However, as
suggested by experiments, other physical parameters also
strongly affect the ceramic puSL process [10,12,13].

In this work, a numerical model is used to study the spatial
resolution of pSL process by evaluating the influences of
various physical parameters, such as refractive indices of
UV-curable solution and ceramic particles, ceramic particle
size and distribution, and the absorbing nature of the ceramic

Table 1
Numerical parameters

wo=4x10°m
4.46 x 10° mol/m*
p = 1.01 kg/m*
2.23 x 102 mol/m?
& = 20.0 m*/mol

& = 2000.0 m*/mol

Gaussian radius of laser beam
Monomer initial concentration
Density of HDDA

Photoinitiator initial concentration
Molar absorptivity of photoinitiator
Molar absorptivity of UV absorber

Reflective index of HDDA 1.40
Refractive index of silica 1.56
Refractive index of alumina 1.70
Refractive index of PZT 2.40
Total photon packet number 10°
Laser wavelength 364 nm
Laser exposure time 500 ms

particles. uSL of three typical ceramic materials: silica,
alumina, and PZT, are investigated numerically (Table 1).

2. Physical modeling

In the ceramic pSL, the light scattering becomes signifi-
cant when the light propagates through the highly concen-
trated ceramics suspension [15]. When a photon travels
through the ceramic suspension, it is scattered by ceramic
particles and its direction of propagation will be changed.
Consequently, the photon is absorbed either by the UV-
curable solution or the ceramic particles. The portion of the
initial photons absorbed by the UV-curable solution will
initiate the polymerization reactions. The multiple light
scattering in highly concentrated ceramic suspensions is
complicated and there is no available analytic solution to
describe it. To ensure a better understanding of the multiple
light scattering in concentrated ceramic suspensions, a
numerical model based on the Monte Carlo ray tracing
method is developed [15]. This model is coupled with the
finite difference method to simulate the ceramic pUSL pro-
cess.

This numerical model consists of two parts: the light
scattering by Monte Carlo simulation and the photo-poly-
merization by the finite difference method [15]. By repeat-
edly sampling values from the probability distributions for
the uncertain variables, the Monte Carlo ray tracing tech-
niques are applied to simulate the multiple light scattering
on a ray-by-ray basis. The behavior of individual photons is
simulated numerically. Photons are statistically generated
according to the characteristics of the laser beam used in
ceramic pSL. When a photon propagates in a concentrated
ceramic suspension, there exists a certain probability of
hitting a ceramic particle. This probability is determined
by the mean free path of the photon in the ceramic suspen-
sions. Once the photon hits the ceramics particle, it will be
scattered and the scattering behavior is described by the Mie
theory [16]. The calculations of propagation and scattering
are repeated until the photon has been absorbed either by a
ceramic particle or by the resin. Once the absorption profile
attributed to the photoinitiator is obtained by the Monte
Carlo simulation, the detailed micro-scale photo-polymer-
ization is numerically calculated. A set of differential equa-
tions are used to describe the photo-polymerization
processes [17]:
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Percentage of monomer conversion is used as a measure of
the polymerization in this model. Using experimental data of
reaction kinetics [18], the simulation reveals important
characteristics in micro-scale photo-polymerization.

Using the developed numerical code [15], the influences
of the following physical properties of ceramic particles and
resin on the spatial resolution of the ceramic pSL are
investigated: (1) particle size distribution; (2) refractive
index of ceramic particle; (3) refractive index of UV-curable
solution; (4) absorption coefficient of ceramic particles.

In general, the ceramic particles used in ceramic uSL
always have a certain size distribution. According to the
light scattering theory, both particle mean size and distribu-
tion affect the light scattering. In a typical ceramic pSL
process, the mean size of the ceramic particles is varied from
0.3 to 1 um. Strong light scattering will occur when the
particle size is close to the wavelength of UV light
(0.364 pum). Therefore, the influence of ceramic particle
size on the light scattering and ultimately, resolution of
pSL is carefully studied.

The particle size distribution is modeled by the Gaussian
distribution (Fig. 3)

p(d)  po o ((d—do)/Ad)*

where pj is the total number of particles, Ad the Gaussian
radius of particle size distribution, d, the mean size of the
particles, and p(d) is the number of particles with diameter d.
In the numerical simulation, the diameter of an individual
ceramic particle is randomly generated according to the
distribution. The angular distribution patterns of scattered
photons are calculated for each particle with various sizes in
the numerical simulation.

According to the scattering theory, the scattered light is
also determined by the refractive index difference at the
interface of two different media. This phenomenon has been
observed in the USL fabrication of PZT ceramics, which has
a high refractive index of 2.4 [10]. The strong scattering
effect caused the poor lateral resolution and shallow curing
depth, which reduced the bonding between layers. There-
fore, refractive index contrast between ceramic particles and
UV-curable solution is studied. The absorption coefficient of
the ceramic particle, which is the imaginary component of

p(d)
A

Ad

>
>

4, d

Fig. 3. The size variation of the ceramic particles can statistically be
modeled by the Gaussian distribution. The p(d) represents the number of
particles with a given diameter d. The d, and Ad are the mean size of
ceramic particles and the Gaussian radius of particle size distribution,
respectively.

the refractive index, remarkably changes the scattering light
distribution [19]. The numerical code is modified to calcu-
late the scattering pattern with a complex refractive index.

3. Results and discussion

3.1. The influences of the particle size and its
distribution on ceramic uSL

Fig. 4 shows the curing depth and radius of a polymerized
cone dot, which is formed from a single exposure of ceramic
suspension, as a function of particle mean size from 0.3 to
1 pm. The curing depth increases with the particle mean size
while the curing radius decreases. It indicates that the light
scattering effect becomes significant when the particle size
approaches the illuminated light wavelength. As the scatter-
ing effect becomes stronger, the incident photons will more
likely be scattered into the surrounding area and conse-
quently, fewer photons can penetrate deeper. Therefore, the
polymerized cone dot has a larger radius and shallower
depth. The result suggests that a particle size larger than
0.5 um is preferred to eliminate the scattering effect in the
ceramic pSL.

The particle size distribution dependence of the ceramics
pSL resolution with the fixed mean size of 0.5 pm is shown
in Fig. 5. When Ad increases from 0.05 to 0.30 um, the
curing depth decreases from 68 to 48 |um, whereas the curing
radius increases from 4.7 to 7.8 um. The simulation results
suggest that strong light scattering occurs with larger par-
ticle size distribution. A larger particle size distribution
means more particles with a size close to the laser wave-
length are being used in ceramic pSL.

The stronger scattering effect resulting from broader
particle size distribution results in poor spatial resolution.
A narrow size distribution of ceramic particles is desired for
fine ceramic pSL fabrication.
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Fig. 4. Curing depth and curing radius as a function of particle mean size.
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Fig. 5. Curing depth and curing radius as a function of particle size
distribution Ad from 0.05 to 0.30 pm with fixed mean particle size of 0.5 pm.

3.2. The influences of the refractive indices of the
ceramic particle and the resin on ceramic uSL

Fig. 6 shows the curing depth and radius dependence on
the refractive index of ceramic particle suspended in the UV-
curable resin, with the refractive index of 1.4. The curing
radius increases from 4.3 to 8.2 um, whereas curing depth
decreases from 72 to 48 um with an increase of refractive
index of ceramic particle from 1.7 to 2.7. These results
indicate that a larger difference in refractive index will
produce a stronger scattering effect, which is agreed with
the light scattering theory.

The scattering effect in ceramic pUSL can be greatly
minimized by choosing the ceramic particles that have
the refractive index close to that of the solution. For certain
applications, the ceramic material is often selected and
cannot be replaced by other materials with smaller refractive
indices. For example, in order to fabricate a Piezo actuator

90

by ceramic uSL, PZT particles have to be used even its
refractive index is as high as 2.4. According to the Mie
theory, the light scattering in uSL is mainly determined by
the refractive index contrast between ceramics particles and
UV-curable solution. In order to reduce the scattering effect,
an alternative method is to increase the refractive index of
the UV-curable resin by additives of high refractive index
[20]. By choosing the additive that does not change the
chemical properties of the UV-curable solution, the pSL of
high refractive index ceramics materials have been investi-
gated with various refractive index of monomer resin [9].

Fig. 7 shows that the curing depth increases from 50 to
74 pm with an increase of the refractive index of UV-curable
resin from 1.6 to 2.2, whereas curing radius decreases from
7.3 to 4.3 um. This result confirms that the increase of the
refractive index of UV-curable solution can effectively
suppress the scattering effect.

3.3. The influences of the absorption coefficient of the
ceramic particle on ceramic pSL

As shown in Fig. 8, both the curing depth and radius
decrease with increases of the absorption coefficient of
ceramic particles. The higher the absorption coefficient of
the ceramic particle is, the more laser energy is absorbed.
Therefore, less energy can be used for the photo induced
polymerization. It suggests that higher laser intensity is
required in the pSL of absorbing ceramic particles to
maintain a certain curing depth.

3.4. Simulation on uSL of three common ceramics:
silica, alumina, and PZT

Three representative ceramic materials used in puSL are
chosen as case studies for numerical modeling: (1) silica as a
low refractive index ceramic material; (2) alumina as a
medium refractive index structural ceramic material; (3)
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index of 1.4. of silica, alumina and PZT.

With an intensified laser beam, an increase of both curing
depth and radius of pSL is observed for all three ceramic
suspensions (Fig. 9). The alumina has the largest curing

Fig. 10. Microfabrication of ceramic green structures: (a) 30 pm wide Al,O; micro channels build by five layers with a layer thickness of 100 pm. The length
of the channel is 400 pm; (b) the 400 pm high PZT micro tube is constructed by 20 layers with a layer thickness of 20 pm. The micro tube has the inner
diameter of 100 pm and outer diameter of 350 pm.
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radius and the smallest curing depth among all three ceramic
materials. It is attributed to the stronger light scattering
occurred for alumina suspension because the mean diameter
of the particles (0.3 pm) is close to the UV laser wavelength
(0.364 um). On the other hand, a small refractive index and
large diameter of silica particle leads to a weaker scattering
during the fabrication, resulting in a larger curing depth and
smaller curing radius.

The optical scattering during ceramic uSL is a rather
complicated phenomenon and is collectively dependent on
different physical parameters including particle size and
optical properties of both particles and resin. The numerical
modeling is demonstrated to be an effective method to
simulate and optimize ceramic PSL process.

4. Microfabrication

By applying the numerical model to predict the critical
process parameters, the micro green structures formed by
various structural or functional ceramic materials have been
successfully fabricated (Fig. 10). The 30 um wide alumina
micro channels are built by five layers with a layer thickness
of 100 um (Fig. 10(a)). The micro channels are 400 pm long
and 100 pm high. The PZT micro tube shown in Fig. 10(b)
has an inner diameter of 100 um and outer diameter of
350 um. The 400 pum high PZT micro tube is constructed by
20 layers, with a layer thickness of 20 pm.

5. Conclusion

The influences of critical physical properties of ceramic
particles and UV-curable resins used in ceramic puSL are
investigated through the developed numerical model. Light
scattering is found to essentially influence the pSL of
ceramics. It is found that the scattering is the strongest
when the size of the ceramic powders approaches the laser
wavelength (0.364 pum). It is also found that strong scatter-
ing occurs at a high refractive index contrast between the
particle and the resin. High laser intensity is required to
fabricate high UV absorption ceramic materials to compen-
sate for the laser energy absorbed by the ceramic particles.
WUSL of three commercially available ceramics: silica, alu-
mina and PZT, are examined by numerical model. The
numerical modeling is demonstrated as an efficient method
to predict the critical process parameters, and the high
precision ceramic LSL has been achieved experimentally.
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