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Abstract

Ž . Ž .The microstereolithography mSL of lead zirconate titanate PZT thick films on platinum-buffered silicon substrates is reported for
Ž .the first time in this paper. Crack-free PZT thick films 80–130 mm thick have been fabricated by laser direct-write UV polymerization

from the HDDA-based UV curable PZT suspensions. The characterization of the fired films shows dielectric permittivities of 120–200,
2 Ž .tangent loss of 0.92–2.5% and remnant polarization of 0.9–1.7 mCrcm . The field-induced longitudinal piezoelectric coefficient d of33

Ž . y3an 84-mm thick film is 100 pCrN and the piezoelectric voltage coefficient g is about 59.5=10 V mrN. These results33

demonstrated the potential for mSL of advanced piezoelectric microsensors and microactuators. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Ž .Lead zirconate titanate PZT films on silicon substrate
have been considered very promising for microsensors and

w xactuators with high energy density 1–3 . PZT thick films
Ž .)15 mm are of special interest in developing microsen-
sors and actuators with high power output, such as microp-

w xumps, micromotors and ultrasonic microtransducers 4–7 .
Various PZT film deposition techniques have been devel-

Ž . w xoped in the past decade Table 1 8–15 . However, the
reported PZT thick film deposition approaches, such as
screen printing and jet printing, utilize mechanically con-
tacted pattern mode, leading to a limited thick film pattern
resolution of about 50 mm. In addition, multiple paste–
heating–cooling cycles are usually required in the above-
mentioned thick film processes, since the single paste pass
can only yield about 10 mm thick film within each cycle
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Ž . w xprinting, binder burning, firing, cooling 5 . Therefore,
the slow deposition rate is also a concern in these pro-
cesses.

A rapid 3D microfabrication technology, microstere-
Ž .olithography mSL , was recently introduced to fabricate

high aspect ratio and complex 3D-microstructures for
w xMEMS 16 . The mSL shares the same principle with its

macroscale counterpart, but in different dimensions. In
mSL, a UV laser beam can be focused to 1–2 mm, rather
than hundreds of microns in conventional SL to obtain
precisely patterned microstructures. With synchronized
x–y beam scanning and z-axis motion, the complicated 3D
micropart can then be built in a layer-by-layer fashion
Ž .Fig. 1 .

The fabrications of micropolymeric parts and subse-
quent electroplating of micrometallic parts have been ex-

w xplored 16–19 . Impressively, most of the complex 3D
microparts with high aspect ratio can be built within a few

w xhours 16 . Recently, successful mSL of structural ceramics
was reported in the fabrications of 400 mm and 1 mm

w xalumina gears 17 . In order to further improve the mSL
fabrication speed, some modified mSL approaches by us-

w xing optical fibers 18 and dynamic mask generators have
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Table 1
PZT film fabrication approaches

Processes Deposition rate Composition Compatibility
Ž .thickness control with IC process

EB evaporation Intermediate Bad Good
IB deposition Low Intermediate Good
Sol–gel Low Good Intermediate
Hydrothermal reaction Intermediate Intermediate Bad
Sputtering ;1 mmrh, low Intermediate Good
Laser ablation 1–3 mmrh, intermediate Good Good
Jet printing High Bad Bad
Screen printing ;100 mm, high Intermediate Intermediate
Electrophoretic deposition Intermediate Intermediate Bad

w xalso been developed 19 , allowing for rapid fabrication of
microparts on large silicon wafers.

To fabricate the PZT thick film structures on silicon
substrate in a rapid and precise way for advanced piezo-
electric microdevices, a novel mSL process with high
pattern resolution and rapid prototyping nature is devel-
oped in this study. Structural and physical properties of the
fabricated PZT thick films are characterized and compared
with those of the films fabricated by other methods.

2. mSL of PZT thick films

Due to the fact that ceramic suspension is quite viscous
Ž .at high solid loading volume fraction , the previous free-

surface mSL apparatus cannot be used effectively for the
w xfilm re-coating and thickness control 17 . A precision

blade technique was developed to spread the suspension
into a uniform layer with controlled thickness ranging
from several microns to hundreds of microns, which is
defined by the distance between the blade and substrate.
The modified mSL apparatus consists of the following
major components: an Arq laser, a beam delivery system,
computer-controlled precision x–y–z stages, and a blade

Ž .with a precision micrometer Fig. 1 . The smallest UV
beam spot size achieved was 1–2 mm. The laser wave-
length used in this work was 364 nm.

Fig. 1. The developed mSL apparatus including an Arq laser, the beam
delivery system, computer-controlled precision x – y – z stages and preci-
sion blade.

The UV curable PZT suspension was prepared by ball
Ž .milling fine PZT powders EDO 76 , UV curable monomer

Ž Ž ..1,6-hexabediol diacrylate HDDA , photoinitiator, sol-
vent and dispersant. The mean particle size of PZT pow-
ders was about 1 mm before ball milling. The solution was
diluted with solvent to achieve reasonable viscosity. The
addition of dispersant and the ball milling were used to
homogenize the suspension. Generally, the highly loaded
ceramic suspension is quite viscous, unless an excellent

w xdegree of colloidal dispersion is achieved 20 . Considering
a ceramic suspension viscosity of 3000 mPaPs, which was
set as the maximum resin viscosity in conventional SL to

w xensure a satisfactory layer re-coating 21 . The relationship
Ž .between the solid loading volume fraction of HDDA-

based suspension and the dispersion factor dispersion is
shown in Fig. 2, calculated from the Krieger–Dougherty

w xequation 20 . Dispersion factor is a coefficient used to

Fig. 2. The relationship between the maximum solid volume fraction and
the dispersion factor in the case where the suspension viscosity is equal to

Ž3000 mPaPs, the viscosity limitation for stereolithography Krieger–
Ž .y2 .5F 0Dougherty equation: n sn 1y bF rF , where n is the viscos-0 0

Žity of suspension; n is the viscosity of pure liquid n s6 mPaPs for0 0
. Ž .HDDA ; b is the dispersion factor G1 , b s1 with perfect dispersion;

F is the solid volume fraction; F is the maximum solid fraction in the0
Žcase of perfect dispersion F s0.7 for powders with a wide particle size0

..distribution .
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Fig. 3. Schematic cross-view of PZT thick film on Pt-buffered silicon
substrate.

measure how well the particles are dispersed in the solu-
tions, and it is equal to 1 when the particles are perfectly
colloidally dispersed, otherwise, it is larger than 1. In this
work, the solid loading of the prepared HDDA-based PZT

Ž .suspension was 33% vol. . The 500-mm-thick silicon
wafer was prepared with a 500-nm thermally grown oxide,
sputter-coated 150-nm platinum and a 20-nm titanium

Ž .adhesion layer Fig. 3 . The silicon substrate was placed
on the elevator, which was attached to the z stage.

Ž .PZT thick films )15 mm were then fabricated on Si
substrate with the mSL apparatus. A PZT suspension layer
with controlled thickness was uniformly spread on the
substrate by a precision blade. The film was then solidified
and patterned after the subsequent UV laser exposures.
The unpolymerized PZT suspension was removed by rins-

Ž .ing the wafer carefully with isopropyl alcohol IPA and
DI water for several minutes. It was dried with compressed
air and put into a post-curing box for 30 min to 1 h. After
the post-curing, the films were heated slowly at a ramp of

28Crmin to 3008C where it was held for 2 h, then further
heated up to 6508C and held for 4 h to burn out all the

Ž .binders polymer , followed by annealing at 700–8508C
for 1–2 h. Finally, 200–300 nm Pt film was sputtered on

Ž .the top of PZT film as the top electrode Fig. 3 .

3. Characterization

The mSL fabricated PZT thick films on silicon substrate
were characterized by investigating the microstructure and
physical properties, such as dielectric and piezoelectric
properties. An Alpha-Step 100 profilometer was used to
measure the film thickness, the measurement accuracy of
this equipment for the thickness measurement is 0.1 and
2.5 nm corresponding to the measurement range of less
than 13 and over 13 mm, respectively. The X-ray diffrac-

Ž .tion XRD patterns of the crystal structure of the fabri-
cated PZT thick films were recorded by a Scintag DMC-105
diffractometer. The microstructure and morphology of the
film were observed by a scanning electron microscope
Ž .SEM . The capacitance and loss tangent were measured
directly by a Hewlett Packard 4274A LCR meter at 1 kHz.
The dielectric permittivity was then calculated by ´s

Ž .Ctr ´ S , where C is the capacitance, t is the thickness of0

the PZT film, S is the electrode area, and ´ is the0

permittivity of a vacuum. The ferroelectric hysteresis be-
havior of the film was examined with a modified
Sawyer–Tower circuit at 50 Hz driving field, from which
the coercive field, remnant polarization and maximum
polarization can be determined. The piezoelectric proper-
ties of the film were evaluated from the strain response to
a weak external-driving field. The mechanical properties of
the PZT films formed would also be of interest for the
future work. A modified double-beam laser interferometer,
which is capable of resolving AC displacement of the

w xorder of 0.001 nm with a lock-in amplifier 22 , was used

Ž . Ž . ŽFig. 4. SEM surface microstructure of the fabricated thick PZT film 100 mm . a Microstructure of green PZT thick film PZT powders and binders
Ž .. Ž .HDDA ; b microstructure of PZT thick film after burning and 1 h annealing under the peak temperature of 8508C.
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Fig. 5. XRD pattern of PZT thick films fired at 8508C for 1 h. The wafer
structure consisted of 0.5-mm-thick thermally grown oxide on silicon,
with 20 nm of titanium for adhesion and 0.15 mm platinum as bottom
electroderdiffusion barrier.

to measure the longitudinal strain, x . The longitudinal
piezoelectric coefficient, d , was then calculated through33

the converse piezoelectric effect, defined as xsd E,33

where E is the applied electric field. The piezoelectric
Ž .voltage coefficient, defined by g sd r ´ ´ , was then33 33 0

derived from the measured d and dielectric permittivity33

of the films.

4. Results and discussions

The PZT thick films on silicon substrate were success-
fully fabricated by mSL from HDDA-based PZT suspen-
sion. By changing the laser energy density, the solidified
PZT lines were 20–100 mm wide and 10–150 mm thick. It
is known that the ceramic curing depth, C , is inverselyd

proportional to the square of refractive index difference
between the ceramic particles and the UV curable solution,

Ž .2 w xDn, as C A1r Dn 23,24 . The large refractive indexd

difference between the UV curable solution and ceramics

Fig. 6. Polarization-applied field hysteresis for an 84-mm-thick PZT film
at 50 Hz.

Fig. 7. Field-induced longitudinal strain vs. applied driving field. The
thickness of PZT film is 84 mm annealed at 8508C for 1 h and
subsequently at 7008C for 2 h, coercive field is 26.1 kVrcm.

results in the decrease in curing depth, and the significant
laser light scattering into the lateral direction, which causes
larger line width. To improve the precision in mSL of
highly concentrated suspension, a modified UV curable
ceramic suspension with UV absorber was developed in
this work. An experiment was conducted to fabricate discs
of 150 mm in diameter from 55 vol.% ceramic suspensions
with and without UV absorber, but under the same laser
exposure of 111.5 mW and the same layer thickness of 20
mm. It was found that the fabricated disk is about 155 mm
in diameter in the case of with UV absorber, in contrast to
the 220 mm diameter without UV absorber. This demon-
strated that UV absorber could significantly reduce the
light scattering and hence increase the resolution.

After the binder burning and annealing process with a
slow heating and cooling ramp, crack-free PZT thick films
on silicon substrate were achieved, from the observation,
with thickness ranging from 50 to 130 mm. For the
fabrication of a PZT film with the planar sizes of 2=4
mm, 4 min was required with a laser beam scanning speed

Fig. 8. Piezoelectric strain coefficient d as a function of applied fields33

without DC bias and with a DC bias of 12 kVrcm. The thickness of the
PZT film is 84 mm, while the coercive field is 26.1 kVrcm.
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Table 2
Property comparison of PZT thick film on Si substrate

PZT thick film processes Film Dielectric Tangent d d33
Ž .thickness constant pCrN

Ž .mm
aw xScreen printing 7 12 200 0.05 50

mSL 84 200 0.01 100

a The thermal treatment condition is almost the same as the one used
in this work.

of 3.32 mmrs and a line space of 10 mm. Faster fabrica-
w xtion can be achieved by using projection mSL 19 .

The microstructures of the fabricated green PZT thick
Ž .film and the film after firing are compared in Fig. 4 a and

Ž .b , respectively. The green film is found to be less dense
with polymers occupying the pores between solid particles
and acting as binders, which is due to the relatively low

Ž .solid loading used 33 vol.% . After burning and anneal-
ing, the grains grow resulting in a denser PZT film.
However, the grains are still relatively small since the

Ž .annealing temperature 8508C used is far below the typi-
Ž .cal sintering temperature 12008C where the firing of the

PZT films on buffered silicon results in blistering of the
w xtitaniumrplatinum underlayer 5 . The XRD pattern of the

PZT thick film annealed at 8508C indicated the formation
Ž .of a single-phase perovskite structure Fig. 5 .

The dielectric and ferroelectric properties of the fabri-
cated PZT thick films were characterized at room tempera-
ture. The dielectric constant of the films is 127–200, with
the tangent losses of 0.92–2.5% at 1 kHz. A typical
polarization-applied field hysteresis measured in the fabri-
cated PZT thick films is shown in Fig. 6. The remnant
polarizations of 0.93–1.67 mCrcm2 are comparable with
that of PZT thick films fabricated by other processes
w x5,15 . The coercive fields of 26–45 kVrcm were deter-
mined under the peak fields of 107–162 kVrcm. It was
observed that additional 2-h 7008C annealing yielded a
higher dielectric constant. In addition, more efficient bar-
rier layers between silicon substrate and PZT film will

Žallow longer annealing time at higher temperature 950–
.10008C to obtain denser films and improve the film

w xproperties 5 .
The longitudinal piezoelectric coefficient, d , of the33

PZT film was determined by measuring the longitudinal
strain under an external field. The AC strain response of an
84-mm-thick PZT film under different driving fields at 100
Hz is shown in Fig. 7, and the slope of the line corre-
sponds to d , which is about 88.7 pCrN. The effect of33

applying an electric field with DC bias on the d of the33

films was also investigated. The effective d measured33

under driving fields with 12 kVrcm DC bias was found to
Ž .be higher than that without DC bias Fig. 8 . This can be

explained by the fact that the polarization of the film
increases with bias until saturation, and the polarization

w xcontributes directly to the longitudinal coefficient 5 . The

maximum d of 100 pCrN of the mSL fabricated PZT33

thick films was about twice that of the PZT thick films
Ž . w xfabricated by other methods Table 2 5,14 , although it is

still below the bulk PZT material value of 583 pCrN. The
relatively low dielectric constant and remnant polarization
of the PZT thick films formed resulted from the fact that
low annealing temperature and relatively low solid loading
Ž .33% vol. of PZT suspension prepared for mSL lead to

w xthe less dense film 5 . However, with the measured d33

and the dielectric constant, the piezoelectric voltage coeffi-
cient, g , is derived as 59.5=10y3 V mrN, which is33

three times larger than the bulk PZT value of 19.1=10y3

V mrN. The measured d and g demonstrated that the33 33

PZT thick films on silicon substrate by mSL hold good
potential for both microactuators and microsensors applica-
tions.

5. Conclusions

ŽFor the first time, crack-free PZT thick films 50–130
.mm thick have been successfully deposited on silicon

substrate by using mSL. The microstructural, dielectric and
piezoelectric properties of the fabricated PZT films have

Ž .been investigated. The measured d 100 pCrN and g33 33
Ž y3 .59.5=10 V mrN of the fabricated PZT thick films
are promising for advanced piezoelectric microsensors and
actuators. The microfabrication process, mSL of PZT thick
films on silicon substrate, can be integrated with the
conventional silicon micromachining processes. Current
efforts are focusing on property enhancement by increas-
ing the solid loading in PZT suspension and optimizing the
post-processes for mSL fabricated PZT thick films.
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