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bstract

simple and cheap micromoulding fabrication route was developed to prepare freestanding piezo active features. Dimensions as small as 200 �m by
00 �m and 40 �m high were successfully fabricated via a replication technique. The lead zirconate titanate features were thoroughly characterized
sing SEM, EDX and XRD analysis. The properties of the features were influenced by several factors like the type of substrate, sintering temperature

nd sintering atmosphere. Features prepared on alumina substrates and sintered in lead atmosphere displayed a structure with reproducible
imensions. Next to that they were low in porosity and had a comparable composition with respect to the starting powder. The remanent polarization
f the lead zirconate film was 12.3 �C/cm2 and the coercive field was 8.7 kV/cm.

2009 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PbZrxTi1−xO3, 0 ≤ x ≤ 1, PZT) is a
eramic material with excellent piezoelectric properties. There
re several methods to pattern PZT thick films (>5 �m) and to
roduce complex piezo ceramic structures.

Slip pressing and centrifugal casting are used to fabricate
ZT arrays with high aspect ratio and dimensions in the 100 �m
ange.1 Another commonly used technique is direct green tape
icromoulding.2,3–6 In this case a PZT suspension is cast on a

tructured mould and adapts the inverse structure of the mould.
fter release from the mould and firing a structured PZT film

s left. The casting methods described in the latter paragraph
llow a wide variety of structures to be fabricated, however the
ZT structures are always interconnected. Obtaining freestand-

ng features requires secondary processing steps.

Freestanding green features can be fabricated by means of

sacrificial photoresist mould on top of a substrate.6 The pho-
oresist is locally exposed and developed to obtain the inverse

∗ Corresponding author. Tel.: +31 53 4892063; fax: +31 53 4894611.
E-mail address: r.g.h.lammertink@tnw.utwente.nl (R.G.H. Lammertink).
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f the required structure. Subsequently, the mould is filled with
uspension. The photoresist is either dissolved leaving the green
ompact in the required structure or burnt out followed by a sin-
ering step. Lines with a height of 5 �m and a width of 10 �m
an be prepared in this way, but each new experiment requires
he preparation of a new photoresist mould.7

Screen printing does not make use of sacrificial moulds.2,8

suspension is printed through a screen on a substrate. The
rinted ink should meet certain requirements (e.g. viscosity, sol-
ent evaporation rate). Structuring is somewhat limited by the
atio of dense and open areas of the screen and the dimensions
f the printed features.9 Limitations are even more severe when
sing ink jet printing of PZT.10,11 Small orifices can clog and
ultiple printing steps are required with the additional drying

ssues for thicker structures.
More advanced techniques as pulsed laser deposition12

PLD) and aerosol deposition13 allow the fabrication of
reestanding features with shadow masking. An additional
dvantage is that PZT features can be grown in situ and

pitaxially, which reduces the process temperature to 600 ◦C.
he poling process, required for PZT produced from sol–gel or
uspension casting, becomes superfluous.14 Disadvantages of
hese techniques are the requirement of advanced equipment and

mailto:r.g.h.lammertink@tnw.utwente.nl
dx.doi.org/10.1016/j.jeurceramsoc.2009.06.019
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Fig. 1. Schematic cross-sectional overview of the preparation procedure: silicon
mould (A), suspension cast on mould (B), solvent evaporation and shrinkage of
the suspension (C), polymer film cast (D), release of the composite green tape
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p-scaling difficulties. Typical film thicknesses of these depo-
ition techniques are <0.5 �m, which is significantly smaller
han the films fabricated with the other techniques mentioned.

This paper deals with a novel method in microstructuring PZT
nto freestanding features using a micromoulding technique. A
uspension containing commercial PZT powder is moulded to
he required features and released from the mould by casting an
dditional polymeric film over it. The resulting composite (poly-
eric film + moulded suspension) is subsequently fired leaving

reestanding PZT features. The micromoulding technique allows
wide variety of shapes with dimensions in the lower microm-

ter range to be fabricated. Other advantages of this method
nclude its simplicity, cost effectiveness and its up-scaling oppor-
unities.

. Experimental

.1. Suspension preparation

A suspension suitable for tape casting was prepared according
o the recipe given in Table 1. Commercial Pb(Zr0.53Ti0.47)O3
owder supplied by Sparkler Ceramics, India and a dispersant,
olsperse 20000, were added to the solvent iso-propanol. The
olution was ball milled for 24 h using zirconia balls (diam-
ter 5 mm), to deagglomerate the powder. After addition of
inder (polyvinyl butyral, PVB) and plasticizer (benzyl butyl
hthalate, BBP) the suspension was mixed by means of the
irconia balls for 24 h. To remove bubbles from the suspen-
ion, the suspension was left standing for another 24 h. After
his ‘degassing’ step, the suspension was constantly magneti-
ally stirred in between different casting experiments to prevent
edimentation.

.2. Fabrication of the green features

A schematic summary of the production process is displayed
n Fig. 1. The suspension was cast on the mould (A) about twice
he thickness of the depth of the features (B) and left for sol-
ent evaporation. The excess on the ridges was removed by
eans of a double-edged razorblade (C). In a second casting

tep a polymer solution (PVB in iso-propanol) was cast and
ormed a composite green tape (D). The composite green tape
as immersed in water and subsequently the tape was released
rom the mould by peeling and dried between glass plates for
traightening (E). The tape was applied to a substrate (either
diced silicon wafer or a diced polished pure alumina wafer)
hich was wetted with ethanol. The substrate was heated to

able 1
ecipe for slurry preparation3 (wt%).

unction Component Comp.

olvent Iso-propanol (Merck, Germany) 32
ispersant Solsperse 20000 (Solsperse, England) 0.5
owder Pb(Zr0.53Ti0.47)O3 (Sparkler Ceramics, India) 61
inder Polyvinyl butyral (TCW, USA) 4.5
lasticizer Benzyl butyl phthalate (TCW, USA) 2.0
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E), applying composite green tape on substrate (F), fired freestanding ceramic
tructures (G), top view freestanding features on substrate (H).

00 ◦C for 5 min to melt the composite green tape to the sub-
trate (F). Binder burn out and sintering were performed (G and
) after this heating treatment.

.3. Binder burn out and sintering

Thermal gravimetric analysis (TGA, Setaram, Setsys 16)
as carried out to determine the binder burn out procedure

or the sintering process. An alumina cup was filled with a
ample to perform the TGA measurement with. The heating
amp was 10 ◦C/min till 300 ◦C and 0.5 ◦C/min from 300 ◦C to
50 ◦C. Weight-loss (binder burn out) started around 250 ◦C.
he TGA curve dropped sharply between 300 ◦C and 320 ◦C,

hen binder burn out speed diminished till the curves flattens out
rom 430 ◦C.

In the sintering procedure of the composite tapes the heating
ate was kept low (1 ◦C/min) till 500 ◦C. Binder burn out took
lace slowly to prevent distortion of the features by formation
f gas bubbles. After a dwell of 30 min at 500 ◦C, the heating
ate was increased to 4 ◦C/min till the final sinter temperature
as reached (1000–1200 ◦C for 1–3 h). The cooling rate was
◦C/min. Sintering was performed in air or in lead atmosphere
reated by sintering the samples in the presence of PbZrO3 (PZ)
owder in closed alumina crucibles.15
Other PZT samples were isostatically pressed at 4000 bar
sing a home-made pressure vessel with hydraulics (EPSI,
emse, Belgium) to determine the bulk material properties. The
reen samples were sintered at 1200 ◦C for 3 h at a heating rate of
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Fig. 2. SEM micrographs of a composite green

◦C/min followed by cooling at a rate of 5 ◦C/min. After sinter-
ng, discs were cut from the PZT sample, using a diamond saw.
he thickness of the discs varies between 200 �m and 1300 �m
nd the diameter was approximately 16 mm.

.4. Characterization

The morphology of the sample was investigated by scan-
ing electron microscopy (SEM) using a JEOL, JSM 5600 or a
EISS, FE Leo 1550 microscope. The composition of the top
.5–1.0 �m of the surface and the cross-section of a sample was
etermined by EDX (Thermo Noran Vantage 6). The EDX anal-
sis of the sample surface was carried out at a magnification of
000 on areas measuring 72 �m by 54 �m. For the composi-
ion determination of the cross-section a window of 20 �m by
�m was used. The composition was measured at three differ-
nt parts in the cross-section: near the surface, in the middle of
he sample and near the substrate. The crystal structure of both
he starting powder and the sintered features was determined
y XRD (Philips XRD X-pert). The material density of sin-
ered PZT was determined using a Pycnometer (Micromeritics,
ccuPyc 1330).
The porosity of a cross-section was determined by image

nalysis of a SEM micrograph.

.5. Electrical measurements
For electrical measurements a larger PZT film (3 mm by 5 mm
nd a thickness of 400 �m) was sintered on alumina and removed
fter sintering. The preparation procedure was otherwise equal

3

1

ig. 3. SEM micrographs of sintered features on silicon sintered for 1 h at 1000 ◦C
eatures (C).
. Top view (A), surface (B), cross-section (C).

o the tape-casting method. To perform electrical measurements
gold electrode was sputtered using a Balzer sputter device

Union SCD 040) on both bottom and top of the PZT sample.
latinum wires (diameter 0.05 mm) were connected to the gold
lectrodes with silver paste (silver methyl-iso-butylketon, Ache-
on Electrodag). The PE hysteresis loops were measured using
Precision Pro Ferroelectric Analyzer (Radiant Technologies

nc.) with a high voltage amplifier. The analyzer was connected
ia clamps to the platinum wires. Measurements were performed
n silicone oil (Aldrich, Germany) at room temperature.

. Results and discussion

.1. The green state

Fig. 2 shows SEM micrographs of the composite green tape
omprising the polymeric lift off film and the features contain-
ng PZT powder and polymer. The dimensions of the features
re 200 �m by 200 �m (same dimensions as the structures on
he mould). The thickness is approximately 40 �m. The fea-
ures contain binder (7.4%), plasticizer (2.9%) and PZT powder
89.7%). The lift off film below the squares (Fig. 2A and C) is
urely polymeric. The squares are sharply edged and powder
ensity is high as shown in Fig. 2B. The powder particles are
learly visible on this SEM picture.
.2. Sintering on silicon substrates

SEM micrographs of features sintered on silicon for 1 h at
000 ◦C can be seen in Fig. 3. The features lose their sharply

. Top view (A), surface (B), magnification of the crystals at the edges of the
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Table 2
Composition of features sintered on silicon in air atmosphere for 1 h at 1000 ◦C.

Comp. Powder (suppl.) Powder (EDX) Feature

Pb 0.50 0.50 0.49
Zr 0.27 0.26 0.04
Ti 0.23 0.24 0.41
Si – – 0.06

T
t

e
l
o
E
t
s

s
s
T
o
E
s
s

s
t
t
i

3

l
t
1
t
t
b
t
p
s

Table 3
Composition of features sintered on alumina in air atmosphere for 2 h at different
temperatures.

T (◦C) Component Feature Ratio Zr/Ti

1000 Pb 0.32
1.6Zr 0.42

Ti 0.26

1100 Pb 0.00
1.9Zr 0.65

Ti 0.35

1200 Pb 0.00
1.4Zr 0.58

Ti 0.42

Samples sintered at three different temperatures. The ratio between Zr/Ti in the
u
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he composition of the powder according to the supplier, determined by EDX (no
emperature treatment carried out) and the composition of the sintered features.

dged shape and the surface contains several irregularities and
arge rectangular crystals. In the SEM analysis no pores were
bserved and it is hard to distinguish clear grains at the surface.
DX analysis showed that most of the rectangular crystals con-

ain silicon, zirconium and oxygen. Some of them contain lead,
ilicon and oxygen.

Table 2 shows the composition of the powder according to the
upplier and according to our EDX measurements. The compo-
ition determined by EDX, from the center of a feature is given.
he presence of silicon in the features is ascribed to diffusion
f silicon from the silicon substrate to the surface of the feature.
DX analysis of the cross-section showed a strong gradient in
ilicon from the substrate side of the sample to the surface of the
ample.

At elevated temperatures silicon is not suited to be used as
ubstrate for sintering PZT, because it is too reactive, confirming
he results found by Beepy et al.16 However, they did not report
he formation of the rectangular crystals and silicon diffusion
nto the PZT.

.3. Sintering on alumina substrates in air

Alumina is more stable than silicon in combination with
ead zirconate titanate and can withstand higher temperatures
han silicon.17,18 PZT features were sintered in air at 1000 ◦C,
100 ◦C and 1200 ◦C. Even after sintering at 1200 ◦C the fea-
ures show high porosity (Fig. 4). Between the squares (Fig. 4A)

here is some PZT material visible which is either PZT crum-
led of the edges of the features or PZT that was present in
he polymeric lift off film. The latter can be due to incom-
lete removal of the excess of the suspension after the casting
tep.

c
t
s
h
T

Fig. 4. SEM micrographs of sintered features in air atmosphere for
ntreated powder is 1.1. All sintered samples show an increased ratio in favour
f Zr.

The composition measured by EDX is given in Table 3
howing a decreasing amount of lead while sinter tempera-
ure increases. When sinter temperatures are above 850 ◦C, lead
vaporation takes place from PZT.19 At 1100 ◦C no lead is found
n the surface. The evaporation of lead also influences the zir-
onium/titanium ratio (ratio of the untreated powder is 1.1/1.0).
he ratio in the first 500–1000 nm (penetration depth of EDX)
hanges in favour of zirconium. This is observed in all the sam-
les sintered in air on alumina, although the ratio is not constant
nd peaking at 1100 ◦C (ratio zirconium/titanium is 1.9/1.0).
t 1100 ◦C all the lead has disappeared from the surface. It is
elieved that at 1200 ◦C some rearrangement of the zirconate
nd titanate takes place resulting in a less distorted ratio.

A cross-section of a sample sintered at 1000 ◦C is analyzed
nd the results are shown in Fig. 5. The relative lead and titanium
oncentrations decrease throughout the film from the substrate
ide to the air side of the sample, while the relative zirconium
oncentration increases towards the air side. This concentration
radient of the sample is caused by lead evaporation from the sur-
ace while this lead evaporation influences the relative elemental
oncentration throughout the sample. The zirconium concentra-

ion increases significantly from substrate side (bottom) to air
ide (top). This concentration profile can be attributed to the
igher activity of lead zirconate compared to lead titanate.20

herefore, it is assumed that lead evaporation takes place pre-

2 h at 1200 ◦C. Top view (A), surface (B), cross-section (C).
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Fig. 5. Relative composition profile of a PZT sample sintered in air atmosphere
for 2 h at 1000 ◦C and 3 h at 1200 ◦C in lead atmosphere. The x-axis shows the
position in the substrate. The thickness of the sample is 30 �m. The bottom
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Table 4
Composition of features sintered on alumina in lead atmosphere for 2 h at
different temperatures.

T (◦C) Component Feature Ratio Zr/Ti

1000 Pb 0.53
1.4Zr 0.27

Ti 0.20

1100 Pb 0.52
1.4Zr 0.28

Ti 0.20

1200 Pb 0.51
1.4Zr 0.28

Ti 0.21
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omposition is measured close to the substrate and the top composition close to
he top surface of the sample. EDX analysis is carried out using a window of
�m by 20 mm.

ominantly from the lead zirconate. The lead zirconate phase
egregates to the surface and lead evaporates from the surface
eaving a lead oxide deficient surface layer.21 It is assumed that
ead evaporation drags lead zirconate from the bulk towards the
urface, changing the original ratio between zirconium and tita-
ium in favour of zirconium and increasing the relative amount
f titanium in the bulk.

.4. Sintering on alumina in lead atmosphere

To keep the composition of the sintered features equal to the
tarting composition of the powder, sintering is carried out in
ead atmosphere. At first PZT powder is added to the crucible
o supply for the lead environment. However after EDX analy-
is the samples still show lead loss. Therefore, to prevent lead

vaporation, lead zirconate which has a higher vapour pressure
han lead zirconate titanate is used. The composition of the sam-
les sintered in lead atmosphere from lead zirconate is given in
able 4. The zirconium/titanium ratio is similar for all the three

a
a
f
t

Fig. 6. SEM micrographs of sintered features in lead atmosphere fo
intering temperatures, but is slightly higher than the ratio in the
tarting powder.

In Fig. 5 it can be seen that the composition of a feature sin-
ered in lead atmosphere hardly changes throughout the sample.
he zirconium content is constant and the lead and titanium ratio
iffers slightly. The small increase in lead content towards the
op surface can be caused by condensation from the lead atmo-
phere. The deviation however is within the experimental error
f the measurement.

SEM micrographs of a sample sintered in lead atmosphere
re shown in Fig. 6. The features maintain their sharply edged
hape. The top surface shows sintered PZT grains comparable to
EM micrographs of the surface of uniaxially pressed-sintered
ZT samples.22,23 The composition of the PZT is almost iden-

ical to the composition of the starting powder. The surface is
ompletely dense. This is only observed when the features are
ufficiently small (side dimensions < 500 �m). A cross-section
isplays a porosity of about 3% (Fig. 6C). Stresses generated by
hrinkage during sintering result in crack formation in larger fea-
ures. Both starting powder and sintered features are analyzed
y XRD (Fig. 7), and show the same perovskite phase. The
attern is associated with the rhombohedral and the tetragonal
hase (ICDD 01-070-4265, 00-050-0346). The additional peaks

ppearing in the spectrum of the sintered film are caused by the
lumina substrate on which the feature is sintered. The sintered
eatures therefore have the desired PZT structure corresponding
o the morphotropic phase boundary.

r 3 h at 1200 ◦C. Top view (A), surface (B), cross-section (C).
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ig. 7. XRD analysis of unsintered powder and a sintered film. The extra peaks
n the sintered film around 42◦ are caused by the alumina substrate.

.5. Polarization hysteresis loops

Hysteresis properties of PZT were measured using PZT pro-
essed in two different ways, respectively samples prepared by
sostatic pressing and by tape casting. The relative densities
f the isostatically pressed green samples and sintered sam-
les are respectively 71% and 94% of the theoretical density
7.87 kg/dm3). The PE-loop, rendered in Fig. 8, shows typical
erroelectric domain switching. The material has a coercive field
f 9.7 kV/cm and a remanent polarization of 32.3 �C/cm2. From
hese values the adequacy of the material and sinter procedure
s concluded.

To study the hysteresis loops of features made by tape casting,
green tape is sintered on an alumina wafer (1200 ◦C, 3 h) in

ead atmosphere. The sample is removed from the alumina wafer
nd electrodes are applied on both sides of the sample, without
retreatment. The coercive field of this film is 8.8 kV/cm and
he remanent polarization is 12.3 �C/cm2. The polarization of
his thin film is significantly lower (2.5 times) than the bulk
roperties as measured from the sintered discs with thicknesses

f 200–1400 �m (Fig. 8).

Surface phenomena are a hypothesis for the difference in per-
ormance of the sintered film versus the sintered disc. During
intering lead evaporation from the surface is believed not to be

b
e
t

Fig. 9. Cross-section of a sintered film (A) and a sintered disc (B
ig. 8. PE-loops of a sintered disc and a sintered film. Both samples are sintered
n lead atmosphere at 1200 ◦C for 3 h.

ompletely inhibited. In case of the sintered disc the outer sur-
ace exposed to the lead atmosphere is removed by sawing, but
his cannot be done for the sintered film. This film has probably
less active surface layer and therefore decreased performance,
aused by lead condensation. A second hypothesis is the grain
ize. Because the preparation method of both PZT samples is
ifferent (pressed sample versus tape casting) the grain size dif-
ers as well. The average grain size in the sintered disc (10 �m)
s higher than the average grain size in the sintered film from
ape casting (7 �m, see Fig. 9). Samples with larger grains show
igher remnant and saturated polarization than samples with
maller grains. Next to that samples with smaller grains tend to
ave a more stretched shape of the hysteresis loop parallel to
he x-axis, which is also clearly visible in the hysteresis loop of
he sintered film. In literature, the latter trend was also observed
or PZT doped with niobium (Pb0.988(Zr0.52Ti0.48)Nb0.024O3)
lthough less pronounced.24 The trend was not observed
or undoped PZT, which is the type of PZT used in this
esearch.
Hysteresis loops of PZT features on substrates could not
e measured yet because of compatibility problems of the
lectrodes at high temperatures. This is an area for further inves-
igation.

). Both samples are sintered at 1200 ◦C in lead atmosphere.



urope

4

u
o
f
f
fi
t
2
r
r
p
o
i
fi
p
s

R

1

1

1

1

1

1

1

1

1

1

2

2

2

2

J.G. van Bennekom et al. / Journal of the E

. Conclusion

Freestanding ceramic features are successfully fabricated
sing a novel simple micromoulding route with good up-scaling
pportunities. A PZT suspension is cast on a mould to obtain
reestanding structured features. The PZT features are released
rom the mould by casting a polymeric film over the solidi-
ed suspension and releasing the formed composite. It is shown

hat freestanding squares with lateral dimensions of 200 �m by
00 �m and 40 �m tall are easily fabricated. The support mate-
ial used during sintering has a strong influence on the final
esults. Alumina proved to be a good support. Sintering must be
erformed in lead atmosphere to maintain the initial composition
f the PZT. The PZT film prepared via green tape micromould-
ng has a remanent polarization of 12.3 �C/cm2 and a coercive
eld of 8.7 kV/cm. The developed method is unique in its sim-
licity and can be used to make a wide variety of piezo active
tructures as well as other ceramics.
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