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Abstract

In this work, electrohydrodynamic atomization combined with a photolithography polymeric micromoulding technique was used to form PZT
ceramic structures. PZT thick film structures consisting of squares and rectangles of various sizes and separations were produced and used to
evaluate the process. An expansion effect of approximately 10 wm on the ceramic structure width relative to the 200 wm wide mould design was
observed. The minimum continuous gap between features achieved using this process was 13.5 wm, and the smallest regular PZT square structure
obtainable was 106 wm in width. A sloping side wall of the PZT structures caused by the shielding of the photoresist mould was also observed
in the process. The resulting PZT structures had a homogenous microstructure and exhibited a relative permittivity of 250, ds ¢ of 67 pPCN~! and

remnant polarisation of 8.8 p.C/cm?.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

10-100 pm thick piezoelectric film is of great interest for
micro-electromechanical system (MEMS) applications such
as sensors, transformers, transducers and actuators.!™ Within
these applications, lead zirconate titanate (PZT) is an impor-
tant piezoelectric material because of its high piezoelectric
constant, relative permittivity and electromechanical coupling
coefficient.> Fabrication of such thickness PZT films using
current fabrication methods is limited by low deposition rate
(physical vapour deposition),® high processing temperature
(screen printing),’ and stress generation (sol-gel coating).® Con-
versely, the use of conventional bulk ceramic processing with
subsequent machining and bonding is wasteful of material and
time consuming.’

The formation of PZT thick film structures is another critical
issue for the integration of PZT onto MEMS. Two typical routes
are commonly used, one of which is screen printing, and the
other is chemical wet etching of previously deposited continu-
ous films. However, a high sintering temperature (8501200 °C)
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is needed in screen printing, which can damage the substrate
and electrodes.!? In addition the resolution is limited between
25 and 100 wm for screen printing by the mesh size and
ability to accurately deposit multiple layers on top of each
other.!! The wet etching of ceramic films can lead to slop-
ing slide walls and limited resolution due to the isotropic
etching process.'> Moreover, the chemical etching solution is
hazardous as it contains hydrofluoric acid. Recently, a new
fabrication route using a micromoulding process in conjunc-
tion with a composite sol-gel spin coating technique was
developed to produce ceramic structures.'® The advantage of
this process is: 1) low sintering temperature due to the use
of the composite sol-gel material and 2) the possibility of
producing high resolution structures through the use of micro-
moulds.

The deposition methods commonly utilized in micromould-
ing processes are mainly contact coating techniques such as spin
coating or screen printing, which limit the edge resolution of
the structures produced because of flow build up at the walls
of the micromould during the removal of excess ceramic sus-
pension. This leads to a characteristic “U” shaped profile of
the feature and a risk of edge fracture. One potential method
to overcome this limit is the use of a spray deposition tech-
nique for coating, which provides a purely vertical deposition of
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Titanium (IV) isopropoxide (99.99 wt.% purity) (3.55 g)
+
Zirconium (IV) propoxide (76 wt.% in 1-propanol) (5.39 g)

Mixed for 5 minutes

Add glacial acetic acid (99.8 wt.% purity) (5 ml) +
1-propanol (99.7 wt.% purity) (10 ml)

Mixed for 5 minutes

Add lead (II) acetate trihydrate (9.95 g)

Mixed for 30 minutes at 95 'C

Add glacial acetic acid (13.2 ml)
+

1-propanol (12 ml)

Fig. 1. Flow chart illustrating the propanol-based PZT sol preparation route.

PZT ensuring uniform coverage and thickness. Ink-jet printing
(IJP) is commonly used in the direct forming of ceramic
structures.'4 However, the drawback of this method is that the
printed droplet size depends on the nozzle size. To achieve small
droplets requires small nozzles which lead to needle blockage
when using highly viscous suspensions containing large parti-
cles. Electrohydrodynamic atomization (EHDA) makes use of
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Fig. 2. Schematic representation of EHDA deposition equipment set-up.

electrical and mechanical forces to form a liquid jet and dis-
integrate it into droplets.'> This makes it possible to produce
fine droplets using a coarse nozzle with a dependence on elec-
trohydrodynamic force rather than the nozzle size. The EHDA
process was widely used in coating!® and generation of fine
powders and droplets from liquids.!” The use of suspensions in
EHDA has shown great potential in recent years.!32% In this
work, the EHDA technique is employed in the micromould-
ing process to form ceramic structures by depositing dense and
crack-free PZT films from a PZT composite sol-gel slurry into
polymeric moulds.

Crack

Fig. 3. Scanning electron microscope micrographs showing the surface of 20 layer PZT films produced using different intermediate solvent removed processes: (a)
dry at room temperature for 5 min, (b) dry at 100 °C for 2 min, (c) dry at 100 °C for 5 min and (d) vacuum at 1.3 kPa for 5 min at room temperature.



D. Wang et al. / Journal of the European Ceramic Society 29 (2009) 1147-1155 1149

2. Experimental details
2.1. Mask design

Three types of feature were designed on a 4in.
Chromium/glass photomask. One feature type was a series of
squares with widths varying from 1 pm to 2000 wm with the
gap between the squares fixed at 200 pm; another feature type
had gaps varying in width from 1 pm to 300 um between a
series of 200 wm wide squares. The third feature was a series
of 200 x 4425 pm rectangles with gaps varying in width from
1 wm to 300 wm. Using these test features, capabilities in terms
of feature size and resolution of the technique were explored
along with the ability to form elongated channels.

2.2. Polymeric micromould formation

Prior to deposition of the photoresist, the Si wafer was
coated with a blanket layer of Ti/Pt (8/100 nm) using RF mag-
netron sputtering (Nordiko Ltd., Hampshire, UK) and cleaned
using acetone/propan-1-ol on a spinner and then dried at
100°C for 3 min. Three layers of AZ9260 positive photore-
sist (MicroChemicals GmbH, Ulm, German) were spun onto
a 4in. silicon wafer to achieve a polymer film approximately

Photoresist
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—

38 wm thick which is designed to meet the thickness of the
PZT film (~30um) to be obtained for the ultrasonic trans-
ducer requirement.?! The first layer of photoresist was spun
down at 2400 rpm for 60s, and then baked on a hot plate at
100 °C for 160s. The second and third layers were spun down
at 2100rpm for 60s, and then baked at 110°C for 160s. In
order to remove the bead formed at the edge of the wafer dur-
ing spinning, the edge of the wafer was carefully washed with
acetone using a cotton bud, spun at 1500 rpm for 60 s and dried
on a hot plate at 100 °C for 30s. The spin coated photoresist
was then exposed to UV light on a MA56 mask aligner (SUSS
MicroTec. Lithography GmbH, Garching, Germany) at a beam
intensity of 6.2mW cm™2 for 403 s. The polymer micromould
structures were developed in the solution of diluted AZ400K (1:4
in water) for approximately 8 min to obtain the micromould fea-
tures. After being cleaned with distilled water the micromoulds
were dried at 100 °C for 120 s before the EHDA deposition of
PZT films.

2.3. EHDA deposition of PZT
The PZT composite sol-gel slurry was prepared from 10 g
of PZT powder with a mean particle size of approximately

0.6 wm and chemical composition of Pb 1: Zr 0.481: Ti 0.472:
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Fig.4. Optical micrographs and surface profile analysis showing the influence of the repeated heat treatment process at 100 °C for 5 min on the photoresist micromould:
(a) before heat treatment, (b) after 5 repeat heat treatment process and (c) the surface profile of (a) and (b).
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Fig. 5. Scanning electron microscope micrographs showing the PZT film structure after 60 EHDA deposition layers at the drying process of 100 °C for 5 min at
every two layers intermediate: (a) on the polymeric micromould before sintering, (b) sintered and patterned 200 wm wide rectangles with gaps of varying sizes, (c)
sintered and patterned 200 wm wide squares with gap of varying lengths and (d) sintered and patterned squares of different sizes.

Nb 0.015: Sb 0.015:Mn:0.015: (PZ 26, Ferroperm, Denmark),
14.2ml of PZT sol (0.42M), 0.2 g of dispersant KR 55 (Ken-
React Lica 38, KenRich) which was used to stabilize the slurry
and 0.069/0.428 g of CuyO/PbO sintering aid which helps to
increase the density and piezoelectric properties of the sintered
PZT film. All these components were mixed in a nitrogen envi-
ronment and then ball-milled on a roller for 24 h. The PZT sol

Fig. 6. Scanning electron microscope micrograph showing the surface
microstructure of the patterned PZT film structure after 60 EHDA deposition
layers.

was prepared from the precursors lead (II) acetate trihydrate,
titanium (I'V) isopropoxide and zirconium (IV) propoxide. The
preparation route is illustrated in Fig. 1. The final chemical sto-
ichiometric ratio of the metal ions in the PZT sol were Pb 1.10:
Zr 0.48: Ti 0.52.

The EHDA deposition device is comprised of an electro-
hydrodynamic needle coupled with a computer controlled X-Y
movement stage (Fig. 2). A needle was connected to a high
voltage power supply and its inlet was connected to a syringe
pump using a silicone rubber tube through which PZT slurry
was pumped. The inner and outer diameter of the needle is 0.85
and 1.3 mm which is a standard commercially available size.
Needles smaller than this size are easily blocked by the flowing
slurry during EHDA process. The high voltage power supply
(Glassman High Voltage Inc., NJ, USA) was used to apply an
electric field between the needle and the ground electrode, and
a syringe pump (KD Scientific Inc., MA, USA) was employed
to provide the hydrodynamic force to push the PZT slurry up
to the outlet of the needle. A thin aluminium plate, serving as
the ground electrode, was placed directly on the X-Y movement
stage and connected to earth potential.

The micromould wafer was placed on the aluminium plate
ground electrode 1 mm below the needle exit for EHDA depo-
sition. In order to obtain a stable jet, the flow rate and the
applied voltage were kept constant at 2.2 x 1071m3s~! and
5.5kV during deposition. The PZT film was built up by alter-
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Table 1

The comparison between design and PZT structure on the squares with different width

Design PZT structure (pm) Expansion of PZT structure in width Standard deviation Expansion of PZT structure in width
according to the design (m) according to the design %
2000 2019.1 19.1 8.7 0.95
1000 1010.2 10.2 5.5 1.02
700 712.3 12.3 2.2 1.77
500 514.2 14.2 4.5 2.84
200 208.7 8.7 4.1 435
100 106.3 6.3 4.1 6.3
70 69.3 (NR)" —0.7 44 NR
50 N/A N/A N/A N/A

* NR: structure not regular.

nately depositing in the X and Y directions on the mould for 60
layers. During the deposition a scan speed of 39 mms~! and
a distance of 4 mm between two neighbouring parallel paths
of deposition were set to ensure a degree of overlap between
deposited materials. After every two intermediate layer depo-
sitions (one X direction scan and one Y direction scan) the
PZT film was subjected to a solvent removing process. Dur-
ing evaporation of the solvent in the PZT film, shrinkage occurs
which can generate internal stress, resulting in cracking of the
film. In order to prevent this and obtain dense and crack-free
PZT films intermediate drying is used after the deposition of
individual layers.?? Ideally this is conducted at a sufficiently
high temperature to cause complete conversion of the sol-gel
material. Due to the presence of the polymeric mould mate-
rial, high temperatures are not appropriate. Four conditions
were examined in this process to assess the effect on the film
microstructure: (1) drying at room temperature for 5 min, (2)
drying at 100°C for 2min, (3) drying at 100°C for 5min
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Fig. 7. The comparison of design and deposited PZT film structures: (a) 200 wm
width rectangles and squares with gaps of varying size and (b) squares of different
size.

and (4) vacuum drying at 1.3kPa at room temperature for
5 min.

2.4. PZT structure evaluation

In order to remove the polymeric mould and pyrolyze the
PZT film after EHDA deposition, the structure was sintered at
720 °C for 20 min in a muffle furnace. The final PZT film struc-
ture was dipped in acetone for 5min and then cleaned in an
ultrasonic bath to remove residual photoresist. Chromium/gold
top electrodes with a thickness of 15/100 nm and a diameter of
770 pm were deposited on the PZT film structure surface by
vacuum evaporation (Edwards Evaporator E480) after sintering
to allow electrical characterisation.

3. Results and discussion
3.1. Formation of crack-free PZT films

Fig. 3 shows the sintered surface finish of 20 layer thick films
produced using the drying condition at: (a) room temperature,
(b) 100°C for 2min, (¢) 100°C for 5min and (d) under vac-
uum at room temperature. Before sintering no distinct cracks
were evident on the films subjected to the heating and vacuum
drying processes. After sintering the PZT film produced using
the room temperature intermediate drying process showed large
cracks (Fig. 3a), which resulted from the shrinkage induced by
the removal of large quantities of residual solvent in the film
leading up to the final sintering stage. When a drying temper-
ature of 100 °C for 2 min was applied to the film the cracking
was reduced (Fig. 3b) but not eliminated. A 5 min drying time
at 100 °C was shown to be adequate to remove the solvent suffi-
ciently to obtain crack-free films (Fig. 3c). AZ9260 photoresist
is intolerant to high temperatures, and temperatures higher than
110°C resulted in its rapid deformation and degradation pre-
senting the use of more thermally extreme drying conditions.
Therefore, the intermediate heat treatment process at 100 °C for
5 min was used as drying condition to remove the solvent and
obtain crack-free PZT film using this technique. The film was
also subjected to a vacuum treatment at 1.3kPa for 5min to
force the solvent volatilisation without the application of heat.
Small cracks were still evident after this treatment and sintering
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Fig. 8. Scanning electron microscope micrographs showing the microstructure of the smallest gap patterned after 60 EHDA deposition layers: (a) between 200 wm
wide rectangle PZT structures, (b) between 200 wm wide square PZT structures and (c) appearance at a high magnification.

(Fig. 3d), showing that insufficient evaporation of the solvent
during this process had occurred.

3.2. Formation of PZT structures

3.2.1. Effect of heat treatment on polymeric mould

Due to the repeated thermal cycling of the mould material
during drying it is important to understand how it changes
in shape during this process. The comparisons of a 200 pm
wide rectangle photoresist micromould separated by different
gaps, before and after 5 repeat 100 °C/5 min heat treatments are
shown in Fig. 4. Before heating, the photoresist mould presented
flat even thickness (~38 wm) surfaces and vertical sidewalls
(Fig. 4a). However, after 5 repeat heat treatment processes the
deformation of the photoresist was evident (black colour) and

the shape of the moulds became irregular (Fig. 4b). This was
caused by the evaporation of the residual solvent and water and
the degradation of the photoactive compound during the heat-
ing process.”>** While the majority of the solvent and water
is removed during the soft baking process before expose, some
remains and longer soft baking times have been shown to lead
the degradation of the photoactive compound and deteriorate
the function of the resist.>* The surface profiles of the pho-
toresist mould before and after the heat treatments is shown in
Fig. 4c and highlight the deformation that has occurred dur-
ing heat cycling. It was calculated that the volume shrinkage
of the photoresist on the first mould wall was 15.5 vol%, and
the average width expansion of the 200 wm wide photoresist
mould cavity structure was 5 wm after 5 repeat heat treatment
processes.
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3.3. Feature of PZT structures

Fig. 5a shows the polymeric micromould coated with 60
EHDA deposited layers of PZT before sintering. The PZT film
on the Si substrate presents as a flat surface, while the PZT on
the photoresist material exhibits deformation and cracking after
several repeat heat treatment processes. The sintered patterned
PZT film structures of rectangles and squares of different gaps
and sizes obtained after 60 EHDA deposition layers and pho-
toresist removal are shown in Fig. 5b, ¢ and d. Fig. 6 shows
the surface of the patterned PZT film structure after sintering
presenting a well-packed and crack-free film. The comparison
of the design and deposited PZT film structure dimensions for
the three types of structure is illustrated in Fig. 7 and Table 1.
After sintering the patterned PZT rectangle and square structure
was 210 pm wide relative to a 200 wm design, which resulted in
a 10 wm reduction in the gap between neighbouring structures
(Fig. 7a). The expansion behaviour of the deposited PZT struc-
ture is due to the enlargement of the polymeric mould cavity
during the drying process. It was observed that the polymeric
mould cavity exhibited a 15 pm increase in width according to
the nominal 200 pm wide rectangle and square structure design.
Irregular features at the corner and delamination behaviour at
the edge of the PZT structure were observed (Fig. 5b, ¢ and d)
which was caused by the deformation of the photoresist during
the drying process (Fig. 4).

The minimum resolvable gap separating the PZT rectangles
and squares produced was 13.5 wm (Fig. 8) which corresponded

1153

to the smallest (12.5 wm) width of photoresist micromould wall
that was obtainable and a 25 wm wide design. The smallest
regular PZT square structure produced was 106 pm in width
(Fig. 9a). Features smaller than this size (69 wm) were irregular
(Fig. 9b) in shape. The surface profile of the 106 wm and 69 pm
wide PZT structures are shown in Fig. 9c and d. The surface
profile of the 69 pm wide PZT square presents a much shal-
lower wall slope (22°) (Fig. 9d) than that of the 106 pm wide
structure (34°) (Fig. 9¢c). The sloping side wall extended for
approximately 20 wm (Fig. 9c and d) which resulted in nearly
no top surface region on the 69 um wide PZT square struc-
ture explaining why only features larger than 69 wm could be
obtained.

Fig. 10a shows a typical cross section of the edge of a
PZT square structure, which presents a dense and well packed
PZT film. A sloping side wall was also observed on this struc-
ture. Previously such features were attributed to edge fractures
during mould removal. However, after examination of a sim-
ilar cross section with the mould still in place it can be seen
that this sloping side wall is caused by the deformation of the
polymer micromould during the heat treatment process and
the formation of a stack of PZT on the mould edge during
EHDA deposition which shielded the edge of the underlying
PZT structure (Fig. 10b). A shielding effect distance of ~20 pm
was observed on this cross section which corresponds to the
extension of the sloping side wall observed during the sur-
face profile analysis of the PZT square structures (Fig. 9c and
d).

Sloping 50um
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Length (um)
d 1 .
(@ 20 Sloping ~ 30um
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£
210 A
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Fig. 9. Scanning electron microscope micrographs and surface profile analysis showing the microstructure of the patterned PZT square: (a) a 105 pm in width and

its surface profile (b); and (c) a 67 wm in width and its surface profile (d).
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Fig. 10. Scanning electron microscope micrographs showing the cross-section
of a) the patterned PZT film structure on the polymer micromould after 60 EHDA
deposition layers and b) a typical polymer micromould of 42 pm in width.
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Fig. 11. The PZT film structure hysteresis loop.

3.4. Electrical characterisation

The relative permittivity (e;) of the PZT structures was cal-
culated to be 250 (4+8) with a dielectric loss of 0.02. The
ferroelectric hysteresis loops of a PZT film structure at dif-
ferent applied electric fields are shown in Fig. 11. The film
becomes saturated at the maximum electric field intensity of
27V um~!. The film exhibits a lower remnant polarisation (P;)
than the corresponding bulk material at a comparable field. The
low value of the relative permittivity and remnant polarisation
is mainly due to the existence of pores in the films and pres-
ence of the rigid substrate constraining the film. The highest
film piezoelectric constant (d33, r) obtained was 67 pCN_1 when
poled at 11 V wm~! at 200 °C for 5 min, which is comparable to

the composite films produced using the spin-coating technique
and screen printed PZT.2>20 The &, and d33, ¢ of the PZT struc-
tures are also comparable to the results obtained from continuous
films prepared using the EHDA technique. Work on continuous
films has shown that the ferroelectric, piezoelectric and dielec-
tric properties can be improved by increasing the density of the
films using a higher temperature drying process and PZT sol
infiltration process.?’ Future work will examine this possibility.

4. Conclusions

The use of electrohydrodynamic atomization deposition
combined with a photolithography polymer micromoulding
technique to form PZT ceramic structures was demonstrated.
Three types of PZT film structure were designed and produced.
Minimum regular PZT square sizes and separations produced
were 106 wm and 13.5 m, respectively. It was observed that
the photoresist mould cavity increased in size by 15 um for a
200 pm design and the PZT structure reduced in width by 5 pm
compared with the photoresist mould cavity. Therefore, a 10 pm
allowance in advanced design is needed to obtain the desired
structure using this process. The piezoelectric coefficient (d33, r)
of 67 pCN~! and relative permittivity (&;) of 250 were obtained
for this PZT film structure, which can be improved further by
increasing the density and reducing the roughness of the films.
This process provides a new way for forming PZT microstruc-
tures, with the advantage of high resolution, fast speed and no
reliance on harsh etching which are suitable for the requirement
of MEMS device fabrication.
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