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bstract

his paper reports the use of a deposition technique, called electrohydrodynamic atomization, for producing PZT films from a composite sol–gel
lurry. PZT slurries of different powder concentrations were prepared, and then atomization deposition of them was carried out and resultant films
xamined. It was observed that large splats with well-mixed PZT particles in sol and fine PZT clusters with dry PZT particle agglomeration can
e deposited using this technique. In particular, intermediated sol infiltration process on the EHDA deposited film under optimized atomization

ondition was also studied. It was found that the film with sol infiltration process become more dense and the electrical properties (Pr, εr) were
mproved compared with that without sol infiltration after EHDA deposition.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Lead zirconate titanate (PZT) is a versatile material because
f the combination of its ferroelectric, piezoelectric, dielec-
ric and pyroelectric properties and excellent performance.
ecently PZT has been widely used in non-volatile memory
pplications1 and micro-electromechanical system (MEMS).2–4

ZT films with different thickness ranges are needed for dif-
erent applications.5–8 However, the deposition of PZT thick
lms (10–100 �m) is still a challenge. The machining of bulk
ZT ceramics to fabricate these films presents difficulty in

he slicing and handling of thin and fragile ceramic compo-
ents. Thin film fabrication methods, such as physical vapour
eposition and chemical vapour deposition, are associated with
low deposition rates and high levels of stress generated dur-

ng processing, which can lead to cracking when forming thick
lms.9 Techniques based on the sintering of ceramic parti-
les, such as screen printing, are limited by high temperature

∗ Corresponding author. Tel.: +86 41184707713; fax: +86 41184707940.
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rocessing which commonly result in damage to electrodes and
ubstrate.10 Wet chemical methods, such as sol–gel, allow a low
intering temperature (600 ◦C) process, but are limited to a max-
mum thickness of around 3 �m.11 Through using spin-coating
echniques and composite PZT sol–gel slurry, it is possible to
abricate 35 �m thick PZT films at relative lower sintering tem-
erature (∼720 ◦C); however, it is still time-consuming and is
ikely to induce excess stresses which can cause curvature of
ubstrate.12

Electrohydrodynamic atomization (EHDA) is a physical pro-
ess, where a liquid jet breaks up into droplets due to electric
nd mechanical forces,13 which was first reported by Zeleny
n 1914.14 The atomizer nozzle is a metal capillary into which
iquid or suspension can be pumped. When a high voltage is
pplied between the nozzle and base electrode, shear stress on
he liquid surface is generated which causes elongation of a jet
nd its disintegration into droplets. Droplets of a few nanome-
res in size with narrow size distribution can be obtained by

15
his method. Depending on the conditions (including electric
eld, liquid flow rate, geometry of nozzle dimension and liq-
id properties) different modes can be formed such as dripping,
icrodripping, spindle, multi-spindle, cone-jet and multi-jet.16

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.013
mailto:d.wang@dlut.edu.cn
dx.doi.org/10.1016/j.jeurceramsoc.2011.12.013
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ince the 1990s, ceramic suspensions has been subjected to
his process to form microstructures in bioengineering17 and
hemical engineering.18

Composite PZT powder/sol slurries were prepared and used
n EHDA technique in this work for their low sintering tempera-
ure and the possibility of making films with thicknesses ranging
rom micrometers to millimetres.19 The integration of the com-
osite PZT powder/sol slurry and EHDA technique provides a
ew deposition method with great advantage of fast speed, con-
enience, and low cost. In particular, a relatively large needle
>200 �m) can be used in EHDA to form fine droplets,20 which
ignificantly reduces the risk of needle blockage during depo-
ition that often happens in ink-jet printing. This method has
reat potential as a commercial fabrication method in MEMS
anufacture.
In our previous work EHDA combined with a micromoulding

echnique was used to form PZT ceramic micro-scale struc-
ures with the advantages of avoiding the use of hazardous
olutions used in chemical wet etching process and low sin-
ering temperature. However, the fabricated PZT thick film
tructures still presented porous feature and relatively low elec-
rical properties.21 In this work composite PZT sol–gel slurries
ith different powder loadings were deposited using the EHDA

echnique, and statistic and structural analyses of the deposited
lms were carried out. Moreover, PZT sol infiltration of the
eposited PZT film was also conducted to improve the density
nd electrical properties of the films.

.  Experimental  details

.1.  PZT  sol

Two types of PZT sol were used in this work, one was pre-
ared based on propanol solvent, another one was prepared using
-methoxyethanol (2-ME) as the solvent. The propanol based
ZT sol was mixed with PZT powder in order to make the PZT
lurry for the EHDA deposition process. The 2-ME based PZT
ol was used for the intermediated infiltration of the PZT films
roduced by the EHDA deposition. The 2-ME based sol has
reviously been shown result in films with high properties but
s unsuitable for spray deposition due to the hazards associated
ith it. For this reason the 2-ME sol was only used for infiltration
rocesses in order to maximise the properties of the films.

The propanol based PZT sol was prepared from the pre-
ursors lead (II) acetate trihydrate, titanium (IV) isopropoxide
nd zirconium (IV) propoxide. Titanium (IV) isopropoxide
99.99 wt.% purity, 3.55 g) was mixed with zirconium (IV)
ropoxide (76 wt.% in 1-propanol, 5.39 g) prior to the addition
f the solvents 1-propanol (99.7 wt.% purity, 5 ml) and glacial
cetic acid (99.8 wt.% purity, 10 ml). An excess of lead (II)
cetate trihydrate (9.95 g) was then added to the solution and
he system was refluxed at 95 ◦C for 30 min. The sol concentra-
ion was adjusted to 0.6 M by adding 11 ml 1-propanol and 10 ml

cetic acid. This PZT sol exhibited a perovskite structure when
rystallised at 650 ◦C.22 The 2-ME based PZT sol was prepared
rom the precursors lead (II) acetate trihydrate, titanium (IV)
sopropoxide, zirconium (IV) propoxide, niobium (V) ethoxide,

2

s

Fig. 1. Schematic diagram of EHDA deposition equipment set-up.

ntimony (III) ethoxide and manganese (II) acetate. The prepa-
ation process of the 2-ME based PZT sol was described in our
revious work,23 and the concentration obtained was 1.1 M. The
omposition of the 2-ME based PZT organometallic solution
as precisely matched to the PZT powder (PZ26) used for mak-

ng PZT slurry. After preparation the sols were stored in a glass
esiccators chamber under vacuum. The propanol based PZT
ol was used to make PZT slurry soon after preparation, and the
-ME based PZT sol was used for the films infiltration within

 days of the sol prepared. As pure sol systems, both sols have
helf lives in excess of 1 month.

.2. PZT  slurry

The PZT slurry was prepared by mixing PZT powder
PZ26, Ferroperm, Denmark), propanol based PZT sol, sin-
ering aid of CuO2–PbO, dispersant KR55 (Ken-React Lica
8, KenRich) and solvent of 1-propanol and acetic acid in

 nitrogen environment, then ball-milled for 24 h. The PZT
ower (PZ26) is a hard doped PZT composition with a mean
article size of ∼0.6 �m and a chemical composition of
b1.1[Nb0.02Sb0.02Mn0.02(Ti0.48Zr0.52)0.94]O3. The PZT slurry
as stored in a glass desiccator under vacuum after preparation

nd was used for EHDA deposition within 5 days of production.
In the PZT film the sol derived material acts as a network

etween the PZT particles to glue and bind them together, and
lso reduces the sintering temperature and hence decreases lead
olatilisation.24,25 The sintering aid can help to increase the den-
ity and piezoelectric properties of the PZT film formed.23 The
omponents and different contents of PZT slurry are shown in
able 1. The addition of sintering aid CuO2–PbO and dispersant
R55 was kept at 0.069/0.428 g and 0.2 g for all the PZT slurry
ixtures prepared. The PZT powder and propanol based PZT sol

atio was kept at 10 g to 10 ml, and the additional solvent made
f 1-propanol and acetic acid (with the volume ratio of 1.1:1)
as varied from 0 ml to 8.4 ml. The PZT slurry was ball-milled

gain for 2 h immediately before use.

.3. Deposition  of  PZT  slurry  and  sol  infiltration  on  the  film
The EHDA deposition device is shown in Fig. 1, which con-
ists of the electrohydrodynamic spray nozzle coupled together
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Table 1
The composition of PZT slurries and the relevant EHDA working parameters.

Powder/sol/1-propanol/acetic acid PZT powder (g) PZT sol (ml) Solvent Flow rate
(10−10 m3 s−1)

Applied
voltage (kV)

1-Propanol (ml) Acetic acid (ml)

10–10–0–0 10 10 0 0 3.9 7.5
10–10–0.55–0.5 10 10 0.55 0.5 3.6 7.5
10–10–1.1–1 10 10 1.1 1 3.1 7.5
10–10–2.2–2 10 10 2.2 2 2.2 7.5
1 3.3
1 4.4
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0–10–3.3–3 10 10 

0–10–4.4–4 10 10 

ith a computer controlled X–Y  movement stage. The needle
inner/outer diameter of 0.85/1.3 mm) was connected to a high
oltage power supply (Glassman High Voltage Inc., NJ, USA),
hich was used to provide an electric field between the needle

nd the ground electrode. The inlet of the needle was con-
ected to a syringe pump (KD Scientific Inc., MA, USA) using a
ilicone rubber tube, which was employed to provide the hydro-
ynamic force to push the PZT slurry to the outlet of the needle.

 thin aluminium plate, serving as the ground electrode, was
laced directly on the X–Y  movement stage and connected to
arth potential.

A 2.5 cm ×  2.5 cm silicon wafer substrate coated with sput-
ered Ti/Pt (8/100 nm) was placed on the aluminium plate ground
lectrode and kept at a fixed distance from the needle through-
ut deposition. In order to allow the effect of solvent addition
n droplet distribution to be examined a single quick pass depo-
ition was carried out with a stage speed of 30 mm/s. In order to
eposit a film over a large area, and to study the resultant film,

 raster pattern was used alternating between one layer with the
ong path in the X  direct (step in Y  direction) and the next with
he long path in the Y  direction (step in the X  direction). The
ravelling speed was 30 mm/s, and the distance between two
arallel paths of deposition was set to 3.6 mm to ensure a degree
f overlap between deposited material.26 After every two lay-
rs of EHDA deposition the PZT film was dried at 200 ◦C for
0 s and pyrolysed at 350 ◦C for 60 s using a hotplate to remove
rganic components. In order to increase the density of the films,
fter every 20 layers of EHDA deposition the film was infiltrated
hree times with a 2-ME based PZT sol using spin coating tech-
ique (2000 rpm for 30 s). The same heating process was applied
o each PZT sol infiltration treatment before the subsequent
nfiltration process was conducted. The completed film was
intered at 720 ◦C for 20 min in muffle furnace. In order to exam-
ne the electrical properties of the PZT films a chromium/gold
op electrode with a thickness of 15/100 nm and a diameter of
70 �m was deposited using a vacuum evaporation (Edwards
vaporator E480, Crawley, UK) on the PZT film surface after
intering.

. Results  and  discussion
.1.  Deposition  of  PZT  slurry  with  solvent  variation

Representative results of a single deposition pass, are shown
n Fig. 2. During the deposition, the working distance between

t
s
c

 3 1.7 7.5
 4 1.1 7.5

he needle outlet and the substrate was set at 2 cm, in order
o obtain stable atomization jet at the outlet of the needle, and
he applied voltage was kept at 7.5 kV. The deposition was car-
ied out for all PZT slurry mixtures detailed in Table 1 with
eposition parameters as stated. The deposition product was
hown to be a combination of large flattened circular deposits
splats) and small spherical clusters (Fig. 2d). Splats contain
ell-mixed PZT powder in sol, and clusters are hard PZT par-

icle agglomerations. The size of splats and clusters and their
orresponding number were measured and counted from the
EM micrographs obtained. The analysis of the deposition
esults is summarized in Table 2. The influence of the addi-
ional solvent on the size and number density of the splats
s shown in Fig. 3. The addition of extra solvent to the sys-
em has two effects. Firstly, it caused a reduction in the
oncentration of the sol phase acting as the carrier fluid. Sec-
ndly, it results in a reduction in the powder loading in the
lurry.

At low solvent additions larger sized (∼70 �m) and a lower
umber density (∼30 number/mm2) of splats were produced
Fig. 3). In addition cracks were evident in the film after one layer
eposition (Fig. 2a) due to the high shrinkage induced stress in
he large volume splats during the drying process. As more sol-
ent was added, the observed cracks were smaller (Fig. 2b and
) probably due to the reduction of the size of splats (Table 2)
nd the subsequent reduction in stress generated during the dry-
ng procedure. No cracks were evident when 4.2 ml of solvent
as added (Fig. 2d), and the greatest frequency of deposited

plats was noted at this dilution (Fig. 3). With still further addi-
ions of solvent (6.3 ml and 8.4 ml of solvent addition), the slurry
roduced even smaller size splats, and clusters became the dom-
nant features (Fig. 2e and f). Two factors caused the reduction
n the size of the splats when more solvent was added to the
lurry: (1) the lower flow rate needed to form a stable jet led to

 reduction in the jet diameter and size of the atomized prod-
cts; and (2) the higher solvent volume content in the slurry led
o greater percentage drop size reduction during flight as sol-
ent evaporated. These two factors combined – smaller drops
roduced, and greater (and faster) evaporation – resulted in a
ase where increased electrostatic induced breakup of individ-
al drops occurred during the EHDA process resulting in the
ormation of smaller relics that manifested as clusters. Elec-

rostatic breakup occurs when the charged droplet decreases in
ize to a critical value where surface tension is overcome due to
harge.
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ig. 2. Scanning electron microscope micrographs showing the one layer dep
olvent additions (a) 3.9 × 10−10 m3 s−1 and 0 ml, (b) 3.6 × 10−10 m3 s−1 and
.7 × 10−10 m3 s−1 and 6.3 ml and (f) 1.1 × 10−10 m3 s−1 and 8.4 ml.

The size of the clusters produced showed a slight, but statis-

ically insignificant, increase in size with the addition of solvent
o the slurry (Fig. 4). The number density of clusters decreased
lightly with the increases in solvent addition most likely due to

a

t

able 2
tatistic analysis of splats and clusters deposited from different PZT slurry composit

owder/sol/1-propanol/acetic acid Splat 

Min. (�m) Max. (�m) Aver. (�m) 

0–10–0–0 56.9 78.4 67.7 

0–10–0.55–0.5 6.0 27.4 18.1 

0–10–1.1–1 5.1 25.3 12.1 

0–10–2.2–2 2.9 19.5 7.9 

0–10–3.3–3 2.8 10.9 6.0 

0–10–4.4–4 2.8 5.3 3.7 
n of PZT slurry at an applied voltage of 7.5 kV and different flow rates and
ml, (c) 3.1 × 10−10 m3 s−1 and 2.1 ml, (d) 2.2 × 10−10 m3 s−1 and 4.2 ml, (e)

he decreased flow rates required to achieve stable atomization

s the solvent volume is increased.

Given the average size (0.6 �m) of the PZT particles used in
he slurry and the size of the clusters observed (0.3–3 �m) it is

ion.

Cluster

Std. dev. Min. (�m) Max. (�m) Aver. (�m) Std. dev

15.1 0.3 3.0 0.7 0.5
6.2 0.3 3.0 0.7 0.5
5.5 0.3 3.0 0.7 0.5
3.4 0.3 3.0 0.7 0.5
2.0 0.3 3.0 0.8 0.6
1.0 0.3 3.0 0.8 0.5
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Fig. 3. Influence of solvent volume on splat size and density for EHDA deposited
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Fig. 5. Scanning electron microscope micrographs showing the microstructure
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ol–gel systems based on 10 g PZT powder, 10 ml PZT sol and solvent of 0, 1.05,
.1, 4.2, 6.3 and 8.4 ml.

easonable to assume that the clusters are typically composed
f less than 10 particles. For such clusters to have been cre-
ted purely through the evaporation of solvents from individual
roplets (without electrostatic breakup) the originating droplets
ould have to have radii close to 2 �m. Droplets of such size are
ot likely to have been produced by the experimental apparatus
sed in this work and if produced would tend to discount the
roduction of droplets of sufficient size required to produce the
plats observed. Such an observation lends further evidence to
he electrostatically induced breakup of the drying drops during
ight.

.2. Deposition  of  PZT  film  and  the  effect  of  sol  infiltration

Based on the deposition characteristics shown in single
ass analysis, it is proposed that splats are required for the
ormation of a high density PZT film using the EHDA tech-
ique as the liquid nature of the droplets will allow particle
earrangement to occur on deposition. The ideal deposition

arameters for EHDA film formation would be the parameters
hat result in a high number density of large splats without cracks.

ith the above analysis, the slurry that produced a crack-free

ig. 4. Influence of solvent volume on cluster size and density for EHDA
eposited sol–gel systems based on 10 g PZT powder, 10 ml PZT sol and solvent
f 0, 1.05, 2.1, 4.2, 6.3 and 8.4 ml.

o
w
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t
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f the surface of 20 layer PZT film produced using EHDA deposition at a working
istance of 2 cm and solvent addition of 4.2 ml.

eposition (4.2 ml solvent addition) was considered to have the
est potential to form dense and crack-free films. Therefore, the
ZT slurry with 4.2 ml solvent was used to deposit 20 layers
ZT films in this work. The deposition conditions were kept

he same as the one layer deposition in the previous section.
o avoid sedimentation, fresh slurry was used after 10 layers
f EHDA deposition, and the needle was cleaned at that time.
he total time to complete 20 layers of deposition was approx-

mately 33 min. Fig. 5 shows the 20 layer films produced from
he slurry with 4.2 ml solvent addition, which exhibits a highly
orous microstructure. This is mainly caused by the small size
f splats deposited (Fig. 2d) which are not big enough to cover a
arge area to form a dense film. Moreover, the clusters deposited
an serve as an electrode for the other incoming clusters and
hus attracting them to preferential sites, resulting in the porous

icrostructure observed.22

It was observed from the above analysis that although numer-
us crack-free splats can be produced using the PZT slurry
ith 4.2 ml solvent, their small size and tendency for selective
eposition can cause the formation of pores. In order to mit-
gate this the working distance between needle and substrate
as reduced to 1 cm. The smaller working distance helps to

educe droplet break-up and lessen solvent evaporation dur-
ng their shorter travelling time from needle exit to substrate,
hich can help to overlap the droplet with well-mixed PZT par-

icles deposited between successive layers during the EHDA
eposition process and lead to the formation of dense films.
uring this study three typical slurries were used to deposit
0 layers PZT films: (1) slurry with the highest sol concentra-
ion (no additional solvent), (2) slurry with crack-free deposition
roduct (4.2 ml solvent) and (3) slurry with even lower sol con-
entration (6.3 ml solvent addition). The flow rate was not varied
rom that used for the 2 cm working distance deposition, but the
pplied voltage was changed to 5.5 kV in order to obtain a stable

HDA jet.

Firstly, the slurry with highest PZT sol concentration was
sed to deposit 60 layer films (Fig. 6a). Large cracks are
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Fig. 6. Scanning electron microscope micrographs showing the microstructure
of the surface of 60 layer PZT film produced using EHDA deposition at a working
distance of 1 cm, an applied voltage of 5.5 kV and different flow rates and solvent
additions (a) 3.9 × 10−10 m3 s−1 and 0 ml, (b) 2.2 × 10−10 m3 s−1 and 4.2 ml and
(c) 1.7 × 10−10 m3 s−1 and 6.3 ml.

Fig. 7. Scanning electron microscope micrographs showing the microstructure
o

e
l
d
d
l
d
i
c
t
o
f
u
T
s
p
e
n
(

f
s
P
fi
t
t

f the surface of the PZT films without (a) and with (b) sol infiltration process.

videnced in the film, which can be predicted from the one
ayer deposition results containing large splats with cracks after
rying (Fig. 2a). Pores are also observed in the film, which is
ue to the co-location of uncovered areas between successive
ayers during the EHDA deposition process. 60 layer films pro-
uced from the slurry with 4.2 ml solvent addition is shown
n Fig. 6b, which is characterised by well-packed PZT parti-
les in the films with crack-free features. This feature shows
he well-organized splats (big enough and high number density)
verlapped between successive layers to form dense and crack-
ree film. The thickness of this film is about 26 �m, measured
sing a Surface Profiler (Veeco Instruments Incorporation, UK).
hirdly, PZT slurry with even lower sol concentration (6.3 ml
olvent addition) was used to form 60 layer films (Fig. 6c), which
resented a porous and powdery surface. This was caused by the
ven smaller and lower number density of splats and the domi-
ance of dry clusters in the deposition products using this slurry
Fig. 2e).

Although the well-packaged and dense PZT thick film was
ormed using the PZT slurry combined with the EHDA depo-
ition technique, submicron-pores were observed between the
ZT particles (Fig. 7a) which are indicative of weakness of the

lm and can reduce the properties of the film.27 In order to reduce

he level of porosity, intermediate multiple 2-ME based sol infil-
ration treatments were applied to the EHDA deposited film.
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Fig. 8. Scanning electron microscope micrographs showing the microstructure
of the cross-section of the PZT films without (a) and with (b) sol infiltration
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rocess.

ig. 7 shows the surface of the PZT film with and without PZT
ol infiltration process after 60 layers deposited using EHDA. It
an be seen that the submicron-pores between the PZT particles
hat were present in the EHDA deposited film (Fig. 7a) were
lled after three sol infiltration treatments using the spin coat-

ng technique (Fig. 7b). This increased the bonding behaviour
f the PZT particles and reduced the porosity of the film. It can
lso be seen that cracks appeared where sol was retained in the
oncave depressions in the EHDA deposited PZT film follow-
ng the spin coating process after sol infiltration (Fig. 7b). These
racks extend only through the surface sol layer and are due to
he high level of shrinkage induced stress in the sol on drying
nd pyrolysis.

Fig. 8 shows the cross-section of 60 layer PZT films with and
ithout PZT sol infiltration after every 20 layers. The porosity is
11% after intermediated multiple sol infiltration process which

s slightly lower than that without infiltration (∼14%). These
orosities were deduced from scanning electron microscopy
icrographs of film fracture cross sections. It was observed that

he infiltration was complete (Fig. 8b) and that more than 3 treat-

ents at intermediate levels resulted in this pooling of sol–gel
aterial which then begins to degrade properties.

o
P

ig. 9. Ferroelectric hysteresis loop of the PZT films with and without sol
nfiltration.

.3.  Electrical  characterisation

The relative permittivity (εr) of the PZT films with sol infil-
ration process was calculated to be 393 (±8) at 50 kHz and was
igher than that without sol infiltration process (260 ±  9), and the
ielectric losses were all less than 0.02. These changes are likely
o be as a result of the reduction of porosity of the PZT films
fter sol infiltration. The values of relative permittivity quoted
y the manufacturer for PZ26 is 1300 which is greater than that
btained from films made using EHDA deposition process. The
eduction in the relative permittivity in the films relative to the
ulk is mainly attributed to the presence of residual porosity,28

ifferent grain sizes and because of the presence of a rigid sub-
trate which reduces the piezoelectric contribution to relative
ermittivity due to clamping.29 The values of relative permittiv-
ty agree well with those found for other thick films produced
y spin coating19 and screen printing.30

It was found that the highest film piezoelectric constant (d33, f)
f the EHDA deposited films with and without sol infiltration
rocess did not vary greatly, both were around 70 pC/N when
oled at 12 V/�m at 200 ◦C for 5 min. The low variation in d33
etween infiltrated and non-infiltrated films is mainly due to
he dominant effect of the sintering aid addition and the fact
hat above a critical density additional sol infiltrations do not
esult in an increase in d33.23 Bardaine et al. also reported that
dditional infiltrations can improve the density of PZT films but
ot piezoelectric performance.31

Fig. 9 shows the ferroelectric hysteresis loops of PZT films
ith and without sol infiltration, which becomes saturated at the

lectric field intensity of 28 V/�m. Remnant polarization (Pr)
f the PZT film after sol infiltration (19.5 �C/cm2) is approxi-
ately double of that without sol infiltration (8.3 �C/cm2), due

o the effects of densification and reduction of pore size.32 The
oercive field has no distinct difference after the sol infiltration
rocess. The d33, εr and Pr obtained in this work using EHDA
eposition and infiltration process are lower than those of bulk
ZT materials, which is mainly due to the existence of residual
ores, and different grains sizes in the films as well as the pres-
nce of the rigid substrate constraining the film. However, these
alue are comparable to the composite films at the equal level

f thickness produced using the screen printed and spin coating
ZT.30,33
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.  Conclusions

The deposition of PZT slurries using an EHDA technique and
ntermediate PZT sol infiltration was demonstrated in this paper.
he deposition products consist of splats and clusters, the fea-

ures of which were shown to be affected by the concentration of
he sol and powder loading in the slurry during EHDA deposi-
ion. Higher sol concentration and powder loading in the slurry
ed to bigger size and lower number density of splats, whereas
ower sol concentration and lower powder loadings resulted in
maller splats and dry clusters. The EHDA deposited PZT film
ith 2-ME sol infiltration exhibited a higher density than that
ithout sol infiltration, and an increased remnant polarization

Pr) and relative permittivity (εr) were also obtained after sol
nfiltration. The plateau value of piezoelectric coefficient (d33, f)
f ∼70 pC/N was observed with and without sol infiltration on
he PZT films. This process demonstrates a promising way for
orming PZT thick films with dense and crack-free feature and
esirable electrical properties for the requirement of MEMS
evice fabrication.
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