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bstract

he present study is focused on the processing of columnar lead zirconate titanate (PZT) structures on Ti/Pt-coated silicon substrates using
lectrohydrodynamic deposition. It was found that the as-deposited PZT structure is highly dependent on the concentration of the sprayed precursor,
hich is believed to be the characteristic of electrohydrodynamic deposition. 0.01, 0.03, 0.06, 0.12, 0.3 and 0.6 M PZT sols were used to prepare

s-deposited structures. Columnar PZT structures, which are important for the processing of 1-3 composites, were obtained with the 0.6 M sol. As-
eposited and heat-treated columnar PZT structures were investigated using scanning electron microscopy and X-ray diffraction. The development
f the PZT columns was studied by observing the cross-section of the structures deposited over different time sprays, revealing a three-stage growth
rocess for these structures. The affect of substrate temperature on the columnar structure was also analysed by studying the density of the columns.

inally, a 1-3 composite was produced by infiltrating photoresists into the columnar PZT structures and the relative permittivity and dissipation
actor of such composite were measured as 105 and 0.021. Modelling the structures as a PZT and a polymer capacitor connected in parallel in the
ZT/polymer composite suggests that the relative permittivity of PZT columnar material is approximately 154.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Lead zirconate titanate (PZT) has attracted much atten-
ion due to its excellent ferroelectric, piezoelectric, dielectric
nd pyroelectric properties.1,2 In the form of thin/thick films
ZT has a wide range of applications in non-volatile random
ccess memories for computers,3 piezoelectric micro-sensors4,5

nd intergraded capacitors.6,7 Various processing methods have
een used to fabricate thin/thick film PZT, which include
hemical vapour deposition,8 physical vapour deposition9 and
ol–gel methods.10 Apart from those, a novel processing method
alled electrohydrodynamic deposition, has recently gener-
ted attention for the preparation of bio-materials,11 functional
eramics12,13 and polymeric fibers.14
Electrohydrodynamic deposition is a well-established tech-
ique, which can effectively combine the patterned deposition of
dvanced materials from precursors.15 The precursor is ejected

∗ Corresponding author. Tel.: +44 20 76793920; fax: +44 20 73880180.
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sing a pump, and passes through a needle that is at a high elec-
ric potential relative to the substrate. The liquid near the needle
an be made to form a stable cone under certain flow rate and
pplied electric field conditions,16 and deforms to an elongated
et and consequently breaks-up into droplets.17,18 The droplets
ransfer through the air and then deposit on the substrate that
s connected to the ground potential. The deposition process is
ompleted by the necessary heat treatment. In previous work,
he authors have sprayed 0.6 M PZT sol onto metallic substrates
uccessfully, and nano-structured PZT was obtained after heat
reating at 650 ◦C.19

It has been reported that in electrospraying the droplet trans-
ortation and spreading on the substrate plays an important
ole in the evolution of the as-deposited structures.20,21 During
roplet transportation, evaporation occurs and this determines
he solvent content in the droplets22,23 when they arrive at the
ubstrate, thus controlling the wetting and spreading of the

roplets on the surface: particles in solvent are able to form
ontinuous layers easily24 whereas solvent-depleted particles
end to form a ‘powdery’ deposit and are exceedingly agglomer-
ted due to their lower mobility. The agglomerations generated

mailto:dongyang.sun@ucl.ac.uk
dx.doi.org/10.1016/j.jeurceramsoc.2008.05.034
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y dry particles will grow with the deposition time and ulti-
ately a number of isolated columns will be formed. In our

ecent work it was shown that this feature is closely related
o the concentration of the precursor during electrohydrody-
amic deposition. A continues film can be formed when using a
ow concentration precursor whilst a columnar PZT structure
an be generated when using high concentration precursors.
n this work we have investigated the reasons for this phe-
omenon in terms of the diameter of the droplets and their
vaporation.

It is well known that the columnar PZT structures are of
nterest when fabricated as 1-3 composites25 with polymers.
uch structures are commonly used, e.g. in sonar,26,27 medi-
al imaging technologies28 and non-destructive testing.29 The
solated PZT columns have connectivity with both the top and
ottom electrodes. However, they have zero-connectivity with
ach other by being embedded in a polymer matrix. Since the
olymer does not transmit forces to the PZT in the x–y plane,
he negative coefficient d31 of the structure is reduced. There-
ore, a high hydrostatic coefficient dh (where dh = d33 − 2d31)
an be obtained by this particular PZT-polymer design. Such
iezoelectric composites can be fabricated by many macro-scale
ethods30,31 but the authors suggest that electrohydrodynamic

eposition is suitable for the formation of the columnar PZT
tructures for preparing micrometer and sub-micrometer scale
-3 composites.

In this work, 0.01, 0.03, 0.06, 0.12, 0.3 and 0.6 M PZT
ol–gel solutions were used to investigate how the concentra-
ion of sprayed precursor affects the as-deposited structures
uring electrohydrodynamic spraying. The 0.6 M PZT sol was
hown to be suitable for the deposition of columnar PZT struc-
ures. The as-deposited columnar structure was heat-treated at
50 ◦C for 1200 s and investigated using X-ray diffraction and
canning electron microscopy. The development of the PZT
olumns was studied by observing the cross-section of the sam-
les deposited for 10, 20, 40, 60, 180 and 330 s. The effect of
ubstrate temperature (75, 125 and 175 ◦C) on the formation
f the columnar structure was also analysed by studying the
ensity of the columns deposited onto substrates at different
emperatures. Finally, the columnar PZT structures were filled
sing photoresists to produce 1-3 composites and the dielectric
roperties were then measured and discussed.

. Experimental

.1. Sol dilution and characterization

The preparation of PZT sol used in this work has been
escribed in our previous work.19 Stoichiometric amounts of
itanium isopropoxide and zirconium propoxide were mixed
rior to the addition of the solvents 1-propanol and glacial acetic
cid (2:1 volume ratio). An excess of lead acetate was then added
o the solution and the system was subsequently refluxed for

0 min. The prepared sol of 0.6 M (C6) was diluted to obtain
.3 M (C5), 0.12 M (C4), 0.06 M (C3), 0.03 M (C2) and 0.01 M
C1) sols. The solvents used for diluting were a mixture of glacial
cetic acid (Anala R, VWR, UK) and 1-propanol (GPR, VWR,

fi
J
i

ig. 1. Schematic diagram of the electrohydrodynamic deposition instruments
etup.

K). The two solvents were mixed in the volume ratio of 11:10,
hen sealed and stirred for 24 h. The electrical conductivity of
he different sols prepared was measured using a conductivity
robe (Hi8733, HANNA Ltd., UK). The probe was calibrated
sing standard ethanol.

.2. Electrohydrodynamic deposition

The configuration of electrohydrodynamic deposition pro-
ess is shown in Fig. 1 and is described in detail in the previous
ork.19 The flow rate and the applied voltage were set as
.5 × 10−11 m3 s−1 and 4.2 kV, respectively. Silicon wafer (Si-
at, Germany) with Ti/Pt (8/100 nm) coated was used as the

ubstrate and the distance between the nozzle and substrate was
ept as 10 mm.

Samples for examining the effect of sol concentration (C1
o C6) were electrosprayed for 60 s and then dried on the hot
late for 120 s at 200 ◦C. For columnar PZT forming, C6 was
sed with the process parameters set as above. The deposits were
ollected at different time intervals of 10 s (T1), 20 s (T2), 40 s
T3), 60 s (T4), 180 s (T5) and 330 s (T6), respectively, followed
y a heat treatment at 650 ◦C for 1200 s, which has previously
een shown to be the lowest temperature at which the perovskite
hase can be formed with this PZT sol.19 The study of how
ubstrate temperature affected the columnar PZT structure was
ealized by placing a hot plate directly under the substrate. The
eposition parameters were similar to that used for T6 and the
emperature was varied to prepare samples at 75 ◦C (H1), 125 ◦C
H2), and 175 ◦C (H3).

.3. Structure characterization
The microstructures of all the samples were studied using
eld emission scanning electron microscope (SEM, JEOL
SM/6310F) after sputter coating with gold. The phases present
n the sintered PZT samples were investigated using X-ray
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ig. 2. Scanning electron microscope micrographs of as-deposited structures pre
4: 0.12 M, C5: 0.3 M and C6: 0.6 M. The structures were dried on the hotplate

iffraction (XRD, BRUCKER D8 DISCOVER) using Cu K�
adiation.

.4. Dielectric property

In order to investigate the dielectric properties of columnar
ZT, a 1-3 composite was produced by infiltrating a liquid pho-

oresist (AZ9260) into the PZT columns. The photoresists were
eposited on top of the PZT columns and left for 300 s to infil-
rate into the columns. The material then was placed into an oven
80 ◦C) for 3 h until the photoresists were entirely dry. Conse-

uently, the top of the composite was polished using grinding
aper until the light yellow colour PZT columns were exposed.
he average thickness of the composite was measured using a
urface profilemeter (Dektak). The material was then coated with

a
s
a
t

using different concentrations of PZT sol. C1: 0.01 M, C2: 0.03 M, C3: 0.06 M,
0 ◦C for 120 s.

old electrodes using evaporation. A Wayne Kerr 6425 Preci-
ion Component Analyser was used to measure the capacitance
nd dissipation factor of the composite at 50 kHz.

. Results and discussion

.1. Effect of precursor concentration

As the concentration of the sol–gel solution is increased, het-
rogeneities in the deposited film become pronounced as shown
n Fig. 2. There are two different kinds of structures evident

s can be observed in the micrographs. For low concentration
amples (C1, C2 and C3) it is clear that the deposited film is
continuous, non-agglomerated layer, while for high concen-

rations (C4, C5 and C6) highly agglomerated structures were
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Table 1
Variation in conductivities of the precursor sols as a function of concentration

Sample ID

C1 C2 C3 C4 C5 C6

C
C

o
p
fl
t

d

w
fl
t
a
F
a
t
w
P
i
t
i
c
S
v
t
o
i
a
t
p
s
c
a

t
C
d
d
c

p
d
t
i
t
o
p
l
p
l

Fig. 3. The relationship between the concentration of the sprayed sol and the
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oncentration of sol (M) 0.01 0.03 0.06 0.12 0.3 0.6
onductivity (�S/cm) 8.3 11.8 16.8 27.8 36.6 44.4

bserved. It has been reported that the diameter d of the droplets
roduced by electrohydrodynamic deposition is related to the
uid and processing parameters as shown in the following equa-

ions:

∝ ε1/6
r

(
Q

κ

)1/3

(1)

here εr is the relative permittivity of the solution, Q is the
ow rate and κ is the electrical conductivity.32 In our case, as

he concentration of the PZT sol was changed, the flow rate
nd the relative permittivity of the system remained constant.
low rate (Q) was controlled by the pumping rate and was set
s a constant value for the entire process. The relative permit-
ivity of the solution (εr) could also be assumed as a constant
ith the following reasons. Firstly, the dielectric property of the
ZT sol is based on the atomic, electronic and dipolar polar-

zation, within which the dipolar polarization of the solvents is
he dominating factor. In the PZT sol, the dipolar polarization
n the Pb2+–Ti4+–Zr4+–O2− system is rather insignificant when
ompared with that in the 1-proponal solvent (H–O in C3H6OH).
econdly, it can be calculated that even in the 0.6 M PZT sol, the
olume of the metal–organic molecules is still 20 times less than
hat of the solvent molecules. Therefore, when the concentration
f the solution is changed, the change in the relative permittiv-
ty contribution of the metal–organic molecules is insignificant
nd can be neglected. Thus according to Eq. (1), the diameter of
he droplets in our experiments can be considered as inversely
roportional to the cubed root of the conductivity of the precur-
or. The electrical conductivities of the precursors with different
oncentrations were measured and their changing relationships
re shown in Table 1.

The values in Table 1 demonstrate that the electrical conduc-
ivity increased when the concentration of the PZT sol increased.
onsidering the inversely proportional relationship of the con-
uctivity with the droplet diameter, the diameter of the sprayed
roplets is then expected to also be inversely proportional to the
oncentration of the PZT solution.

During electrohydrodynamic deposition, the droplets will be
roduced in the cone-jet mode, followed by four stages before
eposition completes: droplet generation after jet break-up;
ransportation through the environment; impact and spread-
ng on the substrate; drying and decomposition. The droplet
ransportation plays an important role due to solvent evap-
ration during this stage which will determine whether the

articles are dry or wet when they impact on the substrate. When
arge droplets (produced from low concentration sol) are trans-
orted between the nozzle and the substrate, evaporation will be
ess because of the larger amount of solvent contained within

t
a
f
t

elative droplet diameter deduced from Eq. (1). The bar represents the proposed
ontinuous film to columnar structure phase transition region.

he droplets and smaller volume specific surface area (surface
rea/volume), which will help to maintain the droplets in a vis-
ous liquid state. Conversely, when small droplets (produced
rom high concentration sol) are transported, they will promptly
ry to become solid particles after evaporation of the solvent
hich is present in a smaller amount when compared with that
f low concentration sol. The wet relics have a high mobility
nd can easily spread on the substrate surface, forming an inter-
onnected three-dimensional structure which is necessary for
ontinuous film formation. On the other hand, the dry solid parti-
les cannot move when they are deposited on the surface, leaving
nly agglomeration and accumulation. As a result, the configu-
ation of the as-deposit structures varies significantly when the
oncentration of the sprayed sol is changed.

The relative diameter of the droplets produced from the
prayed PZT precursors with different concentrations can be
educed from Eq. (1) and is shown in Fig. 3. It exhibits a trend
here the diameter decreases rapidly as the concentration is

ncreased up to 0.1 M. Above 0.1 M it shows a nearly flat curve
p to 0.6 M without appreciable change in the relative droplet
iameter. According to this, any transition between continuous
lm and agglomerated columnar structure would be most likely
xpected to exist in the zone of rapid size change (e.g. around
.1 M). To the left of this demarcation (low concentration), a
ontinuous film is obtained while to the right of it (high concen-
ration), a columnar structure can be obtained. This expectation
orrelates with the observation of the structures shown in Fig. 2.

As observed in Fig. 2 C3, the 0.06 M precursor was sprayed
s a dense, non-agglomerated layer. In C4, when the concen-
ration increased to 0.12 M, the structure seems to comprise of

continuous layer in which some agglomerated particles are
rapped. It is believed that this structure is the transition structure
etween continuous films and agglomerated columnar struc-
ures, in that layers are still three-dimensionally interconnected
ut the agglomerate particles could also be detected. Dramati-
ally different from the previous ones, a columnar structure can
e observed in C5 and C6. As stated previously, it is thought
hat at high concentration (above 0.3 M), the droplets produced

re so small that a large amount of the solvent is evaporated,
orming a high concentration of low mobility particles when
hey arrive at the surface. The dried particles easily agglomerate
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nd form an isolated columnar structure. In addition, the whole
rocedure occurs in a high electrical field in which the parti-
les are charged. The charged particles will have a tendency to
ravel along the electric field and are therefore attracted more
owards the curved/protruding areas, which will lead to prefer-
ntial landing sites.33 Therefore, once the initial particles have
een deposited to produce protrusions, subsequently arriving
articles will be more likely to deposit on these agglomerated
ections rather than on the smooth surface. As the deposition
ontinues, the agglomerations grow higher and larger, further
ntensifying the preferred deposition, and thus the columns are
btained. There is not a significant difference between the struc-
ures in C5 and C6. The reason can be deduced from Fig. 3. In
he high concentration region, the relative droplet diameters are
ot considerably different, of which the ratio between C5 and C6
s calculated as 1.08. Therefore, the droplets are of comparable
ize and will behave similarly, so that the configurations of the
olumnar structures are nearly identical.

When the sol concentration is too low, the dense structure is
nterrupted and there are some holes present, with an average
ize of approximately 50 nm, which are distributed across the
hole layer and can be observed in Fig. 2, C1 and C2, with a
igher hole-distribution in C1. It is speculated that when the con-
entration becomes too low, the ratio of solute and solvent will
e too small, and each droplet will contain insufficient material
o form a continuous film. Therefore, smaller amounts of PZT
ill be obtained compared with those with higher concentrations

t a defined spraying time.
The distance between the needle and substrate (spray dis-

ance) may also affect the as-deposited structures during the
lectrohydrodynamic deposition process. It is believed that the
prayed droplets may experience more evaporation when they
re delivered over a longer distance, which may result them
o be in a more powdery state rather than in a viscous liq-
id state. Thus for a sol solution of a certain concentration, a
ransition from a continuous layer to an agglomerated deposi-
ion is expected when the sprayed distance increases during the
lectrohydrodynamic deposition process.

.2. Columnar PZT growth

Amongst the investigated solutions, 0.6 M sol is well suited
or processing of the columnar PZT structures. To investigate the
ormation of these columnar structures, further sol was deposited
n a Ti/Pt-coated silicon wafer by means of electrohydrody-
amic force, followed by heat treatment at 650 ◦C for 1200 s
hich is necessary to obtain dense crystalline PZT columns.
ig. 4 shows the XRD pattern of the PZT columns after heat

reatment. Apart from very small volume of pyrochlore, per-
vskite PZT was obtained, which means 650 ◦C can be used
or the heat treatment of columnar PZT. This result corresponds
ell with our previous works.19,34

To verify the growth mechanism of the column, samples were

tudied by observing their cross-sectional structures using SEM
t deposition times of 10, 20, 40, 60, 180 and 330 s. These
re shown in Fig. 5, T1–T6, respectively. The inset images
how the surface morphologies of the columns when viewed

a
o
t
w

ig. 4. X-ray diffraction pattern of the PZT columns after heat treatment at
50 ◦C. The very small amount of second-phase pyrochlore is indicated as Py.

t 45◦. In T1 relatively dry particles have landed on the sub-
trate with a low distribution density. After that, from 20 to
0 s (T2–T3), further particles arrive and deposit on the previ-
usly deposited particles and build up. It is evident that particles
re not deposited in the spaces between columns, support-
ng the theorized growth mechanism given earlier. The area
nd height of the agglomerates increase slightly in this dura-
ion, although the area density of the columns is still small.

hen sprayed for 60 s (T4), a more defined columnar struc-
ure is observed with the area and height of the columns
ncreasing. After 180 s of spraying, the area of the columns
ecomes stable and only the height of the columns increases
ith longer spraying times (T5). Finally, columns with a height
f approximately 35 �m were obtained after spraying for 330 s
T6).

The observations in Fig. 5, T1–T6, correlate with the
esults in Fig. 2, sample C6 where the relatively dry particles
btained from the high concentration sol impact on the substrate
deposited for 60 s). The solid particles increase the roughness
f the surface which will attract further particles that agglom-
rate on them under the electrical field, referring to preferential
anding. Lengthening deposition time will favour the build up of
arger and higher columns due to the same mechanism. There-
ore the growth of columnar structure with increased deposition
ime is reasonable. The small increase in area section at the early
tages is due to the slight widening of the features as the prefer-
ntial landing can still occur at the edges of the columns as well
s on their tops.

A deposition model for the columnar PZT growth is rep-
esented by the schematic diagram shown in Fig. 6. The dots
epresent the droplets and the pillar structures represent the PZT
olumns. Three stages are defined as: the initial stage (Fig. 6a)
here the droplets (dry particles) land on the substrate; the grow-

ng stage (Fig. 6b) where the subsequently deposited particles
re highly attracted to the initial ones so that the area and height

f the columns increase; and the sustained stage (Fig. 6c) where
he columnar structure is formed and the height of it increases
ith time. Fig. 7 shows the variation in the thickness of the
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ig. 5. Scanning electron micrographs of 650 ◦C-sintered columnar structures o
nd T6: 330 s. The inset images show the surface morphologies of each sample

tructures as a function of time. Three different stages accord-
ng to Fig. 6 are identified throughout the whole process, in
hich the deposition follows a ‘slow-fast’ sequence. The slope

s relatively small in the initial stage, in which the droplets are
anding on the surface. In this stage, it is easy for the landing par-
icles to be distributed rather than for agglomeration to occur,
hich means that cluster growth is more possible in the x–y
lane and the thickness increases slowly. Once the initial layer
s formed by the first batch of particles, the ones following are

ore likely to build on the former ones, which is the growing
tage. In this stage, the column grows in both the x–y plane and
he z-direction by agglomeration and accumulation of dry parti-
les. As the deposition goes on, the area of the columns becomes
table and the height of the layer increases with deposition time,
hich is the sustained stage. The assumed trend for this stage
s marked by dotted lines, of which the slope is greater than the
rst two stages. However, a large deviation can be observed in

he graph at longer deposition time, which is possibly because
he data scatter increases as the thickness increases.

p
s
h
a

ed at different deposition times. T1: 10 s, T2: 20 s, T3: 40 s, T4: 60 s, T5: 180 s
viewed with a tilt of 45◦.

.3. Effect of substrate temperature

Fig. 8 shows micrographs of the columnar PZT structure
prayed on the substrate at different temperatures and sintered at
50 ◦C. It is clear that different columnar structures are obtained
ith the increase in substrate temperature. At 75 ◦C, the area
ensity of the columns is small, leaving a large void area where
he silicon substrate is exposed. At 125 ◦C, the area density of the
olumns increases, leaving fine gaps between the columns. At
75 ◦C, the structure becomes denser and some of the columns
tart to interconnect in the x–y plane. These observations may
e explained as follows.

First, it is believed that although 0.6 M solution yields small
roplets which have undergone significant evaporation, the
ncoming droplets are not completely dry when they are trans-

orted to the substrate at the ambient temperature. When the
ubstrate temperature increases, the radiative and convective
eat transfer from substrate to the droplets should be taken into
ccount since the spatial temperature between the needle and
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Fig. 6. Schematic representations of the different stages of growth of PZT
columns by electrohydrodynamic deposition in the cone-jet mode: (a) initial
stage, (b) growing stage and (c) sustained stage. The small dots represent the
droplet. The pillar structures represent PZT columns.
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ig. 7. Variation of the thickness of PZT columnar structure heat-treated at
50 ◦C as a function of time. Stage I, II and III are initial stage, growing stage
nd sustained stage, respectively.

ubstrate is also increased. Therefore the substrate temperature
s a key factor when the droplets are transported to the surface.
t lower substrate temperature, the incoming particles are rel-

tively wet and still containing significant amounts of organic
olvent and their reacted resultants.19 These “wet” particles are
eposited as wet columns, which are believed to be of high
onductivity due to the residual solvent in them. These con-
uctive columns connect with the ground resulting in a change
f the effective profile of the ground electrode from planar to
piked. After a certain deposition time, the scale of the columns
ecomes large enough to disturb the electric field between the
eedle and the substrate. Because of the preferential landing, it is
ather difficult for the particles following to deposit in the space
etween the columns but highly attracted to the surface of the
olumn. However, when the substrate temperature is increased,
he deposited columns are drier than those on the correspond-
ng lower temperature substrates. These drier columns are less
onductive so they will not act as such an effective extension
o the ground electrode, reducing the effect on the electric field
ven when they present on a large scale. Therefore, the particles
ill have less of a tendency to deposit at the sites of pertur-
ations leading to a finer columnar structure. Also, due to the
ower conductivity, it is difficult for the electrical charges in
he column to dissipate which then accumulate on the surface
f the column. Thus the particles following, which contain the
harges with the same polarity, will be repelled away from the
olumn. Accordingly, it is believed that it is easier for the par-
icles to deposit in the void area between columns due to the
ower conductivity of the dry columns, resulting in the forma-
ion of interconnected structures. Additionally, the shrinkage of
he deposited structure could also be considered as a contribu-
ion to this phenomenon. The columns on the lower temperature
ubstrate are wetter and will lose more weight due to the fur-

her decomposition at higher temperature, thus incurring a large
olume reduction. When the substrate temperature is increased,
he columns are drier when deposited, undergoing less shrink-
ge at the higher temperature; this could help to explain why a



3138 D. Sun et al. / Journal of the European Ce

F
s
a

d
t

3

c
s
t
o

P

C

w
c
o

a
A

ε

w
c
o
a
m
g
o
t
1

c
n
n
p
m
r
o
r
w
t
p
t
b
s
T
P
p
a
p
a
t
t
s
a
a
d

4

m
T
t
t
o
p
t
0

ig. 8. Light micrographs of columnar PZT structures sprayed at different sub-
trate temperatures followed by heat treatment at 650 ◦C. H1: 75 ◦C, H2: 125 ◦C
nd H3: 175 ◦C.

enser structure can be obtained at a higher substrate tempera-
ure.

.4. Dielectric properties

The capacitance and dissipation factor of the PZT/polymer
omposite at 50 kHz was 15.4 pF and 0.021, respectively. The
tructure was approximately 25 �m thick with circular elec-
rodes of 740 �m in diameter. Therefore the relative permittivity
f the composite εm is calculated as 105.

In the current model, the composite can be considered as a
ZT and polymer capacitor connected in parallel. As a result:
m = CPZT + Cpolymer (2)

here Cm is the capacitance of the mixed composite, Cpzt is the
apacitance of the PZT columns and Cpolymer is the capacitance
f the polymer phase. If the area of the tested composite is A,

e
0
t
t

ramic Society 28 (2008) 3131–3139

nd the areas of the PZT columns and the polymer phases are
pzt and Apolymer, respectively, Eq. (2) gives:

m = εPZTAPZT

A
+ εpolymerApolymer

A
(3)

here εPZT and εpolymer are the relative permittivity of the PZT
olumns and the polymer phase, respectively. From analysis
f the image showing the columnar structures processed at the
mbient temperature, the area fraction of PZT column and poly-
er is 0.678 and 0.322 at this temperature. As a result, Eq. (3)

ives εm = εPZT·0.678 + εpolymer·0.322. The relative permittivity
f the photoresist is approximately 3, thus the relative permit-
ivity of the columnar PZT material εPZT can be calculated as
54.

Compared with homogeneous PZT films produced by spin
oating (εPZT = 400), the relative permittivity of the colum-
ar PZT material is lower. It is believed that this is due to a
umber of factors. Firstly, the slight presence of second-phase
yrochlore due to the increased loss of lead during heat treat-
ent as a result of the high surface area may be one of the

easons. Secondly, the different crystallographic crystallization
f columnar PZT with respect to planar PZT is also expected to
esult in a change in relative permittivity. Thirdly, the porosity
ithin the column is higher than desired due to the preferen-

ial landing of the particles during deposition, leaving air filled
ores within the structure; this is possibly another reason for
he low relative permittivity. Moreover, the poor connectivity
etween the polymer and the PZT columns may also leave to
mall voids, which may increase the porosity in the matrix too.
he measured value of dissipation factor is reasonable for a
ZT composite. However, there is a possibility that the higher
orosity may also increase the dissipation factor due to a large
mount of charges accumulated near the boundary of different
hases (PZT/polymer/air), which may induce conduction. For
given film, the density of the films can be increased further

hrough infiltration of liquid sol followed by thermal cycling
o convert the sol into the ceramic phase as has been demon-
trated with porous powder based PZT films.35 Alternatively,
s has been demonstrated here, changing the sol concentration
nd deposition temperature can yield significant changes in film
ensity.

. Conclusions

Electrohydrodynamic deposition is a novel processing
ethod that can be used for forming columnar PZT structures.
he concentration of precursor affects the as-deposited struc-

ures to a large degree, which is due to the different size of
he droplets formed during electrospraying and the evaporation
f the droplets during their transportation to the substrate. The
referential landing of charged particles is also a factor affecting
he as-deposited structures. By changing the concentration from
.06 to 0.6 M, structures ranging from continuous dense lay-

rs to columnar structures can be obtained. It is concluded that
.6 M sol is well suited for the fabrication of columnar PZT by
his technique. A three-stage growth process can be observed in
he columnar PZT structure of which a thickness of 35 �m can
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e obtained after 330 s of electrospray deposition. Heat treat-
ent at 650 ◦C is necessary for crystallizing the columnar PZT.
ubstrate temperature has a significant effect on the colum-
ar structure produced during deposition; the structure becomes
maller and denser when the substrate temperature increases due
o the changes in the conductivity of the columnar structures
uring deposition. A PZT/polymer composite can be produced
y infiltrating a liquid polymer among the PZT columns. The
elative permittivity and the dissipation factor of such a com-
osite is 105 and 0.021, respectively. Modelling the structures
s two parallel capacitors in the composite allows the calcula-
ion of the relative permittivity of PZT column as approximately
54. A certain amount of voids are distributed throughout the
ZT columns and these and the boundaries with the polymer
ay reduce the relative permittivity and increase the dissipation

actor.
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