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bstract

n this study, high performance piezoelectric thick films were prepared by depositing only a few sol–gel infiltrated composite layers on Si/SiO2/Ti/Pt
afers. Lead zirconate titanate (PZT) powder, binder and infiltration sol were synthesised from the same-laboratory made time-stable polymeric
ZT sol. Adding coarse powder (50 wt%) to the sol precursor, crack-free coatings were prepared by dip coating in the 30–50 �m thickness range in
nly 3–6 layers. The results showed that good performance can be achieved by controlling sol concentration, powder charge, composite sol ageing,
umber of infiltrations and heat treatments. The initial results showed that only a limited number of infiltrations are needed in the final stack to

btain high piezoelectric performance. For instance, a 40 �m thick film was prepared with 6 composite layers with a 0.7 M PZT sol charged with
0 wt% PZT powder after 2 months’ ageing. Poling was performed for 5 min under 15 V/�m in an oil bath at 170 ◦C after 5 infiltrations and final
nnealing at 700 ◦C for 10 min in RTA. Despite substrate clamping, this coating reached an effective thickness coupling factor up of to 39% at a
esonance frequency of 30 MHz. This result was obtained with a non-doped PZT powder.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Ferroelectric lead zirconate titanate (PZT) is widely used
or piezoelectric device applications such as MEMS, actuators
nd ultrasound transducers. In medical imaging, the exploration
f superficial tissues in fields such as dermatology, ophthal-
ology and microsurgery requires the development of high

requency (40–50 MHz) ultrasound probes. Piezoelectric poly-
ers or copolymers such as PVDF and P(VDF-TrFE) have

imited electromechanical performance (kt∼25%) and lead-
ased ceramics (kt∼50%) have also been widely investigated.
owever, for these materials, working at high frequency requires

he preparation of films of few tens of microns thick (for exam-
le around 40 �m for a resonance frequency of 30 MHz). To

eposit films with such high piezoelectric performance, sev-
ral processes such as lapping,1 tape casting,2 screen printing,3

ol–gel4 and inkjet printing5 have been studied. Sol–gel chem-
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stry has certain advantages among these techniques such as low
rocessing temperatures, low cost equipment, easy stoichiome-
ry and film thickness control. Furthermore, sol–gel chemistry is
ery appropriate for deposition onto complex shape substrates.
ZT sol–gel films, first studied by Fukushima et al.,6 were devel-
ped as thin films for various applications such as non-volatile
emories,7 capacitors8 and MEMS.9 To increase film thickness,
sol–gel route using a charged sol, also called a composite sol,
as first developed by Barrow et al.4,10 Using the spin-coating

echnique, 5–200 �m thick films were prepared with good piezo-
lectric properties. The best reported results were obtained using
–2 �m thick single layers, since authors reported that increasing
he single layer thickness leads to a degradation of film den-
ity and piezoelectric properties.11 Other studies showed that
oating infiltrations with a PZT sol improved both densification
nd surface roughness and led to enhancement of the piezoelec-
ric coefficient d33.12,13 Infiltration is usually performed after
eposition of each composite layer.14
In the study reported here, the sol–gel composite process
as used to prepare dip-coated PZT thick films deposited on
i/SiO2/Ti/Pt wafers. The piezoelectric and electromechani-
al properties were mainly studied by measuring the effective

mailto:anthony.bardaine@cea.fr
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dx.doi.org/10.1016/j.jeurceramsoc.2007.10.014
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hickness coupling factor kt which is a determining parame-
er for ultrasound transducer applications. 40 �m thick films
ere prepared to make high frequency ultrasonic transducers

t 30–40 MHz.
We used a very stable high viscosity PZT polymeric sol as

binder. It was first optimised to prepare reproducible thin
lm capacitance.15 Unlike most studies which mixed commer-
ial PZT powder in the composite slurry, the powder here was
ynthesised from the PZT polymeric sol, and better chemical
omogeneity was therefore expected.

This study also investigated the ability of the process to obtain
hick films in a limited number of composite layers. Films were
repared and optimised using 5–10 �m thick single layers. To
btain the appropriate thickness and properties, binder concen-
ration, powder content and variation in film thickness with sol
geing were taken into account.

The influence of heat treatment on thick film performance (in
articular the kt) was also investigated and showed the benefit
f short heat treatments.

Finally, infiltrations were processed to avoid voltage break-
own and allow high voltage polarisation. Infiltrations were only
rocessed after the last composite layer, preserving the porous
tructure at the film/substrate interface.16 Piezoelectric perfor-
ance was also improved by limiting the number of infiltrations.
In Section 2, each step of the composite sol preparation and

ZT film development is described. Structural and electrome-
hanical results are discussed in Section 3.

. Experimental details

.1. PZT sol synthesis

Using ethylene–glycol and n-propanol as solvents, the
b(Zr0.52Ti0.48)O3 sol15 was synthesised with lead acetate trihy-
rate (Normapur), zirconium n-propoxide at 70% in n-propanol

Fluka) and titanium isopropoxide (Aldrich) as precursors. An
xcess of 10% lead was introduced in the sol to compensate for
he removal of PbO during the annealing process. The synthesis
s depicted in Fig. 1. A solution with a viscosity of 33.5 cP was

s
w
(
p

Fig. 1. Composite PZ
Ceramic Society 28 (2008) 1649–1655

btained for a concentration of 20 wt% PZT (0.7 M). This solu-
ion was used as binder in the composite slurry and as infiltration
ol.

.2. Powder synthesis

The powder charge was prepared from the previous sol in 4
teps: gelification, solvent release, calcination and densification.
he PZT sol was mixed with a basic solution of NH4OH at pH
1, then placed in the oven for 30 min at 80 ◦C for gelification.
he gel was heat treated for 6 h at 200 ◦C to remove the solvents.
he yellow solid material obtained was crushed in a mortar.
he powder was annealed for 4 h at 700 ◦C in an oven to give
ellow-orange perovskite grains.

.3. Composite slurry preparation

Sol concentration and powder content were selected after
preliminary study. In this study, the composite slurry was

roduced by mixing PZT sols of 0.7 M in concentration and
ZT powders with powder content (charge load) of 50 wt% (cf.
ig. 1). The mixture was stirred under constant agitation for up

o three months to study sol ageing.

.4. Composite layer deposition and infiltration

Deposition of the composite layer was performed by dip coat-
ng on Si/SiO2/Ti/Pt (1 0 0) and (1 1 1) wafers (6 cm × 3 cm).
he substrates were cleaned with optical detergent and washed
ith distilled water and ethanol prior to coating. In this study,
owders were only crushed in a mortar before mixing. The com-
osite solution was then aged under constant agitation to disperse
he rough powder in the slurry. Depending on the slurry age, sin-
le composite layers can be prepared in the 1–10 �m thickness
ange. The composite sol was stirred between each deposition

tep and was calmed during coating. In this study, infiltration
as only processed on the whole stack. After coating each layer

composite or infiltration), calcination and densification were
erformed on a hotplate at 370 ◦C for 5 min. The composite

T sol synthesis.
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tack was heated for 2 min at 600 ◦C on a hotplate before infil-
ration. Films were finally annealed at 700 ◦C in a furnace or
rapid thermal annealing (RTA) oven. Before poling, 400 nm

hick aluminium electrodes were sputter-deposited through a
ask. All films were poled in an oil bath at 170 ◦C for 5 min

nder 15 V/�m.

.5. Structural and electromechanical characterisations

Film thickness and roughness were measured with a Dektak
T8 profilometer. The microstructure was observed by cross-
ectional optical micrography and scanning electron microscopy
SEM). Apparent porosity was deduced from these micrographs.
-Ray diffraction was used to determine the crystalline structure
f the film. Data were collected on an INEL G3000 diffractome-
er with Cu K�1 radiation (λ = 1.54178 Å).

Electrical, acoustic and electromechanical parameters of the
hickness mode were deduced using a method based on mea-
urement of the complex electrical impedance according to
requency Ze(f) around the fundamental thickness-mode reso-
ance. The experimental set-up was composed of an HP4395
pectrum analyser with its impedance test kit and specific spring
lip fixture. An equivalent electrical circuit scheme was used,
he KLM model,17 for the corresponding modelling. This one-
imensional model is based on the same assumption as Mason’s
odel18 and allows clear separation of the network of acoustic

nd electrical ports of the piezoelectric element. Moreover, a
atrix formula19 makes numerical calculation of the multilayer

tructure integrating a piezoelectric layer easier. The diameter
f the top electrode used in this study was large in comparison
ith the film thickness so that samples only delivered a thickness
ode vibration. The thickness of the silicon substrate was also
uch smaller than its lateral dimension to avoid lateral mode

xcitation.20,21 The complex electrical impedance of the multi-
ayer structure can be simulated with the KLM electrical circuit.
or our samples, the thickness of the silicon substrate was in

he same range as the ratio of longitudinal wave velocity in this
ubstrate and the fundamental resonance frequency of the piezo-
lectric thick film (assumed in free resonator conditions). The
esonances in the silicon substrate were therefore coupled with
hose in the piezoelectric thick film.21

In contrast to the characterisation of a free unbacked

esonator,22 the surrounding layers of similar thickness to that
f the piezoelectric thick film (e.g. substrate) must be taken into
ccount. Consequently, if high accuracy of piezoelectric thick
lm parameters is desired, the properties of the other layers

A
s
t
v

able 1
aterial properties of inert layers in the structure (t: thickness, cl: longitudinal wav

requency range study for the substrate)

ayer Materials t (�m) cl (m/

op electrode Aluminium 0.4 6320
iO2 SiO2 1.2 5995
ottom electrode Platinum 0.12 3960

ubstrate
Silicon [1 0 0] 380 8430
Silicon [1 1 1] 531 9340
ig. 2. Schematic drawing (cross-section) of fabricated and characterised sam-
les.

ust be precisely known. [1 0 0] and [1 1 1] textured silicon sub-
trates were used. Velocities in [1 0 0] and [1 1 1] directions were
educed from elastic constants and density measurements.23

he attenuation values in silicon are low and slightly dispersive.
n the 20–100 MHz frequency range, the attenuation measured
as between 0.03 and 0.043 dB/mm/MHz.24 A 1.2 �m thick
iO2 layer was on the upper surface of the silicon susbstrate.25

he bottom Pt and top Al electrodes had a thickness of 120 and
00 nm, respectively. Attenuation in both electrodes and SiO2
ayers was ignored. Fig. 2 shows the schematic drawing of the

ultilayer structure and Table 1 summarises all the data of the
nert layers in the structure.

The unknown parameters for the piezoelectric thick film
n the KLM model are the effective thickness coupling factor
kt), the dielectric constant at constant strain (εS

33), the equiva-
ent longitudinal wave velocity (cl),26 and the mechanical and
ielectric losses (δm and δe) measured at the anti-resonance fre-
uency (which are taken into account in the KLM model27).
hese values are obtained with a curve fitting approach by using

he simplex method28 in which effective values are obtained
s if the piezoelectric element is loaded with a backing in an
ltrasound transducer corresponding to real conditions. Fig. 3
hows the experimental and fitted theoretical complex electrical
mpedance of the CF1 sample. Good agreement was obtained
etween theory and experiments.

The influence of variations in several parameters of the inert
ayers (attenuation, thickness and velocity) on deduced thick
iezoelectric film properties was studied. For this, several fits
f the first sample characterised (CF1, Table 2) were performed
y varying these parameters. The results showed that the
ttenuation range in the Si substrate given in Table 1 involved
nly a slight variation in the mechanical losses (around 1%).

variation in thickness or velocity in the Si substrate can

ignificantly change the effective velocity in the piezoelectric
hick film but these values in the single Si crystal are known
ery accurately (Table 1). Simulations were also performed

e velocity, ρ: density, Z: acoustic impedance, α: attenuation coefficient, with

s) ρ (kg/m3) Z (MRa) α (dB/mm/MHz)

2700 17.1 –
2200 13.2 –

21400 84.7 –

2340 19.7 0.03–0.043
2340 21.9 0.03–0.043
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ig. 3. Electrical impedance of CF1 (solid line: experimental; dashed line:
heoretical).

gnoring the SiO2 layer. The results showed very low variations
n the thick film parameters. The absolute variations were
round 0.2% and 10 m/s for the effective thickness coupling
actor and the longitudinal wave velocity, respectively. Platinum
coustic impedance is high in comparison with that of the thick
iezoelectric film (which increases the loaded effect). However,
he two electrodes were also very less thick in comparison
ith the piezoelectric element. As a consequence, these two

ayers can be ignored (the maximum variation for the five
xtracted parameters in the piezoelectric thick film was around
.1%). For the same reason the Ti layer (<50 nm) was also
gnored.

. Results and discussion

.1. General characterisations

To determine the PZT bulk properties, 10 mm diameter,
00 �m thick pellets were pressed and sintered at 1260 ◦C. Pt
lectrodes of about 5 �m thick were screen printed before pol-
ng at 130 ◦C for 2 min under 1.9 V/�m. The pellet exhibited

thickness coupling factor, kt, of about 50% at 4.1 MHz. This

alue was as high as those obtained for powders made by the
ixed oxide conventional process and shows that this powder is

uitable for the preparation of high performance thick films. The
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ig. 4. Photographs of a spin-coated and dip-coated composite single layer.

easured density of the pellets was around 7000 kg/m3 which
onfirms a residual porosity.

Films were first deposited by spin coating and dip coating.
oth techniques have the advantage of short process time and

ow volume for spin, and the possibility of depositing on com-
lex shapes and high surface substrate for dip coating. However,
s shown in Fig. 4, composite single layers prepared with coarse
owder and deposited by spin coating (1000 rpm, 30 s) are less
omogeneous compared to dip coating.

A composite PZT film deposited by dip coating was anal-
sed by X-Ray diffraction as shown in Fig. 5. The XRD pattern
atches the typical perovskite structure of PbZr0.52Ti0.48O3

JCPDS Card No. 33-0784). In fact, because PZT with a mor-
hotropic phase boundary (MPB) was studied, rhombohedric
nd tetragonal structure can coexist. This is shown by the asym-
etric profiles of the peaks which indicate that the composition

aries locally. As a consequence, the widths of the XRD peaks
re meaningless here. Moreover, no lead oxide was detected as
separate phase.

Fig. 6 shows the thickness/layer versus the 50 wt% charged
ol ageing. Thickness/layer increased from 3 to 10 �m after 3
onths, demonstrating the dispersion of powders described in

he literature.29 These results showed that a wide range of film
hicknesses can be easily achieved by composite sol dispersion.

The influence and possible variations (related to possible
rror measurements) in three experimental parameters on the

iezoelectric thick film properties was also studied (i.e. thick-
ess, density and surface area of the top electrode). Variations of
2 �m in the thickness, ±10% in the area of the top electrode

corresponding to a variation of ±0.3 mm in the diameter) and

Fig. 5. X-Ray diffraction pattern of a composite thick PZT film.
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Fig. 6. Single layer thicknesses influence by sol ageing.

–25% of porosity in the film (corresponding to a density range
etween 6000 and 7440 kg/m3) were taken into account for the
etermination of five parameters by the fitting process: dielectric
onstant at constant strain, thickness coupling factor, longitu-
inal wave velocity, mechanical losses and electrical losses.
orresponding ranges of variation were quantified for each of

hese parameters; elastic constant (cE
33), piezoelectric coefficient

e33) and anti-resonance frequency (fa) were deduced. All the
esults are summarised in Table 2. The dielectric losses were
etween 1 and 2% for all samples.

The results showed that variations in effective thickness
oupling coefficients did not exceed ±0.015. Accuracy of lon-
itudinal wave velocity was also less than 5%. In contrast,
ielectric constant at constant strain and mechanical losses var-
ed between 10 and 15%.

Effective thickness coupling coefficients were high although
iezoelectric coefficients (e33) were low compared to other
eports. This can be mainly explained by the very low values of
ielectric constant that counterbalance the low e33. This result
as previously reported by Lukacs et al.20

.2. Influence of intermediate and final infiltrations

To compare intermediate and final infiltrations, two films
CF1 and CF2) were prepared with a composite solution aged
or 3 months. CF1 was made with 3 composite layers and 12
nal infiltrations. CF2 was deposited using 3 composite layers
nd 4 intermediate infiltrations/layer, also leading to 12 infil-
rations. CF1 (46 �m) was thicker than CF2 (33 �m). In fact,
he first infiltrations probably create barrier layers. As a conse-
uence, the last infiltration layers in CF1 slightly increased the
lm thickness.

Few infiltrations were required to pole the films here to pre-
ent voltage break down. Poling and piezoelectric measurements
ere performed on these composite layers as described in Sec-

ions 2.4 and 2.5. CF1 exhibited an effective thickness coupling
actor of 33% at 39 MHz (Table 2). This value was quite low
ompared to the bulk properties but higher than that of CF2.

he slight difference between CF1 and CF2 can be explained by

he microstructure at the film/substrate interface.30 Indeed, the
dhesion of the film on the substrate was lower in CF1 than in
F2, as seen in Fig. 7, as its interface was more porous.
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Fig. 7. Cross-section SEM micrographs of CF1 and CF2.

.3. Influence of heat treatment process and duration

Various heat treatments were processed on further films pre-
ared with 2-month-old slurry (Table 2). The thermal curing
as the same as for CF1 and CF2 except the final annealing.
o reach the 40 �m thickness, 6-layered composite stacks and
0 final infiltrations were deposited. Table 2 shows that short
nnealing time duration allowed the preparation of good per-
ormance layers. For instance, an up to 36% effective coupling
oefficient kt was obtained at 34 MHz for 10 min rapid ther-
al annealing at 700 ◦C. This result is very close to the best

alue already reported by Sayer et al.11 Longer time duration
eat treatment leads to non-reproducible performance, e.g. CF1
nd CF3, depending on the film densification and mechanical
tresses induced. It can also modify the film/substrate interface
here atom diffusion takes place. High mechanical losses in the
films may be due to inhomogeneous porosity distribution or

hickness variations in the films.
.4. Influence of the number of infiltrations

A new film (CF6) was prepared with the same process as for
F5 but with only 5 final infiltrations. Film electromechanical
Ceramic Society 28 (2008) 1649–1655

roperties are reported in Table 2. An effective coupling coeffi-
ient kt of 39% at 30 MHz was then obtained which was better
han for CF5, although CF6 was more porous than CF5. The
ielectric constant εS

33/ε0 was therefore lower in CF6 than in
F5, leading to an increase in kt. This result shows that adding
ore infiltrations improves film density but not piezoelectric

erformance. In conclusion, this study shows that a minimum
umber of final infiltrations is appropriate for composite sol–gel
rocesses and can lead to high piezoelectric properties.

. Conclusion

Thick piezoelectric PZT films were made by dip coating of
composite sol–gel solution followed by polymeric sol infil-

ration. The composite mixture was prepared with a very stable
iol-based PZT precursor sol and PZT powder made from the
ame solution. By varying the final annealing, the infiltration
rocess and the number of infiltrations, effective electromechan-
cal coupling coefficient of up to 39% at a resonance frequency
f 30 MHz, suitable for high frequency transducer applications,
an be reached on a platinised silicon wafer. This study shows
hat high piezoelectric properties in the right frequency range
an be achieved with a limited number of layers, thus saving
ime and cost. Moreover, a final infiltration process seems to
ield better piezoelectric results than an intermediate process.
urthermore, the dip-coating process allows the deposition of

hick film on a dome shaped substrate. The influence of particle
ize and single layer thickness is currently under investigation,
nd other substrates more suitable for ultrasound transducers
ill also be studied.
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