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Abstract — We have studied the processing of piezoelectric thick films using electrophoretic deposition (EPD) for
high-frequency ultrasound applications. Lead-zirconium-titanate (PZT) particles synthetized by solid states
synthesis were dispersed in ethanol using ammonium polyacrylate (PAA). The electrophoretic deposition of PZT
particles was performed at a constant-current mode. PZT thick-films deposited at 1 mA for 60 seconds were
sintered at 900°C for 2 hoursin a PbO-controlled atmosphere. The scanning-electron microscopy (SEM) analysis
shows that the thickness of PZT layer is uniform and that the pores are homogeneously distributed within the
layer. The complex electrical impedance was measured and fitted by KLM scheme in order to deduce the
dielectric, mechanical and piezoelectric parameters of the thick-films. The density and thickness of PZT thick films
are used as inputs and the thickness coupling factor k;, dielectric constant at constant strain and resonant
frequency are deduced. The results show that homogeneous PZT thick-film structures with tailored thickness and
density prepared by EPD and sintering having a resonant frequency around 20 MHz can be used for noninvasive
medical ultrasound imaging and diagnostics.

the acoustical attenuation in lenses is significant
1. INTRODUCTION which decreases the sensitivity of the transducer.
The electrophoretic deposition (EPD) is a suitable

Ultrasound transducers are widely used for medid@€thod to realize thick-film structures on non-flat
investigations and diagnostics. For imaging smdiHbstrates [6, 7, and 8]. In this process two edelets
objects such as skin, eye or for intracardiac adée immersed into a liquid containing charged
intravascular examinations, the transducer generaferamic particles. By applying DC electric filediet
operates in a frequency range between 20 and suticles move toward an electrode and depositon i
MHz [1, 2]. [9, 10]. To obtain the functional response of the

The typical transducer consists of a piezoelectd€zoelectric material, the as-deposited layer toas
element, one or several matching layers, lenses R sintered at elevated temperatures [11]. The majo
focusing the acoustical beam and a backing. TH#ficulties reside in the chemical reactivity beten
piezoelectric material is the most important pafrt yarious materials, developing of stresses in the
the transducer since it converts electrical enémgy Multilayer structures and in particular in lead-
mechanical and vice versa. Its characteristicstimge containing materials and the lead-losses [11]. To
with its geometry contribute to many of thérocess defect-free, homogeneous thick films with
properties of the transducer in particular its apieg desired thickness and density, the properties ef th
frequency, sensitivity and spatial resolutions [3]. ~ suspension, the deposition process as well as the

Lead-zirconate titanate (PZT) is often used &ntering procedure have to be optimized.
piezoelectric element due to its high piezoelectricThe substrate, used as a backing, is a porous
response. For high-frequency devices, tHeramic considered as a ceramic-air composite. The
piezoelectric element should be a few tens @ff reduces the acoustical impedance of the materia
micrometers thick and it can be fabricated by thicknd increases the acoustical energy delivered to
film technology such as screen-printing [4, 5]. Aiological tissues [12].
considerable interest is paid to geometrical fouysi The motivation of our work was to process
of the acoustic beam. In this case the piezoetectﬂiGZOE'GCtriC PZT thick films with tailored thickss
layer is not deposited on a flat but on a curvetnd density by electrophoretic deposition. The
substrate. Its shape enables focusing of the acou#fiickness and density of PZT thick films will be
beam and therefore the lenses for focusing are fgtermined as well as the electromechanical
needed. This would result in a more economical argoperties of the PZT.
straightforward design of the transducer. Moreover,



2. EXPERIMENTAL Texas Health Science Center, San Antonio, USA) to
determine the quantity of pores [13].

For the experimental work we used Pk(#&  Dielectric, mechanical and piezoelectric paramset

Tio.47)Os powder (PZT) prepared by solid statguere deduced by measuring the complex electrical

synthesis. PbO (99.9+ %, Aldrich), Zs(99.9 %, impedance around the fundamental thickness mode of

Tosoh) and TiQ(99.9 %, Alfa Aesar) were mixed inresonance. The experimental set-up was composed of

a planetary ball mill for 2 hours. The powder wagn HP 4395 vector analyzer and its impedance test k

dried and calcined two times at 950 °C for 2 heAft To simulate the theoretical behavior of the elestri

the calcination the powder was milled for 8 h in ajnpedance of the samples as a function of frequency

atritor mill. for the thickness mode, an equivalent electricalud

PZT suspension with a solid load content of 1 96l. model was used. In this paper, the KLM scheme [14]

was prepared by dispersing the PZT powder in @as retained and a fitting process and used toagedu

anhydrous ethanol. Ammonium polyacrylate (PAAjom the experimental data the thickness-mode

and n-butylamine (BA) were used as additives. Wsarameters of the EPD piezoelectric thick filmseTh

added 0.63 wt. % of both, PAA and BA, respectivelgtructure of the samples is composed of four inert

based on amount of PZT powder. The suspensigiyers and one piezoelectric layer (Figure 1).

was homogenized in Zeplanetary mill for 2 hours.

EPD was performed z_slt a constant current at_room Gold electrodes
temperature in a horizontal electrode cell with a _ Piczoclectric layer (PZT)
platinized AbO; substrate that acts as a cathode and a Platinum electrode

platinized AbO; substrate with a PZT buffer layer _ Buffer PZT layer
that acts as an anode. The distance between the® : Alumina substrate
electrodes was 25 mm. The area of electrodes wasFigure 1: Schematic representation of thick-film

0.64 cmi. The deposition was performed at a current structure.
of 1 mA for 1 min using Keithley 237 (Keithley
Instruments Inc., Cleveland, USA). The four inert layers are an alumina substrate, an

After drying the layers were placed in a coveregnpoled PZT buffer layer and two electrodes, the
corundum vessel and sintered at @Ddor 2 hours. parameters of those layers are fed in the KLM model
Samples were sintered in the presence of 0.5 gasfd considered as constant. The determinationtend t
packing powder with composition Pbzy@ith 2 wt. corresponding accuracy of the parameters are sif fir
% of PbO. Samples are denoted as 900_2h_0.8gority [15, 16]. These materials and correspogdin
Samp|es sintered without any packing powder ad@ta base are well known except for porous PZT. For
denoted as 900_2h_0g this last material, a homogenization model was used
To perform the electromechanical measurement$/, 18] (according to the porosity content) to uiesl
gold electrodes (150 nm thick with a diameter of he longitudinal wave velocity and attenuation
mm) were sputtered. The samples were poled G@efficient. Finally, with the KLM model, five
150°C for 15 min in an oil bath at 6 kV/mm. parameters were deduced (i.e. the thickness mode
The X-ray powder-diffraction data was collected @oupling factork,, the longitudinal wave velocity;,
room temperature using a PANalytical diffractometdhe dielectric constant at constant strafg, and the
(X¢Pert PRO MPD, The Netherlands) in tiierange loss factor (mechanical and dielectric). On theasih
from 10 to 70 degrees, by steps of 0.034 degreesd using additional measurements such as thetgensi
with an integration time of 100 s. The phases we@¢ the thickness of the piezoelectric thick film,
identified using the PDF-2 database. The zetacoustical impedance (Z) as well as the resonant
potentials of PZT particles in ethanol were meagur@equency of the thick film ¢ in free mechanical
at room temperature using a ZetaPals zeta-potentegonance condition were deduced. Accuracy of this
meter from Brookhaven Instruments. Theharacterization method for a multilayer structuees
conductivity of the suspension was measured at rogligcussed in previous work [19, 20].
temperature using a Cond 730 Inolab. The
microstructures of samples were characterized ity RESULTSAND DISCUSSION
scanning electron microscope (SEM) (JEOL 5800,

Tokyo, Japan). The thickness of samples wasThe X-ray powder diffraction pattern of PZT paard
measured before and after deposition by profilometgfter calcination is shown in Figure 2. All diffitean
(Viking 100 Solarius Inc.). The density of thepeaks correspond to tetragonal (PDF 00-050-034®) an
sintered thick film was obtained by a quantitativehombohedral (PDF 01-073-2022) perovskite PZT
characterization of the ceramic microstructure.sThétructure [21].

characterization was obtained from SEM images

turned into a binary image computerized in image-

analysis software (ImageTools 3.0, University of



7000 density of 69 + 1 %. PZT particles are small and no

6000 connected as it is evident in Figure 4b.

The PZT layer of sample 900 _2h 0.5g is slightly
- 5000 thinner, i.e. 50 + 1 pm. The density of the PZTelaig
< 4000 72 + 2 %. PZT particles are connected as it isentid
:; 3000 from Figure 5b. The results illustrate that thetesiimg
a of PZT thick film in the presence of the lead-rich
g 2000 atmosphere results in a thinner and denser PZT.laye
" 1000 ) b)

a

0:

10 20 30 40 50 60 70
2theta (dea)

Figure 2: X-ray diffraction of PZT powder calcinat
950°C for 2 hours.

We prepared an ethanol-based PZT suspensiorawi
solid load of 1 vol. % of PZT. The zeta potentidl ¢
PZT particles of -62 + 5 mV indicates stable
suspension. The conductivity of the suspensionmasg_
pS/cm at 23°C.

PZT particles were deposited on #hebstrates at a ) ) .
constant current of 1 mA for 1 min. We obtain ackra Figure 4: PZT sample sintered without packing
free, uniform deposit as shown in Figure 3. THEowder (900_2h_0g). a) Cross section of PZT thick-
thickness of the deposit was 70 + 5 pm and a denditm deposited on PUPZT/AD; substrate; b) PZT
50 + 5 % of the theoretical density of PZT deterenin 1ayer.
from dimensions and mass of the PZT layer.

‘‘‘‘‘
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Figure 5: PZT sample sintered with 0.5 g of packing
powder (900_2h_0.5g). a) Cross section of PZT thick
film deposited on Pt/PZT/ADs; substrate; b) PZT

Figure 3: Top surface of PZT layer deposited atAl n]ayer

for 60 seconds.

The PZT deposits were sintered at 900 °C for
hours. The microstructures of the samples sinter,
without packing powder (denoted as 900_2h 0g) a
with 0.5 g of packing powder (denoted a’%

e complex electrical impedance of sample
0_2h_0g and the sample 900_2h_0.5g are shown in
Igure 6 and in Figure 7, respectively.
y using the KLM scheme and a fitting process, we

900_2h_0.5g) are shown in Figure 4 and Figure eéduced two parameters, the thickness couplingrfact

respectively. From the images it is evident thag t . . .
thickness of the piezoelectric layer is uniform.eThkt and the dielectric constant at constant stzginWe

layer is porous and the pores are homogenou 'termlned_ the resonance frequency O.f the PZT
distributed in the PZT matrix. The PZT layer of th& zoelectric layer from complex electrical impedan

; asurement represented by a dashed gray line. For
sample 900_2h_0g had a thickness of 55 + 1 um ang"a%ple 900_2h 0g, a coupling factor of 20%, an

apparent dielectric constant at constant strairb®f



was measured as well as a resonance frequency®f :
MHz. For Sample 900_2h_0.5g, a coupling factor «
33%, an apparent dielectric constant at constaainst
of 94 and a resonance frequency of 18.1 MHz we @

found. S
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100C Figure 7: complex electrical impedance of sample
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The apparent dielectric constant and the thickness

Figure 6: Complex electrical impedance of samplgupling factor of sample 900_2h_0.5g are highanth
900_2h_0g (solid black line: theoretical, dashealygrthose of the sample 900_2h_0g. This is consistéht w

line: experimental).

the microstructure of the thick films. The PZT lay®
denser and the particles are connected together in
sample 900 2h 0.5g. This probably explains the
higher k and higher apparent dielectric constant. Our
results show that the sintering of PZT thick-film
structures in a lead-rich atmosphere improves the
electromechanical performance of the PZT
piezoelectric layer.

The resonance frequency of PZT thick films, which
depends on the PZT film thickness, is around 20 MHz
This is in the range of frequencies for high resofu
medical imaging.

4. CONCLUSIONS

We prepared homogenous piezoelectric PZT thick-
film structures with uniform thickness for ultrasal
transducer applications. The PZT powder prepared by
solid state synthesis was dispersed in ethanolebase
suspension and deposited on electroded alumina
substrate by electrophoretic deposition. The dgnsit
of the piezoelectric layer was controlled by siitgr
atmosphere. The PZT thick film with a thickness of



50 um and a density of 72 % of the theoretical valuseramics to nanotechnology”, J. Eur. Ceram. Soc.,
has a thickness coupling factor of 33 % and awl. 28, no. 7, pp. 1353-1367, 2008.
apparent dielectric constant at a constant strafio [8] B. Ferrari, R. Moreno, “EPD Kkinetics: A review”
The resonance frequency of the thick-film strucsured. Eur. Ceram. Soc., vol. 30, no. 5, pp. 1069-1078,
are around 20 MHz and can be used for medicz010.
investigation and diagnosis. [9] J. Ma, W. Cheng, “Electrophoretic deposition of
lead zirconate titanate ceramics”, J. Am. Ceram.
Our future work, we will be oriented towardSoc., vol. 85, no. 7, pp. 1735-1737, 2002.
processing of PZT thick-film structures with g10] D. Ku&er, M. Kosec, “Electrophoretic
resonance frequency of 50 MHz. We will increase tlteposition of lead-zirconate-titanate perovskitiekh
resonant frequency of the transducer by controlifigms with low sintering temperature”, Key Eng.
the thickness and density of PZT layer. We willdai Mater., vol. 412, pp. 101-106, 2009.
the properties of the suspension, the depositifil] L. Pardo, J. Ricote, M. Kosec, D. Kuscer, J.
conditions during EPD process and the sinterigolc, “Multifunctional Polycrystalline Ferroelectri
process by varying temperature, time anklaterials: Processing and Properties”, Chapter 2:
atmosphere. “Processing of Ferroelectric Ceramic Thick Films”,
Springer Series in materials, Springer Netherlands,
vol. 140, pp. 39-61, 2011.
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