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Abstract: Processing of aligned piezoelectric elements for multi-element linear-array transducers was studied. Transducers consist 
of six rectangular elements with a length of about 6 mm, a width of 1.1 mm and a distance between them of about 0.4 mm. Lead 
zirconate titanate (PZT) elements were prepared on metalized alumina substrates by electrophoretic deposition (EPD) process and 
sintering. PZT and PbO particles were dispersed in ethanol and deposited on the substrate at a constant current. After the sintering at 
950°C, uniform elements with a thickness of around 20 μm and a density around 83 % were obtained. The space between elements, 
i.e., a kerf, was filled with an epoxy resin. Electrical contacts of each element were performed using wedge bonding and a six element 
structure was electromechanically characterized. A thickness mode coupling factor (kt) of around 17 %, a resonance frequency of 
around 70 MHz (in free mechanical conditions), a dielectric constant of around 370 were measured. A good reproducibility was 
observed. Limitations of the EPD method in terms of spatial resolutions for patterning very small piezoelectric elements are discussed 
and results show that EPD is a promising process for high frequency linear array applications.
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Večelementna struktura svinčev cirkonat 
titanat z elektroforetskim nanosom
Izvleček: Študirali smo pripravo piezoelektričnih elementov za ultrazvočne pretvornike. Pretvornik je bil sestavljen iz linearnega niza 
šestih elementov z dolžino 6 mm in širino 1 mm, razdalja med posameznimi elementi je bila 0.5 mm. Elemente na osnovi svinčevega 
cirkonata titanat (PZT) smo pripravili na metalizirani korundni podlagi z metodo elektroforetskega nanosa (EPD). Delce PZT in 
svinčevega oksida smo dispergirali v etanolu ter jih v ustreznem stehiometričnem razmerju z EPD nanesli na podlago pri konstantnem 
toku. Po žganju pri 950oC so imeli elementi debelino okoli 20 μm, homogeno mikrostrukturo in gostoto okoli 83 %. Presledke 
med posameznimi elementi (ang. kerf ) smo zapolnili z epoksidno smolo, nanesli zgornjo elektrodo ter izmerili elektromehanske 
lastnosti posameznih elementov. Povprečni sklopitveni faktor piezoelektričnega elementa je bil 17 %, dielektrična konstanta okoli 
370 in resonančna frekvenca okoli 70 MHz.  Rezultati meritev posameznih elementov so bili podobni. V prispevku poročamo tudi o 
možnostih oblikovanja debeloplastnih struktur z EPD ter navajamo omejitve metode predvsem s stališča ločljivosti. Rezultati raziskave 
so pokazali, da je opisana metoda primerna za pripravo visokofrekvenčnih pretvornikov, sestavljenih iz linearnega niza piezoelektričnih 
elementov.

Ključne besede: Elektroforetski nanos, piezoelektrične debele plasti, ultrazvočni pretvorniki, ultrazvok
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1 Introduction

Ultrasound techniques are widely used for non-de-
structive testing as well as medical investigations. For 
imaging small biological structures such as skin and 
eyes, the ultrasonic transducers have to operate at 
frequencies over 20 MHz to reach spatial resolutions 
lower than 100 micrometers [1-2].

High frequency (HF) single element transducers were 
extensively studied. These transducers consist of few 
tens of micrometers thick piezoelectric elements de-
posited onto a mechanical support. The piezoelectric 
material is the most important component of the trans-
ducer because its characteristics together with its ge-
ometry mainly define the properties of the transducer, 
in particular its operating frequency and sensitivity [3]. 

Transducers with good performance were obtained 
using different technologies for the piezoelectric thick 
film fabrication such as screen-printing [4-6], pad 
printing [7-9] and composite sol-gel [10-12], in a wide 
range of frequencies from 15 to 70 MHz. The main dis-
advantages of single element transducers are a fixed 
focal distance which leads to a limited depth of field. 
Moreover, to perform mode-B imaging [13], the trans-
ducer must be inserted into a probe which ensures a 
mechanical movement. Consequently, a limited frame 
rate is obtained.

Since the early 2000’s, high-frequency multi-element 
transducers have been studied and developed. 

Annular arrays [14-15] with typically 5 to 8 ring-shaped-
elements are used and a variable focal distance is ob-
tained by changing the delays applied on the electrical 
excitation and received signals. However, the mechani-
cal movement is always required. Linear arrays consist 
of a higher number of elements, e.g., 64, 128 or 256, 
but scanning and focusing are completely managed by 
electronics. However, the technological implementa-
tion of such transducers is much more complex [16-17]. 
In particular, the fabrication of the multilayer structure 
(backing, piezoelectric layer with elements and match-
ing layers) is a challenge mainly due to the microme-
ter-size of rectangular piezoelectric elements with a 
thickness of few tens of micrometers. As an example, 
for a linear array transducer operating at 50 MHz, an el-
ement width around 25 µm, a space between elements 
(kerf ) around 10 µm and a thickness around 30 µm are 
needed [18]. Cannata et al [19] designed a kerfless line-
ar array transducer to simplify its fabrication procedure. 
Their design was based on a uniform piezoelectric layer. 
The individual elements were obtained simply by shap-
ing the bottom electrode or the top electrode or both. 
However, they reported that the crosstalk between el-

ements was significant both electrically and mechani-
cally, which reduces the performance of the transducer 
and in particular the piezoelectric element directivity 
[20]. Foster et al. [21] used laser-machining to dice and 
sub-dice the elements from a piezoelectric layer to fab-
ricate a HF linear array with very low kerf value.  They 
prepared an efficient linear array transducer with 256 
elements that was operated at a resonant frequency of 
40 MHz.

1-3 or 2-2 piezo-composites were also used as the pi-
ezoelectric layer for high frequency linear array fabri-
cation [22-23]. In such structures, cross-talk is naturally 
reduced and kerfless structure or partial cuts between 
elements were used. Moreover, due to polymer con-
tent, the piezocomposite is flexible, which is often used 
to obtain geometric focusing along the elevation [24-
26]. At frequencies above 20 MHz, the typical size of the 
periodic microstructure of a composite (alternatively 
constituted of piezoelectric rods or layers and polymer) 
must be very low, typically around ten micrometers. 
Good performance was obtained but required highly 
technical and costly processes.

Recently, electrophoretic deposition (EPD) was used to 
process piezoelectric thick films on a complex-shape 
substrate and thus to fabricate efficient, geometrical-
ly-focused single element transducers [27]. EPD is an 
adaptive and low cost method enabling the deposition 
of various materials on a complex-shape conductive 
substrate. The charged particles dispersed in a solvent 
can be deposited on an electrode, e.g., a metalized sub-
strate, by applying a DC electric field between it and 
a counter-electrode [28-30]. To process piezoelectric 
thick films with desired microstructure and functional 
response, the properties of the suspension, the deposi-
tion process as well as the drying and sintering proce-
dure have to be optimized [31].

The purpose of the present study was to deposit rec-
tangular piezoelectric elements for high frequency 
transducers with a straightforward procedure to test 
the compatibility of electrophoretic deposition with 
the development of a high frequency linear array. 

We report here the results on patterning of lead zir-
conate titanate thick film structures by EPD and con-
sequent sintering. The simple prototype linear array 
transducer consisting of six piezoelectric elements, has 
been prepared. The electromechanical properties in 
thickness mode of each individual element were meas-
ured. Finally, the use of EPD to fabricate array elements 
with very small sizes originally defined in 2D thanks to 
conductive electrodes is evaluated and quantified.



36

2 Experimental procedure

2.1 Substrate preparation and thick film 
fabrication

Dense alumina substrates, namely Al2O3 (Kyocera 
A493) with dimensions 12 mm x 12 mm and a thick-
ness of 640 µm were used. A gold paste (8884-G, ESL) 
was screen-printed onto the Al2O3 and fired at 900oC for 
10 min to deliver six aligned rectangles with a length of 
6 mm, a width of 1 mm and a space between them of 
500 µm. These golded substrates are denoted Au/Al2O3. 
A photograph of the electroded substrate is presented 
in Figure 1. The acoustical properties of dense alumina 
are reported elsewhere [32]. Additional gold lines were 
screen-printed at the same time to simplify the electri-
cal contact for the future transducer fabrication.

Figure 1: Representative Au/Al2O3 structure consisting 
of 6 aligned rectangular gold electrodes with a length 
of 6 mm, a width of 1 mm and a space between elec-
trodes of 500 µm.

Pb(Zr0.53Ti0.47)O3 powder (PZT) was prepared by solid 
state synthesis from PbO (99.9+ %, Aldrich), ZrO2 (99.9 
%, Tosoh) and TiO2 (99.9 %, Alfa Aesar). The homoge-
neous mixture was calcined at 950 ºC. After the calci-
nation the powder was milled for 8 h in an attritor mill. 
Details are given in [33]. 

PZT and PbO suspension with a solid load content of 
1 vol. % was prepared. PZT and PbO particles were 
dispersed in ethanol using polyacrylic acid (PAA, Alfa 
Aesar, Mv 2000) and n-butylamine (BA, Alfa Aesar). The 
procedure is reported in [33]. The suspension for EPD 
was prepared by mixing PZT and PbO suspensions in 
stoichiometry 98 mol % PZT and 2 mol % PbO and is 
denoted as PZT-PbO.

The zeta-potentials of PZT and PbO particles in ethanol 
were measured at room temperature using a ZetaPals 
zeta-potential analyzer (Brookhaven Instruments). The 
conductivity of the suspension was measured at room 
temperature using a Cond 730 Inolab system.

EPD was performed at room temperature in a hori-
zontal electrode cell with two Au/Al2O3 identical sub-

strates, acting as a cathode and an anode. The dis-
tance between the electrodes was 25 mm. The area of 
the whole conductive surface was 42 mm2. The deposi-
tion was performed at a constant current density of 
2.38 mA/cm² for 40 sec using a Keithley 2400 genera-
tor (Keithley Instruments Inc., Cleveland, USA). 

The as-deposited layers were sintered at 950°C for 2 
hours with heating and cooling rates of 2°C/min in a 
lead oxide rich atmosphere provided by PbZrO3/PbO 
packing powder.
 
The thickness and the surface of as-deposited dried 
layers were investigated by a profilometer (Viking 100 
Solarius Inc.). 

The microstructures of sintered thick films were char-
acterized with a scanning electron microscope (SEM) 
(JEOL 5800, Japan). The microstructure was prepared 
by cutting samples into two pieces and mounting 
them in parallel in epoxy resin, grinded and polished. 
A small layer of carbon was deposited on the top of the 
microstructure in epoxy.

The density of the sintered thick film was obtained 
by a quantitative characterization of the ceramic mi-
crostructure. This characterization was obtained from 
SEM images converted to binary ones using an im-
age analysis software (ImageTools 3.0, University of 
Texas Health Science Center, USA) to determine the 
volume fraction of pores [34]. We quantified the black 
and white pixels of the binary images and calculated 
the percentage of the porosity by dividing the number 
of black pixels by their total amount. An experimental 
error of ± 3 % is estimated.  

2.2 Preparation and characterization of the 
prototype 

After sintering, the spaces (kerfs) between piezoelec-
tric elements were filled with epoxy resin. To perform 
the electromechanical characterization, a 100 nm thick 
top gold electrode was sputtered on the whole area 
of the sample. The six-element structure was poled at 
150°C for 10 min in an oil bath with an electric field of 
6 kV/mm.
After poling, the six elements numbered 1-6 were 
electrically separated and the structure was glued on 
a Printed Circuit Board (PCB) substrate with additional 
copper connection to facilitate electrical contacts. The 
electrical connections between copper lines and ele-
ments through gold wires were performed by wedge 
bonding. Finally, epoxy resin was added on the gold 
wires to protect these connections. A photograph of 
the demonstrator is shown in Figure 2.
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Figure 2: Photograph of the demonstrator.

The electromechanical properties of the piezoelectric 
thick film structures were deduced from the measure-
ment of the complex electrical impedance around the 
fundamental thickness mode resonance. A HP 4395 
vector analyzer and an impedance test kit were used. 
The theoretical behavior of the electrical impedance 
was computed as a function of frequency for the thick-
ness mode using a one-dimensional model based on 
the KLM equivalent electrical circuit [35-36]. Then a fit-
ting process was used to deduce the thickness mode 
parameters of the EPD piezoelectric thick films from 
the experimental data [6, 12, 37]. 

For one piezoelectric element, the structure along the 
thickness is composed of four layers, i.e,  three passive 
and the active thick film. The passive layers are the alu-
mina substrate and the two gold electrodes. The pa-
rameters of these layers are fed in the KLM model and 
considered as constants [9, 32]. Parameters for the flat 
alumina substrate are given in [27].
Finally, five thickness mode parameters of the thick film 
were deduced: the longitudinal wave velocity vl, the di-
electric constant at constant strain e33

S/e0, the effective 
thickness coupling factor kt and the loss factors (me-
chanical dm, electrical d e).

For the measurement of the electroacoustic responses 
of the elements, a 50 Ohms coaxial cable with a length 
of around 30 cm, was used. Two electrical contacts were 
performed. One on the copper pad (see Figure 2) cor-
responding to the desired piezoelectric element and 
the other on the top gold electrode, which is common 
for all elements using conductive epoxy resin. Each ele-
ment was characterized in pulse-echo mode on a brass 
target in water. An AVTEC AVG−3B −C impulse genera-
tor (Avtech Electrosystems Ltd., Ottawa, Canada) was 
used for the electrical excitation. Reception was per-
formed with a home-made high frequency receiver. 

3 Results and discussion

For EPD, the suspension that contains PZT and PbO 
particles dispersed in an ethanol was used. The zeta po-
tential of - 50 ± 5 mV and - 40 ± 5 mV were obtained for 
PZT and PbO, respectively. The conductivity of PZT-PbO 
suspension was 18 µS/cm at 24°C. The high negative 

value of the zeta potential indicates that the negatively 
charged particles are well dispersed in a solvent. The 
low value of the conductivity is favorable for the depo-
sition process [38]. During the EPD process, the piezo-
electric layer is deposited onto the positively charged 
Au/Al2O3 substrate.

The uniformity of the as-deposited six elements on Au/
Al2O3 was investigated by a profilometer. The image 
and the profile in A-A direction are shown in Figure 3a 
and b, respectively. From the profile image, it is evident 
that the edges of all the lines are thicker that their cent-
ers. The variations in the thickness may be related to 
the non-uniform electric field applied during the EPD. 
In between the lines we have not detected any deposit. 
No micro defects such as cracks were observed. The as-
deposited elements had a thickness around 50 micro-
meters 

Figure 3: a) Image of the six as-deposited elements on 
Au/Al2O3. b) Profile of the six as-deposited elements on 
Au/Al2O3 measured by profilometer. 

The sintered samples were analyzed by SEM in order 
to determine precisely the thickness of the elements, 
their width and the kerf. Microstructures of PZT-PbO 
elements in cross-sectional orientation sintered at 
950°C are shown in Figure 4. Good adhesion between 
PZT-PbO and Au/Al2O3 is evident and no delamination 
of electrode and/or PZT-PbO from the substrate was 
detected.

The thickness of the film is not uniform and varies from 
about 18 ± 3 µm in the middle to about the 30 ± 3 µm 
at the edge of the elements as evident from the Figure 
4. The thickness is based on the measurement of six el-
ements and the average value is given. It is also seen 
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that the PZT elements were wider than the size of the 
gold bottom electrode of about 100 μm. Consequently, 
a kerf around 400 µm was measured. From Figure 4c it 
is evident that the PZT-PbO is homogeneous and con-
sists of micrometer sized grains. The density of the layer 
calculated by stereological analysis was 6.640 g/cm3, 
corresponding to 83 ± 3 % of the theoretical density.

Figure 4: PZT-PbO thick films on a flat Au/Al2O3 sub-
strate sintered at 950 °C for 2 h. SEM cross section im-
age of a) one element; b) two elements and kerf in the 
middle. c) Inset from Figure 1a) (magnification x 2000)

3.1 Electromechanical properties of the structure

Impedance measurements were performed on the 6 
elements. For the first two elements (numbered 1 and 
2), electrical connections were strongly degraded and 
measurements were not exploitable. Consequently, 
experimental results from elements 3 to 6 were used. 
Figure 5 represents the electrical impedances (experi-
mental and theoretical) in air of a representative ele-
ment in the structure.

The extracted parameters from impedance curves of 
the 4 elements are summarized in Table I. For the cal-
culation, we used the thickness measured at the center 
of the element (which represents the majority of the 
whole element area), which was about 20 μm. The 
results were compared to those on sample “Ref_PZT-

PbO” published in a previous study [39]. The “Ref_PZT-
PbO” thick film was prepared from the same suspen-
sion as the multi-element structure in this study. It was 
deposited at identical conditions, i.e., for 60 sec on a 
surface of 64 mm². After the sintering, the thickness of 
the sample was uniform, i.e., 20 μm, and a density of 83 
± 2 % was found.

Table 1: t: thickness, vl: the longitudinal wave velocity, 
εS

33 / ε0: dielectric constant at constant strain, δm: me-
chanical losses, δe: dielectric losses, f0: thick film reso-
nance frequency (in free mechanical conditions).

Sample t 
(µm)

vl 
(m/s)

kt 
(%) εS

33/ ε0
δm 
(%)

δe 
(%)

f0 
(MHz)

Element 3 20 2850 17 360 22 3 71
Element 4 19 2790 17 350 17 3 70
Element 5 20 2900 20 410 20 3 72
Element 6 20 2850 15 390 17 3 71

Ref_PZT-PbO 
([39]) 20 2780 48 320 6 1 69

The four elements have a higher longitudinal wave ve-
locity and dielectric constant than the PZT-PbO thick 
film considered as reference [39].

Figure 5: Complex electrical impedance of one element 
(number 5) in air as a function of frequency around the 
fundamental resonance (black solid line: theoretical, 
gray dashed line: experimental).
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A lower porosity content in the four elements can ex-
plain these differences. Mechanical losses were also 
significantly higher in the four elements than in the ref-
erence sample. This could be explained by the non-uni-
formity of the thickness of the four elements. Indeed, 
when using the KLM model to extract parameters, a 
constant thickness was assumed; consequently, me-
chanical losses were overestimated.

The main difference observed between the four ele-
ments and the reference sample was the thickness 
coupling factor which was about 17 ± 2 % for the four 
elements, while it was 48 % for the reference sample. 
The higher kt for the reference samples may be related 
to the more efficient pooling that was performed at 12 
kV/mm. The electric field of 6 kV/mm was evidently too 
low, therefore the poling procedure for the piezoelec-
tric rectangular elements must be optimized. Finally, 
it is also important to notice the good reproducibility 
of the electromechanical properties and dimensions 
measured on the four elements. This reproducibility at-
tests that linear arrays with higher number of element 
are feasible by such a process.

3.2 Electroacoustic response of a representative ele-
ment

Figure 6 a represents the pulse-echo response of a repre-
sentative element (number 5). In this configuration, only one 
element is excited while other elements stay with floating 
electric potential. The sensitivity S=20.log10 (Ue/Ur), where 
Ue and Ur are the excitation and reception peak volt-
ages, was evaluated from the received voltage in pulse-
echo mode. The sensitivity was -45 dB. The bandwidth 
at -6 dB deduced from the frequency response (Figure 
6.b) has a value of 16 MHz and a center frequency of 42 
MHz (which corresponds to a fractional bandwidth at 
-6dB of 38 %). These delivered electro-acoustic proper-
ties confirm the high potential of the EPD process. But 
in this configuration, the alumina substrate was not an 
ideal material to be used as backing for three main rea-
sons. The attenuation in this material is low (typically 
0.06 dB.mm [32]) and the thickness of the substrate in 
not sufficiently high to avoid back wall echoes. In fact, 
Figure 6 a represents only the first echo corresponding 
to the electro-acoustic response of the structure, but 
additional echoes follow due to multiple reflections in 
the substrate. Moreover, acoustical impedance of the 
alumina substrate is twice that of the piezoelectric ele-
ment and this large difference limits the bandwidth of 
the electro-acoustic response. For medical imaging ap-
plications, a bandwidth higher than 50 % is required. In 
the future, a material with sufficiently high attenuation 
and lower acoustical impedance must replace alumina 
substrate. Unpoled porous PZT material is a viable op-
tion for properties and compatibility with the EPD pro-

cess. This material was already used for single element 
transducers [6]. For this study, the objective was to 
demonstrate the potential of the EPD process and the 
alumina substrate was chosen in order to guarantee 
a good accuracy for the measured electromechanical 
properties (typically the thickness coupling factor) [12].

4 Conclusions

The electrophoretic deposition process was used for 
the fabrication of piezoelectric PZT-PbO thick films on 
flat Au/Al2O3 substrates for ultrasonic high frequency 
linear array configurations. After the sintering, the pi-
ezoelectric elements had a rectangular shape with a 
width of 1.1 mm and a kerf of 400 μm. The thickness 
of the films of around 20 mm delivered ultrasound fre-
quencies over 30 MHz, which is well adapted to high 
resolution medical imaging applications.

The elements are characterized by a dielectric constant 
of 370, a coupling factor around 17 % and a longitudi-
nal wave velocity around 2800 m/s. For an optimized 
high frequency linear array configuration, the width of 
elements and kerf need to be significantly reduced as 
mentioned in the introduction. The most critical step 
will be to minimize the kerf value to a few tens of mi-
crometers while keeping the “Π shape” of the elements. 
For that, several routes are already planned and a 
modified experimental protocol for EPD will be tested. 
The electromechanical performance of all elements is 
similar but still needs to be improved by optimizing the 
poling conditions. Nevertheless, high reproducibility of 
elements in terms of shape and performance suggests 
that EPD can be considered as a promising process for 
the fabrication of high frequency linear arrays.

Figure 6: Experimental electro-acoustic responses for 
the element number 5 of the multi-element structure. 
(a) time response and (b) frequency response.
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