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Characterization of Kerfless Linear Arrays
Based on PZT Thick Film
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Franck Levassort, and Dominique Certon

Abstract— Multielement transducers enabling novel cost-
effective fabrication of imaging arrays for medical applications
have been presented earlier. Due to the favorable low lateral
coupling of the screen-printed PZT, the elements can be defined
by the top electrode pattern only, leading to a Kkerfless design
with low crosstalk between the elements. The thick-film-based
linear arrays have proved to be compatible with a commercial
ultrasonic scanner and to support linear array beamforming
as well as phased array beamforming. The main objective of
the presented work is to investigate the performance of the
devices at the transducer level by extensive measurements of the
test structures. The arrays have been characterized by several
different measurement techniques. First, electrical impedance
measurements on several elements in air and liquid have been
conducted in order to support material parameter identification
using the Krimholtz-Leedom-Matthaei model. It has been found
that electromechanical coupling is at the level of 35%. The arrays
have also been characterized by a pulse-echo system. The mea-
sured sensitivity is around —60 dB, and the fractional bandwidth
is close to 60%, while the center frequency is about 12 MHz over
the whole array. Finally, laser interferometry measurements have
been conducted indicating very good displacement level as well
as pressure. The in-depth characterization of the array structure
has given insight into the performance parameters for the array
based on PZT thick film, and the obtained information will be
used to optimize the key parameters for the next generation of
cost-effective arrays based on piezoelectric thick film.

Index Terms— Kerfless, Krimholtz-Leedom-Matthaei (KLM)
model, linear array, PZT thick film, screen printing, ultrasonic
transducer.

I. INTRODUCTION
REMENDOUS increase of computational power and
miniaturization of portable devices as well as preference
for wireless solutions are currently driving the development
in the next generation of ultrasonic diagnostic instrumenta-
tion [1], [2]. At the same time, the imaging quality depends
on the quality of the ultrasonic transducer that still constitutes
the main component of every ultrasonic system. On the other
hand, many new products require special attention to costs not
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only at the production level but also even at the prototyping
phase. Therefore, transducer quality needs to be accompanied
by the cost-effectiveness of the solution in order to truly
enable excellent imaging quality as well as breakthrough cost
reduction.

Currently, a few major trends in medical ultrasound
transducers are noticeable [3]. A significant effort goes
into the development of capacitive micromachined ultrasonic
transducer (¢cMUT) [4], but this solution is mainly suitable
for high-volume products due to the need for very high
upfront investments. Moreover, the variety of different medical
conditions calls for a relatively large number of different
transducer types, which is contrary to the paradigm of mass
produced silicon devices. The large upfront investment of
c¢MUT technology is greatly limiting the accessibility for small
organizations that are known to drive new innovative products
and technologies.

Another trend, especially in higher frequency applica-
tions (above 20 MHz) is to down-scale the 2-2 compos-
ite technology combined with a heterogeneous integration
approach. There are a number of reports where elements have
been stacked [5], diced [6], [7], or etched using deep reactive
ion etching [8]-[10] out of bulk or film material. However,
in many cases the higher integration level as well as higher
element counts leads to significantly more complex processes
that in turn greatly increase the costs of production.

A rather different fabrication principle is to use one of the
methods collectively known as rapid prototyping, where the
transducer is built up in free form based on a 3-D CAD
file [11]. This has the advantage of freedom of shaping;
however, the resolution is still a limiting factor.

There are also reports on solutions where the elements
are defined by the electrode pattern (kerfless design) rather
than by dicing, leading to significant simplification of the
production process hence reducing production costs [12], [13].
However, in many cases the kerfless design compromises sig-
nificantly the electroacoustic properties of the transducer (e.g.,
crosstalk) [13]. In this paper, however, we present that due
to the anisotropic nature of screen-printed PZT films (large
difference between thickness and lateral coupling) the kerfless
design does not necessarily need to lead to compromised
crosstalk between the elements.

The detailed description of a cost-effective solution based
on screen printed multielement arrays has been published
earlier [14], and the main objective of the presented work is to
investigate deeper the electroacoustic properties of PZT thick-
film-based acoustic arrays in order to aid the future design
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and optimization of similar structures. It has to be emphasized
that the applied process is characterized by relatively low
manufacturing costs as well as prototyping costs.

It is envisaged that the presented solution can serve as
a platform for several applications that might benefit from
the combination of low cost, medium to high operating
frequency, good sensitivity, and kerfless design. The pre-
sented devices operate at 12 MHz; however, the technology
enables relatively easy fabrication of devices operating at
much higher frequencies (above 50 MHz). Therefore, it can
be applied in dermatology, ophthalmology, imaging of small
animals, or nondestructive testing.

This paper starts with an introduction to PZT thick-
film technology. Then, the test structures of multielement
transducers are presented. This is followed by elec-
tric and electroacoustic measurements using several tech-
niques including impedance characterization combined with
Krimholtz—Leedom—Matthaei (KLM) modeling, laser interfer-
ometry as well as hydrophone characterization. Test results
are then summarized together with an outlook for the future
development.

II. PZT THICK-FILM TEST STRUCTURES

The test structures have been fabricated using PZT
thick-film technology [14] based on TF2100 material by
Meggitt A/S [15]. This material enables fabrication of highly
integrated devices where the active layer is deposited and
processed with the substrate and electrode materials. It also
offers great flexibility when it comes to patterning methods.
Another advantage is high electromechanical coupling com-
bined with relatively high bandwidth.

The transducer consists of an acoustically matched ceramic
substrate, on which electrodes as well as the active PZT
layer have been printed in consecutive steps. The thickness
of the PZT layer corresponding to a center frequency of
the transducer of around 12 MHz has been experimentally
determined to be equal to 80 um. The PZT thick films were
then sintered at temperatures above 800 °C.

The transducers have been fabricated using a screen-printing
technique, where the gold bottom electrode has been deposited
first, followed by deposition of the TF2100 PZT thick film.
The top electrodes defining the elements of the array have been
printed as well using silver fine line pattering. The pattern of
the top electrode defines the 32-element array. A schematic
cross section of the fabricated device is given in Fig. 1. The
effective length of the elements is 4.5 mm.

The structures have been poled at elevated temperature using
an electric field of 10 kV/mm.

In the presented solution, the top electrode pattern has
been designed to match the pattern of conductive pads on a
PCB carrier with an opening enabling acoustic coupling to
the medium (Fig. 2). As a final step, a polymeric (Parylene)
quarter-wave matching layer has been added. A photograph of
the fabricated structure is given in Fig. 3. A summary of the
geometrical specifications is given in Table 1.

Typically, the packaging and interconnect of multielement
transducers is one of the major technical challenges when
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Fig. 1. Schematic cross section of the fabricated multielement transducer (not
to scale).

PCB - bottom side

Fig. 2. Schematic illustration of the applied packaging technique. The
transducer chip is mounted upside down onto the PCB using flip-chip
technology (not to scale).

Transducer - top side

Ground pad .I

Array Contact pads

elements (chip)

Il

Top-view close-up of a PCB-packaged 32-element transducer.

Fig. 3.

it comes to design and manufacturing of array devices. The
presented solution is based on the flip-chip technique where
the functional device (chip) is connected to the PCB using
solder bumps deposited on the top of the device. Hence,
the device is finally attached ‘“upside down” with the active
side facing the PCB.

It must be noted that the chosen element width of the
array has been dictated by the technological limitations of
the patterning technique (screen printing). Even though widths
of 20 um are achievable with fine line screen-printing tech-
niques, the width of 80 um has been chosen to ease the
fabrication and enable further characterization, as this work
was a part of a feasibility study. As will be shown later, 80 xm
width corresponds to 160 um effective aperture of an element,
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TABLE I

SUMMARY OF THE GEOMETRICAL SPECIFICATION OF
THE TEST STRUCTURES

Number of elements 32
Element pitch 200 pm
Element width 80 um
Element length 4.5 mm

which works very well for a pitch of 200 xm as designed. Due
to those constraints, the operating frequency was chosen to be
at 12 MHz, which is in the lower end of the achievable range
of screen-printed PZT, yielding a pitch of 1.54.

III. CHARACTERIZATION OF THE TEST DEVICES

This section aims to provide a set of electromechanical
characteristics of the fabricated arrays. At this step of the
technology development, it has been chosen to focus inves-
tigations on the elementary performance of the transducer.
Sections III-A and III-B present standard electromechanical
measurements, i.e., electrical impedance and pulse-echo char-
acterization. Sections III-C and III-D are dedicated to the
characterization of the emitted pressure with two objectives:
1) to assess the emitted pressure amplitude in pulsed mode
with hydrophone and 2) to evaluate the impact of mechanical
crosstalk from element to element on the transducer directivity.
For this, it was chosen to use laser interferometry measure-
ments performed on the front face of the transducer when
loaded with water. The background of these investigations was
two fundamental questions. The first concerns identification
of elastic guided modes in the structure, since one of the
special features of the device is that elements are not subdiced,
contrary to standard technology. It is well-known that guided
modes, if they are radiated, can create significant degradation
of the final image. The second is to assess the real mechanical
aperture of the transducer. As explained in the previous part,
elements are defined by electrode patterning only, i.e., width
and pitch. However, it is clear that the electrical aperture
defined by electrode width is not the aperture that must be
used to predict the final radiation pattern of the probe. Since
there is no mechanical discontinuity from element to element,
the real aperture of the element is inevitably larger than the
one defined by the electrode width.

A. Impedance Spectra and KLM Modeling

The electromechanical properties of the PZT thick films
were deduced from the measurements of the complex electrical
impedance around the fundamental thickness-mode resonance.
An E4990A spectrum analyzer (Keysight Technologies Inc.,
Palo Alto, CA, USA) and an impedance test kit (Keysight
42941A) were used as the experimental setup. In order to
reduce the influence of the interconnect, measurements were
carried out on a chip-level device (without matching layer), as
depicted in Fig. 4.

The theoretical behavior of the electrical impedance was
computed as a function of frequency for the thickness-mode

1411

Fig. 4. Chip level impedance characterization setup.
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Fig. 5. Complex electrical impedance in air [(a) real part and (b) imaginary
part] (element 8) as a function of frequency (dashed gray lines: measurement;
solid black lines: theoretical using KLM model).

using a 1-D model based on the KLM equivalent electrical
circuit [16]-[18]. A fitting process was then used to deduce
the thickness-mode parameters of the PZT thick films from
the experimental data.

The considered structures of all samples were composed of
a piezoelectric layer and three inert layers with the porous
substrate and two electrodes (gold for bottom electrode and
silver for top electrode with a thickness of around 5 um
for each). For the porous PZT backing, according to the
porosity content, the acoustical impedance used was estimated
at 13.2 MRa [19]. The parameters of these layers were fed
into the KLM model and considered as constants. Finally, five
thickness-mode parameters of the thick films were deduced:
the longitudinal wave velocity ¢y, the dielectric constant at
constant strain, the effective thickness coupling factor ki,
and the loss factors (mechanical J,, and electrical J,). The
electrical impedance of several elements was measured in
order to verify good reproducibility. Fig. 5 represents the



1412

TABLE II

ESTIMATED PZT THICK-FILM PARAMETERS
ACCORDING TO KLM MODEL

Parameter Symbol Value
Effective thickness coupling factor ki (%) 35
Mechanical loss factor Om (%) 6
Electrical loss factor 0. (%) 0.5
Dielectric permittivity constant S

strain & 33/80 330
Longitudinal wave velocity cL (m/s) 2900
Thick film resonance frequency (in £, (MHz) 17

free mechanical conditions)

electrical impedance in air of one representative element (#8)
as a function of frequency. Here, the porous PZT substrate
fulfills the standard conditions of a backing structure (i.e.,
the acoustical attenuation and thickness of this element are
sufficiently high to be considered as a semi-infinite medium).
In this case only, the standard fundamental resonance is
observed [20].

If this was not the case, the backing would constitute an
additional layer acting as a coupled resonator with the piezo-
electric thick film. Thus, multiple peaks would be observed
on the electrical impedance [21]. The extracted parameters are
summarized in Table II. According to the previous study [22]
on similar structures, error measurements were estimated for
k; at =£1.5% and for mechanical losses at +2%.

Electrical impedance measurements were performed for all
32 elements and two different arrays in [14]. Good repro-
ducibility was observed on capacitance distribution with a
relative variation less than 4%. For the present array, five mea-
surements were performed on elements #1, #8, #16, #24, and
#32 which are regularly distributed on the structure. Results
show very close electromechanical properties, in particular for
k; with 35% +1%. Moreover, resonance frequency is uni-
formly distributed at 17 MHz (in free mechanical conditions)
showing a homogeneous microstructure and uniform thickness
of the piezoelectric thick film.

B. Pulse-Echo Characterization

Several elements of the linear array have been characterized
with a metallic target in water at 3.5 mm. An Olympus (model
5077PR, Rungis, France) square wave pulser/receiver was used
for the electrical excitation and reception with a sampling
frequency at around 200 MHz. A 50-Q cable around 50 cm
in length was used. Fig. 6 represents the pulse-echo response
of the element number 16.

The insertion loss (IL) = 201log(U,/U,), where U, and U,
are the reception and excitation peak voltages, has been
evaluated from the received voltage in pulse-echo mode and
found to be equal to —60 dB for a center frequency at 12 MHz.
The fractional bandwidths have been found at —6 and —20 dB
to be 41% and 106%, respectively. The reproducibility of
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Fig. 7. Scan of the displacement in water collected at the surface of the

array when one element is electrically excited.

these parameters was previously checked [14] with a typical
standard deviation of 2.6 dB on the sensitivity.

C. Displacement Measurements

The mechanical displacement at the surface of the array,
loaded with water, produced by excitation of one element was
measured using laser interferometer (apparatus UHF-120 from
Polytec SA, Waldbronn, Germany). The displacement has been
scanned along a line placed at the center of the elevation, with
a step of 20 um, over a range of 2 mm from either side of
the excited element. The pitch was chosen small enough to
measure the real mechanical aperture with good resolution,
and the scanned surface was large enough to measure correctly
the contribution of guided modes along the array. Electrical
excitation conditions were the same as the ones used for pulse-
echo experiments. Fig. 7 shows the obtained displacement
scan. The small blue spot placed at zero laser spot position
corresponds to the displacement measured on the excited
element, i.e., this corresponds to the real mechanical aperture.
Outside of this spot, the displacement produced on neighboring
elements is the mechanical crosstalk caused by guided modes
in the substrate. Fig. 7 points out two interesting features.
First, the amplitude of the displacement measured on the
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Fig. 8. Plane wave decomposition of the displacement field measured on the
array front face. The two dashed black lines correspond to waves with phase
velocity of 1480 m/s.

excited element reaches 20 nm, which is quite significant,
given the fact that the element has been fabricated using
printing technology. Second, the width of the blue spot allows
assessing the real mechanical aperture of a single element,
which is approximately 160 pum. As expected this value is
higher than the electrode width but this is perfectly satisfactory
with regards of the array pitch (200 pm).

It can be noted that the pulse duration is short (110 ns), this
confirms the high level of damping obtained with the porous
backing.

To identify guided modes, the plane wave decomposition,
the so-called w—k diagram, of the measured displacement field
was computed (Fig. 8) as explained in [25]. It is recalled that
for a given point of the diagram characterized by a frequency
wp and wave vector ko, there exists a plane wave in the fluid
that propagates at angle # from the normal axis of the array
given by the relation sin 8 = (ko/wg) - Vwater, Where vyater
(1480 m/s) is the fluid acoustic velocity. So, only waves for
which the phase velocity v, = @o/ko is higher than vyager
are propagated in the medium. The others remain confined
at the fluid/water interface without contributing to the far-
field radiation pressure of the array. The limit between the
domains of radiated waves and evanescent waves is marked
by the two straight lines with a slope of 1480 m/s. Here, one
guided mode with phase velocity lower than 1480 m/s can be
clearly observed. This mode explains the mechanical crosstalk
measured from element to element. It probably corresponds to
the first symmetric Lamb mode of the piezoelectric substrate,
but here, in comparison with a bare piezoelectric plate, its
phase velocity is strongly modified and decreased by the
coupling with the porous backing. The advantage of the porous
backing is again clearly confirmed since it allows rejecting
guided modes of the plate in the domain of the evanescent
plane waves, thus eliminating their contribution to the pressure
field directivity. These modes of course constitute a loss of
radiated energy, but this is a good technological tradeoff.
Moreover, the amplitude of the guided mode, and therefore
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Fig. 9.  Pressure measured at 40 mm from the array time response (top)

and spectrum (bottom). The central frequency at —3 dB is 9.5 MHz and the
corresponding fractional bandwidth is 55%.

mechanical crosstalk, is here overestimated by acousto-optic
interactions as explained in [23]. This phenomenon modifies
the amplitude of measured displacement with a factor that
depends on the phase velocity of propagated waves. For the
guided wave observed here, when looking at acousto-optic
filter curves given in [23], one can estimate that the ratio
between the measured displacement amplitude and the real
value is close to 1.33, i.e., the optical index of water.

It should be noted that the measured displacement field
could have been corrected by applying an inverse filter of
acousto-optic interactions. However, as explained in [23], this
solution creates artifacts, adds a virtual mode with phase
velocity close to 1700 m/s and causes a degradation of mea-
surement quality in terms of signal-to-noise ratio. It is better to
apply the inverse filter to pressure data obtained numerically
from the displacement data, in order to provide calibrated
pressure amplitude values. Moreover, in the case of arrays
with large angular directivity, like phased arrays, correction of
acousto-optic effects is mandatory to obtain correct values of
beamwidth, but clearly it is not essential for linear arrays [23].

D. Hydrophone Measurements

The pressure field radiated by one element has been
characterized by using a hydrophone setup (Calibrated
Needle hydrophone, HN series from Onda Corporation,
Sunnyvale, USA). Excitation conditions were kept similar to
those described in the previous section. In the first step, the far-
field pressure emitted (at 40 mm from the array) was measured
and the results are presented in Fig. 9.

The central frequency has been found to be equal to
9.5 MHz with a corresponding fractional bandwidth of 55% at
—3 dB. One can note the significant peak-to-peak amplitude
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Fig. 10. Pressure measured along line parallel to the array at a distance
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Fig. 11. Variations of the peak-to-peak amplitude against hydrophone
position along a line parallel to the array, at distance of 4 mm. The theoretical
“soft piston” is the directivity diagram obtained from experimental data of
displacements, and the theoretical “square piston” is the curve obtained by
assuming the element vibrates like an ideal flat piston.

of the pressure, close to 200 kPa for one element. In compar-
ison with the pulse-echo measurements, the central frequency
seems lower in emission. This is due to the existence of a
strong cutoff frequency at 16 MHz that is not observed on
the pulse-echo signal. As confirmed experimentally, this was
due to the difference in coax cable length used in the two
experiments. For pulse-echo measurements a 50 Q cable of
50-cm length was used, while for hydrophone measurements
a longer cable (1.5 m) was required.

In the second step, a scan of the pressure at 4 mm from
a selected element along a line parallel to the array has been
performed. The hydrophone was mechanically moved with a
step of 250 xm. Results are presented in Fig. 10. One can
note the pressure amplitude at the probe output: more than
300 kPa peak-to-peak (at 10 MHz) for one emitter only. This
value is quite significant and comparable with the performance
of commercially available probes.

Fig. 11 presents a pressure scan illustrating the variation of
the peak-to-peak amplitude against the hydrophone position.
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Since the hydrophone cannot be considered a point receiver,
the radiated pressure field at 4 mm from the array has been
computed using the experimental displacement data, as pre-
sented in [23]. The resulting directivity diagrams are plotted
in Fig. 11 (black and blue curves). From —4 to +4 mm, within
amplitude range of 410 dB, the two curves are superimposed,
which indicates very good agreement of the theoretical analy-
sis with experimental pressure data. The difference observed
for hydrophone position beyond the +£4 mm range can be
attributed to the hydrophone head size that has not been
considered here in the model of the pressure field.

The theoretical directivity diagram when the element is a
flat piston of 160 xm width was simulated as well (red curve
in Fig. 11) and compared with the two others. Again, this
curve matches well with the two others within the range —4 to
+4 mm. This means that the elementary directivity pattern
is only slightly affected by mechanical crosstalk inside the
structure and that its contribution in the far-field is negligible.
Note that from —2 to 42 mm a small discrepancy between the
directivity diagram obtained from the “flat piston” source and
the one obtained from experimental data can be observed. This
is easily explained by the true shape of the element vibration
that is curved and not square, which leads to a slight narrowing
of the elementary aperture of the probe.

IV. CONCLUSION

Ultrasonic transducer arrays with 32 elements have been
successfully manufactured using a kerfless PZT thick-film
technology, and functional characterization of the test devices
has been carried out using a number of experimental and
analytical methods.

Several material parameters of the PZT thick film have
been identified using the KLM model. A reasonably good
fit between the experimental and analytically calculated
impedance spectra has been obtained. The electromechanical
thickness coupling coefficient has been determined to be equal
to 35%, which is comparable with some of the previously
published data [24].

Impedance measurements show good uniformity through-
out the arrays, and pulse-echo measurements yield a quite
respectable IL of —60 dB. The corresponding center frequency
is equal to 12 MHz, and fractional bandwidths are 41% and
106% at —6 and —20 dB, respectively.

The displacement at the surface of the array measured by
laser interferometry is approximately 20 nm. Furthermore,
interferometry measurements have confirmed that the mechan-
ical crosstalk between the elements is low and the short pulse
duration of 110 ns indicates that the porous backing provides
proper damping.

Measurements with a needle hydrophone show a peak-
to-peak acoustic pressure as high as 300 kPa at 10 MHz.
Moreover, the good agreement between the peak-to-peak
amplitude variation with hydrophone position and simulated
curves confirms once more that the level of mechanical
crosstalk inside the structure is relatively low, and that its
contribution in the far-field is low as well.

The comparison between the “soft” and “hard” piston model
gives a deeper insight into the mechanics of a single element.
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It indicates that the material between the elements due to the
kerfless design is providing additional clamping on the side of
the element resulting in a narrower pressure distribution.

In conclusion, the characterization shows that the perfor-
mance of the thick-film arrays is comparable to state-of-the-art
commercial transducers. It is worth noting that this is obtained
with a technology characterized by low upfront investments,
yet allowing up-scaling and manufacturing at very competitive
price.

An important task for future work will be to further increase
the number of elements. Even though the basic imaging
functionality using a commercial scanner has already been
demonstrated [14], the significantly enhanced image quality
resulting from a higher number of elements will make the
presented technology even more competitive to today’s state-
of-the-art solutions.
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