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The fabrication of piezoelectric transducers for high resolution medical imaging appli-
cations requires a backing material to damp the piezoelectric resonance, resulting in a
shorter time response, i.e. improved resolution, but lower sensitivity. Thus, the choice of10
such a substrate must be made according to its acoustical properties, namely the ratio
of acoustical impedance of the backing material and the piezoelectric layer. Moreover,
this backing material must have a relatively high attenuation, and provide good surface
properties such as a low roughness and diffusion potential. Finally, the substrate mate-
rial must have a good mechanical behavior at high temperature (around 900◦C for the15
sintering of the piezoelectric thick film). In this context a review of available materials
is first given, and the corresponding list is found to be quite limited. Several PZT/PGO
piezoelectric thick films deposited by screen-printing have been fabricated on dense
alumina [1] and have delivered good electromechanical performance, but the substrate
attenuation was too low to be used as a backing for high frequency transducers. In this20
paper, new porous Al2O3 substrates have been fabricated and used for the fabrication of
a batch of piezoelectric films. The effects of a barrier layer and bottom electrode (con-
ductive material type and thickness) are studied and related to the electromechanical
performance of the piezoelectric thick film and then to the electro-acoustic properties
of the ultrasonic transducer integrating these structures. Finally, these results are com-25
pared with previous studies [2] using porous PZT substrate. These comparisons are
performed in terms of fabrication facility, electromechanical constants of the thick films
(in thickness mode) and electro-acoustic responses of ultrasonic transducers with center
frequencies over 20 MHz.).

Keywords Integrated structures; piezoelectric transducer; high frequency30

A. Introduction

The elaboration of piezoelectric ultrasonic transducers with integrated thick film structures

[1–3] necessitates a substrate that withstands the sintering temperature. Moreover, the sub-

strate properties must be compatible with those of the screen-printed layers in terms of

thermal and mechanical properties, chemical neutrality, acoustic impedance and attenua-35

tion. This substrate is to be chosen among availablematerials, i.e. purematerials (Si, Al, . . . )

metal oxides (SiO2, ZrO2, PZT, Al2O3, . . . ), compatible with this fabrication process. In
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this study, two possible candidates were characterized and compared: PZT and Al2O3. Nev-

ertheless, such substrates still have a high acoustic impedance leading to a strong damping

of the piezoelectric resonance [2]. Their acoustic impedance can be lowered by the ad- 40

dition of pore formers during their sintering. During the fabrication of the substrate, the

addition of pore formers allows the porosity level to be increased, consequently decreas-

ing the acoustic impedance and increasing the attenuation. The acoustic impedance ratio

of the substrate and piezoelectric layer is first considered, as it is a key parameter of the

piezoelectric resonance damping, allowing to tailor the bandwidth of the transducer. The 45

fabrication process of porous substrates is briefly described. Secondly, the characterization

results of these porous substrates is discussed both for PZT and Al2O3, in comparison with

dense substrates. Thirdly, ultrasonic transducers are manufactured with both chosen sub-

strates. The influence of the acoustic impedances is discussed both in terms of sensitivity

and relative bandwidth of the transducer. Then, the influence of the layers placed between 50

the thick film and its substrate on the input (effective) acoustical impedance of the backing

is discussed. Finally, experimental results are compared for integrated transducers based on

porous PZT and porous Al2O3 substrate.

B. Fabrication

The fabrication of an integrated thick film structure is presented, from the porous substrate 55

to the screen-printing of the piezoelectric layer. This substrate which has to withstand the

sintering temperature is fabricated to fulfill the transducer backing acoustical specifications.

Here two candidates are compared: porous PZT and porous Al2O3.

B.1. Substrate

The requirements for a substrate are its ability to withstand the sintering temperature of the 60
piezoelectric thick film, its mechanical properties and its chemical neutrality. To be used as a

backing, the substrate must have a relatively low acoustic impedance compared to that of the

future piezoelectric layer. Its attenuation must also be high enough to avoid echoes from its

rear face. Previous studies had identified porous PZT substrate as a satisfactory candidate

[4]. PZT powder was synthesized by mixed oxide synthesis with double calcination at 65
900◦C. Then, it was mixed with ammonium oxalate to increase porosity. Finally, its micro-

structure was analyzed and characterized (Fig. 1(a)). The volume fraction of porosity was

measured at v f = 14%.Here, this reference porous PZT substrate is comparedwith a porous

Al2O3 substrate, fabricated from fine (Alcoa A 16) and coarse (Alcoa CL 3000) alumina

powder in equal mass ratio. After homogenization in ball mill, the powder was pressed into 70

Figure 1. Microstructure of (a) porous PZT and (b) porous Al2O3.
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Table 1

Acoustic properties of porous substrates

Substrate v f (%) ρ (kg/m3) cl (m/s) Z (MRa) α (dB/mm/MHz)

Porous PZT 14 6660 2730 18.2 0.26

Porous Al2O3 23 3250 5900 17.7 0.15

v f : volume fraction of porosity; ρ: density; cl : longitudinal wave velocity; Z : acoustic
impedance; α: attenuation.

pellets and sintered at 1450◦C. Based on a micro-structure analysis (Fig. 1 (b)), the volume

fraction of porosity was evaluated around v f = 23%.

On the basis of these evaluations of the porosity level, an homogenization model

with 3-0 connectivity was used in order to deduce the effective acoustic properties of the

substrates (Table 1). Transmission measurements were performed to adjust the properties75

and to estimate the attenuation of the substrates.

B.2. Screen-Printing

Based on previous studies, a diffusion of the rear electrode into the substrate was observed

during thick film sintering. Therefore, a barrier layer is first screen-printed in order to avoid

this phenomena in both substrates. The screen-printing process was adjusted depending on80
the compatibility problems encountered between the functional layers. On the porous PZT

substrate (Fig. 2(a)), a barrier layer of PZT/PGO paste is screen-printed in two passes and

Figure 2. SEM cross-section photograph of an integrated structure on (a) porous PZT and (b) porous

Al2O3 substrates.
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sintered at 900◦C. A gold paste is screen-printed in one pass to constitute the rear electrode.

Then, a PZT/PGO paste is screen-printed in six passes with an intermediate sintering stage

in order to avoid cracks in the future piezoelectric layer. Following sintering, a gold electrode 85

is sputtered at the top. This integrated structure is then poled in a oil bath at 150◦C for 15

min, under an electrical field of 12 kV/mm. On the porous Al2O3 substrate (Fig. 2 (b)),

the barrier layer is made of two passes of fine alumina powder (Alcoa A 16) paste and

sintered at 1400◦C for 2 h. The bottom platinum electrode is formed from a paste (Ferro

6412-0410), printed twice and sintered at 1200◦C for 2 h. Then, a PZT/PGO paste is printed 90

in five passes and sintered at 800◦C for 8 h under saturated PbO atmosphere in order to

increase its density. Finally, a gold electrode is sputtered at the top. The piezoelectric layer

is then poled in a oil bath at 160◦C for 5 min, under an electrical field of 3 kV/mm. SEM

cross sections (Fig. 2) allow to evaluate the thicknesses of the constitutive layers. Due to

the porosity level, the diffusion phenomena can still have a strong influence on thicknesses 95

variations (±5 µm), leading to local discontinuities for thin layers.

C. Characterisation Results

On the basis of a preliminary thickness evaluation of the constitutive layers, the electrome-

chanical parameters of the thickness mode can be identified.

C.1. Thickness and Acoustic Properties 100

The mean thickness t and the volume fraction of porosity v f were measured in each con-

stitutive layer, and density ρ was calculated. Then, the longitudinal wave velocity cl and

acoustic impedance Z can be deduced (Table 2). The density of the substrate was previously

determined, as well as its longitudinal wave velocity. For the integrated structure based on

a porous PZT substrate, a density ρ = 6900 kg/m3 was deduced for the PZT/PGO barrier 105
layer and piezoelectric thick film. Their longitudinal wave velocity was deduced at cl =

3500 m/s or cl = 4300 m/s, when considering either unpoled or poled PZT/PGO, for the

PZT/PGO barrier layer and piezoelectric thick film, respectively. Similarly for the porous

Al2O3 substrate, the density of the piezoelectric thick filmwas evaluated at ρ = 7000 kg/m3

and the longitudinal wave velocity at cl = 4170 m/s. The density of the Al2O3 barrier layer 110
was evaluated at ρ = 3600 kg/m3 and the corresponding longitudinal wave velocity was

found to be cl = 6500 m/s. Since the electrodes were considered to be pure metals, either

gold or platinum, their acoustical properties were imposed.

Table 2

Layer properties of the integrated structures

Porous PZT Porous Al2O3
Substrate

Property Z (MRa) t (µm) Z (MRa) t (µm)

Front electrode 63.8 0.5 63.8 0.1

Thick film 29.8 32 29.2 33

Back electrode 63.8 5 84.7 8

Barrier layer 24.0 12 23.4 10

Substrate 18.2 10000 19.2 12000

Z : acoustic impedance; t : thickness.
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Table 3

Electromechanical properties of the piezoelectric thick film

Substrate Z (MRa) ρ (kg/m3) cl (m/s) kt (%)
εS
33

ε0
δm (%) δe (%)

Porous PZT 29.8 6900 4300 41 510 22 0.5

Porous Al2O3 29.2 7000 4170 41 680 12 1.0

Z : acoustic impedance; ρ: density; cl : longitudinal wave velocity; kt : thickness coupling
coefficient; εS

33/ε0: relative dielectric constant; δm , δe: mechanical, dielectric losses.

C.2. Electromechanical Properties

The electrical impedance Ze( f ) was measured around the fundamental thickness mode115

resonance of the integrated structure. The KLM model was used to simulate and fit the

electrical impedance Ze( f ) of this integrated structure constituted of a substrate, a barrier

layer, a back electrode, a piezoelectric thick film and a front electrode. The missing elec-

tromechanical properties of the piezoelectric thick film were fitted (Table 3) and compared

for both integrated structures based on porous PZT or porous Al2O3 substrates.120

Measurements and corresponding fits are represented for these two integrated struc-

tures (Fig. 3). The first thickness mode of the piezoelectric layer is characterized by the

anti-resonance frequency of the free piezoelectric thick film fa = cl /(2tp), where cl is the

longitudinal wave velocity and tp is the thickness of the piezoelectric thick film. It results in

fa = 67 and 63 MHz for the PZT and Al2O3 substrates respectively. Nevertheless, one can125

observe that the anti-resonance peak of the integrated structure f0 = 42 and 40MHz is low-

ered and widened in comparison with that of a free piezoelectric disk fa . This phenomenon

is well known as a result of the load of the backing. Here, the damping of the resonance

is a result of the complex effective acoustic impedance load seen at the rear face of the

piezoelectric layer, i.e. the acoustic impedance of the substrate seen through the barrier and130

rear electrode layers.

C.3. Acoustic Impedance Ratios

This damping effect can be quantified by the ratio of the effective acoustic impedance of

the backing and of the active piezoelectric layer |Z in,back|/Z p. The closer to 1 this acoustic

impedance ratio, the higher the damping. This results in a lower resonance frequency and135

lower sensitivity of the ultrasonic transducer. Based on the evaluated thicknesses and acous-

tic properties, the effective acoustic impedance of the backing can be calculated recursively

from the substrate (Z in,N+1 = Zs) to the rear face of the piezoelectric layer (Z in,1 = Z in,back),

where N is the number of finite length layers. Here, there are N = 2 layers between the

piezoelectric layer and the substrate (considered as semi-infinite). The effective acoustic140

impedance of the backing Z in,1 = Z in,back is illustrated for both integrated structures based

on porous PZT (Fig. 4(a)) or porous Al2O3 (Fig. 4(b)) substrates.

As it can be observed, the acoustic impedance ratio between the substrate and the

piezoelectric layer is nearly the same for both structures: Zs /Z p = 0.61 and 0.66, for the

porous PZT and Al2O3 substrates, respectively. Nevertheless, the barrier layer and rear145

electrode must be taken into account. The barrier layer has little effect, since its acoustic

impedance is relatively similar to that of the substrate. The back electrode has a stronger

effect, since its acoustic impedance is significantly different from those of the barrier layer

and substrate, and its thickness is not negligible as compared to the wavelength. This results
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Figure 3. Experimental (solid) and modeled (dashed) (a), (c) real and (b), (d) imaginary parts of the

electrical impedance Ze( f ) of the integrated piezoelectric structure based on (a), (b) porous PZT and

(c), (d) porous Al2O3substrates.
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Figure 4. Modulus of the acoustic impedance ratio (to the thick film value) of the substrate (dotted),

the barrier layer (dashed) and the backing (solid), for the integrated piezoelectric structure based on

(a) porous PZT and (b) porous Al2O3 substrates.
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in an effective impedance of the backing that varies as a function of frequency. Since the150

anti-resonance frequency of the integrated structure is around 40MHz, the frequency range

of interest is from 20 to 60 MHz. In this range, the acoustic impedance ratio |Z in,back|/Z p

increases nearly linearly from 0.9 to 1.9 for the integrated structures based on porous PZT

substrate, whereas it varies from 1 to 3 for the integrated structures based on porous Al2O3
substrate.155

D. Transducer Fabrication and Characterisation

After the screen-printing process, the transducer is fabricated: electrical contacts on back

and front electrodes are performed to connect the transducer to a pulser/receiver via a

coaxial cable. An isolating tube and a metallic housing are added and epoxy putting is

used to maintain the assembly. Then, the pulse-echo electro-acoustic responses of the two160
integrated ultrasonic transducers were evaluated and discussed.

D.1. Electroacoustic Performance

The performance of the PZT porous substrate based transducer was first evaluated in water,

with Zfront = Zwater = 1.5 MRa the data of which is summarized in Tables 1 to 3. At the

rear face, the acoustic impedance ratio |Z in,back|/Z p was previously estimated from 0.9165
to 1.9 around the resonance frequency f0. It results in a short electro-acoustic response

(Fig. 5(a)) and broad bandwidth (Fig. 5(b)), as is required for high resolution transducers.

The theoreticalKLMresult is compared tomeasurements and found to be in good agreement

(Fig. 5). The axial resolution normalized to the wavelength is evaluated at 1z6/λ0 = 0.83,

and the relative bandwidth at−6 dB is estimated aroundBW6,r = 88%.Themain drawbacks170
of such a structure are its low electrical impedance (resulting in poor electrical matching to

typical 50 ohm cables electronics) and low sensitivity.

D.2. Lens-Focused Transducer Electroacoustic Properties

To be used in applications such as high resolution medical imaging, a suitable trade-off

between lateral resolution and depth of field of the transducer must be imposed with the175
addition of a focusing lens on its front face. In a previous study [5], it was demonstrated that
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Figure 5. Experimental (solid) and modeled (dashed) normalized pulse-echo (a) electro-acoustic

response and (b) frequency spectrum obtained for the integrated transducer based on a porous PZT

substrate immersed in water.
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Figure 6. Normalized pulse-echo (a) electro-acoustic response and (b) frequency spectrum obtained

in water with a focusing lens on the front face, for the integrated transducer based on a porous PZT

(solid) and porous Al2O3 (dashed) substrates.

the focusing lens is seen as a semi-infinite medium by the integrated structure. Thus, the

result Zfront ≈ Z lens = 3 MRa and data summarized in Tables 1 to 3 were used to simulate

the pulse-echo electro-acoustic response of both integrated structures based on porous PZT

and porous Al2O3 substrates using the KLMmodel (Fig. 6). The performance can therefore 180

be compared for a realistic transducer configuration: the normalized axial resolution to the

wavelength is evaluated at1z6/λ0 = 0.83 and 1.58 and the relative bandwidth is estimated

around BW6,r = 88% and 43%, for the integrated structure based on porous PZT and porous

Al2O3 substrates, respectively. In such operating conditions, the sensitivity would be 10 dB

lower for the PZT substrate transducer relatively to that of the Al2O3 substrate device. Thus 185

a trade-off is to be made between high axial resolution with low sensitivity (PZT), and high

sensitivity with low axial resolution (Al2O3).

E. Conclusion

Two porous materials have been tested as a substrate for an integrated screen-printed piezo-

electric structure designed to be used as ultrasonic transducer for high resolution medical 190

imaging. Namely, porous PZT and porous Al2O3 were investigated as possible candidates to

fulfill the function of transducer backing at the same time as that of substrate for the deposit

of the piezoelectric thick film. The fabrication process and relevant chemical and mechan-

ical requirements have been described. The role of the material properties and porosity

level was highlighted, not only for the substrate, but also for the layers at the rear face of 195

the piezoelectric thick film. Particularly, the thickness of the back electrode was shown to

strongly modify the effective acoustic impedance of the backing and the related transducer

electro-acoustic response. Finally, characterization results were obtained and discussed. For

both substrates, axial resolution and bandwidth were deduced, as well as sensitivity, and

it was shown that the two devices correspond to distinct performance trade-offs, both of 200

which are compatible with medical diagnosis applications: very high resolution imaging

at limited distance range for the PZT substrate device, imaging at larger distance range or

Doppler blood flowmeasurements for the Al2O3 substrate device. The study has also shown
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that a precise control and optimization of the back electrode thickness and properties are

an essential design parameter.205
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