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Abstract The fabricated micro machined ultrasonic trans-
ducers (pMUT) was based on piezoelectric laminated plates
operating at flexural modes. The fabricated bimorph pMUT
transducers were composed of 5-layers. A 4 μm thick lead
zirconate titanate (PZT) thin film deposited by a sol–gel
method was used. The piezoelectric layer exhibited a
capacitance corresponding to a permitivity of er=1,200.
The electromechanical coupling coefficient (k2) and quality
factor (Q) were measured as k2=4.4% and Q=145 in air for
a low frequency transducer (240 kHz). The effect of DC bias
voltage on frequency and k2 has been studied. The 16.9 MHz
transducer yielded values of Q=25 in air and k2=3%.
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1 Introduction

Piezoelectricity is one of the best principles for transduction
in Micro-Electro-Mechanical-System (MEMS). Indeed,
piezoelectric can be used in sensors, actuators, acoustic
and ultrasonic devices [1, 2]. Arrays of piezoelectric
micromachined ultrasonic transducers (pMUT’s) are inter-
esting devices for ultrasonic sensors and imaging, as they
offer a better impedance matching to air and water, and in
addition can be fabricated with higher precision than
reticulated ceramic structures [3, 4]. On the other hand, it
is less obvious to reach bandwidth and sensitivity goals. In

this contribution, the questions of PZT film thickness, PZT
quality, and integration possibilities are addressed.

Crucial design criteria for pMUT arrays are: (1) a high
electromechanical coupling coefficient allowing for suffi-
ciently large bandwidth, (2) limited cross coupling between
elements, and (3) a good filling factor (surface of vibrating
area/total area). In order to satisfy these criteria, we
proposed to use both topside patterning and backside deep
silicon etching to liberate the plate structures of the pMUT
structures based on a SOI wafer. The principle of the
chosen design is depicted in Fig. 1

The ridges on the backside, between the elements
provide a stiffening structure that should give both a good
rigidity of the transducer and a reduction of the cross
coupling between elements.

The first part of the paper will deal with the process
description. Then experimental data of long rectangular
membranes will be presented.

2 Processes

2.1 Process flow

The chosen design is based on a Silicon On Insulator (SOI)
wafer. A device silicon layer of 10 μm is separated from the
380 μm thick main body of the wafer by a 1 μm thick
buried oxide layer. The device layer supplies the main layer
for the transducer plates, and its very uniform thickness
assures a well reproducible vibration frequency of the
plates. The fabrication process required 6 masks. The first
four masks were used to pattern the films on the device side
(front side), the other two masks define the bulk-micro-
machined features at the backside of the silicon wafer. The
process sequence is schematically depicted in Fig. 2.
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First, a 1 μm wet oxide layer was grown on the 100 mm
SOI wafer. A (111)-textured Pt film was sputter deposited
and patterned by dry etching, thus obtaining the bottom
electrodes. PZT sol-gel film is deposited by sol gel
techniques. The platinum top electrode was sputtered and
dry etched. The ridges on the backside assure a stiffening
between elements and thus stop easy propagation of waves
from element to element. It has been noted in addition that
removal of material between the elements on the topside
helps in addition to reduce cross coupling. The wet oxide
on the backside was patterned for the definition of position,
width and length of the ridges. The subsequent first deep
silicon dry etching defined the height of the ridges. At last,
the oxide mask on the ridges was removed and the
membranes were liberated by a second deep dry etching
while keeping the original ridge height.

2.2 PZT sol gel deposition

A precursor solution of morphotropic phase boundary
composition (PZT 53/47) was synthesized using an
improved 2-methoxyethanol route [5] of Budd et al. [6]
and Gurkovich and Blum [7]. The first step of precursor
preparation was the dissolution of the lead acetate reagent
in 2-methoxyethanol followed by a distillation to remove
the water. The dehydrated powder is re-dissolved in dry 2-
methoxyethanol during 1 h at 110 °C. Titanium and
zirconium alkoxides were added and the solution was
refluxed for 3 h at 100 °C. Avacuum distillation at 300 mbar
and 110 °C was used to remove reaction by-products and
to adjust the concentration of the precursors to 0.45 molar.
To improve the drying behavior of the sol–gel, 4 vol.%
formamide was added to the solution (inhibition of the
hydrolysis [8]). The solution is then filtered through
0.45 μm poly tetra fluoric ethylene syringe filter and stored
under dry argon. Two solution precursors were prepared in

Fig. 2 Process sequence for pMUT transducers
Fig. 3 4 μm PZT sol–gel film on Pt electrode, a SEM cross section, b
X-ray diffraction spectrum of the patterned PZT film on the device
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Fig. 1 Schematic drawing of a linear pMUT array
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order to balance the lead loss during the rapid thermal
annealing (RTA). The standard one has 10% lead excess
and the solution used for the last layer before the RTA has
30% lead excess. The solutions were spun on and
pyrolyzed at 350 °C for 15 s. After the deposition of four
single layers (three layers with 10% lead excess, one layer
with 30% lead excess), the PZT film was thermally
annealed at 650 °C in oxygen for 1 min using a rapid
thermal processing module (Process Products Corp., RTM
2016). The heating rate used in the first RTA was 30 °C/s
and is then reduced to 15 °C/s for the following treatments.
As film thickness of a single spin is about 60 nm, 64 single
layers were required to form 4 μm PZT film. The choice of
the bottom electrode is of a primary importance, as it will
influence crystalline texture, quality and properties of the
piezoelectric film. Pt(111) thin films (100 nm thick) grown
on 20 nm thick TiO2/Ti adhesion layers on thermally
oxidized silicon substrates have been utilized. The TiO2

layer is used to passivate partially the adhesion layer [9] in
order to prevent the inter-diffusion of the Ti on top of the
platinum electrode potentially modifying there the nucle-
ation conditions [10]. As the growth of PZT is nucleated
controlled [11, 12], homogeneous (111) textured platinum

is required. The desired orientation of the PZT film, i.e.,
{100} is obtained using a 20 nm thick {100}-oriented
PbTiO3 [13, 14] seed layer deposited by sol-gel.

Inspection by scanning electron microscopy (SEM) and
X-ray diffraction (Fig. 3) reveal that the 4 μm thick film
was dense and 99% {100}-textured.

The high film density is also reflected in the high relative
film permittivity of er=1,200 (at 1 kHz). The dielectric loss
tangent amounted to 3% (at 1 kHz).

2.3 Fabrication results

The PZT film patterning was performed using a HCl:H2O:
HF solution at 60–65 °C. Then, dry etching of both theFig. 4 Top side view of patterned transducer

Fig. 5 Example of bulk micromachining of silicon wafer performed
by deep silicon dry etching

0.0

5.0 10-3

1.0 10-2

1.5 10-2

2.0 10-2

1.0 105 1.5 105 2.0 105 2.5 105 3.0 105 3.5 105 4.0 105

G Exp. (25V)
G (Fitting curve)

C
on

du
ct

an
ce

[S
]

Frequency [Hz]

-1.0 10-2

-5.0 10-3

0.0

5.0 10-3

1.0 10-2

1.5 10-2

1.0 105 1.5 105 2.0 105 2.5 105 3.0 105 3.5 105 4.0 105

B Exp. (25V)
B (Fitting curve)

S
us

ce
pt

an
ce

[S
]

Frequency [Hz]

Fig. 6 Real (upper) and Imaginary (lower) part of the admittance in
air (low frequency transducer)
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buried oxide and silicon device layers were performed. A
SEM cross view is presented Fig. 4. This picture shows that
all the etching process are well controlled. The under-etch
of the PZT film is measured as around 10 μm for a 4 μm
thick film.

However the definition of the structure on the backside
of the transducer is more delicate.

Ideally, the deep silicon dry etching process should stop
on the buried oxide, yielding a membrane thickness as
given by the SOI wafer, and ridge dimensions of 70 μm
height and 30 μm width. Figure 5 shows the result obtained
when attempting to realize the ridges using a silicon wafer.

The method used to microstructure (two dry etching
steps) the bulk silicon was found not to be homogenous and
a reduction of both the width and the height during the dry
etching of the ridges was observed (Fig. 5). Such difficulties
are thought to be due to the non-homogenous etching rate
of the structures within the wafers during the BOSCH
process (Alcatel 601 E) and to the notching effect that
appears when the etching species arrived on the buried oxide.

3 Transducers characterizations

The experimental admittance curves of single elements
were measured and fitted to an equivalent circuit model
(RLC) to derive both the quality factor Q and the
electromechanical coupling coefficient (see, e.g., [4]). Real
and imaginary parts of the admittance as a function of the
frequency are presented in for an applied bias voltage of
25 V (Fig. 6). Only an element of the low frequency
transducer array was excited. Experimental and fitted
curves show a good agreement. The resonance frequency

of 246 kHz agrees well with theoretical predictions given as
220 kHz. The electromechanical coupling coefficient k2 and
quality factor Q were derived as 4% and 145, respectively.
The dielectric loss tangent was obtained as 2%, which can
be considered as a good value for a PZT thin film.

We also observed small resonances at higher frequen-
cies, which are thought to be due to cross coupling between
neighboring elements or to other vibration modes. The
effect of dc bias on frequency and coupling coefficient
change is shown in Fig. 7 for an element that was not
previously poled.
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Fig. 7 Coupling factor and frequency dependency with the bias
voltage in air
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Fig. 8 Real (a) and Imaginary (b) part of the admittance in air (high
frequency transducer). Solid lines: experiment; Dots: Curve fit by
equivalent circuit model
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When the film is not poled, there is only a residual
piezoelectric activity and the observed k2 amounts to be less
than 1%. Upon application of a dc voltage, the polarization
increases and so does the coupling coefficient. Saturation
was reached at about 30 V, which corresponds to a
maximum of k2=4.4% for an applied field of 75 kV/cm.
This experimental value represents 86% of the maximum
evaluated theoretical value.

The bias voltage modifies the admittance curve in
various ways. First, the dc bias increases the polarization
P along the applied field, but at the same time it reduces the
dielectric constant e. The coupling coefficient is related to
P and e as ( k2∝ eP2 ). The dc bias induces as well a tensile
stress in the plane of the film by virtue of the transverse
piezoelectric coupling. This stress should increase the
resonance frequency, which is effectively observed in Fig. 7.

Figure 8 shows the admittance of one element within the
high frequency transducer (array). The applied bias voltage
was 40 V. A resonance frequency of 16.9 MHz was observed.

A good match between theoretical and experimental
results was obtained (k2=3%, Q=25).

4 Conclusion

We have shown that it was possible to fabricate thick PZT
sol–gel films for MEMS applications in the field of
ultrasonic transducers. In order to increase the coupling
coefficient of the transducer, ridges in between elements of
transducers array were designed and fabricated. The topside
of the pMUT transducer array was also patterned to limit
the cross coupling between elements and to reduces the
parasitic capacitance. Furthermore, we have demonstrated
the possibility to fabricate, within the same wafer, trans-
ducers that operate at several frequencies by varying the
width of the membranes.
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