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ABSTRACT

The development of micro-machined ultrasonic transducers on silicon opens new appli-
cation fields for Si-based acoustic sensors operating in air or in liquids. In this work, we
describe the fabrication of piezoelectric micro-machined ultrasonic transducers (pMUT)
first dedicated to ultrasonic imaging applications that may be used as a mechanical to
electrical energy transformer for energy scavenging purpose [1]. We report on the fab-
rication of PZT/Si piezoelectric micro-machined ultrasonic transducers (pMUTs) first
designed for acoustic applications and on tests of these devices as scavenging energy
experiment.

Keywords: MicroPowerGenerators; scavenging energy; energy conversion; pMUT;
bistable device

I. INTRODUCTION

The development of bimorph structures composed of a thin piezoelectric film
deposited atop a silicon membrane [2] receives an increasing interest thanks to
the rapid progress in the growth of high quality material using different process
(sputtering, laser ablation, chemical vapour deposition, and so on). One of the
principal expected application of such devices is ultrasonic imaging, because of
the possibility to fabricate dense arrays of transducers, potentially compatible



with 3D imaging and phased-array techniques. A wide variety of applications
can be characterized as either ultrasound sensing modalities like nondestructive
evaluation (NDE) or ultrasound actuating modalities like medical therapy. In
this work we focus on the sensing capabilities of pMUT devices for which the
excitation source is mechanical (simple rotation in the gravity field or weak
shake, less or equal to 2 g acceleration) and the sensor response is an elec-
trical voltage loaded on a 1 M2 entry impedance input high sampling-rate
oscilloscope.

II. OPERATION PRINCIPLE

Standard acoustic transducers based on massive PZT elements usually vibrate
along a fundamental compressive mode, but the pMUTs generate pressure
waves thanks to a flexural vibration of a membrane consisting in a thin piezo-
electric film deposited atop a silicon membrane. This configuration is advan-
tageous for many applications as they can work on a large frequency range
(a few tenth of kHz to several tenth of MHz) and are reversible in that they can
convert acoustic energy into electrical signals and vice versa, this figure being
very important here. The mechanical to electrical transformer is the scavenging
energy purpose. The basic structure is represented in Fig. 1.

Figure 2 shows the surface profile of one of these pMUT measured using
a con-focal optical microscope. The diameter of the membrane is 600 ym, the
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Figure 1. Cross view of one pMUT cell.
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Figure 2. Surface profile of one pMUT (Continued).

silicon and PZT thickness are respectively set to 1 and 2 um. This figure clearly
shows that the membrane exhibit a deformed shape (the PZT is under lateral
compression) with a maximum deflection equal to more than 1.5 times the
equivalent membrane thickness. This signifies that the overall stress state of the
device has overcome the critical limit above which the structure tends to release
the stresses via a static deformation. The device then takes a stable state but may
occupy another stable state corresponding to the symmetric deformation state
(for which the PZT will be under lateral extension). This principle should then
consist in a basic bistable device. The idea is then to test the capability of the
pMUT to change from one state to the other by a simple and weak mechanical
excitation (less or equal to 2 g acceleration).

III. TRANSDUCERS FABRICATION

Standard bulk silicon micromachining techniques are used to fabricate the trans-
ducers. Fabrication starts with double-side polished n-type silicon wafers. The
wafers are oxidized and photolithographically patterned, leaving oxide only on
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Figure 2. Continued

the wafer backs where cavities are to be etched later. A platinum electrode film
on a passivated Ti adhesion layer was deposited and patterned on the wafer front
surface to provide a ground plane. Lead titano-zirconate thin films have been
deposited and patterned by lift-off. A SiO, interlayer between the PZT layer
and the top electrode bas been deposited and patterned. A Pt/Ti top electrode
has been also deposited and patterned by lift-off.

Membranes were built using deep reactive ion etching based on the Bosch
process. Along this approach, it is necessary to perfectly control the fabrication
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Figure 3. Example of a 200 «m diameter element.

process as well as the material properties which dramatically influence the final
device characteristics. Particularly, the residual stress due to thermal treatments
(for instance PZT firing) or material growth and lattice mismatch may induce
noticeable change in the overall material properties and final device operation.
One can optimise the process to compensate those residual stresses, for instance
by depositing additional layers or by thermal annealing. On the other hand, the
capability of the structure to release its stress level simply by deformation has
been considered here as an alternative approach which by the way can provide
very attractive features for the regarded applications.
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Figure 4. Ferroelectric P-E Hysterisis loop of the PZT film on membrane.



IV. PZT PROPERTIES

The ferroelectric nature of the PZT films was examined by observing the hys-
teresis loop taken at room temperature by mean of a RT 6000 system (Radian
Technology). Remanent polarization and coercive field can be deduced from
these hysteresis measurements. From the data in Fig. 4, remanent polarization is
20.3 uC/cm?, and coercive voltage is 30 KV/cm. A poling voltage of 20 V/um
as been used. Figure 4 shows a typical in-plane polarization hysteresis loop for
a 2-pum film.

V. MEASUREMENTS

We report below experimental results obtained on different silicon membrane
diameters. Figures 5 to 7 give voltage responses of pMUT devices connected to
a high sampling-rate oscilloscope (1 M2 input impedance). The pMUT devices
are submitted to hand shakes following an acceleration between 0.5 g and 2 g.
These figures give experimental results respectively for 400 wm, 200 wm and
132 pum silicon membrane diameters.

Figure 5 shows different rise times that are caused by the non reproducible
hand shaking excitation. We can also see on Fig. 7 different levels of voltage
response and different rise times due to hand shaking excitation. The fact that
we can reach different voltages shows that the response is linear which is not in
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Figure 5. Generated voltage response of pMUT (400 pm silicon membrane diameter).



Voltage response under 1 Mohm load of pMUT
(200 pm Silicon membrane diameter)
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Figure 6. Generated voltage response of pMUT (200 wm silicon membrane diameter).

agreement with the bistability assumption. A bistable device is fundamentally
non-linear and should give the same response as the excitation threshold is
reached. Subsequently, these experiments have shown that pMUT devices have
the capability to harvest energy along a linear mode (elastic behaviour).

Besides the third test on Fig. 7 shows two rising edges : the first one at time
equals zero and the second one at time equals 120 us. This result demonstrates
two points. Fistly the pMUT device can generate electricity at a bandwidth
limited to its first mode. Secondly the electrical discharge is not an issue for the
dynamic behaviour of the harvesting system.

Figures 8 and 9 enable to validate the elastic behaviour of the pMUT as
an energy scavenger. We have tested another pMUT element of 132 yum Si
membrane diameter. We can see on Fig. 9 different levels of generated voltages
corresponding to different levels of the mechanical excitation. The normalized
results given in Fig. 9 show the same exponential decay which is characteristic
of an elastic behaviour: the device dynamics do not depend on the excitation
level.

The previous figures have shown great differences on the pMUT generated
voltage responses that is summarized on Fig. 10. However it should be noted that
no attempt was made to match impedance. Subsequently, the difference of signal
levels that is shown on the above comparison (see Fig. 10) is presumably due
to this impedance mismatch. Further experiments and simulations with finite
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Figure 7. Generated voltage response of pMUT (132 pm silicon membrane diameter).
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Figure 8. Generated voltage response of pMUT (132 pum silicon membrane diameter).



Normalized Voltage response under 1 Mohm of
pMUT (132 pm Si membrane diameter, bis)
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Figure 9. Generated voltage response of pMUT (132 pm silicon membrane diameter).

Influence of Si membrane diameter on pMUT
voltage response (under 1 Mohm load)
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Figure 10. Comparison of pMUT generated voltage response versus silicon membrane
diameter.



Voltage response under 1 Mohm load of pMUT
(132 pm Silicon membrane diameter)
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Figure 11. Generated voltage response of pMUT (132 pm silicon membrane diameter).

element method should clarify this point by taking into account the electrical
load in the system.

Besides, Fig. 11 should demonstrate the pMUT bistability behaviour. The
result of such state changes due to a hand shaking mechanical excitation is
shown on Fig. 11. This graph clearly shows the effect of two state changes,
i.e. two very sharp signals opposite and equal (larger than 180 mV), corre-
sponding to the stresses inversion (compression to extension and extension to
compression) and then the two respective flow of generated electrical charges.

VI. CONCLUSION

We have described the fabrication of piezoelectric micro-machined ultrasonic
transducers (pMUT) first dedicated to ultrasonic imaging applications that may
be used as mechanical to electrical energy scavenger. The different pMUT
devices have been tested using a weak mechanical excitation ranging from 0.5 g
to 2 g. The experiment results have shown two typical mechanical behaviours,
linear (elastic) and non-linear (bistable). It is interesting to note that the pMUT
device can generate electricity for both mechanical behaviours. The device will
be tested using a vibration bench, allowing for an accurate definition of the
device sensitivity and of its frequency cut (this operation mode is mainly quasi-
static). These first experiments will help in the definition of process rules to
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establish a reliable fabrication procedure of such devices and also to improve
the capability of such devices to provide a large amount of electrical energy
for a given mechanical excitation for energy scavenging purpose. By the way,
we assume (to the best of our knowledge) that we have proposed one of the
smallest energy scavenging device.
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