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Abstract

This paper describes a technique for replacing the conventional bonded bulk PZT transducer, commonly used in MEMS devices, with a screen
printed equivalent. Previously, the piezoelectric activity available from screen printed PZT has been considerably lower than the bulk material,
but recent developments in material composition and device structure have allowed screen printed structures to deliver powers equivalent to bulk
devices. An actuator using the multilayer screen printed technique was designed for use in an ultrasonic flow-through separator, and its successful

use is reported.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The conventional method for actuating microengineered
structures using PZT has been to use bulk PZT bonded to the
structure in question. Such a technique, although effective, is
time and labour intensive, as it requires careful alignment and
in addition requires significant effort to create repeatable adhe-
sive layers. This can be important beyond the obvious quality
of adhesive bond, because ultrasonic transducers in particular
have their performance affected by the mechanical properties of
the adhesive layer. Work at the University of Southampton has
been progressing to develop an alternative to bonded bulk PZT
for silicon MEMS actuators by utilizing thick-film processing.
Thick-film deposition represents a convenient way of depositing
active materials, and developments in processing [1] and paste
formulation [2] have allowed the technology to be migrated to
silicon. It gives several advantages over bonding bulk material
in that it is inherently a batch process, so an entire wafer of
devices can be printed in one go. It also gives good repeatability
as no bonding layer is required. This work describes an exten-
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sion of this processing, allowing piezoelectric coefficients to be
achieved that are comparable to bulk PZT. The results from this
development were used to design a thick-film actuator to drive a
microengineered ultrasonic acoustic separator, previously tested
using a bulk element [3], and results are reported for this new
device, demonstrating the usefulness of the technique.

2. Description of actuator

The actuating mechanism is manufactured by co-firing sev-
eral layers of PZT at 890 °C each separated by a gold electrode
layer, onto a suitable substrate, such as alumina, stainless steel
or silicon. Co-firing is a technique whereby multiple layers are
printed and dried before being fired once as a complete structure.
Conventionally each layer in a thick-film structure is fired indi-
vidually, but for devices containing PZT, each successive firing
results in lead evaporation, altering the chemical composition
away from the stoichiometric optimum and leading to a reduc-
tion in piezoelectric activity [1]. Evidence of this can be seen in
Fig. 3, where the value of ds3 for a co-fired two-layer structure
is higher than that of an individually fired two-layer structure.
For evaluation, the multilayer structures were first printed on
630 wm thick 96% alumina tiles. Several test devices were con-
structed, these consisting of either 1, 2 or 3 PZT layers. The
optimum process and multilayer structure was then applied to a
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micromachined silicon wafer, 525 pm thick for use in the ultra-
sonic separator. The printed thicknesses of the PZT layers were
measured at around 80 pm (Fig. 9). The firing profile used was
a standard thick-film cermet profile, with a peak temperature of
890 °C, held for 15 min. The PZT paste is formulated within the
Research Group [2]. The structure requires polarization after
firing, and this was achieved by applying a 4 MV/m field at
150 °C for 30 min across each layer in parallel, before allowing
the structure to cool with the field still applied.

In addition, a device using a bulk PZT drive element, glued
to the substrate, was constructed to allow a comparison.

3. Advantages of a multilayer structure

The main advantage in producing a multilayered structure is
that it enables larger displacements to be generated than would
be possible with a single layer having the same total thickness,
for a given actuating voltage. In addition, layering the structure
allows lower absolute voltages to generate the required polar-
ising field strength. Fig. 1 shows how a two-layer structure is
connected and polarised. In the diagram, two layers of 80 um
PZT are shown. By linking the top and bottom electrodes, and
then applying the polarising field, the two layers are polarised
as shown in Fig. 1. In this example, the polarising voltage would
be 320 V. If a single 160 pm thickness of PZT was used, then
the polarising voltage would have to double to 640V to give
the same field strength. However, the real advantage of the mul-
tilayer structure becomes apparent when the structure is used
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Fig. 1. Structure and polarisation of a two-layer structure.
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Fig. 2. Comparison of displacement for a one-layer and a two-layer structure.
Va is the applied voltage.

as an actuator. It can be seen that for a given applied voltage
there is twice the movement as for one layer of an equivalent
total thickness. This is an effective increase in the d33 coefficient
of 100%, although care must be taken in the definition of d33
in this application. We are using it as a relative measure of the
piezoelectric activity of these structures, as by the nature of their
construction they are clamped along one edge.

This increase in effective piezoelectric activity comes about
because twice the actual voltage is being applied as compared
with a single double thickness layer (Fig. 2). This means that,
when compared with an equivalent total thickness single layer,
the multilayer devices can be driven at a lower voltage to give
the same displacement.

A three-layer structure is polarised in a similar way and in
principle gives three times the movement than for one layer. It is
possible to keep increasing the number of layers in this way but
in practice it has been found that the current sensible limitation
is three layers.

4. Test results

ds3 coefficients were measured using a Take Control PM35
piezometer. The results, given in Fig. 3, show the expected
increase in d coefficient, although the results appear to show
that the improvement is not a straight multiplication. For exam-
ple, the triple layer results are approximately four times the
single-layer results, whereas simple theory would predict three
times. The reasons for this are not apparent at present, and more
results are required to determine whether this is due to pro-
cess variations or a fundamental effect. Possible causes include
less PZT being degraded during the firing process, or the addi-
tional layers being further removed from the surface of the
substrate and so experiencing less clamping. In order to test
the devices’ usefulness for driving sound into water, an exper-
imental process was devised to allow the transducer efficiency
to be calculated. Direct measurements of acoustic output power
were available from an acoustic force balance. This instrument
measures the acoustic force from a water loaded transducer. It
is also necessary to measure the input electrical power dissi-
pated in the transducer under these conditions. This is available
through impedance measurements of the transducer. To pre-
pare the devices for these measurements, a layer of waterproof
conformal coating was sprayed on to seal the devices against

Single layer Double layer co-fired Double layer individually fired Triple layer co-fired
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Fig. 3. Piezoelectric coefficient results.
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Table 1

A comparison of results for different devices

Type d33 typical Resonant Efficiency
(pC/N) frequency (MHz) (%)

Bulk 246 34 18

One layer 81 5.7 36

Two layer 178 4.9 43

Three layer 323 39 35

water ingress before impedance and power measurements were
taken.

4.1. Impedance measurements

The devices were mounted in a frame to allow ease of han-
dling, and mounted face down in a beaker of degassed water.
Impedance measurements were taken using a HP 4192A LF
impedance analyser. These measurements enabled the trans-
ducer resonance frequency to be identified, and it was noted
that this varied with the number of layers in a repeatable manner
(Table 1).

4.2. Acoustic power measurements and electrical power
calculations

An acoustic force balance (Ohmic Instruments UPM-DT-1)
was used to directly measure the acoustic output power of the
devices. These were then compared with the calculated power
input to the device. The system used to calculate the input power
is shown in Fig. 4, where Z denotes the impedance of the trans-
ducer. The amplifier gave a fixed 50 dB amplification and had
an output impedance of 50 2. The signal generator was set to
250 mV peak to peak output (Vggn), which gave a driving volt-
age (Vamp) from the amplifier of 27.9 V RMS. This was chosen
to give a good acoustic output signal without overstressing the
transducer. The 50 2 output impedance of the amplifier forms
a potential divider with the transducer Z. The impedance of
the load Z was measured using a Hewlett Packard 4192A LF
impedance analyser across a range of frequencies.

This allowed the power delivered to the load to be calculated.

Power dissipated in the load is given by

Power = Re{VourI*} (1)

where Vour is the voltage across the load and [ is the current
through the load. Now we can calculate Voyt from the potential
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Fig. 5. Power measurements for a bulk PZT drive element.

divider formed by the load and the amplifier output impedance:

V4
Vi =YV, 2
ouT AMP (Z—i—SO) (2)

as we know that Vamp is fixed and we have measured Z.
Now 7= Vout/Z from Ohms Law, and therefore power dissi-
pated can be calculated as

Vour \ " |Vourl?
ower € { ouT < 7 > € 7

1
= |VOUT|2Re{} A3)

Z*

The powers calculated can then be compared with the directly
measured acoustic powers to give a measure of the transducers’
efficiency (Table 1).

This procedure was carried out for the 1, 2 and 3 layer sam-
ples, as well as a bulk sample. An example trace for the bulk
sample and a two-layer sample are given in Figs. 5 and 6, show-
ing both the direct acoustic power output measurements and the
calculated input powers to the devices. The test devices have
shown themselves to be more efficient at converting electrical
energy into acoustic energy transmitted into water [5], than the
equivalent bulk device (Figs. 5 and 6), and it was concluded that a
two-layer device would prove suitable for the separator applica-
tion. Although a three-layer device is possible, there were yield
problems with these devices, and the data suggested a two-layer
device would perform at least as well as the bulk device.
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Fig. 4. Experimental system.
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Fig. 6. Power measurements for a two-layer thick-film structure.
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Fig. 7. Cross-section of an ultrasonic separator.

5. Ultrasonic separator

The principle of operation of the separator is given in Ref.
[3], but in brief, the actuator is used to establish an acoustic
standing wave within the cavity, and particles within the fluid
are driven to the nodes by radiation forces. Fig. 7 shows a cross-
section of a typical device. In this device, we are working with a
half-wave cavity and so particles will be driven towards a nodal
plane in the centre of the cavity, although it is possible to design
for a quarter wave cavity, where particles are driven to the Pyrex
wall [7]. In the half-wave case discussed here, by adjusting the
relative flows at the two outlets, a ‘clean’ and a ‘dirty’ flow can
be extracted.

6. Separator construction

A wafer of devices was fabricated and a two-layer thick-film
actuator was deposited on the silicon in place of the bulk PZT.
The silicon wafer was a standard 525 pm wafer, etched with
access ports as indicated in Fig. 7, and an etched Pyrex wafer
was anodically bonded to this wafer to create the device. A two-
layer actuator was printed with gold electrodes, and polarised,
as described earlier. A sample device was sliced longitudinally
and is shown in Fig. 8. This picture shows (from right to left) the
two PZT layers and the gold layers of the actuator, the silicon
carrier layer, the fluid gap and finally the Pyrex backing layer,
and gives a good indication of the relative scales of the different
layers.
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Fig. 8. A cross-section of a device.
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Fig. 9. Detail of the PZT layers.
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Fig. 10. Real part of impedance (solid—measured, dotted—modelled).

Fig. 9 shows a more detailed photograph of the thick-film
layer. A good uniformity of printing is apparent, with the PZT
layer being about 82 wm thick. The gold electrode layers are
also visible, with no signs of migration through the layers.
Impedance measurements indicated that the composite struc-
ture has a resonance of about 3.9 MHz in air. When filled with
water, impedance measurements show that the two predicted
half-wave modes were present, indicating that the model should
give a good indication of the performance of the device (Fig. 10).
The device was operated at the peak at 4.4 MHz.

7. Separator test

The experimental procedure was as described in [6], in
that turbidity measurements were taken using a Honeywell
APMS-10GRCEF turbidity sensor, previously calibrated against
a haemocytometer for the latex particles used, and the pumping
arrangement was as shown schematically in Fig. 11.

The total flow rate through the device was 5.1 pl/min with a
flow rate split between the outlets of 75%/25% between outlets 1
and 2 as shown in Fig. 11. The device is isolated from the pulses
produced by the pumps by using air filled syringes to act as
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Fig. 11. Schematic of experimental arrangement.
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Fig. 12. Performance of a thick-film actuated separator.

dampers. The performance of the separator running at 4.4 MHz
was measured at different drive voltage levels, and the measured
results are plotted in Fig. 12. This figure shows the variation in
particle concentration of the two outlets flows, with separation
improving at the higher voltage levels. It can be seen that these
measured results compare favourably with the predicted results
[4] thus verifying the predictions of the model, and demonstrat-
ing the usefulness of the thick-film PZT multilayer actuator in
this application.

8. Conclusions

The results show that the thick-film PZT actuator performs
well as an acoustic source in this application, and further that the
previously developed model for predicting the performance of
bulk PZT driven concentrators has been verified for thick-film
PZT actuators. In addition, it can be concluded that thick-film
actuators are more efficient than bonded bulk PZT actuators
for this application. We therefore conclude that thick-film mul-
tilayer actuators are a viable alternative to bonded bulk PZT
actuators on silicon, with the added advantage of being batch
processable on a wafer scale.
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