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A novel micromachined pump based on thick-film piezoelectric actuation
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Abstract

A new silicon-based micropump is described in this paper. The key element of the device is a thick-film/silicon micromachined hybrid
actuator. The actuation principle relies on the flexure of a screen printed piezoelectric lead zirconate titanate (PZT) layer on a silicon membrane
(8 mm X 4 mm X 70 um). An investigation into the deposition technology of the bottom electrode for the piezoelectric material showed that
a gold resinate or Pt evaporated electrode on a 500 nm thick SiO, covered silicon wafer achieved best results for the membrane actuator. Inlet
and outlet valves are of the cantilever type and use deep boron diffusion together with KOH etching, Pump rates of up to 120 wi min~* have
been achieved. A maximum backpressure of 2 kPa was measured when using a 600 V,, sinusoidal drive voltage at 200 Hz across a 100 pm
thick PZT layer. The pump was compared with a conventicnal surface mounted piezoelectric driven micropump. The conventional pump

achieves a performance which was a factor of 3-6 more efficient, but does not allow mass production.
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1. Introduction

Several types of a micropump for fluids have been pub-
lished in the literature. Two major classes of these pumps are
now available: membrane actuated pumps [ 1-4] and electric
field induced flow pumps {5,6]. Membrane actuated pumps
can be further subdivided into electrostatically [3], thermo-
pneumatically [2], bimetallically [4] and piezoelectrically
[1] actuated pumps.

Micropumps with surface mounted piezoelectric mem-
brane actuation were first reported by van Lintel et al. [1].
As small geometries require accurate positioning of the pie-
zoelectric element on the membrane, the advantage of low-
cost mass production for these devices is lost when the
piezoelectric plate is glued to the surface, A big improvement
is achieved if this single-step manufacturing process with
complicated alignment is done in a simpler mass production
method. Therefore, it was a major task in this work to find
and investigate a new method for depositing the piezoelectric
material onto silicon. The new technology should, however,
offer both the possibility for mass production and the ability
to transform a reasonable amount of electrical power into
mechanical power in order to drive a micropump. This could
be realised with a combination of screen-printing and silicon
micromachining. Other methods of depositing PZT with sol-
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gel deposition [7] or physical vapour deposition [8] have
been described, but lack the possibility of producing thick
layers of 100 wm and more. The basic principles and some
simulations of the thick-film-on-silicon hybrid actuator have
already been reported [9] but this is the first presentation of
a working micropump using hybrid actuation.

2. Fabrication

A diagram of the micropump is shown in Fig. 1. The pump
consists of a stack of three silicon chips. The two lower layers
form the inlet and outlet valves. The top layer is the membrane
actuator. The operation of the pump depends on the oscillat-
ing membrane varying the volume inside the chamber. When
the chamber volume is increased at low actuation frequencies,
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Fig. 1. Hybrid actuated micropump stack.
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liquid is sucked through the inlet valve while the outlet
remains shut. If the chamber volume decreases, the inlet valve
closes and liquid is pumped through the outlet.

2.1. Passive cantilever valves

The fabricatjon of the passive cantilever valves has already
been presented elsewhere [10]. It is based on a B™ aniso-
tropic etch stop layer for the definition of the cantilever and
the creation of a conical duct on the same wafer. For ease of
testing, two identical chips were placed on top of each other
to complete both inlet and outlet valve.

2.2. Membrane actuator

Standard silicon micromachining processes were used for
the membrane. A 70 pm thick membrane was formed with a
time-controlled etch in KOH at 70°C and 30 wt.% using
LPCVD silicon nitride as an etch mask. After removal of the
etch mask the wafers were covered with a 500 nm thick oxide.
This produces an insulating layer between substrate and actu-
ator. Processing was then continued with thick-film technol-
ogy where mass production of up to 4 in. wafers is possible.
In our case, the printing was done on quartered 4 in. silicon
wafers to allow for several tests per wafer. Good alignment
between thick-film and silicon micromachined structures is
achieved with alignment marks ineach corner of the quartered
wafer and the screens.

The generation of a PZT capacitor between two electrodes
is described as follows: First, a cermet gold bottom electrode
of 10 pm thickness was printed, dried at 130°C for 10 min
and fired in a conveyor belt furnace at a peak temperature of
950°C for 1 h. Fig. 1 shows that the bottom electrode has
been made larger than the diaphragm. The reason for this was
to reduce stress in the diaphragm due to a mismatch in the
ternperature coefficients (thermal coefficient of expansion:
TCE(Si) =2.33%107% K7, TCE (Al,0;) =6.8X1075
K~1. TCEs of normal inks are usually designed to match
alumina, TCE(bulk PZT) =25X 107 K~!). Designs with
4 mm X 8 mm bottom electrodes on 4 mm X 8 mm X 70 wm
sized membranes led to maximum deflections in the centre
of the membrane of approximgtely 30 um. For 5 mm X 9 mm
bottom electrodes, part of thestress is absorbed by the bulk-
Si. The bending was arourd 7 pm and thus significantly
reduced. Both measurements Were taken after the whole print-
ing cycle of bottom electrode (10 um), PZT (~100 pm)
and top electrode (10 pwm).

After this, the wafer was put through two cycles of double
printing, drying (10 min at 130°C) and firing of a special
PZT ink (1 h including heating and cooling time at 950°C).
This ink contains 95% PZESH powder and 5% leadborosil-
icate powder as a binder. Afl organic vehicle (ESL 400) has
to be added to control the paste viscosity and hence produce
a screen-printable ink. With a total of four printing steps a
thickness of approximately 100 j.m was achieved. Finally, a
gold top electrode is printed with the same process as before.

Due to condensation and subsequent diffusion of lead on the
silicon surface during firing, the intermediate oxide between
Si and PZT becomes conductive [11]. It is therefore neces-
sary to deposit the top electrode entirely on the fired PZT
layer. The layout for the top electrode as depicted in Fig. 1
guarantees that top and bottom electrodes are isolated.

Visual inspection and scratch-tests were done to judge
adhesion of the printed layers after firing. As peeling off did
not occur during scratch tests, adhesion of the bottom elec-
trode to Si-substrate and PZT to Au-electrode seems to be
good. Finally, the PZT is polarized with an electric field of 3
MV m™! at 130°C for 24 h. In order to verify a successful
polarization, charge measurements were made to determine
the ds; coefficient of the screen printed PZT. Screen printed
samples without membranes were mechanically stressed with
a constant force and the generated charge was amplified and
measured. From this, the d,; value could be determined. Fur-
thermore, displacement measurements at the centre of the
membrane were taken with an optical fibre laser interferom-
ster. The resolution of this type of interferometer is nominally
a quarter of a wavelength or 158 nm for a helium neon laser
with a wavelength of 633 nm. For reference purposes, the
deflection of a surface mounted bulk PZT actuator (6.25 X
3.25X0.2 mm) was determined to be approximately 1100
nm at 100 Hz and 1700 nm at 3 kHz.

2.3. Tests with different bottom electrodes

Experiments have been carried out with differentinsulation
layers and inks for the bottom electrode [9]. Three different
surface layers were tested:
® Native oxidized surface
® 500 nm thick layer of thermally grown SiO,
® 160 nm thick layer of Si;N, on 80 nm of SiQ,

In paralle] several different types of thick-film ink for elec-
trodes were investigated:

® Resinate gold, platinum

® Cermet silver—palladium, gold, platinum

® Evaporated gold, platinum

Initial experiments confirmed a link between high dielec-
tric values of the fired PZT layer and good mechanical actu-
ation performance. Therefore, the dielectric constant was
taken as a figure of merit for the quality of the actuator.

The attraction of using a resinate ink is its possibility to
create relatively thin layers in the range of 0.5 wm. However,
all bottom electrodes of both resinate gold and resinate plat-
inum printed onto the silicon wafer with an intermediate 500
nm thick silicon dioxide layer showed local failures in con-
ductivity after firing. Therefore, no further attempts with res-
inate inks have been done. As well, printing the PZT onto the
silicon nitride substrate was unsuccessful for all electrode
materials due to a reaction that produced bubbles being
trapped under the ink.

As silver palladium inks are cheaper than other inks, AgPd
was investigated first. Silver palladium was successfully
printed on 300 nm wet Si0, and native oxide covered silicon
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wafers, although there was a certain change in colour of the
PZT. The diejectric constant was between 50 and 70, inde-
pendent of the substrate insulator (native oxide and wet
Si0,). This has to be compared with the bulk value for PZT-
5H which is 3400 at room temperature [ 12], being nearly 60
times larger. No displacement of the membranes could be
measured, as a signal was not distinguishable from noise. The
membrane actuator was, however, audible in the frequency
range between 8 and 12 kHz. The same inks have been printed
on alumina substrates, where the dielectric constant increased
to values of 373 & 11. It is well known in thick-film process-
ing that silver migrates [ 13]. Thus, it seems possible that the
silver migration causes the coloration and the subsequent
reduction in the dielectric constant. As the dielectric constant
was rather low compared to the other experiments, no further
investigations have been done to clarify the cause of this
behaviour.

Evaporating gold onto silicon is a fully compatible thin-
film process. The deposition of 0.5 wm gold was done with
a standard evaporator on 500 nm silicon dioxide covered
silicon wafers with an intermediate 40 nm thick Cr layer to
improve adhesion of the gold layer to the substrate. After
firing the PZT, the gold changed its colour from metallic to
dull. The top electrode for the PZT capacitor was printed with
a cermet gold ink, as thin-film deposition and patterning is
impossible on top of the rough and rather high PZT layer.
The dielectric constant of the PZT layer on thin-film gold
reached a value of 126 +7 which was already an improve-
ment compared to the AgPd screen printed electrodes. Yet,
this is still a factor of 24 less than the bulk value.

The next tests have been done with cermet gold ink (ESL
8836 C35). The dielectric constant of PZT with a cermet gold
bottom electrode on 500 nm silicon dioxide increased to
461 +26. This figure of merit is only a factor of 7 off the bulk
values. The displacement measurements of a 8 X 4 X 0.07 mm
silicon membrane with a 7X3X0.09 mm PZT layer gave
450 nmy,,, at 100 V,, for low frequencies around 500 Hz and
650 nm at frequencies around 3 kHz. This is around half the
value of a surface mounted device. Apart from the deflection,
the ds5 values of the devices were measured. The piezoelectric
charge constant for PZT on cermet gold electrodes was 103
pC N1 or 1/6 of the bulk value [12].

Table 1
Summary of the screen-print experiments of a hybrid actuator on SiO,

Also, a cermet platinum layer (ESL 5545) was investi-
gated as bottom electrode. The process steps were done in
the same way as above. The top electrode was realised with
a low temperature firing ink (ESL 590-G) to reduce the
therma! load. This electrode was printed twice, dried at 135°C
for 10 min and fired at 570°C in a conveyor belt furnace for
1 h. After the whole printing experiment, the dielectric con-
stant of the PZT was unexpectedly low at 58 + 8. Like with
the AgPd electrodes, the actuator was audible in the frequency
range between 8 and 12 kHz but no displacement could be
measured. As both figures of merit are rather low, further
experiments have not been carried out for Pt cermet inks.

The last layer investigated was an evaporated Pt thin film.
It was deposited on top of a 500 nm thick wet SiO, layer with
an intermediate 40 nm thick Ti layer to improve adhesion.
The film thickness was 500 nm and screen printing of the
PZT was done directly on top. The top electrode was a UV
curable polymer ink (ESL 1109-S), to reduce the thermal
load even further. It was dried at 90°C for 30 min, exposed
with UV light for 10 min and then cured at 150°C for 2 h.
With this technique, the largest dielectric constants have been
achieved. The figure of merit was 485167, which was
slightly larger than the values obtained with the gold cermet
ink. For 85 wm thick PZT at low actuation frequencies the
peak-to-peak displacement was determined to be around 350
nm for 100 Hz, rising to 600 nm at 3 kHz. This is in the range
which was obtained with gold cermet electrodes. A 135 um
thick PZT layer on Pt could only achieve 350 nm peak-to-
peak displacement at 3 kHz, being half the value of the thinner
layer.

In summary, the best results were obtained with the cermet
gold electrode on 500 nm SiO,. All further experiments refer
to this type of electrode. A summary of the results can be
found in Table 1.

3. Measurement results

The micropump was tested in a jig with ethanol as the test
liquid (Fig. 2). For ease of mounting the two lower layers
containing the cantilever valves were placed on top of each
other after cleaning with isopropylalcohol. A 1 mm thick
silicone layer between the valves and the actuator was nec-

Bottom electrode AgPd cermet Au evap. Au cermet Pt cermet Ptevap. Ag

PZT binder 5% BS 5% BS 5% BS 5% BS 5% BS bulk mat. [12]
Top electrode AgPd cermet Au cermet Au cermet LowT cermet LowT UV curable Ag

Dielectric constant 60410 126+7 461 +26 58 485+67 3400
Displacement in nm,, X X3 450-650 X 350-600 -

dy (pPCN™H X X 103 X 95 641

x,: Not measurable but audible between 8 and 12 kHz.
%,: Not measured.
BS: Lead zinc borosilicate glass.
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Table 2
Comparison between surface mounted and hybrid actuator (gold cermet bottom electrode)
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Type Displacement (nm,,) Maximum pumprate (pl min~!) Maximum backpressure (kPa)
Hybrid actuator 7X3X0.1 mm 450-650 at 100 Vg, 120 at 600 V,, 200 Hz 2 at 600 V,, 200 Hz
Surface mounted 6.25 X 3.25 X 0.2 mm 1100-1700 at 100 V, 150 at 200 V,,, 200 Hz 4at200V,, 200 Hz
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Fig. 3. Frequency dependence of the micropump with thick-film-on-silicon
actuator at zero backpressure.

essary to seal the pump chamber. The cantilevers were 1 X 1
mm in size sitting on a cone with a minimum opening of
130X 130 pm.

The frequency dependence of the pump rate at zero back-
pressure is shown in Fig. 3 for two different actuation voltages
(450 V,, and 600 V). A maximum pump rate of 61 ul
min~! and 122 pl min~!, respectively, was achieved at fre-
quencies of 100 Hz and 200 Hz. The backpressure depend-
ence is depicted in Fig. 4 for 600 V,, and 200 Hz. An almost
linear drop can be observed and a maximum backpressure of

2 kPais achievable.
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Fig. 4. Backpressure dependence of the micropump with thick-film-on-
silicon actuator at 200 Hz and 600 V, actuation.
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Fig. 5. Backpressure dependence of the micropump with surface mounted
actuator.

Tests with an identical setup were done with the surface
mounted PZT layer for comparison. Here, a maximum pump
rate of 150 pl min~" was measured for 200 V, and 200 Hz
(see Fig. 6). The maximum backpressure at this setup was
determined to 4 kPa (Fig. 5). Itis interesting to see the change
in behaviour of the pump rate with respect to backpressure.
Whereas low actuation frequencies allow extrapolated pump
rates of up to 20 kPa, the behaviour shifts to smaller maximum
backpressures at higher frequencies. At the same time,
increasing pump rates for zero backpressure were achieved
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Fig. 6. Frequency dependence of the micropump with surface actuator at
zero backpressure.

by increasing the pump frequency to 200 Hz. All results are
summarized in Table 2.

4, Conclusions

The first generation of thick-film-on-silicon PZT actuators
and pumps achieves approximately 1/6-1/3 of the perform-
ance of surface mounted devices. The mechanical power of
the first hybrid actuators is already large enough to drive a
micropump and the technology itself has the advantage of
introducing mass production for various powerful actuators.
The working micropump driven with the thick-film/silicon
micromachining PZT actuator could be exploited in medicine
as a cheap disposable pump for drug dispensing. However,
further work is needed to show compatibility between med-
ical drugs like insulin and the pump.
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