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Abstract:

The reliability of piezoelectric multilayer actuators is an important issue for industrial 24/7 applications. Two

completely different load cases have to be distinguished when reliability parameters of these actuators are speci-
fied. One is the AC-driving were the actuators have to generate extreme accelerations. The other one is the pure
DC-load which is typical for applications which are taking advantage of the ultrahigh resolution of closed loop

piezoel ectric positioning systems.

This paper explains DC- and AC-degradation mechanisms as well as the unique design of the PICMA® co-fired
actuators which is properly adapted to both load cases. Besides some characteristics of the actuators results of

DC- and AC-reliability investigations are presented.
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Introduction

There are severa reasons why piezoelectric multi-
layer actuators are attractive for a steadily growing
number of applications: low static power consump-
tion, high stiffness, high induced forces, high com-
ponent mechanical energy density, easy geometrical
adaptation due to ceramic technology. But the most
prominent properties are; almost unlimited resolu-
tion and extremely fast acceleration. While resolution is
mainly important in nanopositioning equipment the rapid
response iscruical for high-throuput applications from
beam-steering, active optics and high-speed valves.
Besides lowering the prices extended knowledge of
reliability parameters will promote the further
spreading of the piezoactuator technology. There is
a fundamental difference in the reliability issue be-
tween the “resolution’- and the “acceleration”-
applications: a positioning device has often to stay at
a defined position over long time. Hence a DC-type
of driving signal is typical for such a purpose. On
the contrary a switching AC-signal is characteristic
for fuel injection systems. The paper explains the
differences between DC- and AC-reliability matters.
The PI Ceramic co-fired multilayer actuators
(PICMA®) were initially developed for positioning
purposes [1]. Later on they were modified in a way
that they can take the very high switching currents
during high acceleration applications. In the second
part of this paper we will describe why the
PICMA®-design is well adapted for both types of
applications and present some reliability results.

DC-degradation mechanisms

The degradation of dielectric components under DC-
driving conditions is related to the size of the elec-
tric field, the temperature and the humidity. For
multilayer actuators the field dependency of the life-

time is usually described by a power law with an ex-
ponent of -2.5 to -3 [2,3]. An Arrhenius equation is
often applied for the lifetime-temperature-relation.
The observed activation energies are in the order of
1eV [2]. However, the most severe condition is the
humidity which can easily lower the lifetime by
some orders of magnitude [4].

Increased humidity is not unusual for actuator appli-
cations. Clean rooms in the semiconductor industry,
one of the maor application fields of nano-
positioning equipment, have artificially humidified
air to avoid electrostatic discharging. Another source
of high humidity are the cooling liquids next to ac-
tuator based precise machining equipment.

Looking at the conventional actuator designs (Fig. 1)
the high humidity—-DC-signal combination is most
critical for the open electrode configurations (Fig.
1a,b) were the internal electrodes are just separated
by the active layer thickness and protected by a
polymer coating.

The reliability problem isillustrated in Fig. 2 for an
actuator with silver palladium internal electrodes.
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Fig. 1: Conventional multilayer actuator designs, a)
co-fired all open electrode, b) co-fired open side
electrode, ¢) co-fired buried electrode, d) glued chip
buried electrode.
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Because no polymer coating is able to prevent
moisture penetration [5,6], water is attracted by the
field and ionized by electrolysis. Ag*-ions move as
Ag(OH) from the anode trough cracks, voids, dis-
solved secondary phases at the grain boundaries and,
especialy, on the surface to the cathode [7,8]. There
it is reconverted into metallic silver. As a result sil-
ver dendrites grow from the cathode to the anode.
First they lower the resistance later they can cause a
breakdown. This phenomenon can be easily studied
by putting a drop of water on an unprotected surface
of an actuator at its nominal field. It takes just min-
utesto get amigration (Fig. 2b).

DC-humidity degradation is not just related to
Ag/Pd-internal electrodes but also actuators with
platinum electrodes tend to degrade at high fields
[9]. Some authors just refer to dissolved “ions out of
the ceramic” which cause the degradation [5,6].
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Fig. 2. DC-degradation processin an open silver —
palladium electrode actuator a) humidity driven
degradation processes, b) water induced migration
on an actuator surface without polymer protection.

AC-degradation mechanisms

Besides material related AC-degradation phenomena
[10] there are also design related issues. All actuator
designs have inactive insulation volumes which are
not field-accessed (Fig. 3). In these volumes tensile
stresses are induced because the adjacent active re-
gions expand along the actuator axis.

The higher the tensile stresses the higher is the prob-
ability to get uncontrolled cracks in axial direction
which can either cause a dielectric breakdown or just
separate an internal electrode from the termination.
It can be shown that the tensile stresses increase
when the actuator gets higher and the inactive vol-
ume getslonger (Fig. 3 ¢) aswell aswider.

One possibility to limit this stress accumulation
could be the segmentation of the actuator by just
gluing chips together (Fig. 1d). Then the stress
would be released partially by the gluing layers. But
this solution has principal drawbacks. Chips as well
as actuators have no precise mechanical dimensions
when they are fired. So either all the single chips
have to be ground before gluing which is expensive
and needs thick passive layers in the design, i.e.
stress concentrations and loss of strain, or they are
glued “as fired” which results in non-homogeneous
gluing and termination layers.
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Fig. 3: Tensile stresses in the inactive actuator vol-
ume a) cracking in the termination insulation plane,
b) cracking in the buried electrode plane ¢) actuator
length dependence of the maximum tensile stress in
the inactive volume [11] .

PICM A-design

Fig. 4 shows the PICMA®-design. On the non-
termination surface it has a thin ceramic protection
layer [12] (Fig. 4 d). This inorganic coating can not
be penetrated by the humidity, pretty much as the
buried design (Fig. 1 c). The layer is pressed on the
surface already in the green state. It is made of the
same PZT ceramic material as the active layers. In
contrast to the buried design where the insulation
width has to be at least 200-300 um for tolerance
reasons, it has uniformly the same thickness as the
active layers. Therefore it is partially accessed by
the scattering field of the internal electrodes (Fig.
4d) and, consequently, it is partly poled and ex-
pands during operation. Hence, the stress as well as
the number of cracks are limited. Effects like sig-
nificant stress accumulation in the non-termination
insulation volume in the buried electrode design
(Fig. 1 c) or stress concentration at the cornersin the
glued chip design [9] (Fig. 1 d) are avoided.

The second special feature is the slot segmentation
of the stack to prevent stress accumulation in the
termination insulation volume [12] (Fig. 44a). In
contrast to solutions were semi-controlled cracks are
induced by poling these dots are aready formed
during sintering. The dot distance of about 2 mm is
well adapted to the minimal stress optimum (Fig.
3c). The dot depth of 300-400 pm matches to the
finding that poling cracks stop growing after 200 pm
[13]. Moreover, the dot-layer has double the thick-
ness as the other layers but it is active (Fig. 4 c).
This prevents the slots from further growing.

Thethird feature is the special dlot bypassing contact
stripe layout [14] (Fig. 4¢€). Usudly the internal
electrodes are contacted by a fired on Ag/Pd-
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termination layer. During operation this layer will be
destroyed by cracking after 10°-10" cycles [6], at
least at the slots (Fig. 4 €). Therefore these cracks
have to be electrically bypassed. In the PICMA®-
design this is realized by a contact stripe which is
soldered on by a controlled machine process. This
contact stripe is not only flexible in terms of acting
low forces to the solder layers by thin lamellas. It
can also be easily adapted to the customer needs.
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Fig. 4. PICMA®-design a) non-termination side
view, b) termination side view, c) dot in the non-
termination plane, d) insulation layer, €) Power-
PICMA® with termination layer detail (electrical
bypassing of the ot crack by the contact stripe).

Reliability results

The testing of component reliability is aways ac-
companied by problems like testing for an abnor-
mally long time or an unacceptable large sample
number or finding accelerated test conditions which
include the uncertainty of extrapolation to normal
operating conditions afterwards.

Fig. 5 shows results of along term DC-test were the
PICMA®-actuators were compared to open electrode
design actuators under severe conditions. Whereas
al the comparative samples failed after 1,500 hrs.
still 69 of the 80 PICMA® survived the 92 %-
relative humidity test after 28,500 hrs. (3.25 years!).
The current extrapolated characteristic lifetime is
700,000 hrs. In contrast to results reported else-

For more information on PICMA®-design PZT actuators and applications in the semiconductor industry visit http:/iwww.pi.ws
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where [9] failures occurred statistically distributed
on the stack. We did not observe a local concentra-
tion at the corners which would indicate a systematic
stress peak in the design.

The PICMA® suitability for high acceleration appli-
cations was tested by cycling the 7x7x36 mm3-
power-type (Fig. 4 €) at 150 V, 50 pum displacement,
150°C, 15MPa pre-stress. Although the semi-
rectangular rise times were as short as 80 s and the
resulting pulse currents were as high as 20 A
PICMA® showed no degradation after 5-10° cycles.
Another indication of the PICMA®-reliability is the
significant reduction in the failure rate of installed
acutators. More than 100.000 PICMA®-actuators
were used in different piezo positioning applications
in the last four years. The failure rate was reduced
by afactor of 10 to avery low value compared to the
open electrode design actuators.
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Fig. 5: DC-lifetime-test of PICMA actuators com-

pared to conventional actuators with an open elec-

trode design.
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Conclusions

The design of the co-fired PICMA actuators avoids
the maor reliability problems of stacked piezo-
ceramic multilayer actuators for DC-drive under
sever environmental conditions as well as dynamic
pulse type AC-signals. This is ensured by three pat-
ented unique design features: 1) ceramic insulation
layer protection, 2) slot segmentation and 3) slot by-
passing contact stripe layout.

References

[1] Heinzmann, A. et a., ACTUATOR 2002, pp. 403-406.

[2] Nagata, K.; Kinoshita, S., Ferroelectr. 195 (1997), 163-166.

[3] Koh, J-H.; Jeong, S-J; Ha, M.-S;; Song, J.-S,, Jap. J. of
Appl. Phys. 43 (2004) 9A, pp. 6212-6216.

[4] Nagata, K.; Thongrueng, J., J. Korean Phys. Soc., 32 (1998),
pp. S1278-S1281.

[5] Yoshikawa, S.; Farrell, M., SPIE Vol. 3985 (2000) 652-659.

[6] Bindig, R.; Helke, G., ACTUATOR 2000, pp. 53-57.

[7] Kanai, H. et a., Ceram. Trans. Ser., 88 (1998), pp. 295-302.

[8] Ling, H.C.; Jackson, A.M., IEEE Trans. Comp., Hybr.,
Manuf. Technol., 1 (1989) 12, pp. 130-137.

[9] Andersen, B. et al., ACTUATOR 2004, pp. 64-67.

[10] Carl, K.; Hérdtl, K. H., Ferroelectr., 17 (1978), pp. 473-486.

[11] Lubitz, K. et a. in Setter, N. (Ed.): Piezoelectric materialsin
devices. EPFL (2002) pp.183-194.

[12] Patent DE 102 34 787 C1.

[13]Weitzing, H., PhD-thesis, TU Hamburg-Harburg (2000).

[14] Patent DE 10 2005 015 405.

© 2006 Pl Ceramic http://www.piceramic.com http://www.physikinstrumente.com Phone +49 (36604) 882-0


http://www.physikinstrumente.com/en/products/prdetail.php?&sortnr=100810
http://www.piceramic.com
http://www.physikinstrumente.com
http://www.pi-usa.us/technotes.html
http://www.pi.ws
http://www.piezo.de

