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Effect of a driving electric field waveform on piezoelectric
displacement of PZT thick films
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Endurance properties of piezoelectric-induced longitudinal displacement for lead zirconate titanate (PZT) thick films were
investigated to develop microelectromechanical systems (MEMS). A 5-um-thick film was prepared using chemical solution
deposition (CSD). Square and triangle waveforms and various frequencies of unipolar or bipolar electric fields were applied
to the film. The effects of applied field switching cycles on the ferroelectric properties and longitudinal displacements
were measured using a twin-laser interferometer system. Under the bipolar applied field switching condition, the remanent
polarization and piezoelectric displacement decreased concomitantly with increasing applied field switching cycles, similar to
fatigue behavior. The applied field switching waveform and frequency affect the fatigue profile. The piezoelectric displacement
did not decrease when the unipolar square and triangle waveform were applied to the samples. These results suggest that the
unipolar driven PZT thick films are applicable to MEMS devices.
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1. Introduction

In recent years, piezoelectric films have been well investigated
for various applications such as sensors and actuators in
microelectromechanical systems (MEMS).”®) Miniaturization
of MEMS devices is progressing using semiconductor fabrication
techniques. For MEMS application, the Pb(Zr,Ti)O; (PZT) is
considered the most promising material because of its superior
piezoelectric and ferroelectric properties. To realize MEMS
devices with piezoelectric films, it is necessary to achieve
sufficient piezoelectric longitudinal displacement. One way to
take large displacement is to increase the film thickness. For
MEMS devices, the piezoelectric film thickness must usually be
greater than 1 um. We can prepare PZT films with thickness of
about 10um using progressive chemical solution deposition
(CSD).» Another way to achieve large displacement—a high
drive electric field higher than the coercive field (E.)—is applied
to the piezoelectric films. For bulk piezoelectric ceramics
devices, the driving electric field is less than E.. Therefore, the
driving electric field condition of the films differs from that of the
bulk ceramics. The effects of the applied field switching cycles
on the ferroelectric properties of the thin films with thickness less
than 1um have been well investigated for ferroelectric random
access memory (FeRAM) applications.?*® However, detailed
piezoelectric thick film characteristics for the relation between
the longitudinal displacement and applied field switching
condition have not been well investigated. It is important to
clarify the longitudinal displacement endurance properties of the
thick piezoelectric films driven with the high electric field to
develop actual piezo-MEMS devices. As described in this paper,
we investigated the endurance of PZT thick films applied with
various field switching conditions such as polarity, waveforms,
and frequency.
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2. Experimental procedure

First, a Pb(Zr,Ti)O; (Zr:Ti = 53:47) thick film was deposited
on Pt/Ti/SiO,/Si substrate using CSD. The film thickness was
Sum. After deposition, a 200-nm-thick Pt top electrode was
deposited by sputtering. Then a column-shaped capacitor with
200 um diameter was fabricated using photolithography. Details
of the fabrication process were described elsewhere.” To
measure the piezoelectric induced longitudinal displacement of
the PZT films, a twin-laser displacement measurement system
was used. This system had two individual laser interferometers to
subtract the effect of substrate bending from the longitudinal
displacement. A topside laser interferometer (MLD-102;
NEOARK) measures the top electrode displacement. The bottom
side laser interferometer (MLD-301A; NEOARK) measures the
silicon substrate displacement. Two interferometers were con-
nected with the ferroelectric test system (FCE-1; Toyo Corp.).
The detail of the sample measurement configuration is exhibited
in Fig. 1. The FCE drive terminal (positive) was connected to the
top electrode, and the return terminal (negative) was connected to
the bottom electrode. The voltage was applied in the positive
direction, “+” was applied to the top electrode. This system can
measure the longitudinal displacement and the polarization
hysteresis loop of the PZT films simultaneously.

A bipolar or unipolar applied field of a triangle waveform was
used to measure the ferroelectric properties and longitudinal
displacement. The measurement frequency was 100 Hz, and the
amplitude of the applied fields was +80kV/cm (40V) for
bipolar, and 80kV/cm (40 V) for unipolar fields that were four
times higher than coercive fields of the prepared PZT film
samples: E.=20kV/cm. From the measured piezoelectric
longitudinal displacement, the difference between the maximum
displacement and the center of the butterfly curve (cross point)
was defined as +d,,x for bipolar measurement. The difference
between maximum displacement and the displacement at 0 V was
defined as dp.x in the case of unipolar measurement. To evaluate
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the endurance properties, a switching electric field of bipolar or
unipolar was applied to the film samples. After several switching
cycles, the ferroelectric properties and longitudinal displacement
were measured. The waveforms of the switching field for
endurance evaluation were square and triangular; the frequency
was changed from 100kHz to 100Hz. The amplitude of
the applied switching field was £80kV/cm for bipolar, and
80kV/cm for the unipolar. Details of the measurement setting,
the definition of dp,y, and switching field setting are presented in
Fig. 2.

3. Results and discussion

3.1 Endurance evaluation of bipolar electric field
switching

Figure 3(a) shows the ferroelectric response (P—E hysteresis
loop); Fig. 3(b) shows the piezoelectric longitudinal displace-
ment response (butterfly curve) before and after 10° cycles of
triangle bipolar field switching at 100 Hz. There is correlation
between P-FE hysteresis loop and butterfly curve before switch-
ing, generally, because coercive fields, +E., at positive and
negative applied field in Fig. 3(a) correspond to applied fields at
minimum displacement in Fig. 3(b). It is apparent that the
remanent polarization, P,, decreases after 10° cycles of field
switching, and that E, shifts to the negative field direction in
Fig. 3(a). That this P, behavior decreases with applied field
switching cycles is described as the polarization fatigue
phenomenon of PZT thin films.®® In Fig. 3(b), piezoelectric
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Fig. 1. Detailed sample measurement configuration.

longitudinal displacement showed an asymmetric shape after 10°
cycles of field switching. Moreover, the minimum displacement
corresponding +FE. shifts to the negative direction like the
fatigued P-E hysteresis loop in Fig. 3(a). The maximum
displacement of the negative field (—dy.x) decreased, but that
of the positive field (4+dp.x) showed no remarkable difference.
The reason of this asymmetry seems to be the shift of E. like
imprint.” This asymmetry of the displacement after bipolar field
switching cycles is consistent with results described in other
reports of piezoelectric fatigue studies.!®!D

Figure 4 presents the relation between the applied field
switching cycles and the normalized remanent polarization,
P,/ Py, which is switched remanent polarization/initial remanent
polarization, for (a) a square-wave bipolar field and (b) a triangle-
wave bipolar field. For both waveforms, P,/P, decreased and
recovered with increasing switching cycles, as reported else-
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Fig. 3. Ferroelectric and piezoelectric responses before and after
applied field switching cycles of triangle wave: (a) P-E Hysteresis loop
(b) Butterfly curve.
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Fig. 2. Detailed measurement settings and the definition of dy,y; switching field settings for endurance evaluation.
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Fig. 4. Switching cycle dependence on normalized remanent polar-
ization for (a) a square-wave bipolar field and (b) triangle-wave bipolar
field.
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Fig. 5. Switching cycle dependence on normalized piezoelectric
displacement for (a) a square-wave bipolar field and (b) triangle-wave
bipolar field.

where.'? For the square-wave bipolar field depicted in Fig. 4(a),
degradation of P,/Py, started at 10° cycles. The degradation rate
increased concomitantly with decreasing square-wave frequency.
On the other hand, when the triangle-wave bipolar field was
applied as depicted in Fig. 4(b), onset cycles of the degradation
increased from 10? to 10* with increasing switching frequency
from 100 Hz to 10 kHz. The degradation rate increased concom-
itantly with decreasing triangle-wave frequency. Based on these
results, the waveform and wave frequency of the applied bipolar
field are considered to affect the onset cycles of the fatigue and
fatigue rate.

Figure 5 presents the relation between the bipolar field
switching cycles and normalized bipolar longitudinal displace-
ment of the sample (dyax/dmaxo) for (a) a square-wave bipolar
field and (b) a triangle-wave bipolar field. It is apparent that the
normalized displacement in the negative electric field decreased
concomitantly with increasing switching cycles such as polar-
ization fatigue, as depicted in Fig. 4. The fatigued profile of the
displacement is similar to the pattern of polarization, which
means that the effect of the applied waveform and the applied
frequency on the onset cycles of the displacement degradation
and the displacement degradation rate show the same tendency
for polarization. In contrast, the normalized displacement in a
positive field showed no degradation. The applied waveform
and the applied frequency did not affect the displacement, as
presented in Fig. 3.

Figure 6(a) shows the relation between the minimum value of
the normalized remanent polarization and the applied field
switching frequency. The minimum values of normalized
remanent polarization of positive (+P,/Py) and negative
(—P;/Py) field decreased concomitantly with decreasing applied
field frequency. Moreover, for a triangle waveform, the amount
of fatigued polarization was slightly larger than in the case of a
square waveform. This waveform dependency of the PZT thin
film was reported.'® The values for the square waveform are
+P,/Pyy=0.66 and —P,/P,y = 0.52 at 10kHz; the values are
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Fig. 6. (a) Relation between the minimum value of the normalized
remanent polarization and the applied field switching frequency.
(b) Relation between the minimum value of the normalized displacement
and the applied field switching frequency.

+P,/Pyy = 0.61 and —P,/P,, = 0.34 at 100 Hz. The values for a
triangle waveform are +P,/Py = 0.76. They are —P,/P,o = 0.65
at 10kHz and +P,/P,y=0.65 and —P,/P,y = 0.36 at 100 Hz.
These results suggest that the effective time of applied electric
field, as estimated from parameters such as the waveform,
number of switching cycles N and frequency f, affects the fatigue
behavior of polarization. !>

Figure 6(b) shows the relation between the minimum value of
the normalized displacement and the applied field switching
frequency. The minimum value of the normalized displacement
of the negative field (—dmax/dmaxo) decreased concomitantly with
decreasing applied pulse frequency like —P,/Py in Fig. 6(a),
although the minimum value of the normalized displacement of
the positive field (4dmax/dmaxo) did not decrease, as portrayed in
Fig. 5. To date, the reason for the asymmetric displacement
behavior remains unclear. However, the reason for asymmetric
displacement behavior is assumed to be the biased electric field
induced by space charge accumulation'® or the asymmetric
pinning of domain walls.'D Therefore, the increase of pinned
non-180-degree domain area is suspected as the reason, but
further experiments must be undertaken to clarify this phenom-
enon.

3.2 Endurance evaluation of unipolar electric field
switching

Figures 7(a)-7(d) portray the relation between the various
frequencies of unipolar field switching cycles and normalized
unipolar longitudinal displacement (dyax/dmaxo)- Apparently, the
normalized unipolar longitudinal displacement showed no
degradation with increasing positive unipolar field switching
cycles. This tendency did not change when the applied field
frequency was changed from 100Hz to 100 kHz for square and
triangle waveforms. Therefore, the longitudinal piezoelectric
displacement showed no fatigue behavior under the positive
unipolar field switching at the presented measurement config-
uration. After the 10% cycles of 100kHz square unipolar
field applied to the film as shown in Fig. 7(d), the bipolar
measurement of the ferroelectric and piezoelectric displacement
properties was performed. The P-E hysteresis loops did not
show distinguished change between before and after unipolar
field switching, and longitudinal piezoelectric displacement
also did not show distinguished change. This behavior is
different from that of bipolar field switching as shown in
Fig. 3. Moreover, in the cases of 100Hz triangle, 10kHz
square, 100kHz triangle unipolar field, the unipolar longitu-
dinal displacement increased concomitantly with increasing
the applied field switching cycles. This evolution of unipolar
longitudinal displacement was attributed to reorientation of the
non 180-degree domain of the prepared PZT films. This
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Relation between the various frequencies of unipolar field switching cycles and the normalized unipolar longitudinal
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mechanism is consistent with the pulse poling process described
elsewhere.'® Therefore, the relation between unipolar field
switching cycle and the effect of the poling process should be
investigated in future studies.

4. Conclusion

Various waveforms and frequency of unipolar or bipolar
electric field were applied to S-um-thick PZT films. Under the
bipolar applied electric field condition, the remanent polar-
ization and piezoelectric displacement decreased concomitantly
with increasing field switching cycles as in fatigue behavior.
The applied field waveform and frequency affect the onset of
polarization fatigue and fatigue rate. However, a difference was
found between the degradation of polarization and piezoelectric
displacement. The reason underlying the asymmetric displace-
ment fatigue behavior is expected to be the effect of pinned
non-180-degree domains, but further investigations must be
undertaken to clarify this point. Under the positive unipolar
applied electric field condition at the presented measurement
configuration, the piezoelectric displacement did not decrease
for the square and triangle waveforms. These results suggest
that the PZT thick films for MEMS applications have good
endurance property under a unipolar electrical field condition.
However, in several unipolar field switching conditions, the
unipolar longitudinal displacement increased concomitantly with
increasing cycle application because of the pulse poling effect.
Therefore, the relation between the unipolar field switching
cycle and poling process effects should be investigated in future
studies.
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