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Abstract

Electric induced fatigue in ferroelectric PLZT ceramics was investigated. The fatigue occurred with the increasing of accumulative
switching cycles in samples. The polarization decreased with the development of fatigue. At the same time, the piezoelectric prop-
erties also degraded during the process of ferroelectric fatigue. The different fatigue behaviors were observed in PLZT ceramics
when processed under different frequencies of applied electric field, despite the same magnitude. The samples can be easily fatigued
at low frequency while hardly fatigued at high frequency. The phenomenon was explained according to the dynamic behavior of
ferroelectric domains during their responce to the applied electric field. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Fatigue was a key problem that hindered the wide
application of ferroelectric materials and related devices
in many fields such as non-volatile memory, actuators,
transducers, high voltage generators and filters. Ferro-
electric fatigue was characterized by the degradation of
main ferroelectric parameters such as switchable polar-
ization or remanent polarization with the increase
switching cycles of an applied electric field due to the
reorientation of polarization. It is believed that many
factors influenced the fatigue properties, including
applied electric field strength, temperature, composition
and electrodes.!™” Colla® had found a dramatic differ-
ence between two types of fatigue behaviors of
Pb(Zr,Ti)O5 thin films under fast switching (several
kHz) and slow switching (1.7 mHz) alternative electric
field. The former showed fatigue phenomenon after
about 107 cycles, which was attributed to the inhibition
of domain seeds at the electrode—ferroelectric interface;
and the other showed fatigue at only 10 cycles, which
was attributed to the freezing of domain walls in bulk of
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ferroelectrics. Scott® had suggested a model that could
describe the fatigue process of experimental data suc-
cessfully. In that model, the dynamic variation of oxy-
gen vacancy concentration in ferroelectric capacitors, as
well as the influence of frequency, electric field strength
and temperature, was considered to monitor the process
of fatigue. The data used in that model located below
micro hertz and high frequencies up to tens of kilo-fre-
quencies. A more broad wide of frequency should be
considered in order to investigate the influence of
applied electric field frequency on ferroelectric fatigue
properties. In this paper, we intend to investigate the
frequency influence on ferroelectric fatigue of PLZT
ceramics in a wide frequency range and suggest a fatigue
model based on our research results.

2. Experimental

PLZT ferroelectric ceramic with the Zr:Ti of 70:30
were prepared via convention method of oxides mixing
doped by 2 mol% La. The mixed and ball milled oxides
were calcined at 850°C for 1 h to form the perovskite
structure. The calcined powders were milled again
before pressed into pellets with the dimension of 15 mm
in diameter and 1 mm in thickness. Sintering was car-
ried out at 1200°C for 4 h with the PbZrO; samples as
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protecting atmosphere to prevent the evaporation of
PbO at high temperature. The density of as-sintered
samples was measured via Archimedes method to reach
95% of the theoretic density. Silver slurry was paste on
the surface to introduce electrode for the further elec-
trical measurements followed by 5-10 min heat treat-
ment at 600°C. The crystalline structure was confirmed by
X-ray diffraction (mode Rigaku using Cuk, 4 = 1.5405
A). The surface of sintered sample was sputtered with
gold for the observation of microstructure on SEM
(JSM 6301F). The dielectric and piezoelectric properties
were also measured on an impedance analyzer (mode
HP4194A) before and after the fatigue process. Hyster-
esis loop and ferroelectric fatigue induced by an electric
field were carried out on a ferroelectric tester
(RT6000HVS by Radiant Technology Inc., USA). An
alternative electric field with sine wave was applied in
the experiment. The magnitude of applying electric field
was 13 kV/cm, higher than the coercive field, and four
frequencies were chosen thus: 10, 50, 100 and 500 kHz.
Before piezoelectric property measurement, the sample
was poled in silicon oil at 120°C for 15-30 min under
3000 V DC voltage.
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Fig. 1. X-ray diffraction pattern of as-sintered sample.

Fig. 2. Microstructure of as-sintered sample.

3. Results and discussion
3.1. Crystalline structure and microscopy observation

Fig. 1 showed the crystalline structure of the sintered
sample. As shown, the main diffraction peaks of per-
ovskite structure were clearly observed as indicated in
the figure. No other diffraction peaks were found on the
diffraction pattern. This implied that a very pure per-
voskite structure was formed under such sintering con-
dition. According to the Zr:Ti ratio and the doping level
of lanthanum, the sample located in the field of rhomb-
hedral structure. Fig. 2 showed the microscopy of as sin-
tered sample surface. The sample was highly densified as
shown, and the grain size ranged from 2 to 5 um.

3.2. Fatigue process and degradation of dielectric and
piezoelectric properties

The fatigue process of PLZT ceramic was investigated
by switchable polarization with the increase of cyclic
electric field. A normal electric fatigue process was
researched with the frequency of applying electric field
to be 50 Hz to give a whole impression. In Fig. 3(a),
both the positive and negative switchable polarization
showed an apparent decrease when the accumulative
cycles reached at 10*. The switchable polarization held
about 48% (26 pC/cm?: 54 pC/cm?) of the original values
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Fig. 3. Electric fatigue of ferroelectric PLZT ceramics (a) decreasing
of switchable polarization and (b) fatigue rate.
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at about 107 cycles. To investigate the fatigue process
more carefully, the differential form of the variation of
positive switchable polarization was listed simulta-
neously and defined as the normalized fatigue rate in
Fig. 3(b). As shown, fatigue rate reach a local maximum
at about 10° cycles, followed by a slowing down ten-
dency. This indicated that some mechanism existed
which prevented the further decrease of switchable
polarization with the applied alternative electric field
after a certain accumulation of ferroelectric domain
reorientation.

In Fig. 4(a), the hysteresis loops before and after
electric fatigue were listed for comparison. The original
hysteresis loop showed a conductive behavior at the
maximum electric field, which could not be observed at
the fatigued ones. This might be due to a slight decrease
of dielectric loss from 0.04 to 0.02 after fatigue, as listed
in Table 1. The saturated Pg,, and remnant polarization
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Fig. 4. (a) Hysteresis loop variation and (b) resonant peak variation
after fatigue test of ferroelectric PLZT ceramics.

Table 1
Degradation of dielectric and piezoelectric properties due to electric
fatigue in PLZT ceramics

& tand kp Om
Original 552 0.04 0.30 197
Fatigued 417 0.02 0.15 119

P, both decreased after fatigue process from 28 and
27 uC/cm? to 16 and 14 pC/ecm?, respectively, implying
the degradation of ferroelectric properties. On the con-
trary, the coercive field E. decreased from 9.5 to 7.5 kV/
cm after fatigue process. The relationship between
impedance and measuring frequency at the first reso-
nant state was measured in Fig. 4(b). The magnitude
and width of basic resonant peak both decreased
heavily, implied the weakening of piezoelectric reso-
nance. Table 1 compared the dielectric and piezoelectric
property deterioration after electric fatigue. The planar
electromechanical coupling factor k&, and electro-
mechanical quality factor Q,, were calculated according
to Fig. 4(b) using resonant and anti-resonant method.
In Table 1, the dielectric constant, k, and Oy, decreased
after electric fatigue, while dielectric loss showed a slight
increase. Since piezoelectricity phenomenon resulted
from the coupling of mechanical effect and electrical
effect, the results in Table 1 indicated that electric fatigue
might induce some damage to ferroelectric materials.

3.3. Frequency dependence of ferroelectric fatigue

The different behaviors were observed for ferroelectric
fatigue when carried out at different frequencies of
applied electric field as shown in Fig. 5(a)—(d). In Fig.
5(a) and (b), low frequency of applied electric field were
10 and 50 Hz, respectively. The switchable polarization
strength decreased greatly at certain accumulative cycles,
however, an interesting phenomenon was observed in
Fig. 5(c) and (d): the switchable polarization showed
little decrease even after about 10'° cycles correspond-
ing to 100 and 500 kHz, respectively.

This result reflected that some mechanism influenced
the dynamic responding behavior of ferroelectric
domains under the electric field. When an electric or
mechanical field was applied to ferroelectric materials,
the ferroelectric domains would shift their polarization
directions to the most favorable direction of applied
field to alleviate the induced the strain or stress, which
led to the reorientation of ferroelectric domains or ferro-
electric polarization. This process would cause the re-
distribution of crystalline lattice stress, which was named
as the ferroelastic switching. Ferroelectric domain’s
reorientation consisted of three steps:!? inhomogeneous
nucleation of anti-phase ferroelectric domains at the
electrode surfaces; needle-like growth of domains par-
allel or antiparallel to the applied field and the sideways
spreading out of the new domains within the bulk
ceramics. Typically, the last step is the rate-limiting step.

Eng'! had researched the in-situ switching properties
of nano-scale ferroelectric domain evolution in barium
titanate ceramic via atomic force microscopy (AFM).
He found that the ferroelectric domain only switched
under certain electric field, the relationship between
switching time and applied electric field was:
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Fig. 5. Frequency dependence of feroelectric fatigue: (a) 10 Hz; (b) 50 Hz; (c) 100 kHz; (d) 500 kHz.
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where, t; was the switching time of ferroelectric sample,
m and n were both empirical constant derived in
experiment; m is positive and » is negative.

The equation above implied that when we fixed the
applied electric field, then a critical switching time 7,
should be satisfied to induce the reorientation of ferro-
electric domains. Any applied electric field with the fre-
quency higher than 1/t would cause no or little
reorientation of ferroelectric domains. The further
application of such electric field would cause no or little
degradation of materials as we could observe in Fig.
5(c) and (d). Just at this meaning, the importance of
frequency of applied electric field should not be avoided
or looked down. Therefore, we believe that the fatigue
properties of ferroelectric materials mainly originate
from the full reorientation of ferroelectric domains
other than other factors, such as the immigration of
electrode element into the bulk materials. The immigra-
tion of electrode element, for example silver ion into
ceramics was initiated and accelerated by the enough
switching of ferroelectric domains during fatigue pro-
cess. Defect pinned ferroelectric domain walls during
the ferroelectric fatigue process which was commonly

accepted ideal is the accumulative result of the enough
reorientation of ferroelectric domains resulted from the
low frequency of applied electric field.

4. Conclusion

PLZT ferroelectric ceramics were fatigued with dif-
ferent applying frequencies. During common fatigue
process, the switchable polarization decreased with the
increase of accumulative cycles, accompanied by the
degradation of dielectric and piezoelectric properties.
Despite the same magnitude of applying the electric
field, different fatigue behaviors were observed: the
samples only showed fatigue phenomenon at low
frequencies of applying the electric field and showed
little variation at high frequencies. This phenomenon
was explained according to the switching dynamics of
ferroelectric domains.
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