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Polarization Fatigue in Ferroelectrics .
Fundamentals and Recent Developments
LOU Xiaojie

( Frontier Institute of Science and Technology, Xi’an Jiaotong University, Xi’ an 710054, China)

Abstract: In this paper, we firstly give a brief review on the fundamentals and recent devel-
opments on polarization fatigue in ferroelectric materials. The LPD-SICI model ( LPD-SICI
stands for local phase decomposition induced by switching-induced charge injection) developed
by the present author and his colleagues has been introduced and discussed in detail. The main
scenario proposed for polarization fatigue in ferroelectrics in the LPD-SICI model is that the un-
screened bound charge formed at the tip of the needle-like domain at the very early stage of po-
larization reversal will induce an intensive charge injection ( mostly electrons) near the elec-
trode-film interface, and subsequently local Joule heating, and finally local phase decomposition
around the domain nucleation site. By reviewing the recent progress on experimental studies of
electrical fatigue in a variety of ferroelectric samples in both thin film and bulk form, we show
that the LPD-SICI model is in good agreement with most of the observations published in the last
three years in the literature. Therefore, local phase decomposition induced by switching-induced

charge injection may indeed be the generic reason for polarization fatigue in a variety of ferroe-
lectric materials, and probably antiferroelectric materials as well.
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1 Introduction

Ferroelectrics are materials which possess spontaneous
polarization that can be reversibly switched by applying an
external electric field. Since the discovery of ferroelectricity
in Rochelle salt in the early of twenty century''’, and the
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subsequent discovery of barium titanate ( BaTiO,) in ceramic
form in the middle of 1940s and lead zirconate titanate
(PZT) in 1950s, there have been considerable research in-
terest in using the materials of this kind in a variety of com-
mercial and industrial applications, such as transducers, ac-
tuators,  integrated  capacitors, microwave devices,
waveguides, etc. Among all these applications, ferroelectric
random access memories (FeRAMs) have attracted great re-
search attention in recent years due to their advantages over
other candidates for non-volatile memory applications'>’. The
advantages of FeRAMs include, but are not confined to, low
operation voltage ( < 5 V), high READ/WRITE speed
( ~1 ns), low power consumption, radiation hardness, and
so forth™ .

the problems hindering the commercialization of FeRAMs

However, for such memories coming to market,
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have to be solved properly. These problems include polariza-
- o retention

tion fatigue"’ imprint">~

[7-8]

,  polarization

, electric breakdown "' (or time-dependent die-
[12-14]

loss
lectric breakdown) , size effect , etc.

Polarization fatigue is a systematic suppression of spon-
taneous polarization under bipolar (or unipolar) electric cyc-
ling. Figure 1 shows the process of polarization fatigue in a
ferroelectric material. One sees that the spontaneous polariza-
tion (or switchable polarization) decreases significantly as
the cycle number increases. In addition, the squareness of
the hysteresis loop is lost and the loop becomes severely sup-
pressed after repetitive electrical cycling ( see the inset of
Figure 1). In general, the positive and negative remanent
polarization state could be encoded as the “0” and “1”
state, respectively, in Boolean algebra for memory design. If
the two remanent polarization states decrease below the criti-
state and the “17
state could be not detected any longer, we say that the memo-

cal point, the difference between the “0”

ry element fails. Therefore, polarization fatigue is one of the
most severe difficulties hindering the commercialization of Fe-

RAMs,

10%[3, 15-16]

along with imprint and polarization retention

Polarization

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
107" 10' 10° 10° 107 10°
Number of Cycles

Fig. 1  Polarization fatigue in ferroelectric materials. The fig-
ure shows the decrease in spontaneous polarization as a
function of electrical cycling number; the inset shows
the hysteresis loop before and after polarization fatigue
(after the work by Loul?))

2 Polarization fatigue in ferroelectrics:
fundamentals

In 1950s, Merz and Anderson studied the effect of bipo-
lar electrical cycling on the polarization of BaTiO, ferroelec-
tric single crystals'””’. They found that the spontaneous po-
larization of the samples decreases as switching number in-
creases. This was the first observation of polarization fatigue
in ferroelectrics in history. From then on, seen as the main
obstacle holding back the full commercialization of FeRAMs,
this issue has been extensively investigated both experimen-
tally and theoretically by many researchers for more than fifty
years.

During the last few decades, scientists in university la-
boratories and research centres have experimentally studied
the effect of external and internal parameters (e. g., tem-
perature, magnitude of electric field, frequency, doping,

crystallographic orientation, electrode materials, etc. ) on fa-
tigue properties of a variety of ferroelectric materials including
both thin films and ceramic/single-crystalline bulks. For
more details on experimental aspects of polarization fatigue,
readers are referred to a recent review article by Tagantsev et
al™’ and Lou"’.

Many models and explanations for polarization fatigue in
ferroelectric materials were proposed in the past. These in-
clude the domain-wall pinning model'"®* ' | the dead/bloc-
king layer model'™ ™/ the nucleation inhibition mod-
el ®’  the local imprint model™ | the mechanical mod-
el | and the LPD-SICI model ( LPD-SICI stands for the lo-
cal phase decomposition induced by switching-induced charge

16]

injection) "~ Again, a systematic review of the models

and explanations proposed for polarization fatigue in ferroelec-
tric materials in the past years could be found in Ref” ™"’

In Ref [3], we showed that the LPD-SICI model is in
good agreement with most of the experimental observations
and results in the literature. Here, let us firstly give a brief
introduction about the LPD-SICI model.

Figure 2 displays a schematic diagram of polarization re-
versal at the earliest stage, showing that a needle-like domain
has just formed from an interfacial nucleation site, and quick-
ly propagates to the other electrode. The dark and white re-
gions in this figure represent domains with spontaneous polar-
ization pointing to the opposite directions. Note that the ferro-
electric bound charges and the screening charges at the elec-
trode-film interface are not drawn for better illustration. From
Figure 2, we see that the head-to-head bound charges at the
tip of the needle-like domain are completely unscreened, un-
like those near the film-electrode interface (not drawn for sim-
plicity) . We argue that at the embryonic nucleation stage the

depolarization field E,_ at the electrode-film interface genera-

be
ted by these unscreened bound charges could be extremely

high (e. g., in the order of 1 ~10 MV/cm; E, ~P /g,&,,

where P, is the remanent polarization, g, is the dielectric con-

be

stant at the film-electrode interface. ) , especially for the situa-
tion that an interfacial “dead layer” with low dielectric con-
g. the case of Pt/PZT/Pt thin-film struc-

Under such a high depolarization field, we would

stant exists, e.

tures (4]

Fig. 2 The snapshot of the non-equilibrium state at an earlier po-
larization switching stage in a ferroelectric capacitor. Note
that for better illustration the screening charges and the fer-
roelectric bound charges at the film-electrode interface are
not drawn ( after the work by Lou et all ')
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expect an extensive charge injection from the electrode to the
film taking place at the domain nucleation site, which is
probably determined by Fowler-Nordheim tunnelling. We be-
lieve that this process would lead to local Joule heating and
subsequently local phase decomposition at the domain nuclea-
tion sites. Indeed, local phase decomposition induced by bi-
polar electrical fatigue was directly observed in Pt/PZT/Pt

279
335 Ii

Normal PZT

Intensity/a.u.

creres
M My

~ L

thin films by the present author and his colleagues using opti-
cal microscopy, scanning electron microscopy, and micro-
Raman spectroscopy ( see Figure 3a ~ ¢, after the work by
Lou et al) ' | and later on in PZT bulk ceramics by Balk et
al using scanning electron microscopy (see Figure 3d ~ f, af-
ter the work by Balk et al)"*®'. The interested reader is re-
ferred to Refs [ 15] and [28] for more details.

)
AR

Fig. 3 (a) Raman spectra showing the restoration of the perovskite structure from a pyrochlore-like phase upon systematic furnace annea-

ling in oxygen atmosphere ( the spectrum labelled by “fatigued” was collected from the degraded region caused by local phase de-

composition during fatigue process). (b) the optical image of the electrode after 10°-cycle polarization fatigue. The dark spots on

the electrode surface were due to the automatic removal of the local Pt electrode during fatigue measurements. (c¢) the SEM picture

of two degraded spots after fatigue, indicating that local phase decomposition does occur during fatigue measurements. SEM pic-
tures of unfatigued (d) and 3 x 10°-cycle fatigued (e) ~ () PZT(1% La + 10. 5Fe) samples. () and (f) are images with two

different magnifications. Both show the degradation or even partial melting at the electrode-ferroelectric interface caused by local

phase decomposition during electrical fatigue. ((a) ~ (c) are after the work by Lou et al. U151, (d) ~ () are after the work by

Balk et al %)

We believe that local phase decomposition ( LPD) could
cause polarization fatigue via the following ways> " ~'*'; (D
the electric field seen by the ferroelectric part of the sample is
dramatically reduced after LPD due to the low dielectric con-
stant of the interfacial degraded layer, that is, an in-series
capacitor structure forms (recall that the dielectric constant of
a pyrochlorelike phase is ~40, much less than that of PZT,
~400) ; @ from Figure 2, we can see that the most proba-
ble places that LPD occurs are the domain nucleation sites.
So the collapse of nuclei and the decrease in available nuclei
number during the fatigue process makes switching more and
more difficult; @) as electrical fatigue progresses, the effec-
tive thickness of the LPD-induced interfacial degraded layer
(denoted as d,) increases with cycling number N ', As the
depolarization field £, seen by the ferroelectric part of the
would also increases with cyc-

film is proportional to d;, E,,

ling number N. According to Lou theory for polarization re-
versal in ferroelectrics 7" *7*"" | the switching retardation

effect caused by the increase in E_ at a later stage of polari-

dep
zation fatigue may be another reason for the appearance of

suppressed hysteresis loops after extensive bipolar/unipolar e-
lectrical cycling.

Then, by assuming the LPD probability for one nuclea-
tion site after one cycle is 1/A (1/A < <1), P,(N) after N
cycles is proportional to the survived nuclei number, and 1/
is a monotonically increasing function h of the local injected
power density E,, J around the domain nucleation site. For
the simplest case in which h is a linear function, we finally
obtained'® .

P,(N) Cox P’
22 ple {—AN—%
P,(0) w 276,
4 /27* 3/2 )
exp[_ V2m” (qby) ezso]}ﬂ7 ()
ghP,

where C,y is the Fowler-Nordheim coefficient, ¢, is the
barrier height and m* is the electron effective mass at the in-
terface. A is the LPD probability per unit power density per
electrical cycle, P,(0) D and P, (0) F are the “fatigued”
and “non-fatigued” parts of the remanent polarization, re-
spectively, when N approaches infinity. D+ F =1, and D is
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usually much larger than F.

For more details about the LPD-SICI model and experi-
mental evidence supporting it, readers are referred to our pre-
vious papers on polarization fatigue in ferroelectric and/or an-

. . . 3,15-16, 29, 32-33
tiferroelectric materials " !

3 Polarization fatigue in ferroelectrics:
recent developments and new experi-
mental results

Having briefly introduced the background and funda-
mentals of polarization fatigue, as well as the main idea of the
LPD-SICI model established by the present author and his co-
workers, we now turn to some recent developments in the last
three years and give a brief review on the new experimental
results on this topic. In particular, we will show how the
LPD-SICI model could account for these new observations.

Doping effect
fatigue properties of their PSZT films are significantly en-

Recently, Karan et al reported that the

hanced in comparison with pure PZT thin-film samples
(PSZT denotes Sr doped PZT) B4 In addition, Simoes et al
found that doping 8% and 15% La into their BFO ( BiFeO, )
films could increase the fatigue resistance of their samples in
a dramatic way ®’. In both papers, a reduced remanent po-
larization P, was also observed after doping. These observa-
tions are consistent with the predictions of the LPD-SICI mod-
el, which implies that the enhanced fatigue endurance may

be due to a reduced remanent polarization after doping .

In-
terestingly, a suppressed hysteresis loop, an enhanced fa-
tigue endurance and improved energy storage performance
were also found for Sr-doped PbZrO, antiferroelectric thin

136 " Polarization

films, in comparison with undoped PbZrO,
fatigue in antiferroelectrics has been studied both experimen-
tally and theoretically by the present author and his col-
leagues in two recent works'™ ™",

Crystallographic orientation effect Lin et al showed
that fatigue in PMN-0. 32PT relaxor ferroelectrics is more se-
vere in the [ 111] and [ 110] orientations with higher rema-
nent polarization ( PMN-0. 32PT stands for Pb( Mg, ;Nb, ;)

0, —0. 32PbTi0, ) while fatigue is less severe in the [ 001 ]

B70 . The crystallo-

direction with lower remanent polarization
graphic orientation effect or anisotropy effect on polarization
fatigue has been discussed in much detail in Refs [3, 16],
particularly regarding the results of Takemura et al. ™' on
PZN-5. 4PT single crystals. The LPD-SICI model predicts
that the orientation with a higher spontaneous polarization
generally gives rise to a faster fatigue rate ''*'. Therefore, the
results of Lin et al. are in good agreement with the predic-
tions of our model.
Re-annealing effect
that although the PZT ceramics show a certain degree of re-

! showed

Zhang and Lupascu'”
covery in terms of the squareness of hysteresis loop after a
certain number of fatigue cycles and subsequent annealing
process at 500 °C for 1 h, the refreshed film shows a much
faster refatigue rate than the virgin one. These observations
indicate that some permanent damages were formed after se-
vere fatigue process and these damages could not be refreshed

by re-annealing the sample at relatively low temperatures
(e.g., 500 C). Their results are consistent with our dis-
cussion regarding the refreshment/rejuvenation of the fatigued
samples using thermal re-annealing process in our previous
paper > ) Furthermore , the LPD-SICI model indicates that
a much higher temperature (e. g., ~1000 °C), compara-
ble to the crystallization temperature of PZT ceramics, should
be able to refresh the fatigued sample to its close-to-virgin
state. It should be noted that re-annealing the fatigued sam-
ple and subsequent recovery of its electric properties have al-
so been observed by other researchers'” * ™/

Also, Dutta et al™’ found that thermal re-annealing
could rejuvenate the strain loop to some extent, while re-
moval of the damaged surface layer under the electrode
could refresh the strain to its original value. The formation
of a damaged interface layer after severe polarization fatigue
has been experimentally observed in our previous work using
a micro-Raman spectroscopy . We also showed that the
degraded layer for Pt/PZT/Pt capacitors may be pyrochlore-
like and has lower dielectric constant compared with that of
PZT. Based on these observations, we built the LPD-SICI
model for polarization fatigue in ferroelectrics. Therefore,
the LPD-SICI model naturally suggests that removal of the
damaged layer is an alternative way to refresh the fatigued
sample to its virgin state, apart from high-T re-annealing
process. Note that Verdier et al **! also found that the rema-
nent polarization of the fatigued PZT ceramics is almost re-
covered after polishing off the degraded interface layer and
re-electroding the sample.

Very recently, by studying the effect of fatigue-annealing
history on the electrical properties of their PZT films, Cao et
al' ™ showed that local phase decomposition induced by
switching-induced charge injection is responsible for polariza-
tion fatigue in their PZT films. In a later paper, they pointed
out that local phase decomposition during fatigue could occur
not only at the interface but also in the bulk'*’. This is true.
Although electron injection from the electrode can induce lo-
cal phase decomposition mainly at the interface, in some ca-
ses the energetic electrons could be injected into the interior
of the sample and cause phase degradation there.

Effect of electrode material and interface modifica-
tion In the past, many researchers found that conductive
oxide electrodes are very effective in enhancing the fatigue

). This phenomenon has been con-

endurance of PZT films"
firmed again recently by Han et al for PZT thick films. They
showed that better fatigue properties were observed on the
samples deposited on LNO/YSZ and LNO/Si substrates with
LNO serving as the bottom electrode than that deposited on
Pt/Si substrate ( LNO denotes LaNiO,; YSZ denotes ytiria-
stabilized L LPD-SICI

model"® | the use of conductive oxide electrodes could effec-

zirconia ) According to the
tively eliminate the so-called interfacial “dead layer” and
maintain a high bulk-like dielectric constant at the interface.

This will give rise to a low E,_ at the film-electrode interface,

be
and therefore low charge injection from the electrode and con-
sequently better fatigue resistance (see Figure 2). Addition-

ally, Liu et al showed that FePt as a top electrode is more ef-
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fective in improving the fatigue resistance of their PZT thin
films than Pt (see Figure 4), and they attributed this phe-
nomenon to an interface effect and invoked the LPD-SICI
model to explain their results'*’.

1.5
5 1.0F
E =
s 057 —o— Pt-100kHz
€ oo | —e— FePt-100kHz
B L ——Pt-50kHz
N
5-0.5F  —&— FePt-50kHz
e L
210}
-1.5 1 1 1 1 1 1 1 1 1 1
10" 10’ 10° 10° 10’ 10°

Switching Cycles/N

Figure. 4  Fatigue properties of FePt/PZT/Pt and Pv/PZT/Pt
thin-film capacitors under 100 kHz and 50 kHz
(after the work by Liu et al*®!)

Electric field effect Lin et al'™ found that polarization fa-
tigue at lower field of 1. 5 kV/cm, smaller than the coercive
field, is must less severe (about 20% polarization loss after
10° cycles ) than that at higher field of 7.5 kV/cm
(about 40% polarization loss after 10° cycles). Previously,
we argue that switching is the necessary condition for polari-
zation fatigue. Recently, we established a statistical and sto-
chastic theory for polarization reversal in ferroelectrics
[30-31] " This theory indicates that switching could also occur
at a field regime that is much lower than the coercive field E,
(see Refs [7, 30 =31 ] for more details). So the observa-
tions in this work do not contradict with our previous argu-
ment.

Changes in material properties caused by fatigue
Local phase decomposition during fatigue measurements
could result in the degradation of the top electrode'”’. So,
we believe that the delamination of gold electrode after 10 fa-
tigue cycles observed by Zhang et al '’ in P( VDF-T:FE)
films is also due to the local phase decomposition and inter-
face degradation induced by switching-induced charge injec-
tion. In addition, Luo et al "’ showed that after polarization
fatigue the switching process in P( VDF-TrFE) films becomes
retarded and the leakage current increases. Fatigue-induced
switching retardation effect was previously observed by Ver-
dier et al in PZT bulk ceramics *’, while higher leakage
current in fatigued ferroelectric materials was reported by
Scott et al ™) Wang et al "> and Lupascu et al ™*'. The
consistency of these phenomena with the LPD-SICI model has

been discussed in much detail in our previous paper .

By using quasi-static d,; measurements, Li et al ©"
showed that fatigue is highly heterogeneous at an earlier
stage, and the fatigue heterogeneity is weakened at a later fa-
behaviour has been

tigue stage. Similar

previously (3] Note that fatigue heterogeneity is one of the
characteristics indicating that LPD-SICI may indeed be the
cause of polarization fatigue.

Note that although the LPD-SICI model seems to be con-

sistent with most of the experimental results on polarization

reported

fatigue in the literature there are still a few observations that it
may confront difficulties to explain. We will give a few exam-
ples below. Also notice that though a quantitative interpreta-
tion of these phenomena using the LPD-SICI model is not a-
vailable at the moment [e. g., deriving a compact equation
like Eq (1) ], they may be explained using a general picture
of “LPD-SICIT” , that is, a picture of local phase decomposi-
tion induced by switching-induced charge injection, or alter-
natively, using a mixture of several mechanisms, e. g, the
combination of the LPD-SICI scenario, oxygen vacancy or e-
lectron pinning model, and some others.

It was observed that the remanent polarization could be
partially or fully refreshed in some fatigued ferroelectric thin-

film capacitors via high-fatigue-number cycling [39-64 o

65-67] . . .
. The origin for this phenomenon is

high-field cycling '
currently unknown. Researchers usually explained this be-
haviour using the oxygen-vacancy pinning/depinning scenario
in the past. Our tentative explanations for these observations
using a general picture of the LPD-SICI scenario are as fol-
lows 1 (D a significant increase in leakage current passing
through the sample caused by repetitive fatigue cycling, and/
or ) the electrical breakdown or shorting of the degraded in-
terface layer and the subsequent reincrease in the electric
field seen by the ferroelectric part of the film after high-fa-
tigue-number cycling or high-electric-field cycling.

Finally, we should point out that although the LPD-SICI
model seems to be in good agreement with most of the experi-
mental results published previously, it is very possible that
the origin of polarization fatigue in ferroelectrics is a mixture
of a few different mechanisms, including the LPD-SICI sce-
nario, the oxygen vacancy/electron pinning/depinning pic-
ture, and some others. Also note that some fatigue mecha-
nisms proposed in the literature may NOT contradict with
each other. For instance, the migration of oxygen vacancies
to the electrode-ferroelectric interface during repetitive elec-
trical cycling may significantly reduce the stability of the per-
ovskite phase against a pyrochlorelike structure, and there-
fore dramatically increase the probability of LPD (local phase
decomposition) and consequently polarization fatigue. In this
regard, more works need to be done in order to fully under-
stand this extremely important problem that hinders many
commercial applications of ferroelectric devices.

4 Conclusions

We give a brief review on the fundamentals and recent
progress on the problem of polarization fatigue in ferroelec-
tric thin films and bulk materials. Firstly, we discussed the
scenarios and models proposed for polarization fatigue in the
past years. Then, we introduced and give a detailed expla-
nation about the LPD-SICI model established by the present
author and his colleagues. By reviewing the recent experi-
mental results on electrical fatigue in ferroelectric samples
published in the last three years, we showed that the LPD-
SICI model is in good agreement with most of the observa-
tions in the literature. Therefore, we conclude that local
phase decomposition induced by switching-induced charge
injection may indeed be the generic reason for causing po-
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larization fatigue in various ferroelectrics, including both

thin

films and bulk materials.

References

(1]
[2]
(3]

[4]

(5]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[18]

[19]

Valasek J. Piezo-Electric and Allied Phenomena in Rochelle Salt

[J]. Physical Review, 1921, 17 475 —481.
Scott J F.  Ferroeleciric [ M].
Springer, 2000.

Lou X J. Polarization Fatigue in Ferroelectric Thin Films and Re-

lated Materials [ J]. Journal of Applied Physics, 2009, 105

024 101.

Tagantsev A K, Stolichnov I, Colla EL, et al. Polarization Fatigue

New York:

Memories

in Ferroelectric Films: Basic Experimental Findings, Phenomeno-
logical Scenarios, and Microscopic Features [ J]. Journal of Ap-
plied Physics, 2001, 90 1 387 —1 402.
Grossmann M, Lohse O, Bolten D, et al. The Interface Screening
Model as Origin of Imprint in PbZrxTi, , O3 Thin Films. I. Dop-
ant, [llumination, and Bias Dependence [ J]. Journal of Applied
Physics, 2002, 92: 2 680 -2 687.
Grossmann M, Lohse O, Bolten D, et al. The Interface Screening
Model as Origin of Imprint in PbZr Ti, _, O; Thin Films. II. Nu-
merical Simulation and Verification [J]. Journal of Applied Phys-
ics, 2002, 92 2 688 -2 696.
Lou X J. Polarization Retention on Short, Intermediate, and Long
Time Scales in Ferroelectric Thin Films [ J]. Journal of Applied
Physics, 2009, 105 094 107.
Stolichnov I, Tagantsev A K, Colla E, et al. Physical Model of
Retention and Temperature-Dependent Polarization Reversal in
Ferroelectric Films [ J]. Journal of Applied Physics, 2005, 98
084 106.
Lou X J, Hu X B, Zhang M, et al. Phase Separation in Lead Zir-
conate Titanate ( PZT) and Bismuth Titanate during Electrical
Shorting and Fatigue [ J]. Journal of Applied Physics, 2006, 99 .
044 101.
Lou X J, Yang C X, Tang T A, et al. Formation of Magnetite in
Bismuth Ferrrite under Voltage Stressing [ J]. Applied Physics
Letters, 2007, 90 262 908.
Stolichnov I, Tagantsev A, Setter N, et al. Dielectric Breakdown
in (Pb, La) (Zr, Ti) O3 Ferroelectric Thin Films with Pt and
Oxide Electrodes [ J]. Journal of Applied Physics, 2000,
87.1925-1931.
Shaw T M, Trolier-McKinstry S, McIntyre P C. The Properties of
Ferroelectric Films at Small Dimensions [ J]. Annual Review of
Materials Science, 2000, 30 263 —298.
Parker C B, Maria J P, Kingon A I. Temperature and Thickness
Dependent Permittivity of ( Ba, Sr) TiO; Thin Films [ J]. Ap-
plied Physics Letters, 2002, 81 340 —342.
Lou X J, Wang J. Effect of Manganese Doping on the Size Effect
of Lead Zirconate Titanate Thin Films and the Extrinsic Nature of
“Dead Layers” [J]. Journal of Physics; Condensed Matter,
2010, 22, 055 901.
Lou X J, Zhang M, Redfern SAT, et al. Local Phase Decomposi-
tion as a Cause of Polarization Fatigue in Ferroelectric Thin Film
[J]. Physical Review Letters, 2006, 97: 177 601.
Lou X J, Zhang M, Redfern SAT, et al. Fatigue as a Local
Phase Decomposition; A Switching-Induced Charge-Injection
Model [ J]. Physical Review B, 2007, 75 224 104.
Merz W J, Anderson J R. Ferroelectric Storage Device [ J]. Bell
Lab Rec, 1955, 33 335 -342.
Warren WL, Dimos D, Tuttle BA, et al. Polarization Suppres-
sion In Pb (Zr, Ti) O-3 Thin-Films [ J]. Journal of Applied
Physics, 1995, 77: 6 695 -6 702.
Brennan C. Model of Ferroelectric Fatigue due to Defect/Domain
Integrated Ferroelectrics, 1993, 150: 198

Interactions [ J ].

[20]

[21]

[22]

[23]

[24]

[25]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[37]

[38]

[39]

-208.

Dawber M, Scott J F. A Model for Fatigue in Ferroelectric Per-
ovskite Thin Films [ J]. Applied Physics Letters, 2000, 76 .
1060 -1 062, 3 655 -3 655.

Yoo I K, Desu S B. Mechanism of Fatigue in Ferroelectric Thin-
Films [ J]. Physica Status Solidi A-Applied Research, 1992,
133: 565 -573.

Scott J F, Dawber M. Oxygen-Vacancy Ordering as a Fatigue
Mechanism in Perovskite Ferroelectrics [ J]. Applied Physics Let-
ters, 2000, 76 3 801 —3 803.

Larsen P K, Dormans G J M, Taylor D J, et al. Ferroelectric
Properties and Fatigue of PbZ10. 51Ti0. 4903 Thin-Films of Var-
ying Thickness-Blocking Layer Model [ J]. Journal of Applied
Physics, 1994, 76 2 405 -2 413.

Lee J J, Thio C L, Desu S B. Electrode Contacts on Ferroelectric
Pb(Zr,Ti,_,) 0-3 and SrBi2Ta209 Thin-Films and Their Influ-
ence on Fatigue Properties [ J]. Journal of Applied Physics,
1995, 78: 5073 -5 078.

Colla E L, Taylor D V, Tagantsev A K, et al. Discrimination be-
tween Bulk and Interface Scenarios for the Suppression of the
Switchable Polarization ( Fatigue) in Pb(Zr, Ti)0-3 Thin Films
Capacitors with Pt Electrodes [ J]. Applied Physics Letters, 1998 ,
722 478 -2 480.

Shur V'Y, Rumyantsev E L, Nikolaeva EV, et al. Kinetic Ap-
proach to Fatigue Phenomenon in Ferroelectrics [ J]. Journal of
Applied Physics, 2001, 90: 6 312 -6 315.

Jiang Q Y, Cao W W, Cross L E. Electric Fatigue In Lead-Zir-
conate-Titanate Ceramics [ J]. Journal of The American Ceramic
Society, 1994, 77 211 -215.

Balke N, Kungl H, Granzow T, et al. Bipolar Fatigue Caused by
Field Screening in Ph(Zr, Ti) O -3 Ceramics [ J]. Journal of
The American Ceramic Society, 2007, 90 3 869 —3 874.

Lou X J, Wang J. Bipolar and Unipolar Electrical Fatigue in Fer-
roelectric Lead Zirconate Titanate Thin Films: an Experimental
Comparison Study [ J]. Journal of Applied Physics, 2009, 108 .
034 104.

Lou X J. Statistical Switching Kinetics of Ferroelectrics [ J].
Journal of Physics: Condensed Matter, 2009, 21 012 207.

Lou X J. Four Switching Categories of Ferroelectrics [ J]. Jour-
nal of Applied Physics, 2009, 105 094 112.

Lou X J. Why Do Antiferroelectrics Show Higher Fatigue Resist-
ance than Ferroelectrics Under Bipolar Electrical Cycling? [J].
Applied Physics Letters, 2009, 94 . 072 901.

Lou X J, Wang J. Unipolar and Bipolar Fatigue in Antiferroelec-
tric Lead Zirconate Thin Films and Evidences for Switching-In-
duced Charge Injection Inducing Fatigue [ J]. Applied Physics
Letters, 2010, 96 102 906.

Karan N K, Thomas R, Pavunny S P, et al. Preferential Grain
Growth and Improved Fatigue Endurance in Sr Substituted PZT
Thin Films on Pt(111)/TiO,/Si0,/Si Substrates [ J]. Journal
of Alloys and Compounds, 2009, 482 253 —255.

Simoes A Z, Cavalcante L S, Riccardi C S, et al. Improvement
of Fatigue Resistance on La Modified BiFeO(3) Thin Films [ J].
Current Applied Physics, 2009, 9. 520 - 523.

Hao X, Zhai J, Yao X. Improved Energy Storage Performance
and Fatigue Endurance of Sr-Doped PbhZrO3 Antiferroelectric
Thin Films [ J]. Journal of the American Ceramic Society , 2009 ,
92: 1133 -1 135.

Lin D B, LiZR, XuZ, et al. The Polarization Fatigue Behavior
in Pb( Mg"3Nb*?)03-0. 32PbTiO, Single Crystals [ J]. Jour-
nal of Physics: Conference Series, 2009, 192, 012 088.
Takemura K, Ozgul M, Bornand V, et al. Fatigue Anisotropy in
Single Crystal Pb(Zn'3Nb*3) 0 -3 — PbTiO; [ J]. Journal of
Applied Physics, 2000, 88 7 272 -7 277.

Zhang Y, Lupascu D C. Refatigue of Ferroelectric Lead Zirconate



368

Hh R R 2

832 %

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[52]

[53]

Titanate [ J]. Journal of the American Ceramic Society, 2010,
93: 2551 -2 554.

Nuffer J, Lupascu D C, Rodel J. Stability of Pinning Centers in
Fatigued Lead-Zirconate-Titanate [ J].
2002, 80 1 049 —1 051.

Amanuma K, Hase T, Miyasaka Y. Fatigue Characteristics of
Sol-Gel Derived Pb(Zr, Ti) O — 3 Thin-Films [ J]. Japanese
Journal of Applied Physics, 1994, 335 211 -5 214.

Warren W L, Tuttle B A, Dimos D. Ferroelectric Fatigue In Per-
ovskite Oxides [ J]. Applied Physics Letters, 1995, 67 1 426 —
1 428.

Pan W Y, Yue CF, Lin KW, et al. Thermally Activated Reju-
venation of Ferroelectric Properties in Electrically Fatigued Lead-

Applied Physics Letters ,

Zirconate-Titanate Ceramics [ J].
Letters, 1993, 12; 986 —991.

Dutta I, Singh R N. Effect of Electrical Fatigue on the Electro-
mechanical Behavior and Microstructure of Strontium Modified

Journal of Materials Science

Lead Zirconate Titanate Ceramics [ J]. Materials Science and En-
gineering B-Advanced Functional Solid-State Materials, 2010,
166 50 - 60.
Verdier C, Morrison F D, Lupascu D C, et al. Fatigue Studies in
Compensated Bulk Lead Zirconate Titanate [ J]. Journal of Ap-
plied Physics, 2005, 97; 024 107.
Cao J L, Ren Y B, Peng L, et al. Evidences for Interfacial
Phase Decomposition in Ferroelectric Thin Films during Fatigue
[ J]. Electrochemical and Solid State Letters, 2010, 13 G102 -
G104.
Cao J L, Peng L. R, Ren Y B, Electric  Field
Inhomogeneity as a Cause for Fatigue in Lead Zirconate Titanate
Ferroelectrics [ J]. Ceramics International , 2011, 37 : 2 169 —
2 173.
Han G, Ryu J H, Yoon W H, et al. Effect of Electrode and Sub-
strate on the Fatigue Behavior of PZT Thick Films Fabricated by
Ceramics International, 2012, 38.

et al.

Aerosol Deposition [ J].
S241 - S244.

Liu BT, Zhao J W, Li X H, et al. Enhanced Dielectric Constant
and Fatigue-Resistance of PbZ10. 4Ti0. 603 Capacitor with Mag-
netic Intermetallic FePt Top Electrode [ J]. Applied Physics Let-
ters, 2010, 96 : 252 904.

Lin D B, LiZ R, Cheng Z Y, et al. Electric-Field-Induced Po-
larization Fatigue of [001 ] -Oriented Pb(Mgl/3Nbh2/3)0 -3 -
0.32PhTiO(3) Single Crystals [ J].
tions, 2011, 151. 1 188 -1 191.
Zhang X, Xu H, Zhang Y. Temperature Dependence of Coercive

Solid State Communica-

Field and Fatigue in Poly( Vinylidene Fluoride-Trifluoroethylene )
Copolymer Ultra-Thin Films [ J]. Journal of Physics D-Applied
Physics, 2011, 44 155 501.

Luo X Y, Zhang J H, Yan X ], et al. Polarization Fatigue in Po-
ly( Vinylidene Fluoride (78% ) -Trifluoroethylene (22% ) ) Fer-
roelectric Thin Films: a Pulse Train Study [J]. Chinese Physics
B, 2010, 19 107 702.

Verdier C, Lupascu D C, Von Seggern H, et al. Effect of Ther-

[54]

[55]

[56]

[57]

[60]

[61]

[62]

[63]

[66]

[67]

mal Annealing on Switching Dynamics of Fatigued Bulk Lead Zir-
conate Titanate [ J]. Applied Physics Letters, 2004, 85 3 211 -
3 213.

Scott J F, Araujo C A, Melnick B M, et al. Quantitative Meas-
urement of Space-Charge Effects in Lead Zirconate-Titanate Mem-
ories [ J]. Journal of Applied Physics, 1991, 70 382 - 388.
Wang J L, Lai Y S, Chiou B S, et al. Study on Fatigue and
Breakdown Properties of Pt/ ( Pb, Sr) TiO3/Pt Capacitors [ J].
Journal of Physics-Condensed Matter, 2006, 18. 10 457 -
10 467.

Lupascu D C, Fedosov S, Verdier C, et al. Stretched Exponen-
tial Relaxation in Perovskite Ferroelectrics after Cyclic Loading
[J]. Journal of Applied Physics, 2004, 95, 1 386 —1 390.
LiJ, Zhang Y, Cai H R, et al. Switching Retardation and Heter-
ogeneity Behavior in Fatigued Lead Zirconate Titanate Ceramics
[J]. Journal of Electroceramics, 2010, 25 135 —139.

Zhang Y, Lupascu D C, Aulbach E, et al. Heterogeneity of Fa-
tigue in Bulk Lead Zirconate Titanate [ J]. Acta Materialia ,
2005, 532203 -2 213.

Colla E L, Tagantsev A K, Kholkin A L, et al. DC-Voltage and
Cycling Induced Recovery of Switched Polarisation in Fatigued
Ferroelectric Thin Films [ J] .
10 289 -294.

Chen F, Liu Q Z, Wang H F, et al. Polarization Switching and
Fatigue in Pb(Zry 5, Tiy 45 ) O3 Films Sandwiched by Oxide Elec-
trodes with Different Carrier Types [ J].
2007, 90 192 907.

Pintilie L, Vrejoiu I, Hesse D, et al. Polarization Fatigue and

Integrated Ferroelectrics, 1995,

Applied Physics Letters ,

Frequency-Dependent Recovery in Pb(Zr, Ti)O; Epitaxial Thin
Films with SrRuO; Electrodes [ J]. Applied Physics Letters,
2006, 88 102 908.

Ke Q Q, Lou X J, Yang H B, et al. Negative Capacitance In-
duced by Redistribution of Oxygen Vacancies in the Fatigued
BiFeO;-based Thin Film [ J]. Applied Physics Letters, 2012,
101: 022 904.

Ke Q Q, Kumar A, Lou X J, et al. Origin of the Enhanced Po-
larization in La and Mg Co-Substituted BiFeO; Thin Film during
the Fatigue Process [ J]. Applied Physics Letters, 2012, 100
042 902.

Wu D, Li AD, Ling HQ, et al. Fatigue Study of Metalorganic-
Decomposition-Derived SrBi, Ta, Oy Thin Films: the Effect of Par-
tial Switching [ J]. Applied Physics Letters, 2010, 76 2 208.
Wen Z, Lv Y, Wu D, et al. Polarization Fatigue of Pr and Mn
Co-Substituted BiFeO; Thin Films [ J]. Applied Physics Letters,
2011, 99. 012 903.

Scott J F, Pouligny B. Raman-Spectroscopy of Sub-Micron KNO;
Films. 2. Fatigue And Space-Charge Effects [ J]. Journal of Ap-
plied Physics, 1988, 64 1 547.

Ozgul M, Trolier-McKinstry S, Randall C A. Influence of Electri-
cal Cycling on Polarization Reversal Processes in Pb(Znl/3Nb2/
3) 0-3-PbTi03 Ferroelectric Single Crystals as a Function of Orien-
tation [J]. Journal of Applied Physics, 2004, 95 4 296 —4 302.



