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Fatigue rates in the RBn,;Nb,;5)O3—PbTiO; perovskite solid solution were investigated for
different compositions in the rhombohedral and tetragonal phases in a variety of directions, at
various field levels. It was found that the fatigue rates depend on both the ferroelectric phase and
crystallographic orientation. In the rhombohedral phase when the field is applied algr@pte
direction(where the direction is given in terms of the cubic protodymxcellent fatigue resistance

was obtained. ©€2000 American Institute of Physid$§0021-897@0)06321-7

I. INTRODUCTION lower polarizations levels, the high crystallization tempera-
tures, and Bi—Pt reactiorfé.

Ferroelectric fatigue is the gradual decrease of switch-  The objective of this study was to revisit fatigue in per-
able charge with polarization reversal under bipolar drive.ovskite single crystals based on (Bh,;5Nb,5)O;—PbTiO;,
Early studies of fatigue were mostly confined to single crys{PZN-PT) system. These material systems have recently be-
tals, and fatigue was observed to be a general phenomenonéeme important owing to the excellent electromechanical
ferroelectrics. In general, freezing of the switchable polarizaperformance  obtained  with  engineered  domain
tion is believed to occur through the pinning of domain wallsstructures24
with point defects and space chargé.

In ferroelectric thin film studies, fatigue as well as im- Il. EXPERIMENTAL PROCEDURE
print and retentipn are widely.recognized' as major problems PZN-PT crystals were grown by a high temperature flux
to overcome with ferroelectric nonvolatile random accesggcnnique?®26 The ferroelectric crystal compositions studied
memories(FERAMS. IN FeRAM devices, polarization re- jnclude 100% PZXPZN), 95.5% PZN-4.5% PPZN-4.5
versal is utilized for read/write operations and the two rem-pT) 9295 PZN-8% PTPZN-8 PT), and 88% PZN-12%
anent polarization states correspond to “0” or “1” in the PT(PZN-12 PT. At room temperature, PZN and PZN-4.5 PT
binary memory. Ferroelectric fatigue makes it difficult to dis- crystals are rhombohedrgbseudocubig PZN-8 PT is near
tinguish between the two states, and consequently limits thghe morphotropic phase boundafylPB) (still rhombohe-
lifetime of the memorieS™** dral), and PZT-12 PT is tetragonal. For the sake of consis-

There have been innovative advances to overcome thgncy, all of the orientations given throughout the remainder
problem of fatigue in perovskite films, such as the utilizationof the article will be given in terms of the prototype cubic
of top and bottom oxide electrodes, RyB™® Ir0,  perovskite axes. This will be denoted by the subsc@pt
SrRuQ,*® and (La,S)Co0;, % which have all been suc- when orientations are given. All the crystals were oriented
cessfully tested. The mechanism responsible for the imwithin =2° along the[111]. or [001]: axes by the back-
proved fatigue resistance with oxide electrodes is not fullyreflection Laue method. Plate-shaped samples were obtained
elucidated; one possibility is that such electrodes can act asy cutting off the oriented crystals, which were then polished
oxygen sources, and so help limit pinning of the domainwith 3 um alumina powder to obtain flat and parallel sur-
walls associated with point defects. Alternative ferroelectricfaces. Pt 100 nm thick was sputtered as an electrode. The
have also been explored, such as $MBjO, (SBT) and thickness of the samples ranged from 200 to G@f) and the
SrBi,Nb,0g (SBN).18-2° These materials have the spontane-electrode area ranged from 0.7 to 7 farfihe samples were
ous polarization lying in th@-b plane of the orthorhombic annealed at 250 °C in air for 16 h in order to remove residual
unit cell. There are only four possible polarization states withstrain and defects that were introduced during crystal growth
SBT or SBN?! In the polycrystalline case, the remanent po-and polishing.
larization is small, unless care is taken to control the crystal- ~ Polarization hysteresis loops were measured at room
lization orientation. The SBN family can be co-processed€mperature using a modified Sawyer—Tower circuit. In par-
with Pt electrodes and retains good fatigue even in this casdicular, the electric fieldE) was applied as a triangular bi-

There are, however, technological issues associated with tRolar wave form using a high voltage dc amplifiéirek
Model 609C-6 or Kepco Model BOM 1000M The fre-

quency of the alternating field was 10 Hz for polarization
dpresent address: ULSI Device Development Division, NEC Electron

Devices, NEC Corporation, 1120 Shimokuzawa, Sagamihara 229-119é?qeasureme,nts as well as the switching in fatlgqe measurg-
ments. During measurement, the samples were immersed in

Japan.
Electronic mail: car4@psu.edu Fluorinert to prevent arcing. The remanent polarizatiep) (
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FIG. 1. Switching cycle dependence (@ remanent polarizatior?, (solid
circles, and coercive fieldE. (open triangles (b) hysteresis loops for
[111].-oriented PZN-4.5 PT single crystals. In Figb}, the solid line is the

hysteresis loop after ten cycles, and the broken line is that aftetOl
cycles.

FIG. 2. Switching cycle dependence (@ remanent polarizatior?, (solid
circles, and coercive fieldE. (open triangles (b) hysteresis loops for
[001].-oriented PZN-4.5 PT single crystals. In Figh® the solid line is the

hysteresis loop after ten cycles, and the broken line is that aftetOt
cycles.

and the coercive fieldsg,) were computed from the hyster- domains switch t¢111]c, [111]c, [111]c, or[111]c, and
esis loops obtained. On a limited number of samples, théhis can be done via 180°, 71°, or 109° switching processes,
strain-field hysteresis loop was monitored with a linear vari-2Ssuming rhombohedral symmetry.

able differential transducer to ensure complete switching un- AS shown in Fig. 1, the?, values for[111]c-oriented

der the bipolar drive at each driving field frequency and am<Crystals are almost constant up to*1fycles and then de-
plitude. crease rapidly with further switching cycles. The
[111]-oriented crystals obviously fatigue. THe. values
increase after the onset of fatigue. In contrast,RhendE,
values for 001]--oriented crystals are almost constant up to
A. Composition and orientation dependence 10° switching cycles as shown in Fig(. The shape of the

hysteresis loop does not change even aftet dgles as

Figures 1 and 2 show,, E., and hysteresis loops for shown in Fig. 2b). The E, value slightly decreases with
[111]c- and[001]c-oriented PZN-4.5 PT crystals as a func- gsyjitching cycles. As will be discussed below, this decrease

tion of the number of switching cycles. The amplitude of the;, E. as a function of cycling was observed for
alternating triangular electric fieldg(,,,) was 20 kV/cm, and
the frequency of the field was 10 Hz. The initR/ value for

Ill. RESULTS AND DISCUSSION

[001]-oriented crystals measured with a wide variation in

) ‘ : field amplitudes. We infer that some domain walls are
the[111]c-oriented crystal R, (ooy) is approximately equal \yeakly pinned in the initial state, causing some resistance to

to 13 of Py 119y In [111]c-oriented crystals, the remanent syitching, but during cycling these domain walls are de-
polarization during cycling is a|0”9111]_c for Ell[lll], Or  tached from the original pinning sites. Possible origins for
[111]c for EN[111]. Thus, the domains switch between the pinning include impurities, oxygen or lead vacancies, or

[111] and[111] states. I{ 001]c-oriented crystals, the spon- damage produced during crystal growth, polishing, or elec-
taneous polarization lies along one of four possible polakroding.

directions, for example,[111]c, [111]c, [111]c, or The same orientation dependence of fatigue is also ob-
[111]. for EN[001]. With a reverse electric field, then these served in pure PZN single crystals, as shown in Figs. 3 and
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FIG. 3. Switching cycle dependence Bf (solid circles and E; (open

FIG. 5. Swithcing cycle dependence Bf (solid circles and E; (open
triangles for [ 111]--oriented PZN single crystals.

triangles for [ 001]-oriented PZN-12 PT single crystals.

tigue up to 16 cycles for the slow alternating field required

4. Fatigue in rhombohedral PZNPT) single crystals, there- 15 switch the polarization in the crystal capacitors.

fore, is not dominated by the nature of the ferroelectricity,
that is to say relaxor or normal behavfdr?® _— o .
Unlike the rhombohedral phase, fatigue is observed inB' Switching condition dependence of fatigue
[001]c-oriented PZN-12 PT tetragonal crystals as shown in  In ferroelectric thin films, the magnitude of the applied
Fig. 5. In tetragonal PZN-12 PT, the polar direction is alongfields can influence the fatigue ratés’Figure 7 shows that

[001]¢ . Thus, domain switching involves polarization direc- the[ 111]c-oriented PZN-4.5 PT single crystals fatigue for a
tions normal to the electrode-crystal interface, and presum-

ably is accomplished predominantly through 180° domain
wall motion. The origin of fatigue in tetragonal PZN-PT
crystals is believed to be similar to that found in tetragonal
BaTiO; single crystals.

The switching behavior of P, and E;, in a
[001]c-oriented PZN-8 PT crystahear the MPB composi-
tion) is shown in Fig. €a). Whereas thé, values are almost
constant up to 10cycles, the hysteresis loop changes as
shown in Fig. 6b). There is some indication of the develop-
ment of a pinning phenomenon, as is evidenced by the nar-
rowing of the waist of the hysteresis loop.

The above results indicate again that the rate of fatigue is
strongly dependent on both the ferroelectric phase and the
crystal orientation in relaxor-PT single crystals. The
[ 001]-oriented rhombohedral phase showed no notable fa-
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FIG. 7. Switching cycle dependence Bf (solid symbol$ and E. (open FIG. 9. Switching cycle dependence Bf (solid symbolg and E, (open
symbolg for [111]c-oriented PZN-4.5 PT single crystals under various symbolg for [111]c-oriented PZN-4.5 PT single crystals measured at vari-
switching field strength$l,[1; 10 kV/cm, @,0; 20 kV/cm, A,A; 30 kV/ ous switching frequenciedl,(]; 0.1 Hz, ®,0; 1 Hz, A,A; 10 H2). E
cm). The switching frequency was 10 Hz. was 20 kv/cm.

wider range ofE,., values.[001]c-oriented PZN-4.5 PT study is recov_erabl_e, and rules qut fatigue by microcr_acking.

crystals, in contrast, do not fatigue under vari@ys, levels, ' nerefore, fatigue in thgl11]c-oriented PZN-4.5 PT single

as shown in Fig. 8. We therefore can infer that the crystafTyStals is believed to result from domain wall pinning via.

orientation, rather thak ., governs the fatigue resistance defepts QUrlng polarlzatlo.n reversal, as has been reported in
for these PZN-PT crystals, provided t&,,, does not in-  €arlier single crystal studies.

duce ferroelectric phase transitioHsrigures 9 and 10 show

the switching cycle dependence & and E. values for  C. Optimum orientation of crystals

111]- and [001];-oriented PZN-4.5 PT single crystals . . .
Eneal(lzjred at[varii(ljs switching frequencies begt]weenyo.l and Figure 12a) shows the fatigue behavior for PZN-4.5 PT

10 Hz. In the present study, fatigue lifetime does not depen&Ingle crystals oriented ann['ngl]_Cta, where a is the
oo . degree of deviation fromf001]: («=0°) toward[111]¢ («
on the switching frequency fdrl11].-oriented crystals. _ A L
. ) =54.79, as shown in Fig. 1®). The initial P, andE_ values
It has been shown previously that large strain changes of . S . . .
o ; Increase witha, and the initialP, magnitude is consistent
0.1% accompany polarization reversal [in11]-oriented

crystals?® Strain sometimes results in microcracking, angVith projection of thePy (1, i.€., Pr (111 COS(54.7% ).

microcracks have often been associated with fatigue in bull-<rhe fatigue rate is enhanced when crystals are oriented with

ceramic2 Figure 11 shows that annealing improves e a=15°. The induction period before fatigue onset gradually

value of a fatigued111]c-oriented PZN-4.5 PT crystal. decreases with increasing. Fatigue in the rhombohedral

When a fatigued crystal was annealed at 450 °C for 16 h inPZN-PT single crystals is systematically dependent on crys-

air, P, increased to more than 80% of the initia value. tallographic orientation, witfi001]-oriented rhombohedral

This result proves that the fatigue observed in the preser{fg rgzelzfetrlc single crystals believed to have the lowest fa-
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FIG. 8. Switching cycle dependence Bf (solid symbol$ and E, (open FIG. 10. Switching cycle dependence Bf (solid symbol$ andE. (open
symbolg for [001]c-oriented PZN-4.5 PT single crystals under various symbolg for [001]c-oriented PZN-4.5 PT single crystals measured at vari-
switching field strengthdll,[J; 5 kV/cm, @,0; 10 kV/cm, A,A; 20 kV/cm). ous switching frequenciedl,(]; 0.1 Hz, ®,0; 1 Hz, A,A; 10 H2). E 4
The switching frequency was 10 Hz. was 20 kv/cm.
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D. Domain structure in field cycled PZN-PT crystals

Optical microscopy has shown in thd11].-oriented

Takemura et al.
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FIG. 12. (a) Effect of deviation from[001]. direction on fatigue for PZN-
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a=0° [001], ¢,0; a=15°, @,0; a=30°, AA; a=45°, VV; «
=54.7°[111]). The switching frequency was 10 Hz akg,,,=20 kV/cm.

continues the process of pinning, activation of new domains,
and then ultimately freezing, the result is a high density of
frozen-in domain walls in fatigued crystals. Recently, in our
group, switching analysis of111].- and [001].-oriented
PZN-PT crystals has shown that the mobility of domain
walls in [001]; cuts is much higheifs. This results in the
ferroelectric being able to lower its total energy by system-
atically having the fastest domain walls control the switching
and the domains can grow to define the largest volumes in
the crystal and reduce the total domain wall density. This is
consistent with observations made with optical microscopy,
where only a few domains are observed 001]--oriented
crystals driven under bipolar fields to 301 cycles.
Clearly more work needs to be conducted to establish the
orientation and naturéi.e., charged or unchargeadf the
residual domain walls in both fatigued and unfatigued crys-
tals of both orientations. Higher resolution techniques that
can verify the local domain structures will also be necessary,

PZN-4.5 PT crystal the domain density increases with cytogether with a determination of the switching mechanism.

cling and fatigue, whereas in tH®01]--oriented PZN-4.5

PT crystal, the density of domain walls decreases. In the Cas€ cONCLUSIONS

of [111].-oriented crystals, it is anticipated that as domain

walls are pinned by the fatigue process, new domains are Fatigue in PZN-PT single crystals was studied at room
activated from preexisting nuclei, initially enabling the maxi- temperature for a variety of crystallographic orientations,
mum polarization to be reversed for each cycle. As cyclingelectric field strengths, frequencies, and compositions. It is
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