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Ph(Zny5Nby5) O3—PbTiO; (PZN—PT) single crystal ferroelectrics have been studied to determine
the relative rates of polarization fatigue. It was recently found that ferroelectrics with the
rhombohedral phase in the PZN—-PT solid solution have essentially no polarization fatigue in the
[001]. directions(all of the orientations in this article will be given in terms of the prototype cubic
(m3m) axes, denoted by the subscrig}. In this study, we expand upon this observation to
correlate fatigue rates more completely with respect to composition, orientation, temperature, and
electric field strength. It is inferred that an engineered domain state in relaxor based ferroelectric
crystals with the spontaneous polarization inclined to the normal of the electrode is associated with
negligible or no fatigue at room temperature. However, if thermal history, temperature, or field
strength induces a phase transition that produces a polarization parallel to the normal of electrode,
these orientations fatigue. The relative fatigue rates are also studied as a function of temperature. In
directions, such gsl11]. in the ferroelectric rhombohedral phase, the polarization fatigues at room
temperature, but as temperature is increased the fatigue rate systematically decreases. This is
explained in terms of a thermally activated process that limits the net fatigue rate of ferroelectrics.
In summary, this article gives information on the polarization states and orientation that control
fatigue in ferroelectric crystals with a relaxor end member. 2@D1 American Institute of Physics.

[DOI: 10.1063/1.1335819

I. INTRODUCTION the domain engineering and crystal orientation studies,
Ferroelectric fatigue is the systematic reduction of swit-WhICh were previously confined to room temperature fatigue

chable polarization in a ferroelectric material undergoing bi_rates,l arth f'erl]d Ievelgt ::.'at d|'_|d not induce ferroeledctn(_:t-h
polar drive. Figure 1 shows a schematic of the polarizationferroe ECNC phase Switching. Here we are concerned wi

decay in a ferroelectric material as a function of the numbeFhe inf_luence of lemperature _and_ phase tr_ansit_ions on fatigue
of cycles and also the corresponding evolution of the hyster[ates |n.c.:rystals measured in different directions and with
esis loops. This phenomenon has received a great deal SPmposmons.

investigation over the past ten years to aid the development

of thin film ferroelectric random access mem_or_ies._ Fatigue i$; ExPERIMENTAL PROCEDURE

generally agreed to be the result of charge injection and the

accumulation of space charge that pins domain walls or re- The ferroelectric system selected for this study is the
tards the nucleation of reversed domains to permitPb(ZnyNby3) O3—PbTiO; (PZN—-PT) solid solution. This is

switching!~* a perovskite material with lead occupying the twelvefold co-
There have been a number of strategies used to improverdinated site, and Zn—Nb and Ti occupying the octahedral
fatigue resistance in ferroelectrics; these include: site with intermediate scale cation ordering, depending on Ti

content®® PZN—PT single crystals are of interest owing to
"’ their extraordinary piezoelectric propertigeezoelectric co-
efficients d;3~2500 pC/N and electromechanical coupling
coefficientsKSz 90% in the[001]¢ direction in the rhom-
bohedral ferroelectric phas#

(i) Doping the ferroelectric with donor dopants, e.g
La*?* or Nb* in PH(Zr, Ti)O5 (PZT).

(i)  Oxide electrodes, Ru*~"1r0,,81SrrRuQ, % and
(La,SnCo0;,21~22for PZT thin film ferroelectrics.

(i) gﬁ;ﬁgg”gr fgrrgi’j\'licg'ci_"é’éth Pt electrodes, €. ™" ¢ vstals of (+-x)PZN—xPT (x=0.00, 0.045, 0.080.
21529 29 0.10, and 0.1Rwere grown using the high temperature flux

. 2 . .

Our recent studies have explored a fourth possibld€Chnique? As shown in Fig. 2, PZN and PZN-4.5PT crys-
method to resist fatigue, namely, the use of domain engineef@!s areé rhombohedrapseudocubic at room temperature.
ing and crystal anisotropy/~2In this case, the spontaneous As the PT increased beyond 8%,_the composition of crystals
polarization vectors are inclined relative to the normal of the@PProaches to the morphotrophic phase bound¥B)

electrode plane. The objective of this article is to build uponseparating rhombohedral and tetragonal ferroelectric phases.
PZN-8PT crystals are in the rhombohedral phase field but

) " | | PZN-10PT crystals are close to the phase boundary at room
Present address: ULSI Device Development Division, NEC Electron ; ; TR
Devices, NEC Corporation, 1120 Shimokuzawa, Sagamihara 229-1192}@mp(:"ratwe .and therefo.re small chemical inhomogeneities in

the crystal will lead to mixed phases. PZN-12PT crystals are

Japan.
YElectronic mail: CAR4@PSU.EDU in a tetragonal ferroelectric phase field at room temperature.
0021-8979/2001/89(9)/5100/7/$18.00 5100 © 2001 American Institute of Physics
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Model 609C-6 was used in both strain and polarization fa-
tigue property measurements. The magnitude and the fre-
quency of the applied ac field were generally 20 kV/cm and
10 Hz, respectively, unless otherwise stated. During mea-
surements, the samples were submerged in Fluorinert, an in-
sulating liquid, to prevent arcing. To study the influence of
temperature on fatigue, the Fluorinert liquid was heated or
cooled from the room temperature using an oven and liquid
. nitrogen cryostat, respectively. The experiments were per-
- . 0 formed at temperatures ranging fronv0 to 150 °C depend-
0 100 1000 ! o? ot ing on the crystal composition.

Switching Cycles The remanent polarization®() and the coercive fields
(E.) were computed from the recorded hysteresis loops. Fa-
tigue rate is defined as the change in remanent polarization
as a function of the number of switching cycles. All the

The crystal samples were oriented along theldl]c, changes are given as normalized values represented as per-
[110]c, and[001]¢ axes within+2° by using a Laue Cam- Centages of initial remanent polarization or coercive field.
era(Multiware Laboratories Ltd., real-time Laue machine
For electrical characterization, plate-shape samples welig RESULTS AND DISCUSSION
cut off from the oriented samples and prepared by polishing )
with silicon carbide and alumina polishing powdédewn to - Teémperature dependence of fatigue
~1 um) to achieve flat and parallel surfaces onto which  Figure 3 shows the virgin hysteresis loops and loops
silver paste electrodes were applied. Silver paste electrodegter 1¢ cycles at different temperatures: 23, 65, 75, 85, and
were preferred due to the fact that they can be removed eago0 °C, respectively, in PZN—4.5PT crystals[ihl1]c ori-
ily by washing with acetone without changing the nature ofentation. Fatigue is observed at room temperature with the
the crystal/electrode interface after the experiments althougtirst 10 cycles for a triangular ac field, amplitude 20 kV/cm
similar results are obtained with Pt electrodé&’The thick-  and frequency 10 Hz, and for temperatures below 85 °C. In
ness of samples used in this study ranged from 200to 1  the[111]. rhombohedral case, the fatigue rate is reduced at
mm. higher temperatures, as shown in Fig. 4. The higher tempera-
High field measurements including polarization andtures enable domain switching to overcome the pinning
strain hysteresis utilized a modified Sawyer—Tower circuitforces of the accumulated defects or space charge. Also at
and linear variable differential transducer driven by a lock-inhigh temperatures, the probability of nucleati@n activat-
amplifier (Stanford Research Systems, Model SR8&lec-  ing more preexisting nucleincreases, thereby enabling po-
tric fields (E) as high as~85 kV/cm were applied in strain |arization switching to occur throughout the ferroelectric
measurements using an amplified unipolar wave form at 0.&rystals. Collectively, at these higher temperatures the spon-
Hz. In particular, the electric field was applied with a trian- taneous polarization does not fatigue at rates as fast as at
gular bipolar wave form for the polarization switching and lower temperatures.
fatigue experiments. A high voltage dc amplifi€frek Furthermore, in the case of tetragonal PZN—10@T
75 °CO) crystals undergo fatigue in thi®01] direction; again
the fatigue rate is reduced as temperature is increased, for
similar reasons as explained above [ftd 1] directions for
, rhombohedral crystals at temperatures of 75 °C and above. In
the case of tetragonal PZN—-PT switching studies at room
temperature, the switching frequently causes microcracking,
the stress fields about the microcracks can pin polarization
switching and is an additional source of fatigue. In single
crystal samples undergoing fatigue, it is important to sepa-
rate the influence of microcracking over space charge or
point defect domain pinning. This can be readily done by a
heat treatment that rejuvenates the polarization switching,
the thermal energy here would not repair the cracks but can
redistribute point defects and space charge by diffusion. So
] rejuvenation of polarization infers that no microcracking is
- involved in the fatigue of the polarization switching.
-100 L ' ' . Using rejuvenation and switching studies in a variety of
0 0.05 0.1 0.15 0.2 compositions, temperatures and directions, it is clear that fa-
PZN X —PT . : o . :
tigue anisotropy exists in each phase. In orientations that

FIG. 2. Phase diagram of the @, Nb,)O,—PbTiO, system near the Nave fast fatigue rates, this can be reduced by raising the
MPB (from Ref. 33. temperature.

Charge (1C/cm?)

FIG. 1. A schematic illustration of polarization decay as a function of the
number of the switching cycles.
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FIG. 3. The influence of switching temperature on fatigue in rhombohedral PZN-4.5PT crystal alofid itk orientation;(a) room temperaturé23 °C),
(b) 65 °C,(c) 75 °C,(d) 85 °C, and(e) 100 °C.

B. Field induced phase transitions and their impact (<1 kV/icm). In the rhombohedral phase region fHeL1]
on fatigue rates oriented crystals fatigue regardless of the applied electric

Figure 2 recalls the phase diagram of the PZN—PT solidield strength. In this case, tli@11]c oriented crystals have
solution at low temperatures and for low electric fields levelsa polarization vector parallel to the electric field and switch-
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FIG. 6. Polarization fatigue behavior changég 10| oriented PZN-4.5PT
ing is presumably dominated by 180° domain walls. If ansingle crystals due to field induced phase switching under two different

electric field is applied a|0ng th[ellO]C and [001]0 direc- bipolar electric fields{a) 7 kV/cm (no fatigue and(b) 10 kV/cm (fatigue.
tions, the rhombohedral crystals do not show fatigue at low 40 .
field strengths. In both of these cases the electric field devel- o 10
. . . o * 10Poy qm——"
ops an engineered domain structure with polarization vectors 80 — C 4 5
o
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«
=
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.O
v
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290,

inclined with respect to the normal vector of the electrode
plane.

However, it is known from the work of Park and
co-workers* that under sufficiently high fields in specific
directions, the rhombohedral ferroelectric phase can undergc
field-forced phase transitions. This can change the nature o'
the engineered domain state; for example in [th&0|- di-
rection it is possible to induce an orthorhombic phase and in® 2 -
the [001]c direction a tetragonal phase can be induced at E f
room temperatures with unipolar electric field strengths of %0 o ;
~15 and 30 kV/cm, respectively. High field strain versus N T
unipolar electric field behavior is given in Fig. 5 for PZN— 15 10 5 0 5 10 15
4.5PT crystals with[110]c orientation indicating the evi- Electric Field (kV/cm)
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FIG. 7. Hysteresis loop change in PZN-4.8PT0 single crystals after
FIG. 5. High field strain vs unipolar electric field behavior for PZN—-4.5PT bipolar cycling below and above the critical voltage) stable remanent
single crystals withi 110] orientation. A high unipolar electric field induces polarization and coercive field after 3@ycles under 7 kvV/cm ac field and
a phase transitiofrhombohedrat-orthorhombig at a critical voltage. (b) polarization fatigue after 8 10* cycles under 10 kV/cm ac field.
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dence for this phase transformation. PZN—-4.5PT crystals 8 - I Sl Mt
normally do not fatigue under small electric fields but show % | A e
remarkable remanent polarization loss when driven at rela- § ° [ < .’
tively higher fields as illustrated in Fig. 6. Hysteresis loops ‘g [ e s H S o
for [110]c oriented PZN—-4.5PT crystals before and after % 20 [ SAEERRREE / -/
cycling under different field levels are also given in Fig. 7. o [ e
Similar experiments were performed {001 oriented -40 s
PZN—-4.5PT crystals. Even though rhombohedral PZN- ]
4.5PT crystals do not fatigue at room temperature, very pro- . L R | PENAPPT<00> |
nounced fatigue occurred under electric field levels suffi- -60 -40 -20 0 20 40 60

ciently high to induce another phase. The unipolar strain (b)

Electric Field (kV/cm)

versus field curve in Fig. 8, the remanent polarization values

as a function of the number of cycles in Fig. 9, and the
hysteresis behavior before and after cycling in Fig. 10 illus-

FIG. 10. Hysteresis loop change in PZN-4.%801) single crystals after
bipolar cycling below and above the critical voltage) stable remanent
polarization and coercive field after 16ycles under 30 kV/cm ac field and

trate the important role of field induced phase transitions onb) polarization fatigue after focycles under 45 kVicm ac field.

fatigue. In the case of unipolar drive different strain-field
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FIG. 9. Polarization fatigue behavior changg @91]. oriented PZN—-4.5PT
single crystals due to field induced phase switching under two different
bipolar electric fields(a) 30 kV/cm (no fatigue and(b) 45 kV/cm (fatigue.

dEc/Ec %

slopes are noted with a hysteretic transition between the
rhombohedral and field induced phase. The field levels for
the transformation under unipolar conditions is higher than
under ac conditions. Hysteresis losses may locally heat to
enable lower temperature transitions. The transition from a
ferroelectric rhombohedral to ferroelectric tetragoriat
orthorhombi¢ phase eventually creates a fatiguing of the
crystals. The rate at which the tetragonal phase is induced
from the rhombohedral phase depends on the compositions,
temperature, and magnitude of the electric field. Figure 11
shows field induced fatigue in rhombohedral PZN—-10PT
crystal at low temperaturds-—70 °C). The tetragonal phase

is easily induced at this composition which is very close to
morphotrophic phase boundary. Once the remanent tetrago-
nal phase is induced it initially causes an increase in the
remanent polarization, then the fatigue process starts, and
this gives a systematic reduction in the polarization as a
function of cycles, above a certain number of cycles.

All of the above results suggest that, in these crystals, an
engineered domain state with the polarization inclined to the
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FIG. 11. Polarization fatigue behavior of PZN-1QP0U1). single crystals Cycles

at ~—70 °C. The field induced tetragonal phase dominates over rhombohe-

dral structure and produces very fast fatigue. FIG. 13. Comparison of room temperature polarization fatigue behavior of
PZN-8PT001) crystals (20 kV/cm, 10 Hz indicating the influence of
fatigue history;(a) cycled only at room temperature afig) crystals prefa-

electrode is necessary to minimize or eliminate fatigue. Thidigued at 125°C.

now has been confirmed at a variety of temperatures, com-

positions,zgmd in both single cry_s%é?g and epitaxial thin | o fatigue history
film form.=® The precise mechanism by which these engi-
neered domain states limit fatigue is not understood. One The curved morphotropic phase boundary of the
possibility is that the inclined polarization states redistributePZN—PT system permits fatigue to be studied in single crys-
the space charge accumulation and thereby reduce the fatigtads at different temperatures and ferroelectric phases. Crys-
rate at a given temperature and composition. It still is undetals with composition PZN-8PT anfi001]. orientation
investigation, but it is also hypothesized that the engineerewere phase induced into the tetragonal phase at 125 °C under
domain structures with the rhombohedral symmetry can haveipolar fields with amplitude 20 kv/cm at 10 Hz. After %0

a higher percentage of charged domain walls. Charged wallgycles, the crystal was substantially-35%) fatigued as
could act as sinks to the injected charge in these systemshown in Fig. 12. Then, these samples were cooled into the
Another intriguing possibility is the multiple routes for do- rhombohedral phase at room temperature and then driven
main switching that may exist in PZN—PT relaxor crystals,under bipolar drive. The samples then continued to fatigue as
the complex dendritic domain wall structures observed undeshown in Fig. 13 in comparison with the crystal cycled only
pulsed conditions indicate this great flexibility in switching at room temperature. The fatigue at higher temperatures sta-
paths®® and also indicate a switching process with a verybilizes local tetragonal regions, which are then cooled into
high effective domain wall mobility® This may also change

the nature of the switching and thereby alter the fatigue

mechanisms. Rhombohedral crystal at

Top electrode room temperature

PZN-8PT<001> @125°C [ 4. &

20 100

|—o—PrI
01.
20 [

-40
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-80 |- -

Bottom electrode
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v AN
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FIG. 14. A schematic illustration of room temperature mixed phase struc-
ture of PZN—-8P{001). crystal after fatiguing at high temperature tetrago-
nal phase region causing localized tetragonal phase stabilization.

FIG. 12. Polarization fatigue behavior of PZN-8BU1). single crystals at
125 °C. Thermally induced tetragonal phase shows remarkable fatigue.
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