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Abstract

PZT ceramics were statically and dynamically evaluated to examine the relationship between domain structures and electrical
properties. We investigated the domain structures of tetragonal, M.P.B. and rhombohedral PZT ceramics at various poling ®elds to

measure the poling ®eld dependence of the crystal orientations and electrical properties as a statical evaluation. Furthermore,
responses to repeated voltage pulses applied to the ceramics were measured by a high voltage test system as a dynamical evaluation.
Through these evaluations, we could clarify the domain behavior for the 90� (71� or 109�) domain rotation, switching and clamping
of 180� domain, and transient phenomena on the domain orientation. # 2000 Elsevier Science Ltd and Techna S.r.l. All rights

reserved.
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1. Introduction

Ferroelectric random access memory (FRAM) devices
composed of PZT thin ®lms are attracting considerable
attention. The degradation of the ®lms due to domain
switching, especially ferroelastic domain switching
through 90� rotation (tetragonal phase) or 71� and 109�

rotations (rhombohedral phase), needs to be reduced
for the application. The evaluation and control of
domain structures were recognized to be signi®cant for
the processes employed to develop materials for FRAM
devices [1±4].
Domain switching in PZT ceramics can be caused by

either or both mechanical stress and an electric ®eld
because the ceramics possess ferroelastic and ferro-
electric properties. There are 90� (71� or 109�) and 180�

domains in PZT ceramics, among which ferroelastic
domain switching only occurs through 90� (71� or 109�)
rotation. 90� and 71� (109�) rotations can be detected by
changes in the peak intensities of {002} and {222} in X-ray
di�raction (XRD), respectively. 180� switching, however,
is independent of these peak intensities [5,6]. To con®rm
that the {002} and {222} peak intensities depended only
on the 90� and 71� (109�) rotations, the rotations were
measured by varying the poling ®eld. We investigated
the poling ®eld dependence of the planar coupling factor,

the dielectric constant and the frequency constant, each
of which is a�ected by both the 90� (71� or 109�) and
180� domains. We called the evaluation on the poling
®eld dependence of the properties a statical evaluation.
In addition, a pulse response measurement of the PZT
ceramics was done as a dynamical evaluation. Through
these evaluations, we clari®ed the relation between the
domain switching and the electrical properties.

2. Experimental

The ceramic compositions were 0.05Pb(Sn1=2Sb1=2)O3±
yPbTiO3±zPbZrO3, with 0.4 wt% MnO2 [7], where
y=0.62, z=0.33 (tetragonal phase), y=0.47, z=0.48
(M.P.B. phase) and y=0.20, z=0.75 (rhombohedral
phase), respectively. The powders were uniaxially pressed
at 150 MPa, and ®red at 1240�C for 2 h. The ®red
sample disks were 14 mm in diameter and 1 mm thick.
Poling was conducted at 80�C for 30 min while varying
the poling ®eld (E) from 0!+4.5 (+3.0)!0!ÿ4.5
(ÿ3.0)!0 to +3.0 kV/mm. The crystal orientations of
the PZT ceramics were examined using XRD for various
values of E. The XRD intensity is expressed as the pro-
portion of relative intensity I002=I(002)/{I(002)+I(200)},
tetragonal) and I222(=I(222)/{I(222)+I(222)+I(222)+
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Fig. 1. Poling ®eld (E) dependence of XRD relative intensities (I002, I222) of: (a) tetragonal, (b) M.P.B. and (c) rhombohedral PZT ceramics.

Fig. 2. Poling ®eld (E) dependence of planar coupling factor (kp) of: (a) tetragonal, (b) M.P.B. and (c) rhombohedral PZT ceramics.

Fig. 3. Poling ®eld (E) dependence of dielectric constant ("r) of: (a) tetragonal, (b) M.P.B. and (c) rhombohedral PZT ceramics.
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I(222)}, M.P.B. and rhombohedral) [8]. Furthermore,
the dielectric and ferroelectric properties were measured
using an impedance/gain-phase analyzer (HP4194A).
Responses to repeated voltage pulses up to �4.0 kV

applied to the ceramic disks were measured at 80�C
by a high voltage test system (Radiant: RT6000HVS).
The pulse width and pulse cycle were 1 and 2 ms,
respectively.

Fig. 4. Poling ®eld (E) dependence of frequency constant (fcp) of: (a) tetragonal, (b) M.P.B. and (c) rhombohedral PZT ceramics.

Table 1

Domain switching and rotation by poling ®eld
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3. Results and discussion

3.1. Poling ®eld dependence of I002 and I222

Fig. 1(a)±(c) shows the e�ect of E on I002 [(a): tetra-
gonal] and I222 [(b) M.P.B. and (c) rhombohedral],
respectively. Both I002 and I222 increased with increasing
E. While I002 was almost constant except for a slight
decrease at E=�2.0 kV/mm, a decrease in I222 was
observed at �0.75 kV/mm.

3.2. Poling ®eld dependence of the planar coupling
factor (kp)

The E dependence of kp is shown in Figs. 2 (a)±(c) in
the case of the tetragonal (a), M.P.B. (b) and rhombo-
hedral (c) phases, respectively. We believe the ®elds of
the minimum kp correspond to coercive ®elds �Ec�.
While Ec depended on the Ti/Zr ratio in the tetragonal
phase, it was almost constant in the M.P.B. and rhom-
bohedral phases. Although the kp took a minimum at

Fig. 5. Schematic P±E hysteresis loops of: (a) 180� domain switching and (b) 90� domain rotation. The e�ect of: (c) the switching and (d) rotation on

"r, and (e) the summation of both the "r in case of tetragonal PZT ceramics (Ec � � 2.0 kV/mm).
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�Ec, I002 and I222 were almost constant under these
®elds in comparison with the ones of the virgin (as-®red)
ceramics as shown in Figs. 1 (a)±(c). As a result, after
having fully poled the virgin ceramics, 180� switching
was the dominant factor a�ecting kp when alternating
poling ®elds were applied. We believe that the minimum
kp is due to the 180� domain switching because the
electrical domain clamping [9], such as "#, occurred at
the coercive ®elds.

3.3. Poling ®eld dependence of the dielectric constant (er)

Fig. 3 (a)±(c) show the e�ect of E on "r, when E was
varied from 0 to � 3.0 kV/mm. In the tetragonal phase,
"r took a minimum at �Ec. On the other hand, in
M.P.B. and rhombohedral phases, after "r decreased
with increasing E, it took a maximum at E=�0.5 kV/
mm. This con®rms that "r in the tetragonal phase
decreased at �Ec because of the electrical domain

Fig. 6. Schematic P±E hysteresis loops of: (a) 180� domain switching and (b) 71� (109�) domain rotation. The e�ect of: (c) the switching and

(d) rotation on "r, and (e) the summation of both the "r in case of M.P.B. and rhombohedral PZT ceramics (Ec=�1.0 kV/mm).
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clamping. However, "r increased at E=�0.5 kV/mm in
M.P.B. and rhombohedral phases because of the 71�

and 109� domain rotations.

3.4. Poling ®eld dependence of the frequency constant
(fcp)

The e�ect of E on fcp is shown in Fig. 4 (a)±(c). While
the fcp in the tetragonal and M.P.B. phases took a
maximum at �Ec, it became a minimum at E=�0.5
kV/mm in the rhombohedral phase, the ®eld of which
was lower than Ec. That is, when the domain clamping
("#) occurred at �Ec in the tetragonal and M.P.B.
phases, the fcp (half the bulk wave velocity) increased
because the ceramics became mechanically hard. In
contrast, it took a minimum at E=�0.5 kV/mm in the
rhombohedral phase because the ceramics became
mechanically soft. We believe that the 71� and 109�

domain rotations a�ected the fcp. Furthermore, the E

dependence of fcp in M.P.B. showed a similar behavior
as to that in the case of the tetragonal phase.

3.5. Domain behavior at various poling ®elds (E)

Table 1 shows the relationships between the max-
imum and minimum values of crystal orientations, the
electrical properties, and the domain behavior in rela-
tion to E. When we calculated the di�erential of I002 vs.
E and I222 vs. E (�I002=�E and �I222=�E), two peaks
were obtained regarding 90� (71� or 109�) rotation.
Therefore, it is con®rmed that 90� rotation occurred
twice, once before and once after the E of minimum
I002 (� 2.0 kV/mm), in the tetragonal phase. In the
M.P.B. and rhombohedral phases, the ®rst 71� and
109� rotations occurred at E=�0.5 kV/mm before the
E of minimum I222 (� 0.75 kV/mm). The second 71�

and 109� rotations occurred at � 1.0 kV/mm after
E=�0.75 kV/mm.

Fig. 8. Pulse cycle dependence of remanent polarization (Pr) at: (a) E=�1.5 kV/mm, (b) E=�2.0 kV/mm and (c) E=�2.5 kV/mm in the case of

M.P.B. PZT ceramics.

Fig. 7. Pulse cycle dependence of remanent polarization (Pr) at: (a) E=�4.0 kV/mm, (b) E=�4.5 kV/mm and (c) E=5.5 kV/mm in the case of

tetragonal PZT ceramics.
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3.6. E�ect of domain rotation and switching on dielectric
constant (er)

The P±E hysteresis loop of 180� domain switching in
tetragonal PZT ceramics as shown in Fig. 5(a) is similar
to the hysteresis loop of kp vs. E [Fig. 2 (a)]. As a con-
sequence, the poling ®eld dependence of "r caused by
180� switching was expected from dP=dE (="r) as
shown in Fig. 5(c). On the other hand, the P±E loop of
90� domain rotation shows the loop with two kinds of
90� rotation as shown in Fig. 5(b). In this case, the ®rst
rotation was caused by turning back to the initial state
from a poling state and then the second rotation was
due to the orientation in the direction of the poling ®eld.
Therefore, there were two peaks of "r by rotating 90�

domain as shown in Fig. 5(d), and this phenomenon
corresponded to the loop of I002 vs. E [Fig. 1(a)]. We
believe the poling ®eld dependence of "r could be
explained by the summation of the 90� rotation and
180� switching [Figs. 5(e) and 3(a)].
Figs. 6(a)±(e) show the P±E hysteresis loops, dP=dE

( � "r) and their summation of 180� domain switching
and 71� (109�) domain rotation in M.P.B. and rhombo-
hedral PZT ceramics, respectively. The Ec of 180�

domain P±E hysteresis loop corresponded to the E of
minimum kp [Ec=�1.0 kV/mm in Fig. 2(b) and (c)]
and the Ec of 71� (109�) domain P±E hysteresis loop
was calculated from the curve of I222 vs. E in Fig. 1(b)
and (c). Since the values of E with maximum and mini-
mum properties were di�erent in case of the M.P.B. and
rhombohedral ceramics in comparison with the ones of
the tetragonal (refer to Table 1), we could obtain the
poling ®eld dependence of "r as shown in Figs. 6(e) and
3(b) and (c).
It was thought that the sudden decrease in "r at Ec

[Fig. 5(c)] was observed on the tetragonal ceramics in
comparison with the ones of the M.P.B. and rhombo-
hedral [Fig. 6 (c)] because of the large anisotropy (c=a
ratio) of the crystal structure.

3.7. Pulse response measurement of transient phenomena

The pulse cycle dependence of the remanent polariza-
tion (Pr) is shown in Figs. 7±9. The 2Pr of the tetragonal,
M.P.B. and rhombohedral PZT ceramics decreased with
the increase of the pulse cycle at a certain voltage as
shown in Figs. 7(a) and (b), 8(a) and (b), and 9(a),
respectively. Further increasing the pulse voltage (E),

Fig. 10. Relationship between transient phenomena of remanent polarization (Pr) and domain arrangement while applying cycle.

Fig. 9. Pulse cycle dependence of remanent polarization (Pr) at: (a) E=� 1.5 kV/mm, (b) E=�2.0 kV/mm and (c) E=�2.5 kV/mm in the case of

rhombohedral PZT ceramics.
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the polarization of 2Pr was independent of the cycle as
shown in Figs. 7(c), 8(c), and 9(b) and (c).
We call the decrease in polarization transient phe-

nomena. The transient phenomena correspond to the
arrangement of ferroelectric domains by applying the
repeated voltage pulse. This was not ``fatigue'' in PZT
thin ®lms. We believe the electrical domain clamping
occurred at the cycle showing the minimum polariza-
tion. Fig. 10 shows the process of domain switching in
virgin (as-®red) ceramics. When E was applied to the
ceramics, random orientation changes into a domain
clamping state, whose value corresponded to the Ec as
the statical evaluation. After that, further increasing E,
this state changed into orientation polarization. The
pulse response measurement became an e�ective tool to
dynamically analyze the ferroelectric domain switching
in PZT ceramics.

4. Conclusions

The domain structures in PZT ceramics were stati-
cally evaluated at various poling ®elds to investigate the
poling ®eld dependence of the crystal orientations and
electrical properties. Moreover, the domain structures were
dynamically evaluated by the pulse response measurement.

Our investigations clari®ed the e�ect of the domain
structures on the electrical properties.
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