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The influences of the Zr content on the structural, electrical, and electromechanical properties of
Pb[Zr(,), Ti(;_,)]O5 [PZT(x/1-x)] thin films are investigated in detail. Additionally to measuring all
major characteristics of the samples, the electromechanical large-signal behavior is modeled.
Raising the Zr content increases the unit cell size and forces the preferred phase to become
rhombohedral above the morphotropic phase boundary (MPB). The increased unit cell size changes
the switching behavior and increases the intrinsic behavior of the unit cells. The intrinsic behavior
is reduced by the phase change, which also introduces non-180° domain wall motion, improving the
large-signal strain. Additionally, the domain configuration in saturation is more stable further away
from the MPB. Finally, the most suitable materials will be selected for different applications.

© 2006 American Institute of Physics. [DOI: 10.1063/1.2401047]

I. INTRODUCTION

Ferroelectric Pb[Zr(,), Ti(;_)]O3 [PZT(x/1-x)] ceramics
exhibit superior ferroelectric, piezoelectric, and pyroelectric
properties. Therefore, these materials are used in a wide
range of applications such as actuators, force sensors, optical
infrared sensors, and ferroelectric memories. In order to use
these ceramics to their full potential, a thorough research of
their properties is needed.'™

One of the more interesting aspects in PZT thin film
research is the influence of the material composition on the
electrical and electromechanical properties.4_12 The major
impact on the material properties results from the phase, in
which the material changes upon cooling from the paraelec-
tric phase. According to Ref. 13 thin films at room tempera-
ture show either the tetragonal or the rhombohedral phase for
Zr ratios smaller or bigger than 53%, respectively. Addition-
ally, coexisting tetragonal and rhombohedral phases are
found in epitaxial films near the morphotropic phase
boundalry.m’15 This results in an increased electromechanical
behavior.

Il. APPLICATION REQUIREMENTS

Depending on the application of the ferroelectric mate-
rial, different characteristic properties are important for opti-
mal suitability. In ferroelectric random access memory (Fe-
RAM) applications, a high remanent polarization P, is one of
the most important factors. A higher P, allows for a more
secure information storage and a reduced electrode area of
the device, especially with respect to down scaling. Depend-
ing on the device geometry and the voltage supply, the value
of the optimal coercive voltage V. of the material can vary.
However, higher coercive fields E, are usually accompanied
with an increased P,. If the material is used as dielectric in a
capacitor, the polarization is not as important as the relative
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permittivity. Again, higher values allow a reduction of the
necessary electrode area. Electromechanical characteristics
are less important, since they are not utilized in both appli-
cations. On the contrary, very high electromechanical strains
might result in mechanical aging of the device, e.g., due to
microcracks.

Concerning microelectro mechanical system (MEMS)
devices, it is the other way around. Electrical properties are
negligible or counterproductive, since high switching cur-
rents increase the power consumption of the device. There-
fore, the polarization, especially the remanent P,., is ideally a
low value. With respect to the switching currents, it should
be sufficient to search for materials with a low P,/ Py, ratio.
This means that most of the polarization in saturation is lost
if the field returns to zero, also known as backswitching.
Additionally, the correlation, if any, between these high re-
versible extrinsic or intrinsic contributions to the polarization
and the electromechanical properties (S,ds3) is of interest.
The latter should be as high as possible for any electrome-
chanical application. Depending on the operating range, e.g.,
driving field, the most suitable material should be either se-
lected by investigation of the piezoelectric small-signal co-
efficient ds; or the field induced large-signal strain S. For
instance, the ferroelectric material can be utilized in a sensor
measuring mechanical energies, such as an applied force or
acceleration, without application of an additional field (pas-
sive sensor). Hence, the working point is in and around the
remanent state. Therefore, the material with the highest pos-
sible remanent ds3 is to be selected. Also, a high coercive
field E,. is advantageous to prevent the material from being
driven out of its defined state by operation. On the other
hand, piezoelectric actors or motors, which use most of their
large-signal operating range, should be ideally driven by ma-
terials with the highest available strain at high fields.

In order to advice on material selections concerning the
PZT composition, the electrical and electromechanical prop-
erties of several samples with increasing Zr content are mea-
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sured and compared. Prior to that, structural investigations
are done to elucidate the reasons for any impacts on the
material properties. Also, the electrical and electromechani-
cal large-signal behavior is analyzed concerning the revers-
ible and irreversible contributions. Finally, the best suitable
material compositions for the given applications are selected
using the results.

lll. SAMPLE PREPARATION AND PROPERTY
MEASUREMENT

The PZT (45/55) thin films are prepared using chemical
solution deposition (CSD) on double side polished
Pt(111)/TiO,/Si0,/Si substrates (1 in.X 1 in.X 0.5 mm).
After spin coating and pyrolysis of three coatings, the films
are annealed in oxygen using rapid thermal annealing at 700°
for 5 min. This results in a film thickness of 130 nm. Pt top
electrodes are sputter deposited with electrode areas ranging
from 0.1 to 1 mm?. The back side is finally evaporation de-
posited with Au to achieve better reflectivity during electro-
mechanical interferometric measurements.

Film orientation was determined by standard 6-26 x-ray
diffraction (XRD) und sample thickness is measured by a
DEKTAK profilometer. The piezoelectric weak-signal coef-
ficient ds3, large-signal strain S, and electrostriction coeffi-
cient M;; are measured using a double-beam laser interfer-
ometer with a minimum resolution of 0.2 pm. For coefficient
determination, the fast measurement method proposed in
Ref. 16 is used. For this work, only electrodes with an area
of 1 mm?> were used in order to minimize pad size
influences.'’

The Zr contents of the investigated and compared
samples are selected to reflect the materials used in various
applications and also a broad spectrum of the material sys-
tem. Compositions in the tetragonal regime, in this case PZT
(30/70) and PZT (40/60), are known to be used in memory
applications.'® PZT (45/55) is the typical material for elec-
tromechanical applications19 due to its high piezoelectric re-
sponse. Other material considered for this field are PZT
(48/52) and PZT (53/47) since the compositions are next to
and on the morphotropic phase boundary, respectively.
Hence, there electromechanical properties should be high as
well. Finally, as candidate for rhombohedral materials, PZT
(60/40) is investigated.”

IV. RESULTS
A. Structural analysis

Figure 1 depicts the structural analysis results of the
samples. As can be seen in (a), all samples are mainly (111)
oriented. To calculate the ratio of unit cells with different
orientations, the count maximum for each phase is set into
relation to the rest of the phase counts. The ratio of (111)
oriented unit cells is as high as 90%-96% in tetragonal
samples and drops to 70% for rhombohedral samples. Also,
with higher Zr content the peaks are shifted towards lower
beam angles, which indicates larger unit cells. The minor
peak present in all samples is the (100) peak produced by
unit cells with their axis of spontaneous polarization lying
parallel to the sample surface and electrodes (in plane). Com-
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FIG. 1. (a) XRD scans of PZT thin films with increasing Zr content. (b)
Calculated lengths of the unit cells in a (line) and ¢ (dashes) axis directions
and c/a ratio (tetragonality, dots) vs the Zr content of the films.

bined with the facts that the (001) peak is nearly absent in all
samples and 90° domain wall motion is inhibited in thin
films, the (100) oriented unit cells should not contribute to
the electrical and electromechanical behaviors of the
samples. Zr rich compositions also exhibit an additional mi-
nor (101) oriented phase, but it is unclear whether these unit
cells are switchable. Therefore, the behavior of all samples is
mainly produced by the (111) oriented unit cells, which is
important for further theoretical analysis.

In Fig. 1(b) the calculated lengths of the a and ¢ axes of
the unit cells are shown. Additionally, the calculated tetrago-
nality (c/a ratio) is shown in this graph. The ¢ axis length
shows an increase from 4.09 to 4.11 A for tetragonal mate-
rials, but stays constant around this value for higher Zr con-
tents. After passing the morphotropic phase boundary, the
length decreases again to 4.09 A. On the other hand, the a
axis length increases steadily from 3.99 to 4.02 A for in-
creasing Zr content until the composition nears the morpho-
tropic phase boundory (MPB). After that point, the axis
length increases rapidly to the end value of 4.08 A. Hence,
the a axis length becomes comparable to the value of the ¢
axis length. Consequently, the tetragonality is constant
around 1.23 for tetragonal compositions and decreases to
nearly 1 on the rhombohedral side. Therefore, the samples
are phase pure tetragonal or rhombohedral on either side of
the MPB. Only the sample with 53% Zr content cannot be
sorted into one of the regimes. Hence, both phases or some
kind of mixed phase can be present in this sample.

The volume of the unit cells increases with rising Zr
content which can be attributed to the higher ion radius of
the Zr ions. Ti ions only show a radius of 61 pm compared to
87 pm of Zr ions. Hence, the more Zr ions are integrated in
the ceramic, the higher the average cross section of the unit
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FIG. 2. Electrical large-signal polarization P of PZT thin films with increas-
ing Zr content (fy;,s=1 Hz).

cell becomes. Since there is no measurement technique to
measure single unit cells, it cannot be said whether all unit
cells become bigger, or only the unit cells containing Zr ions
show an increased size. Theoretically, an increased Zr con-
taining unit cell should also influence its Ti containing neigh-
bors. Additionally, Zr becomes the ion responsible for the
minimal unit cell size, with the oxygen ions arranged around
them. After passing the MPB, the preferred unit cell distor-
tion changes from tetragonal to rhombohedral. Unfortu-
nately, only one sample in this regime is available. There-
fore, no prediction about the influence of even higher Zr
contents can be made. Again, neighboring unit cells should
influence each other. Hence all unit cells show tetragonal
distortion, until a critical limit of Zr containing unit cells is
reached and all unit cells are distorted rhombohedral. The
latter is only true if the allocation of Zr containing unit cells
is homogenous in the sample.

B. Electrical behavior

In the following, the results from the structural analysis
and theoretical considerations should be kept in mind, when
the electrical behavior is investigated. Starting with the
large-signal measurements (Fig. 2), it appears that the polar-
ization P reached in saturation is independent of the material
composition. The maximum polarization P, ,, and minimum
polarization P,;, are the same for all samples. This is inter-
esting, since Zr rich samples have a lower density of unit
cells due to their increased size. However, the size difference
is below 10%. Also, any losses due to the lower density can
be compensated by a higher spontaneous polarization or in-
creased intrinsic contributions. In the case of rhombohedral
samples, the component of the spontaneous polarization in Z
direction can be higher due to the different orientation of the
domain vectors.

More obvious is the fact that the coercive field E, de-
creases for higher Zr contents. This is accompanied by an
earlier start and later ending of the switching process, which
is also called “soft” switching behavior, in analogy to ferro-
magnetic materials. For rhombohedral materials, the switch-
ing and the saturation regime of the hysteresis curve seem to
melt into each other and no clear boundary can be seen be-
tween those two. For compositions near the morphotropic

J. Appl. Phys. 100, 124105 (2006)

1500 —— PZT (30/70)
~ — -PZT (40/60)
2 - - - - PZT (45/55)
_% weresee PZT (48/52)
= [ — PZT (53/47)
g 1000 — —PZT (60/40)
a
[
=
2 500}
4

-400 -200 0 200 400
Bias field [kV/cm]

FIG. 3. Electrical small-signal permittivity &, of PZT thin films with in-
creasing Zr content (fy;,=1 Hz, f,.=8 kHz, and V,.=100 mV ).

phase boundary, the switching process starts even before op-
posing fields are applied to the sample which is known as
backswitching. With increasing Zr content, the backswitch-
ing starts at higher fields and more of the polarization is lost,
before the applied field reached zero again. Hence, stored
information is lost in Zr rich materials, which is a disadvan-
tage, if these materials are considered as memory materials.

As a first suggestion for the reason behind the Zr influ-
ence on the switching behavior, the increased unit cell size
could be responsible. Since the Zr containing unit cells
stretch their Ti containing neighbors, the Ti containing unit
cells become less stable in their equilibrium points. Or, mi-
croscopically thinking, in larger unit cells the oxygen square
in the center level of the unit cell is wider (see Ref. 21).
Therefore, it becomes easier for the center ion to pass
through the center of the square, benefiting the switching
processes. As a final note, the influence of increasing Zr con-
tent seems to be reduced going from PZT (30/70) to PZT
(40/60). Only the coercive field decreases, but the switching
process is comparable in its abruptness. Also, the remanent
polarization P, in both samples is comparable in these mate-
rials.

For further insight, the electrical small-signal behavior
(Fig. 3) is investigated next. The main influence of the com-
position on the small-signal response is an increase of the
maximum and remanent of the relative permittivity &, for
increasing Zr content. This behavior is true even for very low
small-signal amplitudes. Hence, the increased response is not
only coming from the changed switching behavior, but is
also a result of an increased intrinsic behavior. However, this
increase seems to be limited to sample states near the coer-
cive field, since the values become comparable far in satura-
tion. Again, the increased unit cell size could be the reason
for the changed material behavior. The increase not only ben-
efits the switching processes, but also improves the mobility
of the center ions around their equilibrium states. Even in
saturation, the mobility and hence the small-signal response
are increased in Zr rich materials. This is one of the reasons
for the measured polarizations in saturation being the same
for all samples.

Also, the previously examined influence on the switch-
ing behavior is reflected in the small-signal measurements.
However, the influence is more difficult to see in these mea-



124105-4 Gerber, Béttger, and Waser
150 T T T T
100 ]
2 s0f .
£
&
5 0 ——PzT (30/70) |
] - — -PZT {40/60)
Q -50t ---- pzT (45/55) [
wreen PZT (48/52)
~100f —PZT (53/47) |
— =PZT (60/40)
150

200 200 0 200 400
Bias field [kV/cm]

FIG. 4. Electromechanical small-signal coefficient ds; o of PZT thin films
with increasing Zr content (f;,s=1 Hz, f,.=8 kHz, and V,,=100 mV,,,).

surements. The decrease in the coercive field E, is visible as
the maximum peaks being closer together, but the remanent
values increase faster in relation to the maximum values. The
reason for this is that the intrinsic small-signal responses of
two unit cells switched into opposing directions are not
eliminating each other. The intrinsic current response is al-
ways in field direction, as shown in Ref. 22. Therefore, back-
switching influences are decreased. On the other hand, the
softer switching process can still be seen as less steep drops
of the relative permittivity after passing the maximum val-
ues. Additionally, the bend in the curve between switching
and saturation regimes is smoothed out for Zr richer materi-
als.

Only the sample with the highest Zr content of 60%
shows a different influence on its small-signal behavior: The
maximum and remanent relative permittivity is decreased
compared to the sample with MPB composition. Somehow,
the rhombohedral phase decreases the intrinsic response of
the material. However, this find should be seen carefully,
since only this one sample shows purely rhombohedral unit
cells. Also, not all theories found for tetragonally distorted
unit cells might be applicable to it.

C. Electromechanical behavior

Considering the switching behavior, the Zr content influ-
ence on the coercive field E, is comparable to the one found
in the electrical large-signal measurements. It should be
noted, however, that the coercive field measured in electro-
mechanical small-signal measurements is not the same, as in
the electrical measurements. As was shown in Ref. 23, the E,
measured in the electromechnical measurements is slightly
higher. For the final comparison, the E,. gained in the elec-
trical measurements will be taken into account. The electro-
mechanical small-signal measurements (Fig. 4) show the
combined findings from the electrical measurements. Also,
the influences reported earlier can be seen more clearly.

In electromechanical small-signal measurements, the
switching and saturation regimes can be separated easily.
The tilt of the switching process changes with increasing Zr
content. However, the switching regime appears to be
smaller in relation to the saturation regimes. This may result
from the fact that unit cell switching influences the electro-

J. Appl. Phys. 100, 124105 (2006)

Strain [1/1000]

-200 0 200 400
Bias field [kV/cm]

-400

FIG. 5. Electromechanical large-signal strain S of PZT thin films with in-
creasing Zr content. The thin films measured are PZT (30/70) (line), PZT
(40/60) (dashes), PZT (45/55) (dots), PZT (48/52) (short), PZT (53/47)
(thick line), and PZT (60/40) (thick dashes) (light gray line). (fyis
=1000 Hz.)

mechanical behavior only indirectly.21 Therefore, its impact
might be smaller in sample states, where only a few unit
cells are switched against the majority of the unit cells.
Again, the Zr rich samples appear to switch softer than Ti
rich materials. Also, increasing backswitching is visible for
compositions with more then 40% Zr content, as was re-
ported earlier. Again, PZT (30/70) and PZT (40/60) show a
comparable switching behavior, with a decreased E, as the
only difference concerning the switching process.

When the values of the effective piezoelectric small-
signal coefficient ds;. are considered, however, PZT
(40/60) shows a clear increase in piezoelectric activity. This
trend continues until the MPB sample, which shows the
highest electromechanical response. As was seen in the elec-
trical small-signal measurements, the rhombohedral PZT
(60/40) shows a slight decrease in its response. Since both
the electrical and the electromechanical small-signal re-
sponses are increasing with the Zr content, it can be con-
cluded that not only the higher mobility of the center ions is
responsible for the increased intrinsic behavior. Additionally,
the complete unit cells strain more in Zr rich materials.
Hence they appear to be not only increased in size, but also
softer in terms of electromechanical stiffness. As a last ob-
servation, the electromechanical behavior is increased in the
whole saturation regime for Zr richer samples, if the relative
increase is considered. This is somewhat different from the
electrical small-signal measurements. There, the increase due
to the Zr influence seemed to decrease with rising bias fields.

The electrical large-signal measurements in Fig. 5 reflect
small-signal measurements. Switching becomes softer with
increasing Zr content and the coercive field E, is decreased
in such materials. Also, the edge between switching and satu-
ration regimes becomes smoothed out, as is found in the
electrical small-signal measurements. More interesting, the
minimum negative strain values decrease with rising Zr con-
tent. This is a direct result of the changed switching behavior.
In order to reach very low negative strains, the unit cells
need to be switched against the direction of the applied elec-
tric field. Therefore, only hard switching materials can
achieve such values. Softer materials start their switching
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process too early, hence loosing their linearity, if the electro-
mechanical strain is concerned. Hence, Zr rich materials act
less piezoelectric in this regime and more like highly elec-
trostrictive materials (Fig. 5 inlay). This behavior is also in-
dicated by experiments, where the switching behavior is
changed by the measurement itself.”!

On the other hand, the maximum strain increases with
rising Zr content as is expected from the small-signal mea-
surements. The increase is even bigger than in the ds;
measurements, which is a result from the accumulation of
the small-signal response in the large-signal behavior. Most
interesting is the fact that even the rhombohedral PZT
(60/40) sample has a larger strain than the MPB PZT
(53/47) one. This is contradictory to what was expected
from the small-signal measurements. The reason for this be-
havior might be found by the analytical modeling of the
samples’ large-signal behavior, when all extrinsic influences
on the electrical and electromechanical large-signal re-
sponses are concerned.

Summarizing the measurement results, Zr ions increase
the unit cell size and force the preferred phase to become
rhombohedral after passing the morphotropic phase bound-
ary. The increased unit cell size changes the switching be-
havior to a more soft switching process and higher back-
switching. Also, the mobility of the center ions is increased
and the electromechanical stiffness of the unit cells is de-
creased, both increasing the electrical and electromechanical
small-signal responses. The phase change after the MPB re-
duces this effect somewhat. The latter is not reflected by
electromechanical large-signal measurements. Hence the
phase change might be accompanied by another effect not
clarified so far.

V. MODELING
A. Electrical behavior

Analogous to Ref. 23, the reversible contribution to the
polarization P, is calculated and depicted in Fig. 6(a). As
expected from the measurements of the relative permittivity
g,, the reversible contribution increases with increasing Zr
content to the material composition. Also, the thombohedral
PZT (60/40) sample shows decreased P, in relation to the
MPB sample. In fact, the reversible polarization is as low as
the one of PZT (45/55). The latter is not expected from the
electrical measurements, since only a slight decrease of the
electrical small-signal response is measured compared to
PZT (53/47). But due to the smaller value of the coercive
field E,., the rhombohedral sample reaches its peak at lower
field values than other samples, which results in the calcu-
lated low P,.,. The Zr content influence on the coercive field
and the switching behavior is difficult to see in this calcula-
tion. But the open area in the center of the curves decreases
with rising Zr content, which reflects the decrease of E,.

In Fig. 6(b) on the other hand, the changed switching
behavior can be clearly seen again. The irreversible contri-
bution of the polarization P, is highly dependent on the
switching behavior, as is shown in Ref. 23. Hence, the cal-
culated E, decreases with rising Zr content. As with the elec-
tromechanical small-signal measurements, these E,. values
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FIG. 6. Calculated electrical large-signal polarization P. (a) Reversible P,
and (b) irreversible Py, contributions to the polarization for increasing Zr
content.

are increased in relation to the values gained from the elec-
trical hysteresis measurements. Again, the backswitching
starts for Zr contents larger than 40% and increases from
there, which is reflected by the slope of the curve in the
switching regime.

Also interesting, the previously calculated increase of
the reversible contribution results directly in a decrease of
the irreversible contribution, since the measured polarization
P in saturation is the same for all samples. Additionally, the
rhombohedral sample of PZT (60/40) shows comparable
values to the PZT (45/55) sample. Therefore, it can be con-
cluded that together with the phase change in the material,
the increased reversible contributions are shifted back to ir-
reversible processes again. An increase in Zr content and
therefore the unit cell size improves the reversible behavior
of the material. Upon passing the phase boundary to the
rhombohedral regime, this process is reversed, since the in-
ternal mechanics of the switching process change. Switching
becomes easier again, accompanied by more stable equilib-
rium positions of the center ion.

This can be explained by the fact that beyond the mor-
photropic phase boundary, the Zr containing unit cells be-
come structure defining in the material and the Ti containing
unit cells distort the ideal structure. This is exactly the re-
versed situation as it is in the tetragonal regime before pass-
ing the MPB. Hence, it is possible that a further increase of
the Zr ratio might result in even higher irreversible contribu-
tions to the polarization and decreased small-signal measure-
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FIG. 7. Calculated (a) percentage of unit cells switched into positive Z
direction and (b) electromechanical large-signal strain S for increasing Zr
content.

ments. Of course, the trends seen in the switching behavior
should be continuing (even softer switching and further de-
creased E_).

B. Electromechanical behavior

Normalizing the calculated irreversible contribution to
the polarization Pj.,, by its maximum value,” the ratio of
switched unit cells CEg, is gained and depicted in Fig. 7(a).
The most interesting fact is that CEg, of the rhombohedral
PZT (60/40) sample is in some regions bigger than the CEg,
of PZT (30/70), especially in positive saturation. This indi-
cates that the domain configuration under field application in
these regimes is more stable for the rhombohedral sample.
But once the configuration becomes unstable upon the ap-
plied field decreasing, more unit cells switch than in the te-
tragonal sample.

Also, it takes longer, until the opposite stable configura-
tion is reached for reversed electric fields. On the other hand,
reaching the opposite stable configuration takes even longer
for PZT (53/47). Therefore, material compositions with Zr
contents larger than 60% might even show more stable con-
figurations in saturation. It should not be forgotten that the
irreversible contribution to the polarization is still lower in
rhombohedral materials. The latter is resulting from the
softer switching process and the increased reversible contri-
butions. In summary, the domain configuration in saturation
is more stable for samples further away from the MPB.

In a final calculation, the electromechanical large signal
strain was calculated according to the model developed in
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Ref. 23 and is shown in Fig. 7(b). Though the model has
certain drawbacks like the used approximation, the calcu-
lated curves look comparable to the measured curves in Fig.
5. The changes to the switching behavior and the decrease of
the coercive field E,. are modeled well. The edge between
switching and saturation regimes smoothes out for increasing
Zr contents, as it did during the measurement. However,
negative strain regimes show some differences between
model and reality. The minimum reached strain in the model
calculations stays constant for samples in the tetragonal re-
gime and changes to nearly zero for the sample near and
beyond the morphotropic phase boundary. During the strain
measurements, this behavior is more like a constant change
with increasing Zr ratio. Considering the overall picture, the
change from a piezoelectric behavior to a more electrostric-
tive one for small opposing bias fields is visible in both the
calculations and the measurements.

The main difference and most interesting fact is again
coming from the result of the rhombohedral sample PZT
(60/40). As expected from the small-signal measurements,
the calculated strain curve is smaller than the calculated
curve of PZT (53/47). This is contradictory to the measured
strain curves gained during electromechanical large-signal
characterization. There, the rhombohedral sample yielded the
largest strain response of all samples. To elucidate the reason
for this discrepancy, it should be remembered that the model
calculations only take into account the intrinsic electrome-
chanical behavior and the indirect extrinsic influences on this
behavior. Also, measurement errors can be ruled out, since
the result is repeatable for different sample capacitors on the
sample. This leaves only one explanation for the high elec-
tromechanical strain in conjunction with decreased intrinsic
behavior: This sample shows a higher direct contribution to
the electromechnical strain than the other samples. Remem-
bering the fact that non-180° domain wall motions should
have no impact on the strain in (111) oriented materials, " it
should also be noted that this is only true for tetragonal ma-
terials and their 90°-switching processes. In rhombohedral
materials, the non-180° switching is achieved by switching
the spontaneous polarization either 71° or 109°. Therefore,
the extrinsic processes can contribute directly to the electro-
mechanical strain. Also, this finding is an evidence for non-
180° domain wall motions, which should be locked in thin
films due to substrate clamping, according to Ref. 25.

To summarize the results from analytical modeling, the
results gained during the measurements are reflected. Addi-
tionally, the domain configuration in saturation seems to be
more stable for compositions further away from the morpho-
tropic phase boundary. Also, thin films with rhombohedral
not only show non-180° domain wall motion, but also a sig-
nificant contribution of these motions to the electromechani-
cal large-signal strain S. Hence, these materials might be of
increased interest in future research.

VI. APPLICATION SUITABILITY

As a final step, the characteristic values for all measure-
ments and calculations are compared to check how they re-
flect the individual findings. Also, it is investigated how



124105-7 Gerber, Béttger, and Waser
100 A T T T T T T
A-.: 411500
'g 90t E Sma)’(- .
2 80—\’ A 2>
< A s
> 70} K £
. Yy
W oeof i {1000 £
& . 3 = a
g 50} K I P
o af 2
% RO I\ o
£ O o= p " 2
~e.r, 41500
20t 3 .- ™
10 L

30 35 40 45 50 55 60
Zr content [%]

Strain @+/- 300 kV/cm [1/1000]

30 35 40 45 50 55 60
Zr content [%)]

FIG. 8. Characteristic values of the (a) electrical [coercive field E, (line,
squares), remanent polarization P, (dashes, circles), peak &,,, (dots, up
triangles), and remanent &, (dots, down triangles) permittivity] and (b) elec-
tromechanical [peak piezoelectric coefficient ds; e max (line, squares), rem-
anent piezoelectric coefficient ds; o, (dashes, circles), measured (dots, up
triangles), and calculated (short dots, down triangles) strain S at +/
—300 kV/cm] behaviors vs the Zr content.

these values can be utilized to decide about the material suit-
ability for different applications. The four most interesting
electrical values: the coercive field E., the remanent polar-
ization P,, the peak e, and remanent &, permittivity are
given in Fig. 8(a).

The changed switching behavior is reflected by decreas-
ing coercive fields E, and remanent polarizations P, for in-
creasing Zr content. Looking at E, alone gives only limited
insight about the switching behavior, since both earlier
switching characteristics and starting/increasing backswitch-
ing can result in a decrease of E,. Additionally, looking at the
remanent polarization P, helps us to separate. For PZT
(30/70) and (40/60), P, is nearly constant, showing that the
decrease in E. is a result of earlier switching, but not of
backswitching, which only starts for higher Zr contents.
Also, P, is the main value to look for, if a suitable material
for memory applications is needed. Judging from these re-
sults, both PZT (30/70) and PZT (40/60) are equally suit-
able for memory applications. Since they show different co-
ercive fields, the optimum composition depends on other
requirements, e.g., if the material should be more resistant to
low voltage spikes [PZT (30/70)] or lower driving voltages
are required [PZT (60/40)]. In special cases of extreme low
driving voltages, even materials with a higher Zr content
might be selected, though their ability to store information
via utilizing P, is reduced.

The relative permittivity &, rises with increasing Zr con-
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tent until the material phase changes to rhombohedral upon
passing the morphotropic phase boundary. Hence, this figure
perfectly reflects the results about the Zr contents’ impact on
the intrinsic processes of the material. The increase in unit
cell size and center ion mobility is directly resulting in an
increased permittivity. This characteristic value is also the
most important for high-K applications, where the material is
used to substitute the silicon oxide layers normally utilized to
construct capacitors, e.g., in volatile memory chips. Here, the
remanent polarization has no importance, since no informa-
tion is to be stored in the ferroelectric material. On the con-
trary, a decreased E,. and P, might improve the tunability of
the device, since the small-signal capacitance changes more
for the same change of the bias field. Therefore, Zr rich
materials are the optimal candidates for this area of applica-
tion. However, until more research is done in the rhombohe-
dral regime, materials on the tetragonal side of the MPB
should be utilized. Hence, losses due to the increased extrin-
sic effects can be avoided.

Microelectromechanical systems (MEMSs) and surface/
bulk acoustic wave (SAW/BAW) devices have one thing in
common; they call for large electromechanical behavior in
the utilized material usually combined with a high electro-
mechanical coupling factor [Fig. 8(b)]. Depending on the
sample geometry, it might be easier to measure the sample
strain S or the small-signal coefficient ds; o¢. Also, the char-
acteristic value used for selecting the best material is depen-
dent on the application itself. The maximum and remanent
d33 ¢ are good values to reflect the intrinsic material behav-
ior. If the used driving field is small (e.g., SAW/BAW de-
vices), or the direct piezoelectric effect is to be utilized (e.g.,
sensor application), the remanent ds; .¢ should be used. Suit-
able compositions are PZT (40/60), PZT (45/55), and PZT
(48/52), with PZT (45/55) being the best candidate for
small-signal applications.

For large-signal applications, the maximum value of
d33 ¢ is of more interest. However, before selecting a mate-
rial by looking at ds; o1 alone, the large-signal strain S should
be taken into account. This is even more true for rhombohe-
dral materials, where direct extrinsic influences improve the
strain response even further, though the small-signal re-
sponses stay nearly constant or decrease slightly. Hence, Zr
rich and even rthombohedral [PZT (60/40)] materials should
be selected for large-signal applications. However, further
research is needed in the rhombohedral region before these
materials are used to a greater extent. For instance, the in-
creased extrinsic contributions might lead to an earlier me-
chanical fatigue of the device, even though ferroelectric fa-
tigue is avoided by unipolar driving.

VIl. CONCLUSIONS

The impact of the material composition on the electrical
and electromechanical properties of ferroelectric PZT thin
films was measured and modeled. Zr ions were found to
increase the unit cell size and force the preferred phase to
become rhombohedral above the MPB. The increased unit
cell size changes the switching behavior and increases the
intrinsic behavior of the unit cells. The latter is reduced by
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the phase change, which also introduces non-180° domain
wall motion, improving the large-signal strain. Additionally,
the domain configuration in saturation seems to be more
stable further away from the MPB. Finally, the most suitable
materials were selected for different applications.
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