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The effects of reversible and irreversible switching processes on the electromechanical large-signal

strain S of tetragonal Pb�Zrx ,Ti1−x�O3 thin films are investigated and discussed. Starting from

electric small- and large-signal measurements, the percentage of switched unit cells cesw is

calculated. The result is then used in combination with the measured electromechanical

field-induced small-signal response to calculate the field-induced large-signal strain S. Enhanced

models for this calculation are developed improving a known model. Differences between the

calculated and measured large-signal strains are discussed in respect to parameter influences and

irreversible contributions. In addition, detailed insight on the switching processes in respect to the

electromechanical properties is given. © 2005 American Institute of Physics.

�DOI: 10.1063/1.2146055�

I. INTRODUCTION

Ferroelectric Pb�Zrx ,Ti1−x�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, thorough research of

their properties is needed.
1–3

One object of the research done up to now was to dis-

tinguish the intrinsic and extrinsic contributions to the elec-

tric and electromechanical responses of the material.
4–10

One

approach is to measure the piezoelectric small-signal re-

sponse of the material caused by intrinsic �reversible� effects

and compare the integrated measurement results with the

measured large-signal response caused by reversible and ir-

reversible �extrinsic� effects. Hence, the intrinsic and extrin-

sic contributions can be separated.
10

As shown by Taylor and Damjanovic,
8

the piezoelectric

large-signal strain of �111�-oriented, tetragonal PZT thin

films is caused mainly by intrinsic effects. In this material,

the movement of domain walls has nearly no effect on the

piezoelectric-induced strain due to the possible orientations

of the polarization vectors inside the film.
8,9

Hence, piezo-

electric strain is mainly caused by a shift of the Ti/Zr ions

out of their stable state in combination with a geometric

distortion of the unit cells. This can be considered as a shift

of the Ti/Zr sublattice against the Pb/O sublattice. There-

fore, these sublattice shifts can be investigated with only

minor contribution caused by domain-wall movement.

Using this fact, it is possible to calculate the field-

induced electromechanical large-signal strain S directly from

the measurement of the field-induced electromechanical

small-signal response, if the applied model considers also

indirect extrinsic contributions, as they were found in

Ref. 11.

A model was used by Bolten et al.
12

This model intro-

duced two discontinuous jumps of the strain at the respective

coercive voltages. It is, however, limited to very “hard” PZT

materials with nearly absent backswitching during the tran-

sition from saturation to the remanent state. It also fails to

explain the fact why the measured strain curve is “open” in

saturation while the curve of the piezoelectric coefficient

d33,eff is “closed.” To explain these terms, one should con-

sider that during measurements in PZT thin films, the last

part of the d33,eff curve going to saturation shows the same

d33,eff values as the part going back from saturation to the

remanent state.
11

In some cases, even higher d33,eff values

were seen for increasing bias fields than the values measured

going back to remanence �crossing paths in saturations�.13

Finding an explanation for this behavior, which is contradic-

tory to the one seen in electric measurements, is thus one of

the goals of our work.

It is necessary to understand the effects of unit-cell

switching or domain-wall motions on the electromechanical

properties to find such an explanation. Hence, it is mandatory

to improve the calculation model for the large-signal strain

by introducing the indirect extrinsic influences found in

Ref. 11.

II. SAMPLE PREPARATION AND PROPERTY
MEASUREMENT

The PZT �45/55� thin films are prepared using chemical

solution deposition �CSD� on double-side polished

Pt�111� /TiO2 /SiO2 /Si substrates �1 in. �1 in. �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 mm2. The backside is finally an evaporation

deposited with Au to achieve a better reflectivity during in-

terferometric measurements.a�
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Film orientation was determined by standard �-2� x-ray

diffraction �XRD� and sample thickness is measured by a

Dektak profilometer. The piezoelectric weak-signal coeffi-

cient d33, large-signal strain S, and electrostriction coefficient

M33 are measured using a double-beam laser interferometer

with a minimum resolution of 0.2 pm. For coefficient deter-

mination, the fast measurement method proposed in Ref. 14

is used. For this work, only electrodes with an area of 1 mm2

were used in order to minimize pad size influences.
13

III. RESULTS

Figure 1 depicts the XRD measurements done to deter-

mine the orientation of the fabricated sample. The measured

PZT �45/55� samples are highly �111� oriented and show an

a/c ratio �1.021 �calculated peak positions�. No secondary

orientation peaks are found, indicating that no rhombohedral

phase is present in the samples. Also, the absence of a �001�
peak and the low intensity of the �100� peak lead to the

conclusion that most cells involved in switching are �111�
oriented. All measurements investigate PZT �45/55�, since its

piezoelectric response is larger than that of, e.g., PZT �40/60�
or PZT �30/70� and its composition is far away enough from

the morphotropic phase boundary to exhibit only tetragonal

switching.
15,16

The electric small-signal response shown in Fig. 2 was

measured in order to investigate the reversible processes in

the sample. As shown in Ref. 12, integration of this result by

Prev =
1

A
� C�V�dV �1�

can be used to calculate the reversible contribution to the

electric large-signal polarization. Figure 3 depicts both the

measured large-signal polarization P and the calculated re-

versible contribution Prev. After the curves have been sym-

metrized, the irreversible contribution to the polarization Pirr

can be gained by the subtraction of both curves:

P = Prev + Pirr ⇒ Pirr = P − Prev. �2�

The result of this calculation is also shown in Fig. 3.

The irreversible contribution is solely composed of ex-

trinsic switching effects, since intrinsic lattice shifts are re-

versible and therefore accounted for in the reversible re-

sponse measured. Hence, this result can be used to gain a

quantitative insight on the configuration of the domains or

unit cells, e.g., how many unit cells are switched in the posi-

tive Z direction. Of course, since most of the unit cells con-

tributing to switching are �111� oriented, their vector of spon-

taneous polarization does not point directly in the Z direction

but can be projected along the Z axis. Nonetheless, we can

define and calculate cesw, which is the percentage of cells

switched “upwards,” meaning their projected spontaneous

polarization vector points into the positive Z direction.

Before using cesw in further calculations, one should

note the fact depicted in the inset of Fig. 3. Here, the prox-

imity of the positive coercive voltage is zoomed in for a

detailed analysis. As can be seen, the curve of the large-

signal polarization P and the curve of the irreversible contri-

bution Pirr cross the zero value at different bias field

strengths. Since the Pirr is a figure for the unit cells switched,

its zero crossing is the point when exactly half of the con-

tributing unit cells are switched upwards and the other half

are switched downwards. The electric field applied at this

particular sample state is not the coercive field, since the

coercive field is defined as point of the zero large-signal

polarization P.

To explain this, the intrinsic contribution has to be in-

vestigated as well. No matter if a unit cell is switched up-

wards or downwards, its intrinsic, e.g., lattice shift, contribu-

tion to the polarization is in the field direction. Therefore, to

measure a zero large-signal polarization, slightly more cells

must be switched downwards than upwards in order to com-

pensate for the intrinsic polarization contribution �arrow in

FIG. 1. X-ray-diffraction scan of 130 nm PZT �45/55� measured after com-

plete sample preparation.

FIG. 2. Electric small-signal response measured on 130 nm PZT �45/55�
�fbias=1 Hz, fac=8 kHz, and Vac=100 mV�.

FIG. 3. Measured large-signal polarization P �line, fhyst=100 Hz�, calcu-

lated reversible polarization Prev �dashes�, and calculated irreversible polar-

ization Pirr �dots� of 130 nm PZT �45/55�.
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inset�. Hence, there is a difference between the coercive

fields measured in the large-signal polarization P and its ir-

reversible contribution Pirr.

Another noteworthy fact is that both curves P and Prev

were symmetrized along the P axis. Therefore, asymmetries

cannot be seen in either Pirr or cesw. Hence, unit cells con-

tributing to the intrinsic behavior of the sample but not to the

extrinsic switching processes are not accounted for during

the calculation. This has to be considered in the further use

of cesw.

To gain cesw, the irreversible contribution to the polar-

ization has to be normalized and shifted by the following

equation:

cesw = � Pirr

Pirr,max − Pirr,min

+ 0,5�100, �3�

where Pirr,max and Pirr,min are the maximal and minimal val-

ues of the irreversible contribution, respectively. Besides the

result of this calculation, the effective field-induced electro-

mechanical small-signal coefficient d33,eff is shown in Fig. 4.

As seen in prior measurements,
11,13

the d33,eff curve is closed

in the positive and negative saturations. On the other hand,

the cesw curve indicates an ongoing change of the switching

state of the sample. This can also be seen in the electric

large-signal polarization �Fig. 3� and the measured field-

induced electromechanical large-signal strain S, which is de-

picted in Fig. 5.

IV. MODELING OF THE LARGE-SIGNAL STRAIN

Also shown in Fig. 5 are the integrated d33,eff curve and

the sample strain calculated by the model introduced by Bol-

ten et al.
12

The former clearly shows why the simple integra-

tion of the electromechanical small-signal response by

S =� d33,effdE �4�

is insufficient to model the large-signal strain S. Since the

integration circles around the enclosed area in the d33,eff

curve, the resulting end point of the integration deviates from

zero by a value �S. This behavior is due to the missing

incorporation of the indirect extrinsic influences on the in-

trinsic response.
11

The simplest solution is to assume two abrupt switching

processes at the respective coercive voltages and add �S /2

at these points. As shown above, this model has several

drawbacks.

A first improvement of the model is to incorporate a

linear approximation of the switching behavior near the co-

ercive voltage. Investigation of either the polarization, the

d33,eff, or the cesw curve can be used to gain the field intervals

inside which �S /2 is then added continuously to the result of

the integrated d33,eff curve. The result is shown in Fig. 6

�dots�. Though this improvement can model backswitching

of the sample to a certain degree, it is still insufficient to

explain any switching effects during saturation of the

sample. Hence, the calculated strain curve is still closed in

these regimes.

The next step is to fully use the knowledge about the

switching state cesw of the sample and expand Eq. �4� to

S =� d33,effdE +
�S

2
cesw �5�

for calculations coming from negative saturation and going

to positive saturation and

FIG. 4. Calculated percentage of unit cells switched cesw �line�, measured

effective electromechanical small-signal response d33,eff �dashes, fbias

=1 Hz, fac=8 kHz, and Vac=100 mV�, and calculated electromechanical

small-signal response per unit cell d33,c �dots� of 130 nm PZT �45/55�.

FIG. 5. Measured electromechanical large-signal strain S �line, fbias

=123 Hz�, integrated electromechanical small-signal response �dashes�, and

calculated electromechanical large-signal response �the model of Bolten et

al., dots� of 130 nm PZT �45/55�.

FIG. 6. Measured electromechanical large-signal strain S �bold line, fbias

=123 Hz� and calculated electromechanical large-signal response �miscella-

neous models, line, dashes, and dots shifted along the strain axis for im-

proved readability� of 130 nm PZT �45/55�.
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S =� d33,effdE +
�S

2
�1 − cesw� �6�

for the calculation of the other direction of bias changes. As

can be seen from Fig. 6 �dashes�, this calculation is able to

model the switching influence near the coercive voltage and

in saturation.

However, the used equations have a drawback: They as-

sume that each switching process has the same impact on the

sample strain S. As was indicated in Ref. 11, the intrinsic

strain change of a switching unit cell �lswitch is dependent on

the strain �l of the unit cell before the switching process.

Hence, the influence of a single extrinsic switching process

on the intrinsic sample strain should increase for higher

sample strains S at the time of the switching.

In order to improve the equations, the intrinsic strain of

the sample has to be investigated in more detail. One ap-

proach is to think of the strain of the sample as the sum of

the strains of all unit cells. Also, unit cells switched in op-

posite directions strain against each other and therefore de-

crease the large-signal strain S of the sample. Hence, the

large-signal strain of the sample can be calculated by

S =� d33,ce,upcesw + d33,ce,dw�1 − cesw�dE , �7�

where d33,ce,up and d33,ce,dw are the effective electromechani-

cal small-signal coefficients of the unit cells switched up-

wards and downwards, respectively. Since these values are

unknown, the approximation

d33,ce,up = − d33,ce,dw = d33,ce �8�

is used. However, as can be seen in Fig. 4, where d33,ce was

calculated by

d33,eff = d33,cecesw − d33,ce�1 − cesw� = d33,ce�2cesw − 1� ⇒ d33,ce =
d33,eff

�2cesw − 1�
, �9�

the values are decreasing monotonously for increasing posi-

tive bias fields above the coercive field. Therefore, the abso-

lute value should be increased for unit cells oriented against

the direction of the applied electric field. Hence, the errors

are introduced to the model by this approximation. Addition-

ally, the combination of Eqs. �7� and �9� leads only back to

Eq. �4�, since any extrinsic influences are lost.

However, Eq. �7� can also be written as

S = Sce,upcesw + Sce,dw�1 − cesw� , �10�

where Sce,up and Sce,dw are the electromechanical large-signal

strains of the unit cells switched upwards and downwards,

respectively, or, using the approximation

S = Sce�2cesw − 1� . �11�

Here, the large-signal sample strain is proportional to

�2cesw−1�. This can be used to incorporate changes of the

sample switching state in a stepwise calculation of the large-

signal sample strain:

Si+1 = �Si + d33,r,i+1�Ei+1 − Ei��
�2cesw,i+1 − 1�

�2cesw,i − 1�
. �12�

While the first part is the simple numerical integration

equivalent to Eq. �4�, the second part accounts for changes of

the sample switching state. The result of this calculation is

also shown in Fig. 6 �line�.

V. DISCUSSION

This model, despite the approximation used, is able to

reflect switching influences on the large-signal strain S near

the coercive field and in saturation. The shape of the result-

ing curve is comparable to the measured large-signal strain.

However, several differences are notable. First, the coercive

field is decreased in the calculated curve, which can be at-

tributed to the difference of the measurement frequency.
12

Second, the maximum value of calculated strain is decreased

in comparison to the measured value. This can result from

the approximation �Eq. �8�� used as well as influences of the

measurement parameters or direct extrinsic effects. The clari-

fication of the cause for the latter difference will be investi-

gated in the future.

Another interesting fact to note is that the final model

does not need any precalculation of the small-signal coeffi-

cient d33,eff to gain �S. Instead, it is sufficient to shift the

curve for the switching state of the unit cells cesw along the

cesw axis in order to account for unit cells clamped into one

direction. This is done until the resulting strain curve has the

same start and end points of zero strain at a bias field of zero.

Thus, it is found that approximately 8% of the active unit

cells are clamped into the negative Z direction. Hence, the

model is also the one able to account for asymmetries in the

switching behavior.

The errors introduced by the approximation should be

negligible in saturation, since most of the unit cells are

switched into the same direction. Hence, the model should be

accurate in this regime and shows clearly that the curve is

open though the measured curve for the electromechanical

small-signal coefficient d33,eff is closed in saturation. This

indicates that the electromechanical small-signal behavior of

the sample can be the same for different strains and/or

switching configurations. A first explanation for this fact can

be found by investigating an increase in the percentage of

unit cells switched in the positive Z direction under an ap-

plication of a constant bias field. If the field is also applied in
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the positive Z direction, the sample strain would increase due

to lesser cells trying to contract the sample. Hence, the in-

trinsic strain of each unit cell is increased as well. Combin-

ing this with the decreasing electromechanical small-signal

behavior for increasing fields and/or strains, this would lead

to a decrease of the coefficient d33,ce of the unit cells. Thus,

the resulting electromechanical small-signal coefficient d33,eff

of the sample is either increased, equaled, or decreased in

comparison to the value before the switching process. One

method of finding further proof for this model could be the

numerical simulation of a system containing multiple unit

cells. This simulation could also lead to further insights pro-

viding a method to gain the values of d33,ce,up and d33,ce,dw

from the measurements and improving the presented model

even further.

VI. CONCLUSIONS

The influences of reversible and irreversible switching

processes on the electromechanical large-signal strain S were

discussed in detail. By calculating the percentage of switched

unit cell cesw, it was possible to improve the older model for

the calculation of the field-induced electromechanical large-

signal strain S. Differences between the calculated and mea-

sured large-signal strains were discussed and explained. In

particular, the behavior in sample saturation was investi-

gated. Finally a model was presented elucidating this behav-

ior.
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