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Abstract

Ferroelectric thin films develop large residual stresses and preferred crystallographic
orientation during processing which can effect electromechanical properties and performance.
The present work investigates the effects of stress on field-induced polarization switching in
ferroelectric PZT (52/48) thin films. Film response is measured as a function of externally
applied mechanical stress using a double-beam laser-Doppler heterodyne interferometer. This
apparatus successfully eliminates any displacement contribution from flexural vibration of the
substrate and enables measurement of the strain-electric field hysteresis loops as a function of
applied stress. The field-induced strain in the PZT film increases with increasing compressive
stress, while the opposite trend is observed for applied tensile stress. The dependence of
electromechanical response on the external stress is attributed to the initial tensile residual stress
state in the film. Tensile stress creates an in-plane clamping effect on the domains in the film,
hindering polarization switching. The application of a compressive stress reduces tensile
residual stress in the film and the constraint on the domains; hence more 90° polarization
switches are allowed to occur under applied electric field, leading to higher field-induced strains.
Applied tensile stress amplifies the clamping effect, leading to lower field-induced strains.
Experimental observations are consistent with numerical simulations based on existing
micromechanical models of polarization switching.
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1. Introduction

Ferroelectric films were developed in the early 1960s to extend electromechanical
transducers to higher frequencies (Foster, 1964). Interest in the processing and properties of
ferroelectric thin films has continued to grow during the past three decades. Compared with their
bulk counterparts, thin film ferroelectric ceramics have several advantages for use as active
elements in electromechanical devices. One of the most important advantages is small inertia
mass, which enables higher cut-off frequencies and wider operational bandwidths for
electromechanical devices and makes ferroelectric thin films promising for high-frequency
transducer applications. Another key advantage of ferroelectric thin films is the large energy
density that can be achieved due to high dielectric strength. Breakdown strengths on the order of
10® V/m have been reported (Li et al., 1993). As a result, the films are desirable for micro-
sensors, micro-actuators and ultrasonic motors (Morney et al., 1989, Wenzel et al., 1988, Polla et
al., 1986). A third advantage of ferroelectric thin films is the low driving voltage and relatively
rapid speed of polarization switching for use in nonvolatile random-access memory and
switching capacitors for integrated circuitry (Frey et al., 1993, Bondurant et al., 1989).
Additionally, new types of ferroelectric thin films that can achieve switching strains approaching
1% are in development. Among the many families of ferroelectrics, perovskite Pb(Zr,Ti, )0, (or
PZT) thin films are the most extensively fabricated and used due to their remarkable
ferroelectric, piezoelectric, and pyroelectric properties, especially when the composition is near
the morphotropic phase boundary (x~0.5).

Several different deposition methods have been used to prepare ferroelectric thin films,
including chemical vapor deposition (Nakagawa et al., 1982), sputtering deposition (Surowiak et
al., 1978), sol-gel techniques (Budd et al., 1985), and laser ablation deposition (Kidoh e? al.,
1991). Sol-gel processing is the most popular deposition method since it is relatively
inexpensive and compatible with a wide variety of substrate materials. A typical sol-gel
deposition includes four steps. First, a precursor solution is prepared according to compositional
requirements. Next, the precursor solution is cast onto a substrate (usually Si) spinning at
approximately 3000 rpm. The film and substrate are then heat treated after each layer is
deposited to remove volatile organic species. Finally, after several layers are deposited, the
substrate and the piezoelectric layers are fired at high temperature (usually above 600°C) to
promote densification and crystallization.

Since the fabrication of ferroelectric thin films involves growth of the film on a substrate of
different material and high temperature treatment, significant residual stress develops in the film
after processing. The total residual stress in the polycrystalline film consists of intrinsic and
extrinsic contributions. The intrinsic stress is induced by shrinkage and constrained densification
during drying and firing, formation of intergranular stresses as anisotropic grains grow and by
structural transformations at the Curie temperature. Extrinsic thermal stresses are induced upon



cooling due to the mismatch between the developing thermoelastic properties of the film with
those of the substrate, while further extrinsic stress originates from the lattice parameter
mismatch between the film and the substrate. Residual stresses on the order of several hundred
MPa have been reported for various ferroelectric thin films (Sengupta et al., 1998, Lappalainen
et al., 1997, Spierings et al., 1995, Ong, 2001).

Several researchers have attributed changes in ferroelectric film structure and properties to
the residual stress state. Tuttle et al. (1992) reported that the sign of the film stress at the Curie
point controls the orientation of the domain structure and thus, the switchable spontaneous
polarization and strain in PZT thin films. Compressive stresses upon cooling through the Curie
point resulted in domains with their c-direction and polarization vector normal to the film
surface, while tensile stresses induced domains with their a-direction normal to the surface and
with polarization vector in the plane. As a result, PZT films deposited on sapphire under
compressive residual stress exhibited superior ferroelectric properties as compared to films
deposited on silicon substrates under tensile residual stress. Kweon ef al. (1997) also found that

the c-axis orientation ratio was related to the intrinsic stress generated during deposition of lead
titanate films.

Reduction in the residual stress state due to annealing has led to measurable changes in
the poling direction and switching behavior of PZT films (Spierings et al., 1995). Lappalainen et
al. (1997) have also reported an increase in dielectric constant and a decrease in coercive field
with decreasing residual stress for Nd-modified PZT films. Garino and Harrington (1992)
studied residual stress effects in sol-gel derived PZT films on platinized Si wafers. Tensile
residual stresses of several hundred MPa were measured. The influence of these stresses on
ferroelectric properties was ascertained through electrical measurements on a film with and
without the application of an external mechanical stress. Decreasing the tensile residual stress in

the film by ~30% was found to increase the remanent polarization by ~11% and the dielectric
constant by ~2%.

More recently, Lian and Sottos (2000) reported significant changes in the properties of PZT
thin films with different thickness and crystallographic orientation. The measured piezoelectric
constants, field-induced strains and dielectric constants all decreased with diminishing film
thickness. 1In addition, films with (100) preferred orientation had higher piezoelectric
coefficients, smaller loss factors, and higher saturation and remnant polarizations than films with
(111) preferred orientation. The thickness and crystallographic orientation dependence of the

electromechanical properties was attributed to the residual stress state in the film, which is also
dependent on thickness and processing conditions.

In bulk ferroelectric ceramics, applied compressive stress is known to have a significant
effect on electromechanical behavior. Cao and Evans (1993) investigated the stress-induced
depolarization in poled hard and soft PZT. The strain and depolarization were measured




continuously while uniaxial compressive stress was applied either parallel or perpendicular to the
poling direction of a'compression cuboid. Both materials were nonlinear when the stress in the
poling direction exceeded ~20 MPa, and exhibited permanent deformations (~0.5%) and residual
depolarization (~80%) after exposure to stresses above 500 MPa. Lynch (1996, 1998) measured
strain-electric field and polarization-electric field hysteresis loops of PLZT and PZT at various
compressive stress levels. Both the field-induced strain and field-induced polarization decreased
significantly as the compressive stress parallel to the electric field was increased. The significant
effects of applied stress observed in bulk ferroelectric ceramics provide strong evidence for the

possibility of stress induced switching behavior in ferroelectric thin films under high levels of
residual stress.

The present work investigates the influence of applied stress on field-induced polarization
switching in ferroelectric PZT (52/48) [Pb(Zr,5,Tiy45)05] thin films. The field-induced strain in

the film is measured using laser interferometry while an external stress is applied by bending the
substrate.

2. Constitutive Behavior

Ferroelectricity is defined as the reversibility of the direction of the electric dipole in a polar
crystal by means of an applied electric field and can occur only in the 10 pyroelectric crystal
classes that contain a unique polar axis (an electric dipole moment) in the unstrained condition
(Jaffe, 1971). Many ferroelectric ceramics, such as BaTiO,, and Pb(Zr,Ti)O;, crystallize in the
perovskite structure. The unit cell of an ABO; perovskite type oxide is shown schematically in
Fig. 1 to illustrate the typical ferroelectric switching process. The ABO, perovskite structure
contains an A cation at each corner, a B cation in the body center and an O?~anion at the center
of each face of the unit cell. The coordination numbers of A and B are 8 and 6, respectively. At
temperatures above the Curie point, the unit cell is cubic symmetric, has no polar axis, and
therefore is not ferroelectric (Fig. 1a). If the temperature drops to a level below the Curie point,
phase transformation occurs and the unit cell spontaneously changes to a tetragonal,
orthorhombic, or rhombohedral shape, depending on material and composition state and
becomes polar (only the tetragonal unit cell is shown in Fig. 1b). Relative displacement of the
positive and negative ions results in a dipole moment and spontaneous strain. The dipole
moment per unit volume is the polarization. The coupling between strain, polarization, stress,
and electric field is a consequence of this polar structure.

Under small loads, the polarization and strain of the unit cell undergo reversible changes
proportional to the applied electric field or stress. These linear effects are the direct and
converse piezoelectric effects. If the electric field in a direction other than that of the current
polarization exceeds the coercive field, the central ion moves to another of the six off-center



tetragonal sites (Fig. 1b). This field results in a change of the polarization direction to one most
closely aligned with the electric field and a change in the direction of the spontaneous strain
associated with the polar axis. A similar phenomenon occurs if stress larger than the coercive
stress is applied to the unit cell. However, only 90° (70.5° or 109.5° in the rhombohedral
structure) polarization switching can be induced by applied stress (Fig. 1c). This phenomenon is
called ferroelastic switching. Ferroelectric and ferroelastic polarization switching together with
linear elastic and piezoelectric effects are the source of the unique constitutive behavior of
ferroelectrics, which can be expressed as

& =5,0,+d,E +¢& (1)
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where ¢,, D, o,, E,, s, d,, and k; are the total strain tensor, the total electric displacement

vector, the mechanical stress tensor, the electric field vector, the elastic compliance tensor, the
piezoelectric tensor and the dielectric permittivity tensor, respectively. The terms g; and P" are

the remanent strain and polarization caused by polarization switching, and are obtained upon
removal of electrical and mechanical loading, respectively.

A ferroelectric ceramic is an agglomeration of small single crystals that consist of many unit
cells. As the temperature cools through the Curie point, the unit cell deforms, usually with a
lengthening in the direction of the polar axis. Since each unit cell has its own polarization
direction, a high-energy state occurs due to the incompatibility of the spontaneous strain and
polarization between neighboring unit cells. The total energy within each single crystal or grain
is minimized by the formation of domains, which are regions that have common orientation of
the spontaneous dipole. Adjacent domains are separated by domain walls. The formation of
domains also results in small average strain and polarization in each grain and minimizes
intergranular incompatibility and stresses. When an electric field above the coercive field is
applied to the ceramic, ferroelectric switching occurs. This switching results in domain wall
movement and incompatible strains and polarizations. Domain wall motion is an energy

dissipating process due to anharmonic lattice interactions and pinning defects such as dopant
ions and vacancies.

Constitutive models to describe the nonlinear response of ferroelectric ceramics can be
classified into two broad groups. One group is based on general thermodynamic theory and the
second is based on micromechanical behavior of grains. Bassiouny et al. (1988 a, b, c, and d)
have developed a thermodynamic framework for coupled electromechanical hysteresis effects
using internal variable theory. Electric polarization is chosen as the internal variable and the
dissipation inequality is decomposed into a rate independent and a rate dependent part. The free
energy function is expanded into third order polynomial in strain and polarization to include




nonlinear effects such as electrostriction. Bassiouny’s theory is capable of predicting
electromechanical hysteresis effects and mechanical and electrical “hardening” in continuous
ferroelectric media. Kamlah et al. (1997) also report a macroscopic constitutive model based on
internal variable theory that is able to predict butterfly hysteresis (strain vs. electric field) and
dielectric hysteresis (polarization vs. electric field) behavior as well as the effects of uniaxial
stress, but is limited to one-dimensional loading. Since the thermodynamic based models are
phenomenological in nature, they are not able to account for microstructure such as grain size
and orientation effects.

In the second group of models based on the microscopic behavior of the grains, each
crystallite is represented as a spherical inclusion in an infinite homogeneous matrix with average
properties of the ceramic. Polarization switching of an individual grain is considered the source
of the classic butterfly shaped strain versus electric field curves and the corresponding electric
displacement versus electric field loops. If the electrical and mechanical energy reduction of
each grain exceeds a critical energy barrier, then switching occurs. The macroscopic behavior is
controlled by the combination of the average microscopic switching behavior and the reversible
linear behavior. In the model proposed by Hwang et al. (1995), the polarization and strain for an
individual grain are predicted from the applied electric field and stress through a Preisach
hysteresis model (Macki et al., 1993). The response of the bulk ceramic to applied loads is
predicted by averaging the response of individual grains with random orientation. This model
has been modified to include additional terms that account for the interaction of local granular
strains and polarizations with the volume average polarization of the ceramic (Lynch et al., 1995,
Hwang et al., 1998a and b), saturation of the linear piezoelectric effect, structural change
between tetragonal and rhombohedral, and phase transformation between anti-ferroelectric and

ferroelectric phases (Chen ez al., 1998a and b). The additional terms help give a better
representation of real material behavior.

Hwang and McMeeking (1998b and c) have also developed a finite element model of
switching in polycrystalline ferroelectric ceramics. In the simulation, each crystallite is
represented by a cubic finite element with the crystallographic principle direction of each
crystallite assigned randomly. The model assumes a crystallite switches if the reduction in
potential energy of the system exceeds a critical energy barrier per unit volume of switching
material. In all of the models discussed above, domains are assumed to switch completely
between distinct states of strain and polarization. However, experimental observations indicate a
single crystal switches by progressive movement of domain walls. Huber ez al. (1999) have
developed a constitutive model drawing upon self-consistent crystal plasticity theory to predict
the progressive switching of each crystal. This model is able to capture the qualitative features
of ferroelectric switching, such as butterfly and dielectric hysteresis loops. Due to the theoretical
complexity, the model is not straightforward to implement and no quantitative comparison with
experimental has been reported to date.



The micro-electro-mechanical model of Hwang et al. (1998a and b) captures the
nonlinearities and hysteresis associated with the orientation distribution of the grains. In
particular, it is able to predict the characteristic dielectric hysteresis in the electric displacement
versus electric field response and ‘butterfly’ hysteresis in the strain versus electric field curve.
Chen and Lynch (1998a) successfully implemented this model to simulate the depolarization
effect of compressive stress and ferroelastic response in bulk 8/35/65 PLZT. Predictions were in

close agreement with experimental values. In the current work, this model is applied to interpret
the in-plane stress effects in ferroelectric thin films.

3. Stress Effect on Beam Deflection

Measuring the effect of stress on the field-induced strain in a ferroelectric thin film is
challenging due to the planar geometry and small out-of-plane displacements. Traditional
piezoelectric measurement techniques such as the resonance method and the strain gage method
used for bulk ferroelectrics are not suitable for films. In addition, the experimental set-up must
allow for the application of an external stress and direct measurement of the deformation of the
film. Several high-resolution interferometric techniques have been adopted for characterizing
‘thin-film response. Li et al. (1994, 1995, 1996) constructed a single-beam Michelson
interferometer to study the electromechanical coupling of a variety of ferroelectric thin films
over a wide range of frequencies. Kholkin et al. (1996) used a modified Mach-Zender
interferometer to investigate the electric field, frequency and time dependent piezoelectric
response of PZT thin films. While Michelson and Mach-Zehnder interferometers have high
resolutions, both are sensitive to the surrounding environment and require significant effort to
align the laser beams and stabilize the working point. Lian and Sottos (2000) developed a
robust, laser-Doppler heterodyne interferometric technique to quantify changes in the dys
piezoelectric coefficients and field-induced strains of rigidly mounted PZT thin films. This
single beam interferometric method was used initially in the current study to measure field-
induced displacements in films subjected to applied stress.

PZT thin film samples were obtained from NZ Applied Technologies (Wolburn, MA)
with a Zr/Ti ratio of 52/48. The films were deposited on platinized silicon wafer substrates using
the sol-gel technique and cut into rectangular beams. The crystallization behavior of these films
was examined at room temperature by x-ray diffraction and the microstructure was evaluated by
scanning electron microscopy (Lian and Sottos, 2000). Samples tested in the current study had
well aligned columnar grains with a preferred (100) orientation.

Stress effects were investigated by applying a static bending load to the film and substrate
using the apparatus shown in Fig. 2. One end of the beam sample is clamped onto a mirror
mount, which can be manually adjusted for angular tilt when aligning the interferometer. A load




cell (Sensotec, Model 31/1426-03) attached to a translation stage, which moves perpendicularly
with respect to the sample surface measures the force applied at the free end of the cantilever
beam. The amount of force applied is controlled by the position of the translation stage. A high
performance process indicator (OMEGA, Model DP41-S) supplies the excitation voltage to the
load cell and displays the output from it.

The single-beam laser Doppler heterodyne interferometer described in Lian and Sottos
(2000) is used to measure the deflection of the entire beam sample under different compressive
stress levels. A schematic of the beam sample used in the interferometric measurements is
shown in Fig. 3. Gold electrodes of 1 mm in diameter are evaporation-deposited onto the top
surface of the PZT film through a shadow mask. A portion of the PZT layer at the corner is
etched away to leave the Pt layer exposed for the bottom electrode. Electric contacts are made to
the top and bottom electrodes with fine copper wires of 0.001” in diameter. Prior to any
interferometric measurements, a static point force is applied at the end of the cantilever beam
sample by adjusting the position of the translation stage. The uniaxial stress in the PZT film due
to bending of the substrate is calculated using beam theory. The interferometer is then carefully
aligned and the portion of the unpoled film between the bottom and top electrodes is driven by a
large sinusoidal 1.0 kHz ac electric field. During the experiment, the sample is translated
horizontally at a speed of 5 pm/s while the lock-in amplifier recorded amplitude of the out-of-
plane velocity at each point on the scan across the film surface. After the displacement data are

recorded, the magnitude of the static point force is changed and the interferometric measurement
repeated.

A plot of the beam displacement as a function of applied load is shown in Fig. 4. A
significant increase in displacement due to excitation of the film is observed for increasing
values of applied compressive stress. The measured beam displacements are large compared to
the film displacements reported in Lian and Sottos (2000). While the cantilever mounting
method enables the application of an external load, it also allows flexural deflection of the
substrate when the ferroelectric film is activated. Without a rigid back mount, the entire beam is
excited by the small portion of the film under the electrode. Nevertheless, the vibration of the
beam is due solely to the deformation of the film induced by applied electric field and the

displacement data in Fig. 4 indicate that the response of the film depends significantly on the
applied stress.

As discussed in the Introduction, the residual stress in PZT films deposited on platinized
Si substrate has been measured previously by several researchers (Garino et al. 1992, Spierings
et al. 1995, Lappalainen ef al., 1997, and Ong 2001) and found to be tensile with a magnitude
greater than 100 MPa . Although the residual stress was not measured directly for the films
tested, the experiments reported previously by Ong (2001) and others indicate that the PZT
(52/48) films investigated in the current project are in a state of residual tension. Although the



initial residual stress state in the film is biaxial, the application of biaxial stress is prohibitive due
to the beam-like sample geometry. As a result, only the residual stress in the longitudinal
direction of the beam is relieved or intensified during the bending experiment. The increased

displacement response with the application of compressive stress in Fig. 4 is attributed to the
relief of residual tensile stress in the film.

4. Double-beam Heterodyne Interferometer

The deflection of the beam must be eliminated from the experimental measurements to
explicitly investigate stress effects on film response. A double-beam interferometer in which the
probing beam reflects from both the front and back surfaces of the sample (Fig. 5) was
constructed by modifying the single beam heterodyne interferometer configuration reported in
Lian and Sottos (2000). The bending contribution of the substrate is removed by the exact
cancellation of the optical path-length change of the two beams impinging on the sample. This
type of interferometer was first described by Zhang et al. (1989) for strain measurements in bulk

ferroelectric materials and later was modified to measure the response of piezoelectric thin films
by Kholkin e? al. (1996).

The full optical arrangement of the double-beam Doppler heterodyne interferometer is
shown in Fig. 6. A single frequency, linearly polarized laser beam of wavelength 514.5 nm from
an argon laser (Lexel Laser model 3500) is incident upon a 40 MHz acousto-optic modulator
(AOM) producing two beams which are sent along different arms of the interferometer. One
beam is shifted in frequency by 40 MHz and used as a reference beam. The other beam, which
has the same frequency as the beam incident upon the AOM, is directed to the back side of the
substrate first and then reflected to the front surface of the film and sharply focused at normal
incidence onto a point just opposite to the probing point on the other side. The A/2 plate is used
to rotate the polarization vectors of the sample and reference beams to the horizontal direction.
The combination of the polarizing beam splitters and the quarter-wave plates in the probing arm
of the interferometer reduces the light loss of the sample beam. The convex lenses L-1 and L-2
have the same focal lengths. They are mounted onto translation stages and their positions are

carefully adjusted so that the reflecting surfaces of the sample are exactly in the focal planes of
the lenses.

In order to completely eliminate the substrate bending effect, the laser beams hitting the
back and front surfaces of the sample must be colinear. By placing a partial reflective mirror in
the position of the sample and then carefully adjusting the tilt angle and position of the polarized
beam splitter (PB-2) and lens (L-2), the laser beams passing through and reflected back from the
partial reflective mirror can be aligned on top of each other. The reference and sample beams are
recombined at the nonpolarizing beam splitter. The resulting interference pattern at the surface




of the photodetector produces a voltage proportional to the intensity of light focused on it. The
frequency of the interference signal received by the photodetector is equal to 40 MHz plus or
minus the instantaneous Doppler frequency shift. The principle of operation and instrumentation
of this double-beam interferometer is the same as that described in Lian and Sottos (2000) for the
single-beam Doppler heterodyne interferometer except that an oscilloscope (Tektronix, TDS

420) is used instead of the lock-in amplifier to measure the transient field-induced strains in the
PZT film.

As for the single beam interferometric measurements, a static point force was first applied to
the end of the cantilever beam sample by adjusting the position of the translation stage. The
double-beam interferometer was carefully aligned so that sample beam was focused onto the
center of the top electrode. The portion of the unpoled film between the bottom and top
electrodes was then driven by a large sinusoidal 1.0 kHz AC electric field. An averaging
function of the digital oscilloscope was used to acquire the signal from the vibrometer controller.
The time-dependent out-of-plane deformation of the film was obtained by integrating the output
signal of the oscilloscope with respect to time. After the data was recorded, the magnitude of the

static point force was changed and the interferometric measurement was repeated at the same
point on the film surface.

5. Results and Discussion

The film chosen for the double-beam interferometric measurement was 1.6 um thick with a
(100) preferred orientation. The width, length and thickness of the beam were 9 mm, 60 mm
and 0.38 mm, respectively. The displacement profile in the vicinity of the activated top electrode
was measured first with no applied stress to ensure the bending contribution of the substrate was
completely eliminated. The amplitude and frequency of the driving voltage applied were 20
volts (peak to peak) and 1.0 kHz, respectively. The displacement quickly diminished outside the
electroded areas indicating that the bending contribution of the substrate was successfully
subtracted from the measurement by using the double-beam interferometric technique.

Typical butterfly-type strain hysteresis loops are shown in Fig. 7a for the PZT film under
increasing compressive bending load. Each loop represents an average of 10,000 cycles. As the
external compressive stress in the film increased from zero to -48 MPa, the field-induced strain
increased about 18%. In addition, strain hysterisis loops were measured for the PZT film under
increasing tensile bending load (Fig. 7b). As the external tensile stress in the film increased from
zero to 44 MPa, the field-induced strain decreased about 26%.

To gain further insight into the experimental observations, the micro-electro-mechanical
model developed by Hwang et al. (1998) was used to simulate the response of a representative
tetragonal ferroelectric ceramic subject to biaxial in-plane stress and electric field. The
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theoretical formulation and numerical implementation of this model are summarized in the
Appendix. Because all of the electromechanical properties of the ferroelectric thin films are not
well characterized and expected to be quite different from that of bulk material with the same
composition, only a qualitative comparison can be made with experiments. Notwithstanding
this, the numerical simulation offers physical insight into the polarization switching process
under general states of stress and electric field.

The microstructure and behavior of lead zirconate titanate (PZT) is closely related to its
composition. The unit cell changes from orthorhombic, rthombohedral to tetragonal as the mole
% of PbZrO, decreases from 100 to 0. Since the model of Hwang et al. (1998) assumes
tetragonal unit cells and the PZT film investigated in the current work has a composition of
52/48, data for a PZT that has tetragonal unit cells and a composition equal or close to 52/48 is
desired for the numerical simulation. Experimental data reported by Saito and Hori (1994) on
bulk, polycrystalline tetragonal 53/47 PZT are chosen for the numerical simulation to extract

material constants and parameters. The values of all relevant model parameters are listed in
Table 1.

The transverse biaxial tensile stress effect on the electro-mechancial behavior of 53/47 PZT
with preferred orientation is predicted using the numerical procedure summarized in the
“Appendix. Biaxial tensile stress in the plane perpendicular to the electric field is gradually
introduced and held fixed after reaching a certain value. An electric field is then introduced and
cycled between the positive and negative limits. Fig. 8 contains longitudinal strain versus
electric field hysteresis loops for increasing values of transverse, biaxial tensile stress. Both the
shape and magnitude of the field-induced strain hysteresis loops change significantly with the
application of stress. The in-plane stress creates a clamping effect that prevents 90° polarization
switching in alignment with the electric field and decreases the overall field-induced strain. This
result is similar to the effect of compressive stress applied parallel to the poling field reported by
Lynch (1998) for bulk PZT. The field-induced strain loops measured for the thin films in Fig. 7
lack a sharp turn-around at the peak field and are qualitatively more similar to the curves
predicted under biaxial loading. Fig. 9 shows the longitudinal strain versus electric field
hysteresis loops under biaxial tensile stress as the magnitude of stress in one direction is reduced,
while the other is held constant (similar to the bending experiments). The reduction of the
tensile stress leads to an increase of the field-induced strain and electric displacement. These
results are also in qualitative agreement with the thin film response reported in Fig. 7.

Both the results of the bending experiments and the model simulations indicate that the initial
tensile residual stress state in the films creates an in-plane clamping effect on the domains. The
application of a compressive stress relieves the tensile residual stress in the film and the
constraint on the domains, hence more 90° polarization switches are allowed to occur under
applied electric field, which leads to higher field-induced strains (Fig. 7a). On the other hand,
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the application of tensile stress amplifies the clamping effect, which leads to decreased field-
induced strains in the film as the external stress increases (Fig. 7b). '

Residual stress effects appear to play a critical role in determining the properties and
performance of ferroelectric thin film structures. These effects will become even more dominant
as the characteristic length scale of film devices becomes smaller and smaller. Ong (2001)
recently reported that the residual stress in PZT films processed by the sol gel technique
increases significantly with diminishing film thickness. Changes in the residual stress state with
film thickness are likely to be the primary cause of the dramatic decrease in field-induced strains
with decreasing film thickness measured by Lian and Sottos (2000). Integration of
electroceramic thin films is a critical technology for the realization of future
microelectromechanical (MEM) device applications such as miniaturized sensors and actuators,
ultrasonic motors and optical elements as well as nonvolatile memory and switching capacitors
for integrated circuitry. A key issue is the ability to rapidly pattern films into fine-scale
architectures without degrading properties or performance characteristics. Understanding the
effects of residual stresses developed during processing on film properties and how to tailor these
stresses for optimal device performance is essential to advance this technology for the next
generation of electromechanical devices.

6. Conclusions

PZT (52/48) film response was measured as a function of externally applied mechanical
stress using laser-Doppler heterodyne interferometry. Mechanical stress was applied by static
beam bending, and the displacement profile of the film/substrate beam was measured with a
single beam interferometer. The displacement of the beam was found to increase as the applied
uniaxial compressive stress in the PZT film increased. A unique double-beam laser-Doppler
interferometer was built to isolate the electric field response of the film from that of the vibration
of the substrate. Application of a compressive bending stress to relieve the tensile residual stress
in PZT (52/48) film increased the field-induced strains. The opposite effect was observed for
application of a tensile stress. Experimental observations are consistent with numerical
simulations based on existing micromechanical models of polarization switching. Overall, these
results indicate that the initial residual stress state in the film has a significant influence on
electromechanical performance of the film.
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Appendix

The micro-electro-mechanical model developed by Hwang et al. (1998a and b) considers the
ferroelectric ceramic as an aggregation of many randomly oriented grains. The crystal structure
of each grain is assumed tetragonal as shown in Fig. 1 (thombohedral structure is not
considered). Each crystallite obeys the constitutive law described by egs. (1) and (2).
Inhomogeneities in the local electric and stress fields are ignored so that each crystallite is
subjected to the same loading condition. All material properties are assumed to be uniform in
each crystallite but can differ from that of other crystallites. A global Cartesian coordinate

system is fixed in space and all components of vectors and tensors in egs. (1) and (2) are referred
to the global coordinate system.

In order to simplify the simulation, the crystallite is modeled as elastically and dielectrically
isotropic, and x and s are given by

K, =K, (3)
1+
Sy = —Y‘ia,,kaj, - %5,.}.5,‘, “@

where 9 is the Kronecker delta, Y is the Young’s modulus, v is the Poisson’s ratio, and x is the

dielectric permittivity. The piezoelectric coefficient tensor for each crystallite is also simplified
and considered as transversely isotropic. The nonzero components include d,,,, d,,,, d
and d,,; and it is assumed that

1139 d322

1
dy, = dyy, = -'2_d333 (3)

when referred to a crystallite coordinate system in which the positive x,-axis is parallel to the
positive polarization direction.

The principle values of the spontaneous strain of each grain are aligned with the local
coordinates and have the values of €p =Cp —ay/a, in the direction parallel to the polarization

and the values of e, = —2(a - a,)/ a, in the direction perpendicular to the polarization, where ¢
and a correspond to the lengths of the tetragonal unit cell, and q, is the lattice parameter of a
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reference cubic cell with the same volume. The magnitude of the spontaneous polarization is Py
and is directed along the c-axis.

A crystallite is assumed to switch when the reduction of potential energy of the system due to
that switch exceeds a critical value, which can be considered as the energy barrier that must be
overcome to achieve the switch. The switching criterion is expressed as

_AUZVy, ©)

where AU s the change of potential energy due to the switch, V, is the volume of the switching
crystallite and v, is the energy barrier against the switch per unit volume. To estimate the
change of potential energy for a switch, the individual crystallite is treated as a switching
spherical inclusion embedded in a homogeneous matrix with a fixed remanent strain £€" and
polarization P™. The potential energy of such an inclusion is approximated as that of a spherical
isotropic elastic inclusion with a transformation strain in a homogeneous isotropic elastic matrix
with a different residual strain plus the energy of an isotropic electrostatic inclusion with a
spontaneous polarization in an isotropic matrix with a different remanent polarization.
McMeeking and Hwang (1997) have shown that the switching criterion can be written as

a(o, +-§-Ye;“)As; +(E, +—1_—P,."")A1=;"' >2E,P, (7
3k

where o is a weighting parameter differentiating the mechanical energy and the electrical energy
in driving switching, ¥ is an effective modulus, and Kk is an effective dielectric permittivity. The
values for o, ¥ , k¥ and E, are chosen to provide the best fit to experimental data, and the value

of E, for 90° switching (E,’) and 180° switching (EX) can be different. The macroscopic

response of the ceramic is computed from the volume average response of each crystallite. The
strain and polarization of each crystallite are computed according to egs. (1) and (2) in the local
coordinate system and then rotated to the global system and averaged.

The thin films tested in the current work have a preferred (100) orientation. Theoretical
investigations of orientation effect are scarce since most of the work to date has focused on the
characterization of bulk ferroelectric ceramics, which have no preferred orientation. The Hwang
et al. (1998) micromechanical model does allow for the selection of crystallographic orientation
on the unit cell level, and thus makes it possible to incorporate the orientation effect. Each
crystallite has its own three tetragonal axes defined by three Euler angles in Fig. 10. The
orientation of the local coordinate system relative to the global coordinate system is defined as
x, =a,X, where a; are the direction cosines between the local and the global coordinate system

and the subscripts refer to Cartesian coordinate directions. A spontaneous polarization of
magnitude P, is assigned randomly to one of the two directions parallel to the c-axis of the
tetragonal unit cell and the spontaneous strain is ¢, in the c-axis direction and -ey/2 in the other
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two principle directions. In the case of a ceramic with (100) preferred orientation, the three
Euler angles are generated by the random number generator in MATLAB in such a way that 0
has a normal distribution with a mean of 7/2 and a variance of 7/10, 6 is uniformly distributed

between 0 and 2m, and ¥ has a normal distribution with a mean of 0, ®/2, 3n/2 or  and a
variance of 7/10.

Numerical simulation starts with input of the numbers of crystallites and incremental steps.
Based on preliminary simulations performed on sets of 1000, 2000, 3000, 5000, and 7500
crystallites, an aggregation of 5000 crystallites (an effective compromise between reproducibility
and computing time) is chosen for the calculations presented in Section 5. During a simulation,
the load (electrical or mechanical or both) are gradually introduced so that only a few crystallites
can switch at a given stage. After a small increment of load is made, each crystallite is checked
to see if it has met the switching criterion given by eqn (7). The tetragonal symmetry dictates six
possible switches for each crystallite and the switch associated with the greatest value of the left
hand side of eqn (7) is taken to occur. After all possible switches have been identified and made,
the macroscopic remanent strain and polarization are computed by averaging over all crystallites.
With P™ and €™ updated, further switching is allowed to occur without increase of the load. This
process is repeated until no more crystallites will switch. The linear contribution to the strain
and electric displacement is then computed for each crystallite from the linear terms in eqns (1)
and (2), with eqns (3) and (4) used for the elastic compliance and dielectric permittivity tensor.

The macroscopic electric displacement and strain are then calculated as the volume average of
that in the crystallite. ‘
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Fig. 1. (a) The cubic to tetragonal transition of an ABO; perovskite structure.

(b) 180° polarization switching induced by an electric field above the coercive field.
(c) 90° polarization switching induced by a compressive stress above the coercive stress.

19



thin film  Joad cell
sample

translation
stage

Fig. 2. Experimental apparatus for applying bending loads to thin-film ferroelectric samples
during interferometric measurements.

gold
electrodes

~ driving voltage

P/Ti
electrode

Si substrate

point force

PY/Ti

electrode

gold electrodes

Fig. 3. Schematic of the beam sample used in the interferometric measurements.

20



| 1.0kHz
0s - 5 Vrms
fé\ =
g i
B 0.6
E
.
Q
-g 0.4
2
0.2

electrode
location

1.Illllllllllllillllllllllllll

——e— 1.6 MPa
—e— -16 MPa
—&— .32 MPa

I

15

Position, x (mm)

30

Fig. 4. Out-of-plane displacement profile of a PZT/Si cantilever beam at different applied

compressive stress levels.

lens

laser
beam

electrode

lens

—

laser
beam

- .
——— e ——

Fig. 5. Schematic of a sample in the double-beam interferometer.

21



Argon Laser AOM A2 Plate Mirror

1
U
A4 Plate PB -1
Mirror /) 0 ate
4 ] . / Mirror
> L-1
Actuators
e Sarnple
Motion = L-2
Controller == /4 Plate
AC Source PB-2  Mirror
Computer
Oscilloscope 4 7 Mirror
Beam
Splitter
El\j Detector
Vibrometer Controller

Fig. 6. Double-beam laser-Doppler hetrodyne interferometer.

22



0.3 B i 1 1 T l T i T T I U T 1 T [ T I 1 1
[ 1.0kHz ]
0.25 |- . .
0.2 |- .
o~ I : Increasing :
S 015F Y. A compressive .
~ : N\ stress ]
) 0.1 ; “ :
.5 N ]
E _
2 -
0.05 |- ]
oF ]
-0.05 S — S
-10 -5 0 5 10
AC Electric Field, E§ MV/m)
0‘3 N ) 1 1 1 I T L] T 1 I 1 1 T 1 I Ll ) 1 T ]
F LOkHz ]
0.25 |- K -
0.2 ]
o E Increasing ]
S 0I5f tensile 7]
it - stress ]
w” - 4
5“ 0.1 .
& ool ;
0.05 |- ]
of ]
50.05 : 1 | ] d I ] 1 L 1 I 1L ) 1 [l ' 1 1 1 1
-10 -5 0 5 10
AC Electric Field, EMV/m)

Fig. 7. Field-induced strains in 1.6 um thick PZT (52/48) film under (a) increasing
compressive bending load, (b) increasing tensile bending load.

23




2.5 T T T l T T T T l T T T T | T T T T I T T T T T T T T

?02 o=0,= 0 MPa
6, — — -0=0,= 125 MPa
--------- o= 0,= 150 MPa

—=-"-0=0,= 175 MPa

LI B

".’o 1.5 N N

: I R

g i i

»n L ]

0.5 e N L .

of SN L -

L 1 1 1 1 | 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 ‘ 1 1 1 J__~

-3 -2 -1 0 1 2 3
Electric field (MV/m)

Fig. 8. Simulated longitudinal strain vs electric field hysteresis loops for tetragonal PZT (53/47)
with preferred orientation under transverse biaxial tensile stress.

A ]

£ - )

c -

w” i ]

% 0.5 I ]

[ - ]
n B

0 .

3 3

Electric field, E3 (MV/m)

Fig. 9. Simulated longitudinal strain vs electric field hysteresis loops for tetragonal PZT (53/47)
under transverse biaxial tensile stress with reduction in stress in one direction.

24



X2
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Table 1. Material constants used in the numerical simulation of PZT (53/47).

Young’s modulus ¥ [N m™]

Poisson’s ration v

Dielectric permittivity & [F m™]

Piezoelectric coefficient ds; [m v

Spontaneous strain e,

Spontaneous polarization P, [C m?]

Coercive field for 90° switching E,° [V m™]

Coercive field for 180° switching E;° [V m™]

Weighting parameter o
Effective Young’s modulus ¥ [N m™]

Effective dielectric permittivity ¥ [Fm™]

72 x10°

0.3

1.76 x10®

1.0x107°

0.003

0.4

0.4x10°

1.0x10°

1.0

25%10°

2.5%107
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