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Ferroelectric/ferroelastic domain reorientation was measured in
2.0 pm thick tetragonal {111}-textured PbZr3¢Tig79O3 thin
films using synchrotron X-ray diffraction (XRD). Lattice strain
from the peak shift in the 111 Bragg reflection and domain
reorientation were quantified as a function of applied electric
field amplitude. Domain reorientation was quantified through
the intensity exchange between the 112 and 211 Bragg reflec-
tions. Results from three different film types are reported:
dense films that are clamped to the substrate (as-processed),
dense films that are partially released from the substrate, and
films with 3% volume porosity. The highest amount of domain
reorientation is observed in grains that are misoriented with
respect to the {111} preferred (domain engineered) orientation.
Relative to the clamped films, films that were released from the
substrate or had porosity exhibited neither significant enhance-
ment in domain reorientation nor in 111 lattice strain. In con-
trast, similar experiments on {100}-textured and randomly
oriented films showed significant enhancement in domain reori-
entation in released and porous films. Therefore, {111}-
textured films are less susceptible to changes in properties due
to mechanical constraints because there is overall less domain
reorientation in {111} films than in {100} films.

I. Introduction

L EAD zirconate titanate (PZT) is a ferroelectric material
used in a wide variety of applications that include sen-
sors, actuators, microelectromechanical systems (MEMS),
and ultrasound transducers.'> Ferroelectric materials have
domain structures consisting of regions of (almost) uniform
polarization that are separated by domain walls. Upon
applying an electric field, domain reorientation occurs via
domain wall motion. Thus, the piezoelectric response of fer-
roelectric materials is comprised of two major contributions;
(1) the intrinsic piezoelectric effect and (2) extrinsic contribu-
tions associated with domain wall or phase boundary
motion. The large piezoelectric coeflicients in soft (donor-
doped) bulk ferroelectric ceramics results from a large extrin-
sic contribution (up to 75% of the total piezoelectric
response).>*

In tetragonal perovskite ferroelectrics, the polarization can
be parallel to any of the six pseudocubic <001> directions of
the unit cell [Fig. 1(a)]. Reorientation in which the polariza-
tion changes orientation by an angle of ~90° is referred to as
90° ferroelectric/ferroelastic domain reorientation, e.g., reori-
enting from either polarization states 1, 2, 4, or 5 to state 3.
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This domain reorientation is accompanied by switching of
the spontaneous ferroelastic strain. Figure 1(b) describes a
situation in which the electric field direction is parallel to the
pseudocubic <111>. In this situation, domain states 1, 2, and
3 of a tetragonal cell are at equal angles relative to the
applied electric field direction and can be referred to as
“domain engineered”.’ In this case, no ferroelectric/ferroelas-
tic reorientation is expected upon application of an electric
field of a prepoled sample.

Ferroelectric films with preferred orientation (texture) can
be considered model systems to describe the behavior of a
variety of textured materials, e.g., bulk piezoceramics pro-
duced by templated grain growth. The amount of domain
reorientation in a polycrystalline ferroelectric is d%pendent on
the preferred orientation (texture) of the material.*® Tetrago-
nal PZT thin films have two commonly studied textures:
{001} and {111}. Depending on the texture of the material,
the ferroelectric film can be used in different applications.
For example, {001} oriented films have potential uses in
actuators, sensors, and MEMS due to their high piezoelec-
tric response.” {111} oriented films have stable properties
and exhibit large remanent polarizations (P,), which make
them an attractive candidate for ferroelectric random access
memory (FeRAM).'®!" {111}-textured tetragonal films are
also reported to retain their properties to small film
thicknesses, which is useful for applications mandating low
voltage.'?

The durability of high-performance PZT films depends on
the crystallographic anisotropy of the piezoelectric and elastic
properties, which is often maximized near phase boundaries.
In a representative PZT film near the morphotrophic phase
boundary (MPB), the piezoelectric effect resulting from an
electric field of 100 kV/cm was shown to generate an in-plane
stress close to 200 MPa.'® This stress is a result of the large,
negative transverse coefficient, es;, imposing a large tensile
piezoelectric stress in the film. These large stresses would be
exacerbated by the presence of misoriented grains, and so
would be expected to reduce reliability due to cracking and
mechanical failure. Even in as-processed films before applica-
tion of electric field, the stress state of the film is influenced
by factors such as processing conditions, choice of substrate,
aspect ratio of the crystal structure, and microstructure of
the film.

The overall piezoelectric response of ferroelectric PZT thin
films is also significantly reduced relative to bulk materials.'*'>
A variety of factors have been shown to contribute to this
reduction: substrate clamping, limited domain wall mobility,
defects, and small grain sizes.'>'® As-processed PZT films
grown on silicon substrates tend to be under tensile stress
due to difference in the coefficient of thermal expansion
between the film and the substrate.'” As a result of this
tensile stress, the polarization axis is predominantly in the
plane of the film. This tensile stress also makes it difficult
for domains to reorient during applied electric fields because
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Fig. 1. (a) Shows the six polarization states in a tetragonal
perovskite unit cell, this is also the predominant unit cell orientation
for {001}-textured films, and (b) unit cell oriented with (111) plane
oriented horizontally which represents {l11}-textured films. In (a
and b) Gray atoms correspond to Pb®>", red to O~ and cyan to
Ti*" 1zt

it creates a large energy barrier for domain reorientation.*®

However, Wallace et al.'* showed that the removal of ~75%
of the mechanical boundary constraints imposed by the sub-
strate resulted in a sixfold increase in domain reorientation
relative to a fully clamped film. Additionally, porous {001}-
textured PZT films also show an increased domain reorienta-
tion relative to dense {001}-textured PZT films.>' The
increase in domain reorientation due to porosity was sug-
gested to involve two possible mechanisms: (1) local enhance-
ment of the electric fields near a pore, or (2) reduction in the
film clamping due to a reduction in the film stiffness as a
result of porosity.

Previous reports suggest that certain properties of {111}
oriented tetragonal PZT films are less susceptible to substrate
clamping than those in films with different textures.''*?
Kuwabara et al.'' studied the polarization saturation
response of {111}-textured and epitaxial tetragonal PZT
films using different substrates. Silicon and strontium titanate
substrates were used to introduce either a tensile or compres-
sive stress in the PZT films. From this study, the authors
found that the properties do not drastically depend on the
strain state imposed by the substrate. Furthermore, Yamada
et al.>> reported negligible substrate clamping in {111}
tetragonal epitaxial PZT films compared to {001} epitaxial
films. Yamada et al.* calculated the strain from shifts in the
Bragg reflections for {001} and {111} epitaxial films, and
compared those to values calculated from simulations of the
same films but released from the substrate. The experimental
{I11} epitaxial film strain matched the theoretical model
while the {001} epitaxial films deviated from the model; this
comparison suggest that substrate clamping had a larger
effect on {001} oriented films.
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The work described above shows that piezoelectric proper-
ties of ferroelectric thin films can be significantly influenced
by both the texture of the ferroelectric material itself (i.e.,
domain engineering of the texture) as well as the mechanical
constraint on the film (e.g., clamping of the film to the
substrate). In the present work, 2 pm thick films of
PbZry3Tip 7005 with {111} texture were used to further delin-
eate the roles of the texture and mechanical constraint mech-
anisms on domain reorientation. XRD is a useful technique
to measure domain reorientation during electric field applica-
tion, and has been applied in the past to measure changes in
both bulk and thin film ferroelectrics.!”>1-2372

II. Experimental Procedure

(1) Sample Fabrication
Thin films of PbZrg30Tip 7005 (PZT 30/70) with 1% man-
ganese were deposited via chemical solution deposition onto
platinized silicon substrates. Details of the sample synthesis
are described elsewhere®®?” and a brief description is provided
here. A solution of PZT 30/70 containing 10% excess PbO
was spin coated onto commercial substrates from Nova Elec-
tronics Materials (Flower Mound, TX), which consist of
1500 A of Pt/200 A of TiO,/10 000 A of SiO,/Si. The films
were then pyrolyzed at 250°C and 400°C for 5 min to ensure
high-density films®' and then were crystallized in a rapid ther-
mal annealing furnace at 700°C for 1 min. This process was
repeated until a 2 um thickness was reached. The synthesized
films were found to be crack free and dense. The released film
was partially released from the substrate by creating circular
diaphragms in the electrode region with 75% of the substrate
removed. This process is described elsewhere.'* Porous films
were fabricated in a similar way to the clamped, dense released
films, with the only difference being reducing the pyrolysis
bake times to 1 min to lower the density. The amount of
porosity in the film was estimated to be ~3 vol%, based on
spectroscopic ellipsometry measurements, as described in Ref.
[21]. Table I summarizes the electrical properties of the films.
The microstructure of the PZT films was characterized
using a field-emission scanning electron microscope
(FESEM) and XRD. Plan view and cross-section images
were obtained for clamped, released, and porous films using
an FESEM; these images are shown in Fig. S1 available
online as supplemental material. The clamped, released, and
porous films were verified to have a predominant {111} tex-
ture using synchrotron XRD data. Based on these results,
calculated Lotgering factors for the clamped, released, and
porous films were 80%, 80%, and 81%, respectively.

(2) X-ray Measurements and Analysis

XRD measurements were conducted at beamline 11-ID-C of
the Advanced Photon Source at Argonne National Labora-
tory. The X-ray beam used for these measurements was
500 um wide by 100 pum tall with a beam energy of ~115 keV
(0.10801 A). PZT thin films were mounted on a custom-built
stage designed to house the sample and electrical probes. An
incidence angle of 1° in 0 was used to increase the volume of
irradiated material. Thus, the beam footprint on the sample
was 500 pym wide by ~5.6 mm in length. Electric fields were
applied using electrical probes and a Keithley 2410C 1100 V
source meter.

Table I. Electrical Properties of Synthesized PZT(30/70)

Films
P, (uC/ecm?) V. (V) Leakage (nA/cm?) &, Loss
Clamped/ 34 12.1 0.04237 477 0.0168
Released
Porous 30.5 12 0.02 467 0.0077
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Diffraction measurements were performed in situ with
application of an external electric field. For the dense films
(i.e., clamped and released), each sample was cycled through
two voltage cycles. The first voltage cycle started at 0 V and
increased in steps of 0.25 V., where V. is the coercive voltage
(~12 V), up to 1.5 V. at which point the voltage decreased in
steps of 0.5 V.. The second voltage cycle was measured up to
3 V. in steps of 0.5 V. and back down to 0 V in steps of V..
Only one voltage cycle was measured for the porous film.
This voltage cycle closely matches the second voltage cycle of
the clamped and released films with the exception of a stee-
per decrease in voltage, 1.5 V., once 3 V. was reached. At
each voltage step, diffraction patterns were measured for
210 s, and the capacitance and loss of the films were mea-
sured at the start and end of every cycle to help determine if
permanent degradation had occurred.

Measured 2D diffraction images were reduced into inten-
sity versus 20 patterns using the Fir2D*® software. The X-ray
beam center, sample-to-detector distance, and detector
orthogonality were calibrated within Fiz2D using a standard
reference material CeO, (NIST 674b). Two primary sections
from the 2D image were chosen for integration. The first sec-
tor was a 20° section centered at the vertical section of the
image. This sector represents scattering vectors that are
approximately parallel to the electric field and is denoted x*".
The second sector was another 20° section centered 20° to
the right from the vertical section of the 2D image. This sec-
tor represents scattering vectors that are 20° away from the
electric field direction and is denoted %*°". Both of these sec-
tors are highlighted in Fig. 2(b). After extracting 1D diffrac-
tion patterns from the 2D diffraction images, line-profile
analysis was carried out using pseudo-Voigt functions. When
peak fitting the 112 and 211 reflections, the mixing parame-
ters of each pseudo-Voigt function, which weight the Gaus-
sian and Lorentzian components, were constrained to be
equal during the fitting procedure.

The extent of domain reorientation was calculated using
the integrated intensity of the 112 and 211 reflections. While
the 002 and 200 reflections have been used to quantify
domain reorientation in prior work,'*?* the present work
uses the 112 and 211 reflections because these reflections can
characterize domain reorientation selectively in certain crys-
tallo%raphm orientations of interest to {l111}-oriented films.
In o for example, the 112 and 211 reflections predoml-
nantly represent crystallographic orientations that are consis-
tent with the preferred orientation of the film, i.e., the [111]
parallel to the field direction [Fig. 1(b)]. The volume fraction
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of domains aligned in a given sector (vy1,), can be determined
using Eq. (1):
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where I}, is the integrated intensity of the 112 reflection and
I}y, is the reference intensity from a Powder Diffraction
File™ for the 112 reflection (I}, = 183,1,, = 332).” The
ratio of the reference intensities of a Powder Diffraction
File™, I},,, and the intensities of the sample, I;», are used
to account for the difference in structure factors for 112 and
211 reflections. From the volume fraction of 112 domains,
the fraction of domain reorientation (11») can be calculated
using Eq. (2). In Eq. (2), W& corresponds to the initial
unpoled state of the film and vy, is at a nonzero voltage. By
making the volume fraction relative to the volume fraction at
zero field (v?lﬁfld), Eq. (2) accounts for scenarios in which an
initial domain orientation is present.

0 field
Niz = V12 = Vi (2

The amount of electric field induced lattice strain obtained
from the peak shift in the PZT 111 reflection, % &1, was
calculated for each voltage step. A pseudo-Voigt function
was used to fit the PZT 111 reflection to obtain the peak
position at each voltage step.

dinn -
% i) = (T“”) 100 3)

111

In Eq. (3), d(111y is the d-spacing of the PZT 111 reflection
at a specified voltage, and d‘)m) is the d-spacing at 0 V.
Values of % €11y yield 1nf0rmat10n about the lattice strain
of the film with respect to the displacement of the (111)
plane. The value of %¢ ) can be influenced by both the
intrinsic piezoelectric effect and domain wall motion.*

III. Results and Discussion

The electric field-dependent diffraction data of the clamped
film corresponding to sectors x° and ¥** are shown in

Fig. 3. A larger intensity exchange between the 112 and 211
PZT reflections is observed in the x°

sector [Fig. 3(a)],

112 & 211
002 & 20

112 & 211

20°

Fig. 2. (a) 2D diffraction image of PZT thin film with reflections labeled, (b) integration areas chosen for data extraction the ¥*° and N
sections represents diffraction signals that have scattering vectors equal to the angle of the labeled section, and (c) represents the crystal structure
that gives rise to the signal seen in (b) for both sections. The poles for certain planes are labeled for visualization.
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relative to the data for the %*° sector [Fig. 3(b)]. The smaller
1nten51toy exchange between the 112 and 211 reflections for
the %*°" sector indicates that less 90° ferroelectrlc/ferroelast1c
domain reorientation is occurring relative to the x* sector.
Bassiri-Gharb et al.> suggested that PZT {111}-textured
films have lower ds3 values because they cannot benefit from
non-180° domain reorientation. Figure 3 shows a measure-
able amount of domain reorientation in both the % and %>
sectors, though its influence on properties such as ds3 is not
yet known.

The integrated intensities of the 112 and 211 reflection
were used to quantify domain reorientation using Eq. (2),
resulting in M1, values for each pattern, seen in Fig. 4. Fig-
ures 4 (a and b) shows the fraction of domain reorientation,
Ni12, in the ¥ and ¥** sectors, respectlvely, as a function of
electric field amplitude. The x*° sector shows a significant
amount of domain reorientation in all three film types—
clamped, porous, and released. Grains that give rise to scat-
tering intensities in the ¥*° sector have an orientation that is
not part of the dominant texture component (i.e., these
grains do not have their (111) parallel to the surface of the
film). Figure 2 summarizes the integration areas chosen for
data extraction as well as the predominant unit cell orienta-
tion that corresponds to the signal that is being measured at
each y sector. Figure 2(c) shows a x*° unit cell orientation
with the (112) plane parallel to the film. The subset of
misoriented grains is suggested to have a {112} texture (or
almost so) and the data shows that domain reorientation can
occur within these grains. In this orientation, the 002 pole is
more closely aligned to the electric field direction than the
200 or 020 pole, which means 90° ferroelectric/ferroelastic
switching is possible, and explains why domain reorientation
is seen in the data shown in Fig. 4(a).

A significant reduction in domain reorientation is seen in
Fig. 4(b) relative to Fig. 4(a) because more {111} oriented
grains are probed in this region. For the sake of simplicity, a
“grain orientation” will be referred to as the orientation of a
grain without considering the domain structure, e.g., by
referring to the pseudocubic unit cell. If the y** sector only
sampled grain orientations in the primary film orientation,

{l11} oriented, minimal or no domain reorientation
would be expected in this sector. The small amount of
domain reorientation detected in this sector can be attributed
to two factors. First, the integration range of the y>*° sector
is from 60° to 80°, which means that the integrated 1D XRD
patterns resulting from this sector include scattering from
misoriented grain orientations. However, even if the sector
integration range could be reduced infinitesimally, some
misoriented grains would still diffract in this region and
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(a) Diffraction signal from y°for the 112 and 211 reflections, and (b) Diffraction signal from >*°

contribute to scattering in the y>* sector. This is the second
effect and is described as follows. Consider a grain orienta-
tion that is consistent with the film texture, i.e., 111 orienta-
tion. The pseudocubic 112 pole would be oriented at an
angle of ~19.5° from the sample normal (included in the sec-
tor integration range for x>*). Not only does this grain ori-
entation satisfy the Bragg condition for diffraction in the 3%
sector, but numerous other grain orientations can satisfy the
Bragg condition as well. These other grain orientations can
be visualized by rotating the {111} dominant grain orienta-
tion about the 112 pole. This would allow for a diffraction
31gndl from the 112 and 211 to appear at ¥°*", but have a
grain orientation that is not {111} oriented; thus, allowing
for domain reorientation to occur. The superposition of both
misoriented and oriented grains is respons1ble for the 8%
domain reorientation value seen at y>°" at 36 V.

From Figs. 5 (a and b), the % &¢) were calculated by
using the shift in the PZT 111 reflection at specified voltages
for all film types. Values of % g1y provide information on
the electric field-induced strain exhibited by the material due
to the effective piezoelectric effect. From Figs. 5 (a and b),
the field-induced strain for the three different samples falls
within error bars, which means that their electric field-
induced lattice strain response is less susceptible to mechani-
cal constraints than {100}-oriented films of the same
thickness and composition. These results compare well with
the trend in m;;» values shown in Figs. 4 (a and b) for the
three different film types and the strain values reported from
Yamada et al.>* for a {111} epitaxial film. When referrlng to
the PZT 111 reflection, the diffraction signal from ¥° repre-
sents the diffraction signal of grains oriented with their (111)
closely parallel to the sample surface, i.e., the predominant
orientation of the films. In contrast, diffraction signal in the
v**" sector from the 111 reflection is attributed to grains that
are not {l111} oriented. In the case of Fig. 5(a), the elecmc
field induced lattice strain, %g 1), measured from the x
sector results from predominantly {I11}-oriented grains
while Fig. 5(b) shows % &gy from misoriented grains. The
hysteretic effect shown in Fig. 5(a) indicates the presence of
some domain reorientation in grains that are closely oriented
to the predominant orientation of the film, which correlates
with the result of Fig. 4(b) for y**°

In the present work, the extent of domain reorientation
depends more strongly on the actual grain orientation than
on the mechanical constraints in predominantly {111}-
oriented films. Figure 4 shows that domain reorientation is
essentially unaffected by release via circular diaphragms, or
via introduction of ~ 3 vol% porosity. This result is different
from that shown in {001}-textured tetragonal PZT films by
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were calculated using error propagation.

Wallace et al.'* and Johnson-Wilke et al.,’! in which
released films (via slot-shaped structures) and porous films
experienced much greater domain reorientation than in
clamped films. The films in the present work have a different
texture and geometry of release. {111}-textured tetragonal
films are anticipated to be less susceptible to 90° ferroelec-
tric/ferroelastic domain reorientation for the dominant grain
orientation due to domain engineering. That said, the 90°
ferroelectric/ferroelastic domain reorientation observed in
these films for misoriented grains are neither affected by
porosity nor elimination of the films—substrate mechanical
interface. This could be a result of the volume fraction of
misoriented grains being small compared to the domain engi-
neered grain orientation. That is, the misoriented grains are
probably constrained by the well-oriented matrix.

The differences in the geometry used to release the film is
anticipated to significantly change the stress state of the film,
which can affect the domain reorientation values and lead to
differences between the film types. Therefore, the relative
importance of the geometry of the mechanical release struc-
ture is currently under investigation via a combination of
experimental measurements and finite element modeling. Pre-
liminary work suggests that diaphragm structures experience
higher levels of in-plane stress than those released from the

substrate via slots. This may explain, at least in part, the
smaller degree of domain reorientation observed in the dia-
phragms of the current work relative to the slots character-
ized in prior work.

In PZT films that can undergo domain reorientation, an
increase in domain reorientation leads to an increase in elec-
tric field-induced strain. When releasing or introducing
porosity in a {001} film, applying an electric field enhances
the domain reorientation, relative to a dense clamped film,
which leads to an enhanced response. In the case of {111}-
textured grains, however, the domains are oriented such that
switching from one domain state to another is not favorable.
Although the films reported in this study exhibit domain
reorientation due to misaligned grains, the volume fraction
of the subset of misaligned grains is small compared to the
overall volume of grains probed by XRD. Therefore, it is
suggested that the influence of the substrate on ferroelastic
switching is more important in films that can undergo
substantial domain reorientation, i.e., mostly random, {001}-
or {110}-textured films.

The durability of high-performance ferroelectric films
depends on their microstructure. Microcracking is a possible
mechanism of failure for PZT films with high e;; ¢ coeffi-
cients, particularly for films that are electrically cycled or
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subjected to electric fields for an extended period of time.'?
The results presented earlier demonstrated that the films con-
sists of a dominant orientation [(111) parallel to the film],
but also consists of a measurable fraction of grains that devi-
ate from this orientation. The electric field-induced strain in
these two different grain orientations would be expected to
be different. The difference between strains from unique grain
orientations can introduce microstresses within the film that
act as crack initiation sites during electric field cycling. This,
in turn, may lower the actuator lifetime [P. Muralt, Personal
Communication, (2015)].

1V. Conclusions

Synchrotron X-ray diffraction was used to measure the
exchanges in intensity between the 112 and 211 reflections as
well as the shift in 111 reflection as a function of applied
field in 2 pum thick tetragonal PZT films. The domain reori-
entation and %ge ;) values are reported for three different
types of predominantly {l11}-textured PZT samples;
clamped, released, and porous. The highest amount of
domain reorientation was found in a subset of grain orienta-
tions that are misoriented relative to the dominant {111} tex-
ture orientation. The misorientation of grains relative to the
dominant grain orientation is proposed to produce inhomo-
geneous strains throughout the film that can lead to microc-
racking during electrical loading. The amount of domain
reorientation and %g ;) measured for all three films pro-
vides evidence that the response of {111}-textured films is
less susceptible to substrate clamping, and that their degree
of orientation can govern the susceptibility to mechanical
constraints. The results of this work suggest that there is a
stronger dependence of texture of {111} PZT films on
domain reorientation than that of mechanical constraints.
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