
IEEE TRANSACTIONS ON ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, VOL. 68, NO. 2, FEBRUARY 2021 259

Residual Stress and Ferroelastic Domain
Reorientation in Declamped {001}

Pb(Zr0.3Ti0.7)O3 Films
Lyndsey M. Denis-Rotella , Member, IEEE, Giovanni Esteves, Julian Walker,

Hanhan Zhou, Associate Member, IEEE, Jacob L. Jones, Fellow, IEEE,
and Susan Trolier-McKinstry , Fellow, IEEE

Abstract— Ferroelectric films are often constrained by
their substrates and subject to scaling effects, including
suppressed dielectric permittivity. In this work, the thick-
ness dependence of intrinsic and extrinsic contributions to
the dielectric properties was elucidated.A novel approach to
quantitatively deconstruct the relative permittivity into three
contributions (intrinsic, reversible extrinsic, and irreversible
extrinsic) was developed using a combination of X-ray dif-
fraction (XRD) and Rayleigh analysis. In situ synchrotron
XRD was used to understand the influence of residual stress
and substrate clamping on the domain state, ferroelastic
domain reorientation, and electric field-induced strain. For
tetragonal {001} textured Pb0.99(Zr0.3Ti0.7)0.98Nb0.02O3 thin
films clamped to an Si substrate, a thickness-dependent in-
plane tensile stress developed during processing, which
dictates the domain distribution over a thickness range
of 0.27–1.11 µm. However, after the films were partially
declamped from the substrate and annealed, the residual
stress was alleviated. As a result, the thickness dependence
of the volume fraction of c-domains largely disappeared,
and the out-of-plane lattice spacings (d) for both a- and
c-domains increased. The volume fraction of c-domains
was used to calculate the intrinsic relative permittivity. The
reversible Rayleigh coefficient was then used to separate
the intrinsic and reversible extrinsic contributions. The
reversible extrinsic response accounted for ∼50% of the
overall relative permittivity (measured at 50 Hz and alternat-
ing current (ac) field of 0.5·Ec) and was thickness dependent
even after poling and upon release.
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I. INTRODUCTION

FERROELECTRIC materials are utilized in applications
such as actuators, sensors, and nonvolatile memory [1].

Typically, the dielectric and piezoelectric responses in fer-
roelectric thin films are suppressed relative to their bulk
counterparts due to a combination of small grain sizes, thermal
strains, clamping due to the substrate, and the potential for a
high concentration of defects [2]–[7].

In ferroelectrics, residual stresses can dictate preferred
domain distributions [8]. In many ferroelectric films, the sub-
strate has a strong influence on the domain configuration [9].
For example, preferential out-of-plane polarization can be
achieved for relaxed, tetragonal Pb(Zrx , Ti1−x )O3 (PZT) films
grown on sapphire, MgO, or LaAlO3, which have a larger
coefficient of thermal expansion compared with PZT [7]–[11].
This type of domain configuration is ideal for applications such
as FeRAM which utilize out-of-plane polarization switching
for memory [12].

Since the coefficient of thermal expansion (αCTE) of Si
(2.6 ppm/◦C) is less than that of PZT in the paraelectric phase
(6.7–9.4 ppm/◦C, depending on composition) [8], PZT films
processed on Si experience in-plane tensile stress, favoring
orientation of the spontaneous polarization in-plane (e.g.,
producing preferentially a-domain rather than c-domain films)
[10], [13]. Moreover, local stresses can form at the film–
bottom electrode interface that differ from the average residual
stress, complicating the understanding. Griggio et al. [14]
proposed that these local strains can be partially relieved
by removing the film from the substrate. The residual stress
state of PZT films on Si is also reported to depend on the
number of deposited layers or film thickness [15] and is
correlated with variations in domain patterns [16], [17].
The dependence of the stress state on film thickness may
also be associated with changes in the stress state of the
underlying thermal oxide layer or Pt-bottom electrode during
subsequent annealing [18], [19].

Differences in the intrinsic and extrinsic contributions to
the relative permittivity (εr ) will result from differences in the
domain orientation state, domain wall densities, and the mobil-
ity of domain walls. This, in turn, contributes to the apparent
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scaling effects in the functional properties [4], [20], [21].
For example, PZT films which have predominately a-domains
will have a larger out-of-plane intrinsic contribution to εr , pos-
sibly at the expense of a reduced 90◦ domain wall density and
reduced extrinsic contributions to εr [9]. Therefore, variations
in the in-plane stress state of PZT films can result in a thick-
ness dependence in the domain state, intrinsic contributions,
and extrinsic contributions to εr .

The differences in the intrinsic and extrinsic contributions to
εr can often be quantified using Rayleigh analysis [21]–[25].
The Rayleigh law, as in (1), describes a linear relationship
between the εr and an alternating current (ac)-driven electric
field of amplitude E0

εr = εinitial + αε E0. (1)

In (1), εinitial is the reversible dielectric Rayleigh coefficient
and represents the sum of reversible extrinsic and intrinsic
contributions to the permittivity. αε is the irreversible dielectric
Rayleigh coefficient associated with extrinsic contributions
to the permittivity from irreversible movement of domain
walls and phase boundaries through a random potential energy
landscape [26]. Rayleigh analysis cannot differentiate between
motion of 90◦ and 180◦ domain walls. Therefore, it is advan-
tageous to couple Rayleigh analysis with another character-
ization technique, such as in situ X-ray diffraction (XRD),
that can directly probe the intrinsic and ferroelastic extrinsic
contributions to the permittivity [10], [27]–[29].

The extent of electric field-induced 90◦ domain reorientation
in most clamped PZT films is relatively small compared with
bulk ceramics [30], and a majority of the reoriented domains
relax back to a remanent state as the electric field decreases
to zero [27], [31]. Clamping effects can be alleviated in a
variety of ways that are dictated by device design and etching
techniques. For example, decreasing the width:thickness aspect
ratio of the piezoelectric layer can partially declamp the film
and enhance piezoelectric properties [32]–[34]. Alternatively,
removing the substrate via an undercut release process can
also relax substrate clamping effects [14], [25], [29].

Griggio et al. [14] proposed that removing the substrate
from underneath the film can alleviate residual stress at the
film–substrate interface and may relax thermal stresses by
bending. However, Wallace et al. [29] observed no significant
changes in the volume fraction of c-domains (ν002) normal
to the film surface on release of elongated diaphragms with
2-μm-thick tetragonal PZT films. Therefore, simply releasing
the film from the substrate may not change the average
residual stress enough to induce a change in the overall domain
distribution of the film for thick, taut membranes [29]. Notably,
these studies were limited to comparatively thick PZT films
(>1 μm) in which the film–substrate interface makes up
a small fraction of the overall film thickness. For thinner
films, Berfield et al. [5] attributed a substantial reduction
in polarizability of sol–gel-derived PZT films <200 nm in
thickness to higher residual stress than that observed in thicker
films. Therefore, alleviating the residual stress at the film–
substrate interface may have a larger effect on the domain
distribution in thinner films (<1 μm).

If stress was the dominant effect that degrades properties
in thin ferroelectric films, then it would be expected that the

properties of thin films would be most affected by the removal
of both substrate clamping and residual stresses. Alternatively,
if the defect concentration in thinner films (e.g., due to lead
loss to the bottom electrode or smaller grain size) was to
dominate the property suppression, then reduction of substrate
clamping would be expected to produce a less-pronounced
improvement in properties. Further investigation is required
to assess which effect is dominant.

In this work, in situ high-resolution XRD was used to
directly probe the structure of ferroelectric thin films and
assess the effect of substrate clamping and residual stress
on the thickness dependence of the domain state, strain, and
domain reorientation of PZT films for thicknesses ranging
from 0.27 to 1.11 μm. The results confirm that the properties
of thin clamped films are influenced by both the stress and
the defect chemistry. The combination of XRD and Rayleigh
analysis allowed, for the first time, deconvolution of the intrin-
sic and the reversible, extrinsic contributions to the dielectric
permittivity. This, in turn, permits a better understanding of
the mechanisms governing size effects in thin films.

II. EXPERIMENTAL PROCEDURE

A. Film Synthesis and Nanofabrication

Details of the chemical solution deposition process used
and the layer-by-layer fabrication can be found elsewhere [21],
[35], [36]. In short, tetragonal {001} textured Pb(Zr0.3Ti0.7)O3
(PZT 30/70) thin films doped with 2% Nb and thick-
nesses ranging from 0.27 to 1.11 μm were grown on
a Pt/TiO2/SiO2/Si stack with corresponding thicknesses of
0.1/0.035/0.5 μm for the Pt/TiO2/SiO2 stack, respectively.
A 0.08M PbO sol–gel was initially spin coated onto the Pt
bottom electrode and pyrolyzed to compensate for lead loss
to the substrate during crystallization of PZT. Additionally,
a commercial PZT-E1 sol–gel solution (Mitsubishi Materials
Corporation, Tokyo, Japan) of composition Pb(Zr0.3Ti0.7)O3
doped with 10 mol% Pb excess and 1 mol% Mn was used as
a seed layer to promote {001} texture. Each subsequent layer
was spin coated using 0.4M PZT 30/70 solution with 12 mol%
Pb excess and 2 mol% Nb, dried (2 min at 250 ◦C), pyrolyzed
(5 min at 400 ◦C), and crystallized in a rapid thermal annealer
(RTA) (1 min at 700 ◦C in flowing O2 gas at 2 standard liter
per minute (SLPM) and a ramp rate of 10 ◦C/s). Each PZT
layer crystallized is approximately 80 nm in thickness when
deposited using a spin speed of 1500 r/min. This process was
repeated until the desired overall film thickness was obtained.
The long pyrolysis step enabled the growth of high-density
films with lateral grain sizes of 50–150 nm. The average grain
sizes of all film thicknesses, as measured by a line intercept
method [37], are largely independent of the film thickness, as
listed in Table I. Lotgering factors for {001} reflections ranged
from 90% to 100% depending on film thickness [38].

Photolithography was used to define top electrode areas
and regions on the electrodes subject to a top-down etch and
undercut release process. RF magnetron-sputtered platinum
top electrodes were defined in 3.5 mm × 0.7 mm areas.
Large electrode areas were needed to ensure that an adequate
volume of irradiated material was available for actuation
during in situ XRD measurements. As described elsewhere,
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TABLE I
MICROSTRUCTURE AND ELECTRICAL PROPERTIES FOR CLAMPED PZT 30/70 FILMS

the electrodes were rotated 15◦ from the [001] of the silicon
wafer to minimize diffraction from the substrate [29]. An
Ulvac NE-550 inductively coupled high-density plasma etcher
was used to dry etch 600 μm × 146 μm pits through the
Pt/PZT/Pt/TiO2/SiO2 stack, exposing the Si substrate. Top-
down etching was continued using an isotropic Xactic XeF2
e1 vapor etch tool to etch 100-μm-wide trenches into the Si
substrate, as described elsewhere [14], [21], [29]. A “75%
release” corresponds to an electroded region in which 75%
of the Pt/PZT/PT/TiO2/SiO2 stack is suspended above a void
in the Si substrate. The term “clamped” refers to an electroded
region in which no etch trenches or etch pits are present, and
the film is fully clamped to the Si substrate. The electrical
properties are summarized in Table I for all film thicknesses
in the clamped state.

B. X-Ray Measurements and Analysis

To study the domain reorientation at high fields, in
situ synchrotron XRD measurements were performed at the
Advanced Photon Source beamline 11-ID-C with an energy
of 105.091 keV (0.117418 Å). The samples were mounted
on a custom stage, which allows for in situ use of electrical
probes with voltage produced by a Keithley 2410C 1100-V
source meter. To increase the diffracting volume, the sample
was tilted 1◦ to the incident beam with slit sizes of 0.5 mm in
the horizontal direction and 0.05 mm in the vertical direction.
As such, the spot size of the beam (2.86 mm × 0.5 mm) was
well within the electroded region after alignment. Care was
taken to align the electroded area of interest to ensure that
only actuated film was captured in the diffracted pattern.

Diffraction patterns were measured while applying a dc
electric field. The samples were subjected to annealing at
400 ◦C for 30 min and aging for at least 24 h prior to
measuring XRD patterns to ensure that the domain state of the
material was reset to a randomized potential energy landscape.
While taking XRD patterns, each film was electrically cycled
twice, using the applied voltage sequence shown in Fig. 1(a).
During the first cycle, the initial pattern was taken at 0 V and
subsequent patterns were taken after the field was increased
by steps of 0.25·Ec (where Ec is the coercive field) until the
maximum of 1.5·Ec was reached. At each step, the applied
field was held for 210 s, followed by a 210-s acquisition of a
diffraction pattern. Subsequently, patterns were also taken after
the applied field was decreased by steps of 0.5·Ec, with the
final pattern taken at 0 V. This process was repeated for the

second cycle, in which patterns were acquired at increasing
field steps of 0.5·Ec until 3·Ec was reached. Subsequently,
patterns were also taken in decreasing field steps of 1·Ec until
0 V was reached.

Line profiles were extracted from the measured 2-D diffrac-
tion patterns using the Fit2D software (European Radiation
Synchrotron Facility, Grenoble, France) [39]. CeO2 powder
(NIST 674b) was used to calibrate the X-ray beam center and
sample-to-detector distance, from which lattice (d)-spacing
values were calculated. A sector of the 2-D diffraction pattern
that represented scattering vectors approximately parallel to
the applied electric field direction [the vertical section shown
in Fig. 1(b)] was integrated using Fit2D. The width of the
integration range was 20◦. An example of the extracted line
profiles within a limited 2θ range is plotted in Fig. 1(c),
highlighting the changes in peak intensity of the 002 and
200 reflections as a function of applied electric field for
the 1.11-μm-thick film. The data were fit using Line-Profile
Analysis Software (LIPRAS) [40]. An asymmetric Pearson
VII function was applied to the 002 and 200 reflections since
it accounts for peak asymmetry due to the diffuse scattering
from ferroelectric/ferroelastic domain walls [41]. An example
of the 002/200 peaks and fitting profiles is shown in Fig. 1(d)
for the 1.11-μm-thick film at 0·Ec. Note that the presence
of asymmetry and diffuse scattering can introduce systematic
error for peak-fitting parameters such as peak position.

From the peak fit, ν002 (the fraction of c-domains oriented
in the direction normal to the film) was calculated from
the integrated intensities using the following equation, as
described elsewhere [42], [43]:

ν002 =
I002
I �
002

I002
I �
002

+ 2 I200
I �
200

. (2)

The term Ihkl represents the integrated intensity of the hkl
reflection determined using the unconvoluted half of the peak
fit as described elsewhere [29]. I �

hkl represents the reference
intensity from the powder diffraction file (I �

002 = 109 and
I �
200 = 249) [44]. The error for ν002 was calculated using

an error propagation method that accounts for the integrated
intensity error generated from peak fitting using LIPRAS.
The fraction of ferroelastic domain reorientation (η002) was
assessed using the following equation:

η002 = ν002 − ν0field
002 . (3)
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Fig. 1. (a) Schematic of the applied electric field cycles during the in situ XRD study. (b) 2-D diffraction image of the PZT 30/70 thin film with labeled
reflections. (c) Example of the changes in peak intensity during application of electric field for the 1.11-μm PZT film. (d) Asymmetric Pearson VII fits
of the 002 and 200 reflections of the 1.11-μm PZT film at 0·Ec.

The d-spacings of the 002 and 200 reflections (d002 and
d200, respectively) were used to calculate the strain (ε) induced
by the electric field. The calculated pattern, background, and
peak position generated from peak fitting using LIPRAS were
used to determine the full-width at half-maximum (FWHM)
of each reflection. For example, the FWHM of the 002 is
determined to be two times the 2θ distance between the central
peak position and the right-hand side of the peak (at a higher
d-spacing) at the intensity value that is half the peak height.
This calculation of the FWHM minimizes the error associated
with the strong peak asymmetry associated with the diffuse
scattering.

To study the lattice strain at high temperatures, a PANalyt-
ical Empyrean X’Pert3 MRD laboratory diffractometer with
CuKα radiation, a four-circle goniometer, and a PIXcel 3-D
detector were used as a scanning line detector to measure
diffraction patterns at 500 ◦C for wide 2θ ranges (10◦–
100◦). The XRD pattern was collected at a slow scan rate
of 0.72◦/min.

Dielectric Rayleigh analysis was conducted on both
clamped and released films at frequencies ranging from 50 Hz
to 4 kHz with applied ac electric fields up to 0.5·Ec. The
samples were subjected to annealing at 400 ◦C for 30 min
and aging for 24 h prior to the Rayleigh measurements.
Subsequently, the samples were poled at 3·Ec for 15 min prior

to additional Rayleigh measurements. A correction was used
to account for the presence of a low dielectric permittivity
seed layer electrically in series with the film [21].

C. Relative Permittivity Deconstruction

The combined electrical and structural data sets allow
the possibility of separating the various contributions to the
relative permittivity, assuming that each of the components is
additive within the Rayleigh regime and that cross-coupling
between the various terms can be neglected, as a first approx-
imation. To do so, the intrinsic relative permittivity values
(εr,intrinsic) were calculated using the following equation which
accounts for the inherent dielectric anisotropy of a tetragonal
PZT film:

εr,intrinsic = (1 − ν002) ∗ χ11 + ν002 ∗ χ33. (4)

In (4), ν002 is the volume fraction of c-domains determined
from diffraction measurements. The dielectric susceptibility
values (χ11 and χ33) can be used to approximate the relative
permittivity values for a-domains and c-domains, respectively,
since the relative permittivity values are much greater than 1.
This assumption is based on the relationship between the rela-
tive permittivity and dielectric susceptibility (χ = εr − 1). χ11
and χ33 are the free dielectric susceptibility (∼230 and ∼127,
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respectively) determined by Haun et al. [45] for bulk PZT
30/70 at 25 ◦C. It is important to note that this calculation
assumes a free system (fully released film). Because the films
in this study are either in a clamped state or 75% released
state, this approximation will overestimate the contributions
from the intrinsic relative permittivity.

The reversible, extrinsic contributions to the relative per-
mittivity (εreversible

r,extrinsic) were calculated from the following equa-
tion. The following equation assumes that εinitial is made up
of intrinsic and reversible extrinsic contributions, which are
additive within the Rayleigh regime:

εreversible
r,extrinsic = εinitial − εr,intrinsic. (5)

The irreversible, extrinsic contributions to the relative per-
mittivity (εirreversible

r,extrinsic ) was determined using the irreversible
Rayleigh coefficient, αε , measured at 50 Hz and ac field of
0.5·Ec as shown in (6). Note that the Rayleigh parameters
εinitial and αε measured at 50 Hz were used in (5) and (6),
respectively, to represent the relative permittivity deconstruc-
tion with maximum extrinsic contributions measured in this
study

εirreversible
r,extrinsic = αε E0. (6)

For comparison, εirreversible
r,extrinsic was also calculated by subtract-

ing εinitial from the measured εr (measured at 50 Hz and ac
field of 0.5·Ec), as shown in the following equation:

εirreversible
r,extrinsic = εmeasured

r − εinitial. (7)

The comparison in the calculations for εirreversible
r,extrinsic can be

found in Supplemental Tables I and II for clamped
films (unpoled versus poled) and released films (unpoled
versus poled), respectively. In general, negligible differences
in εirreversible

r,extrinsic calculated using (6) versus (7) were found for
films that were poled, regardless of their released state. For
example, εirreversible

r,extrinsic calculated using (6) and (7) for a poled,
clamped film with a thickness of 1.11 μm was 338 ± 6
and 338 ± 2, respectively. However, differences as large
as 20% in εirreversible

r,extrinsic calculated using (6) versus (7) are
shown for unpoled films. These differences are likely due to
error associated with the linear extrapolation of the Rayleigh
analysis in unpoled films.

The Rayleigh coefficients εinitial and αε are frequency
dependent within the measurement range of 50 Hz–4 kHz.
That is, smaller values are observed at higher frequencies
wherein domain wall motion contributions are suppressed pre-
sumably due to slow-moving walls. Therefore, to maximize the
domain wall motion contributions in the relative permittivity
deconstruction, εinitial and αε determined at 50 Hz (the lowest
frequency used in the Rayleigh analysis) were used to calculate
εreversible

r,extrinsic and εirreversible
r,extrinsic , respectively.

III. RESULTS AND DISCUSSION

A. Thickness Dependence of the Domain State

The volume fraction of c-domains (ν002) and the change in
this volume fraction relative to the unpoled state (η002) are
shown in Fig. 2 for clamped, 2% Nb-doped PZT 30/70 thin

Fig. 2. (a) Volume fraction of c-domains (ν002� as a function of
applied electric field is shown for 2% Nb-doped PZT 30/70 thin films
of thicknesses 0.27, 0.56, and 1.11 μm in the clamped state and in
the released state. The 75% released 1.11-μm-thick film exceeded a
threshold current of 1 × 10−4 A/cm2 at electric fields exceeding 2·Ec.
Therefore, the data for the released 1.11-μm film above 1.5·Ec were
removed. (b) Fraction of 90◦ domain reorientation (η002� as a function of
applied electric field is also shown for the clamped state and the released
state.

films of thicknesses 0.27, 0.56, and 1.11 μm. Most of the
clamped films underwent two electric field cycles: the first
being a low-amplitude cycle and the second being a high-
amplitude cycle. The ramp down of cycle 1 and the ramp
up of cycle 2 often overlapped. For simplification, where the
data overlap, only a single cycle is shown. Note that the 75%
released 1.11-μm-thick film exceeded a threshold current of
1 × 10−4 A/cm2 at electric fields exceeding 2·Ec. Therefore,
the data for the released 1.11-μm film above 1.5·Ec were
removed.

From Fig. 2, in the clamped virgin state, ν002 is thickness
dependent and ranges between 0.23 (for the 1.11-μm film)
and 0.16 (for the 0.27-μm film), which are comparable to
those in the literature for similar compositions, thicknesses,
and processing methods [21], [29]. This thickness dependence
of ν002 is maintained after poling at 3·Ec. That is, thicker
clamped films have a high-volume fraction of c-domains
than thinner clamped films in the initial state, during field
application, and after release of field.
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The thickness dependence of ν002 develops during process-
ing of the films [18]. For example, Supplemental Fig. 1
shows the evolution of the normalized ν001 during layer-by-
layer processing of a ∼0.5-μm-thick sample, in which ν001
increases with each additional crystallized layer. Presumably,
this evolution in the domain state is related to both the stress
state of the film upon cooling below the Curie temperature,
Tc, and the defect chemistry of the interfaces.

A second point of note from Fig. 2(a) is that upon 75%
release from the substrate (with an anneal above Tc), ν002 val-
ues converge to ∼0.2 ± 0.01 for all films prior to application
of an electric field. It is proposed that after a high temperature
anneal, a redistribution of the domain state occurred. The
release relieves local stress at the film–substrate interface and
reduces the bending rigidity of the structure. As a result, the
released portions of the film experienced a different stress
compared with its clamped counterpart upon cooling below
Tc. Annealing above Tc allows redistribution of the domain
state in the released films, whereas when the annealing was
not performed, no change in the volume fraction of c-domains
was observed after films were released from the substrate [28].

Third, when an electric field is applied, a much larger vol-
ume fraction of c-domains is achieved for all film thicknesses
in released films relative to clamped ones. This is particularly
true at 3·Ec. Above 1.5·Ec, the diaphragms tear due to the high
piezoelectric strains and release geometry [29]. After tearing,
portions of the film are free to deflect vertically to relieve in-
plane tensile stress, creating cantilever-like regions. A SEM
image of these cantilever-like regions can be seen in Fig. 1 of
an article by Denis et al. [21]. This state is referred to as global
release. After global release, both the 0.27- and 0.56-μm-thick
films show nearly 50% c-domain fractions at 3·Ec. ν002 is
comparable for all thicknesses even after poling.

Fig. 2(b) shows electric field-induced changes in η002 for
all film thicknesses in the clamped state and 75% released
state. In the clamped state, each film experiences similar
levels of ferroelastic domain reorientation during poling and
similar back-switching regardless of film thickness (i.e., the
relaxation of reoriented domains back to a remanent state
as the electric field decreases to zero). These results suggest
that substrate clamping acts as the dominant restoring force
for back switching in clamped films. In the clamped state,
η002 is ∼0.18 at 3·Ec which is almost four times larger
than what has been previously reported for ∼1.9-μm-thick
clamped 1% Mn-doped PZT 30/70 films [29]. The enhanced
domain reorientation in the 2% Nb-doped PZT films of this
study is consistent with softening of the electromechanical
response. Additionally, after release, all film thicknesses have
comparable electric field-induced changes in η002, as shown in
Fig. 2(b). As expected, more domain reorientation is observed
in the released films than in the clamped ones [29].

B. Thickness Dependence of Residual Stress

In the clamped state, the thinnest 0.27-μm film has the
smallest out-of-plane d-spacing for a- and c-domains, d200 and
d002, respectively, as shown in Fig. 3. The domains present
in an as-processed, clamped film are under in-plane tensile

Fig. 3. d-spacing for the (a) 002 and (b) 200 reflections (d002 and d200,
respectively) as a function of applied electric field increment for 2% Nb-
doped PZT 30/70 thin films of thicknesses 0.27, 0.38, 0.56, and 1.11 μm
in the clamped state and the 75% released state is shown.

stress due to a variety of factors including strain related to
defect concentrations and thermal strain formed due to the
thermal expansion coefficient mismatch between the film and
the substrate.

Thinner films experience a greater in-plane tensile stress that
develops upon cooling below Tc which contributes to smaller
out-of-plane d spacings for the 0.27-μm film [15]. Addition-
ally, Supplemental Fig. 2 shows a thickness dependence in
the d spacings that persists above Tc, suggesting that a greater
concentration of defects in thinner films also contributes to
smaller d spacings for the 0.27-μm film. It is assumed that
thinner films have a greater population of nonstoichiometric
defects since regions of lead deficiency make up an overall
greater volume of the film itself. These defects form at the
surface of the film due to lead volatilization during crystal-
lization and at the film–substrate interface due to lead loss
to the bottom electrode during crystallization. The d spacings
were determined from the peak fit of the 002 cubic reflection
which was relatively symmetric at 500 ◦C. Thus, the thickness
dependence in the out-of-plane lattice spacings for clamped
films is attributed to both a larger in-plane tensile stress and
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a higher concentration of defects in thinner films. This is
consistent with the data of Berfield et al. [5] suggesting that
chemical solution-derived PZT films ∼200 nm in thickness
have higher in-plane tensile stresses than thicker films when
grown on Pt-coated Si substrates. Thus, thin PZT films that
have higher in-plane tensile stress should experience a larger
change in stress when released from the substrate compared
with thicker films

Interestingly, d200 does not monotonically increase with
increasing thickness from 0.27 to 1.11 μm, as shown in
Fig. 3(b). The films reported in this study have smaller out-
of-plane lattice parameters compared with their bulk counter-
part due to the in-plane tensile stress that PZT experiences
when processed on an Si substrate. If the in-plane tensile
stress decreases with increasing film thickness, as suggested
elsewhere [18], it should be reflected in a gradual increase
in d200. Additionally, at temperatures above Tc, d spacing is
also observed to increase with increasing thickness for these
films. However, at room temperature, Fig. 3(b) shows that the
d200 sharply increases as film thickness increases from 0.27
to 0.38 μm and then decreases as film thickness increases
further from 0.38 to 1.11 μm. Reasons for this are unclear,
but these changes are consistent with a reported decrease in
the reversible Rayleigh coefficient with increasing thickness
for films >0.38 μm [21]. This suggests that competing factors
may influence the thickness dependence of d200.

For both clamped and released films, d002 increases with
increasing applied electric field as shown in Fig. 3(a). A com-
plete data set of d002 and d200 as a function of applied field for
all film thicknesses is shown in Supplemental Fig. 3, along
with the values of the unpoled, bulk ceramic counterparts of
similar compositions [46]. The field-induced changes in d002
are substantially too large to be due only to the intrinsic
piezoelectric response, as the required d33, f on increasing
field would need to exceed ∼250 pm/V in the clamped films.
Moreover, the d002 values do not recover when the field is
removed.

Under applied electric fields, rewriting the domain state
will change both the residual stress state of the film and
the domain size. For example, d002 increases with increasing
applied electric fields, whereas d200 decreases. It is notable
that the increase in d002 is accompanied by a reduction
in the FWHM of the 002 peak, while the FWHM of the
200 peak increases on poling, as shown in Fig. 4(a) for a
clamped 1.11-μm-thick film. This suggests that the c-domains
coarsen on poling. Fig. 5 shows schematically the movement
of 90◦ and 180◦ domain walls upon poling coupled with
the coarsening of c-domains oriented parallel to the applied
electric field (highlighted in gray). In this schematic (not to
scale), a larger increase in the volume fraction of c-domains
upon application of electric field is shown for released films
(right) compared with clamped films (middle).

As the c-domains coarsen, they begin to approach the
d-spacing values for bulk ceramics of the same composition.
This is presumably the cause of the irreversible strains in
d002 on poling. After ferroelastic switching occurs, unswitched
a-domains are placed under further in-plane tension by neigh-
boring c-domains reoriented by the applied electric field.

Fig. 4. (a) FWHM for the 002 and 200 reflections as a function of applied
electric field is plotted for 2% Nb-doped PZT 30/70 thin films of thickness
1.11 μm. (b) FWHM for the 200 reflection as a function of applied electric
field is plotted for clamped films of thicknesses ranging from 0.27 to 1.11
μm (left); and FWHM for the 200 reflection as a function of applied electric
field is plotted for the 0.27-μm film for all released states (right).

As a result, d200 decreases. This is observed for tetragonal PZT
thin films as an anisotropic electric field-induced change in the
out-of-plane d-spacings [47]. Additionally, the FWHM of the
a-domains increases irreversibly upon application of electric
field, presumably due to the microstrain that develops during
irreversible 90◦ switching. Since some 90◦ domain reorienta-
tions are not recoverable, the residual strain associated with
ferroelastic switching results in an irreversible change in d002,
d200, FWHM of 002, and FWHM of 200.

In general, the FWHM of the 200 is smaller than that of
the 002, as shown in Fig. 4(a) for the 1.11-μm-thick film (and
was true for all film thicknesses). Preliminary Williamson Hall
analysis (not corrected for instrumental broadening) suggests
that tetragonal PZT films under in-plane tensile stress favors
larger a-domain crystallites and a greater volume fraction of a-
domains, as shown in Supplemental Fig. 4 and represented
schematically in Fig. 5. In-plane residual stress and local
stresses formed during electrical actuation may induce variable
a-domain crystallite sizes, thereby contributing to the larger
FWHM of the 200 peak. Additionally, the FWHM of 200
increases as film thickness increases, as shown in Fig. 4(b).
Moreover, the thickness dependence in the FWHM of 200 is
maintained even after poling.
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Fig. 5. Model of the domain structure within one grain before (left) and after (middle and right) poling to 3·Ec for a clamped grain (middle) and
released grain (right). In general, the volume fraction of c-domains increases, and the c-domains coarsen upon application of electric field. This
increase is greater for released films compared with clamped films, shown by the large c-domain crystallites in the released grain. (Note: Schematic
is exaggerated for clarity.)

Releasing from the substrate followed by annealing above
Tc (∼450 ◦C) relieves the in-plane tensile stress of the film,
resulting in an increase in d-spacing, as shown in Fig. 3. The
largest increase in both d200 and d002 occurs for the 0.27-μm
film (0.76% and 1.32% increase, respectively). Upon release,
the d200 and d002 converge to ∼1.966 ± 0.001 and ∼2.015 ±
0.01 Å, respectively, for all film thicknesses in the virgin state.
The annealing temperature is too low to expect significant
changes in Pb stoichiometry, so the change in d spacing is
attributed to the strain relaxation associated with different
mechanical boundary conditions once the film is globally
released. These results confirm that 0.27-μm film experiences
a greater strain relaxation upon release and is likely linked to
a larger increase in the irreversible Rayleigh response upon
release [21].

At applied electric fields of 3·Ec, the FWHM of 200 is
enhanced postrelease by ∼9% for the 0.27-μm-thick film,
as shown in Fig. 4(b). Small differences in the FWHM as
a function of release state develop after globally releasing
the film from the substrate (applied electric fields ≥ 1.5·Ec

for which tearing of the diaphragms occurs). Therefore, the
increase in the FWHM upon release may be due to electric-
field-induced nonuniformities in microstrain and/or crystallite

size. Improvements in peak-fitting quality of low-intensity
thin films are needed to confirm that these differences are
statistically significant.

C. Rayleigh Poling Study

Previous studies have shown that Rayleigh parameters αε

and εinitial have a complicated thickness dependence that is
influenced by the domain state of the film and changes upon
release [21]. Complementary Rayleigh analysis was conducted
to investigate whether the thickness dependence of αε and
εinitial changes upon poling. Dispersion curves of the Rayleigh
parameter αε as a function of frequency are shown in Fig. 6(a)
and (b) for unpoled and poled PZT films in the clamped state,
respectively. In general, αε decreases upon poling, presumably
due to the decrease in domain wall density associated with the
coarsening of c-domains inferred from the smaller FWHM
of the 002 reflection. Small (<9%) thickness-independent
changes in αε occur upon poling for clamped films.

Upon 75% release from the substrate, αε increases for all
film thicknesses, as shown in Fig. 6(c). Moreover, after poling,
the change in αε for the 75% released film is more than double
than that for the clamped film. The changes in αε are the
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Fig. 6. Frequency dispersion of the Rayleigh parameter αε as a function of film thickness ranging from 0.27 to 1.11 μm for 2% Nb-doped PZT 30/70
thin films in the clamped state for (a) unpoled and (b) poled films and in the 75% released state for (c) unpoled and (d) poled films.

largest at low frequencies, confirming observations reported
elsewhere that substrate clamping has a greater influence on
slower, irreversibly moving, domain walls [21]. Finally, since
releasing the film from the substrate enhances ferroelastic
domain reorientation, it can be assumed that the greater change
in αε for released films is due to a greater decrease in domain
wall density resulting from c-domain coarsening upon poling.

Dispersion curves of εinitial are shown in Fig. 7 for unpoled
(a) and poled (b) clamped PZT films. εinitial decreases upon
poling due to the increases in volume fraction of c-domains
coupled with a decrease in domain wall density due to coars-
ening of the c-domains. The thickness dependence of εinitial
increases after poling, with a three times larger change in εinitial
for the 1.11-μm film (∼16%) compared with the 0.27-μm film
(∼5%). This thickness-dependent change in εinitial is not due
to differences in the ferroelastic domain reorientation, since
η002 is not thickness dependent (see Fig. 2). Additionally, the
thickness-dependent change in εinitial is not intrinsically driven
since there is no change in the thickness dependence of ν002.

The large Rayleigh coefficients (αε and εinitial) reported for
the clamped, unpoled 0.27-μm film relative to thicker films
may be due in part to a greater domain wall density present
in the film. The thinnest 0.27-μm film presumably has the
largest domain wall density due to its small crystallite size,
as suggested by the preliminary Williamson Hall analysis in

Supplemental Fig. 4 [48].
The in situ XRD analysis can be used to determine whether

thickness-dependent changes in εinitial upon poling is driven by
intrinsic or reversible extrinsic contributions to the permittivity.
Estimated values for εr,intrinsic are plotted as a function of film
thickness for unpoled and poled films in both the clamped and
75% released states, as shown in the lower portion of Fig. 8.
For a clamped unpoled film, εr,intrinsic decreases as thickness
increases, which coincides with the thickness-dependent trends
for ν002. However, upon 75% release from the substrate, the
thickness dependence in εr,intrinsic is reduced. Therefore, the
thickness dependence in εinitial for the unpoled, 75% released
state is due predominantly to a thickness dependence in the
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Fig. 7. Frequency dispersion of the Rayleigh parameter εinitial as a function of film thickness ranging from 0.27 to 1.11 μm for 2% Nb-doped PZT
30/70 thin films in the clamped state for (a) unpoled and (b) poled films and in the 75% released state for (c) unpoled and (d) poled films.

Fig. 8. Intrinsic (εr,intrinsic) and reversible extrinsic (εreversible
r,extrinsic) contributions to the permittivity as a function of film thickness ranging from 0.27 to

1.11 μm for 2% Nb-doped PZT 30/70 thin films in the (a) clamped state and 75% released state for unpoled and in the (b) clamped state for unpoled
and poled films.

reversible extrinsic contribution to the relative permittivity
(εreversible

r,extrinsic). Upon release, εinitial decreases by ∼6% for all
film thicknesses, as shown in Fig. 8(c), which is mainly

related to a shift from reversible to irreversible domain wall
contributions to the relative permittivity [21]. Phenomenolog-
ical calculations suggest that the εreversible

r,extrinsic decreases upon
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Fig. 9. Intrinsic (εr,intrinsic), reversible, and irreversible extrinsic (εreversible
r,extrinsic and εirreversible

r,extrinsic ) contributions to the permittivity as a function of film
thickness ranging from 0.27 to 1.11 μm for 2% Nb-doped PZT 30/70 thin films in the clamped state for (a) unpoled and (b) poled films and in the 75%
released state for (c) unpoled and (d) poled films. Note that the gray square data points represent εr,intrinsic, the blue triangle data points represent
εr,intrinsic + εirreversible

r,extrinsic , the green inverted triangle data points represent εr,intrinsic + εirreversible
r,extrinsic + εreversible

r,extrinsic, and the red circle data points represent
the relative permittivity measured at 50 Hz and ac field of 0.5·Ec.

release for all film thicknesses, driving the overall decrease
in εinitial.

For clamped films, εr,intrinsic decreases upon poling, with a
comparable decrease for all film thicknesses (3.4% decrease
for 0.27 μm versus 4.0% decrease for 1.11 μm), as shown
in the lower portion of Fig. 8(b). Therefore, it is confirmed
that the thickness-dependent change in εinitial upon poling for
a clamped film is not due to intrinsic changes. In general,
εreversible

r,extrinsic decreases as thickness increases regardless of the
released state for both unpoled and poled samples, as shown
in the upper portion of Fig. 8(a) and (b). These results suggest
that substrate clamping creates deep potential wells in the
potential energy landscape in which reversible motion of
domain walls is preferred, consistent with studies by Griggio
et al. [14]. Additionally, it is probable that domain wall motion
in thinner films exhibits more reversible motion compared with
thicker films, since a greater fraction of domain walls in thin-
ner films are subject to clamping effects at the film–substrate
interface. For clamped films, the decrease in εreversible

r,extrinsic upon

poling in the thicker 1.11-μm film is double than that for the
thinner 0.27-μm film (20% decrease versus 10% decrease,
respectively). Therefore, the thickness-dependent change in
εinitial upon poling of a clamped film is primarily due to
extrinsic contributions. It is proposed that thicker films, which
have reduced in-plane tensile stress and defect concentrations,
experience a greater coarsening of c-domains upon poling. As
a result, thicker films have smaller domain wall densities in
the poled state, resulting in a greater decrease in both εreversible

r,extrinsic
and εinitial upon poling.

For the first time, the deconstruction of the relative permit-
tivity into its individual contributions was achieved by com-
bining XRD and Rayleigh analysis. By using this technique,
the values of the reversible extrinsic contribution are decon-
voluted. Additionally, the reversible and irreversible extrinsic
contributions can be directly compared with better understand
the nature of the potential energy landscape of films for various
mechanical and electrical boundaries conditions, e.g., clamped
versus released and poled versus unpoled. It is assumed that
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the intrinsic, reversible extrinsic, and irreversible extrinsic
contributions are additive; strong coupling between reversible
and irreversible mechanisms would lead to errors in the derived
values. Thus, this approach is only valid for measurements
taken within the Rayleigh regime in samples for which the
Rayleigh law is valid.

The relative permittivity can be separated into three contri-
butions: intrinsic, reversible extrinsic, and irreversible extrinsic
contributions, as shown in Fig. 9. It was found that for these
films, εreversible

r,extrinsic makes up a majority of the relative permit-
tivity (approximately 50%). As noted in the Fig. 9 caption,
the individual contributions to the measured permittivity are
assumed to be additive and are plotted to show the linear
superposition of the contributions. As discussed above, it is
assumed that the cross terms are negligible at low applied
electric fields (within the Rayleigh regime: Eapplied ≤ Ec). It
is also possible that properly accounting for clamping of the
intrinsic relative permittivity would drop that contribution by
roughly a factor of two, with the difference contributing to
the reversible extrinsic permittivity. Differences between the
measured relative permittivity (red circle data points) and the
summation of the three contributions (green inverted triangle
data points) may be due to the error associated with assuming
the cross terms are negligible, the error associated with using
released relative dielectric permittivity terms to calculate the
intrinsic response, or errors associated with peak fitting.

IV. CONCLUSION

In situ high-resolution XRD was used to investigate the
influence that substrate clamping and residual stress have
on the thickness dependence of the volume fraction of
c-domains and electric field-induced strain upon release.
Tetragonal {001} Pb0.99(Zr0.3Ti0.7)0.98Nb0.02O3 films were
deposited using CSD with thicknesses ranging from 0.27 to
1.11 μm. The thickness dependence of ν002 is influenced by
the concentration of defects in the films and the degree of
residual stress formed upon cooling below Tc. This thickness
dependence persists after poling and is alleviated upon release.
The thickness dependence of ν002 can result in differences in
the intrinsic contributions to reversible Rayleigh parameter,
εinitial. The thinnest 0.27-μm film has the smallest d-spacings
for both a- and c-domains due to a greater in-plane tensile
stress and a higher concentration of defects present in thinner
films. In general, the electric field-induced change in d002
and d200 is irreversible due to factors such as irreversible
coarsening of c-domains and irreversible 90◦ domain reori-
entation, both of which will change the local stress state
of the film. Releasing the film from the substrate relieves
residual stress, increases the FWHM of the 200 reflection,
and enhances ferroelastic domain reorientation. Residual stress
in a film indirectly affects the extent of reversible, extrinsic
contributions to the relative permittivity. These results confirm
that residual stress at the film–substrate interface creates a
potential energy landscape with deep potential wells, such that
reversible motion of domain walls is preferred.

The combination of XRD and Rayleigh analysis allows the
relative dielectric permittivity to be decomposed into intrinsic,

reversible extrinsic, and irreversible extrinsic contributions. It
was found that at 50 Hz and at an applied field of 0.5·Ec,
the reversible motion of domain walls provides the largest
contribution to the total dielectric permittivity in both clamped
and released films for all the investigated films.
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