
Scaling Effects in Perovskite Ferroelectrics: Fundamental Limits and
Process-Structure-Property Relations

Jon F. Ihlefeld‡,† David T. Harris§,k Ryan Keech¶ Jacob L. Jones§ Jon-Paul Maria§ and

Susan Trolier-McKinstry¶

‡Electronic, Optical, and Nano Materials Department, Sandia National Laboratories, Albuquerque, New Mexico 87185

§Department of Materials Science and Engineering, North Carolina State University, Raleigh, North Carolina 27695

¶Department of Materials Science and Engineering, The Pennsylvania State University, University Park, Pennsylvania 16802

Ferroelectric materials are well-suited for a variety of applica-
tions because they can offer a combination of high performance
and scaled integration. Examples of note include piezoelectrics
to transform between electrical and mechanical energies, capaci-
tors used to store charge, electro-optic devices, and nonvolatile
memory storage. Accordingly, they are widely used as sensors,
actuators, energy storage, and memory components, ultrasonic
devices, and in consumer electronics products. Because these
functional properties arise from a noncentrosymmetric crystal
structure with spontaneous strain and a permanent electric
dipole, the properties depend upon physical and electrical bound-
ary conditions, and consequently, physical dimension. The
change in properties with decreasing physical dimension is com-
monly referred to as a size effect. In thin films, size effects are
widely observed, whereas in bulk ceramics, changes in properties
from the values of large-grained specimens is most notable in
samples with grain sizes below several micrometers. It is impor-
tant to note that ferroelectricity typically persists to length
scales of about 10 nm, but below this point is often absent.
Despite the stability of ferroelectricity for dimensions greater
than ~10 nm, the dielectric and piezoelectric coefficients of
scaled ferroelectrics are suppressed relative to their bulk coun-
terparts, in some cases by changes up to 80%. The loss of extrin-
sic contributions (domain and phase boundary motion) to the
electromechanical response accounts for much of this suppres-
sion. In this article, the current understanding of the underlying
mechanisms for this behavior in perovskite ferroelectrics is
reviewed. We focus on the intrinsic limits of ferroelectric
response, the roles of electrical and mechanical boundary condi-
tions, grain size and thickness effects, and extraneous effects

related to processing. In many cases, multiple mechanisms com-
bine to produce the observed scaling effects.

Keywords: ferroelectricity/ferroelectric materials; thin films;
grain size

I. Introduction

S CALING effects in ferroelectric materials have received sig-
nificant research interest for over five decades. In

response to relentless demands for electronic devices with
smaller package sizes, increased functionality, and higher
operating frequencies, there has been a drive to decrease the
size and increase the performance metrics of virtually every
passive or active component. Many of these components uti-
lize perovskite structure ferroelectric or paraelectric oxides.
A few examples include: (1) multilayer ceramic capacitors
(MLCCs) with modified barium titanate dielectric layers that
provide power decoupling and smoothing; (2) tunable varac-
tors used for frequency tuning of radio frequency (rf) and
microwave antennae for mobile communications based on
barium strontium titanate thin films; (3) nonvolatile memo-
ries utilizing ferroelectric lead zirconate titanate (PZT) thin
films; and (4) sensors and actuators based on piezoelectric
microelectromechanical systems (MEMS). In most cases, the
dielectric layer thickness is on the order of 1 lm or less.

Consider MLCCs as an example technology; modern com-
ponents have dielectric layer thicknesses substantially below
1 lm.1,2 Two decades ago, the-state-of-the-art was 10 lm
thick layers.3 This rapid decrease in layer thickness was dri-
ven by the technology roadmap where advancing perfor-
mance goals necessitated increased volumetric capacitance
(rather like a capacitor version of Moore’s law). To illustrate
this, Fig. 1 shows the dielectric layer thickness in MLCCs as
a function of time.2,4 To improve long-term reliability under
applied electric fields, it is preferable to have several grains
(typically 5–6) spanning the thickness of the dielectric.5 The
resulting grain boundaries act as interfaces that impede the
transport of mobile species, such as oxygen vacancies.3,6–9

Thus, many capacitors have grain sizes !1 lm in diameter.
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Other applications that utilize thin ferroelectric layers do not
require multiple grains through the thickness, but still require
submicrometer layer thickness to reduce operation voltage
and increase device capacitance. In both cases, scaling effects
are pronounced and are difficult to overcome.

In a limited number of cases, biaxial strains or internal
electric fields in scaled ferroelectrics stabilize either ferroelec-
tricity or improve the functional properties. More often
though, decreasing the physical dimensions in ferroelectrics is
associated with reduced phase transition temperatures,
reduced ferroelectric distortions, diminished polarization, and
reduced permittivities. These effects are intrinsic and result
from the increasing relative fraction of surface/interface
atoms to bulk atoms.10,11 For clarity, we refer to these
changes as fundamental size effects. These fundamental size
effects are common in ferroelectrics,12–14 and have also been
reported in nanoparticle and ultrathin film studies of mag-
nets15 and superconductors.16,17 The collection of experimen-
tal and theoretical reports on fundamental size effects teaches
that they become important when at least one critical dimen-
sion is in the range of 10s of nanometers.

While size effects control the limits of thermodynamic sta-
bility for a ferroelectric phase, the properties typically begin
to change over much longer length scales; in this article we
define these changes as scaling effects. Scaling effects may
also alter the relative stability of a ferroelectric phase, but
they are not inherent to the host crystal. Scaling effects have
numerous origins, which include finite electrode screening,
external strain, interface mixing, finite grain-boundary thick-
ness, point defects, crystallographic defects, and impurities.
A cross-sectional transmission electron micrograph of a PZT
thin film in Fig. 2 highlights several of the most important
contributors to scaling effects.

Understanding the relative roles, importance, and interac-
tions of scaling and size effects is a central challenge facing
the oxide electronics community. Our goal in this article is to
highlight the present understanding of scaling effects in the
most compositionally broad class of ferroelectrics, perovskite
structured oxides, and how they regulate the ferroelectric
properties. Because size also affects phase stability, the size
dependence of the stability of the ferroelectric phase is dis-
cussed briefly as well. Scaling effects are present regardless of
the physical dimensions/embodiment of the material (i.e.,
thin films, bulk ceramics, and single-crystals), but the magni-
tude of the changes in the properties differs for each, due to
the differences in mechanical and electrical boundary condi-
tions). For that reason, this article focuses on the mecha-
nisms leading to scaling of ferroelectric properties with
specific examples highlighting their effect in systems of differ-
ing structure and size. This article is divided into the follow-
ing sections: (1) Fundamental Limits, (2) Electrical and

Mechanical Boundary Conditions, (3) Domain, Grain Size,
and Thickness Scaling Effects, and (4) Processing-Related
Scaling Effects. While the phenomena leading to observed
scaling effects are discussed separately, it is important to note
that multiple mechanisms are often coupled. Furthermore,
the focus of this review is on perovskite ferroelectrics. While
scaling effects are observed across all ferroelectric material
classes, the ubiquity of the phenomena leading to scaling in
perovskites across all structural embodiments (i.e., single
crystals, polycrystalline ceramics, and thin films) provides a
landscape to discuss the important factors that lead to scal-
ing. The scaling effects discussed will also be present in other
ferroelectric material systems, but the degree to which they
impact properties may vary.

Some additional definitions are necessary to describe the
contributions to the various physical properties of ferro-
electrics that will be used throughout the remainder of this
review. Intrinsic responses refer to those that arise from the
crystalline lattice. These include the spontaneous polariza-
tion, permittivity, and piezoelectric coefficients, etc. that
would be characteristic of a monodomain single crystal.
Appropriate averaging is used to describe polycrystalline or
oriented materials. Extrinsic responses are those that origi-
nate from domain wall and/or phase boundary motion in
polydomain materials. Motion of these planar interfaces
often makes a substantial contribution to the electromechani-
cal and permittivity values in ferroelectrics.

It is also prudent at the outset of the paper to provide a
cautionary note: ferroelectric responses are commonly mea-
sured using techniques that may be prone to artifacts that
can mimic ferroelectricity. Polarization,18,19 capacitance,18

and piezoresponse20 measurement and interpretation guideli-
nes have been well addressed elsewhere.

II. Fundamental Limits

The spontaneous polarization in displacive ferroelectrics is
the primary order parameter. The origin of this polarization
is a phonon-mediated collective phenomenon. Therefore, in
order for a stable ferroelectric dipole to exist, multiple unit
cells are necessary to stabilize the characteristic reorientable,
spontaneous polarization. The evolution of the polarization
as a function of temperature can be ascribed to a ferroelec-
tric soft mode.21,22 The soft mode is a transverse optical pho-
non mode that condenses to produce the dipole moment in a
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Fig. 1. Scaling of dielectric layer thickness in BaTiO3-based multilayer
ceramic capacitors as a function of time.2,4

Fig. 2. Transmission electron micrograph of an epitaxial PZT film
highlighting various features that lead to scaling effects in
ferroelectrics: electrode-film electrical boundary conditions, substrate-
induced strain and mechanical clamping, domain walls, point defects,
and doping, among others.
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ferroelectric (e.g., via the B-site titanium displacement in a
prototypical ferroelectric such as PbTiO3). As shown in
Fig. 3(a), at temperatures above the Curie point, TC, the soft
mode exists at high frequencies and consequently has short
wavelengths—the titanium ion is not necessarily in the same
position for neighboring unit cells. As temperature is reduced,
this soft mode frequency at the Brillouin zone center decreases
and the wavelength of the mode increases until reaching the
Curie point where it condenses to either a finite low frequency
(long wavelength) mode or zero frequency (infinite wave-
length) mode. Physically, this represents the wavelength of this
mode approaching infinity and all neighboring unit cells have
the titanium ion displaced in the same direction. This is shown
schematically in Fig. 3(b), where all unit cells have equivalent
polarization magnitudes and vectors. Using this soft mode
model, one can clearly see that many unit cells are necessary
to realize the optical phonon mode giving rise to the ferroelec-
tric dipole moment. Thus, there are fundamental limits to the
ensemble of unit cells needed to realize a ferroelectric material
—a single unit cell cannot develop the necessary phonon dis-
persion spectrum to realize the collective response.

Experimentally observed limits to stable ferroelectricity
can be divided into two categories: semi-infinite thin films
and individual nanocrystals. For thin films, much of the
work has focused on epitaxial layers. Ferroelectricity has
been detected in 10 unit cell thick films (4 nm) using scan-
ning probe techniques23 and has been observed using syn-
chrotron diffraction techniques in just 3 unit cell thick
(1.2 nm) epitaxial PbTiO3 films grown on (001)-oriented
SrTiO3 substrates where 180° domain walls form to stabilize
against depolarization fields [discussed in Section III(1)].12

Likewise, ferroelectricity has been verified in epitaxial BiFeO3

films as thin as 5 unit cells (2 nm).24 In BaTiO3 films, the
lower limit for ferroelectricity has been reported by various
authors to range from 7 unit cells (2.8 nm)25,26 down to 4
unit cells (1.6 nm).27,28 Three unit cells likely represents the
limit to observe ferroelectricity in a thin film, owing to the
boundary conditions imposed by nonferroelectric interfaces29

(i.e., the terminating unit cells would be chemically bound to
nonferroelectric phases, which would alter the lattice distor-
tions, phonon modes, and bond covalency30,31 necessary to
realize the stable ferroelectric phase). These values are consis-
tent with early computational predictions, where 3 unit cells
of PbTiO3

32 and 6 unit cells of BaTiO3
33 were suggested as

limits for semi-infinite planes.

For nanocrystals, ferroelectric phase stability is lost at
dimensions that are comparatively larger than in semi-infinite
thin films. This loss of phase stability likely stems from the
challenge of preparing high-quality nanoparticles, combined
with complicating factors such as the substantial difficulty in
characterizing discrete particles. Early experiments investigat-
ing particles via Raman spectroscopy suggested a critical limit
of ~12.6 nm for PbTiO3,

34 whereas early X-ray diffraction
studies of BaTiO3 particles indicated a much larger critical size
of ~100 nm.35 The critical limit for PbTiO3 was further refined
to 10.7 nm by Ishikawa et al. for individual particles.36 More
recent studies on BaTiO3 have shown that tetragonal symme-
try and ferroelectricity exists in much smaller sizes than origi-
nally reported, including confirmation for 40 nm14 and
26 nm13 diameter particles and, most recently, ferroelectric
polarization and polarization switching has been measured in
BaTiO3 nanocubes that are 10 nm on edge.37 Combined, these
results suggest that the lower intrinsic limit for room-tempera-
ture-stable ferroelectricity is less than 10 nm for three-dimen-
sionally scaled particles and may be stable in volumes as small
as 600 nm3,38 and potentially to 10–100 nm3.39

It is critical to note, however, that while ferroelectricity
itself persists to extremely small sizes in displacive ferro-
electrics, the magnitude of the polarization is suppressed as
the critical thickness is approached. The decrease in ferroelec-
tric response with decreasing thickness is shown in Fig. 4,
which plots the remanent polarization (or half of the switching
polarization) for epitaxial BaTiO3,

40 PbZr0.52Ti0.48O3 (PZT
52/48),41 and PbZr0.2Ti0.8O3 (PZT 20/80)42 metal-insulator-
metal structures. For BiFeO3, high electrical leakage currents
in ultrathin films prevents traditional electrical-based charac-
terization using metal-insulator-metal devices, so instead the
normalized piezoresponse43 [measured via piezoresponse force
microscopy (PFM)] and polarization44 (measured via photoe-
mission) are shown. All films show similar trends with thick-
ness: saturation of the polarization response at thicknesses
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Fig. 3. Schematic of the polarization direction, titanium ion position,
and ferroelectric soft mode phonon dispersion for a prototypical
ferroelectric, PbTiO3. (a) Shows the optical phonon wavelength, the
corresponding polarization magnitude for each unit cell, unit cells with
titanium ions displaced differing amounts, and the soft mode
dispersion with finite zero wavevector (k) frequency (x). (b) Shows the
condensed soft mode with uniform polarization magnitude for each
unit cell with the titanium ions all displaced in the same direction with
the same dipole moment, and the condensed soft mode dispersion with
a zero frequency mode at the zone center. Shannon–Prewitt ionic radii
scaled to 40% size were used in this representation.
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Fig. 4. Remanant polarization (left axis) for BaTiO3
40 and PbZr1"x

TixO3
41,42 and normalized piezoresponse43 and polarization measured

using photoemission44 (right) for BiFeO3 thin epitaxial films with
decreasing film thickness. The lines are theoretical calculations of
polarization for BaTiO3

33 (from first principles) and BiFeO3

(phenomological model). All systems show similar response
saturation at large thicknesses (>50 nm), with greatly reduced
response at <10 nm. The lattice matched PZT 20/80 composition has
fewer dislocations than the morphotrophic PZT 52/48 film and
exhibits saturation of response at smaller thicknesses.
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above 20–30 nm with severe depression of the polarization
below 10 nm.

The impact of reduced ferroelectric response extends to
properties that depend on ferroelectricity, including the dielec-
tric and piezoelectric responses. Consider one observation of
note: several authors have demonstrated room-temperature
properties, such as permittivity, in scaled BaTiO3 that are
close to bulk values, but at temperatures near the Curie point,
the differences remain pronounced, that is, sharp transitions
with permittivities >104 have not been seen in films even when
grain sizes are large. The remainder of the article focuses on
scaling effects in bulk and thin film systems, which are in part
responsible for this property contrast.

III. Electrical and Mechanical Boundary Conditions

As described by Aizu,45 in many displacive ferroelectrics, the
noncentrosymmetric ferroelectric phase develops on cooling
from a high-temperature parent phase. This transformation
occurs with a reduction in at least one symmetry element.
For example, transitions from cubic to tetragonal or rhom-
bohedral phases are often observed. Accompanying the spon-
taneous polarization is a spontaneous strain. Altering the
strain state results in a change in polarization magnitude and
vice-versa—that is, the strain and electrical polarization are
coupled phenomena. As such, ferroelectrics are sensitive to
both electrical and mechanical boundary conditions. In this
section, the primary scaling effects associated with electrical
and mechanical boundary conditions are discussed.

(1) Electrical Boundary Conditions: Depolarization Fields
and Electrode Screening
Terminating the spontaneous polarization in ferroelectrics by
introducing a surface or interface, by definition creates a
depolarization field. For example, in a single domain single
crystal an electric field develops as a result of surface charges
that compensate the normal component of the polarization.
This electric field will oppose the polarization and destabilize
the ferroelectric phase.46 Four suggested mechanisms that
sustain the polar nature of the lattice in response to the
depolarization field are summarized in Fig. 5. These include:
(1) electrode screening, resulting in a compensating surface
charge, (2) electrical conduction through the crystal, (3)
polarization gradients within the crystal, and (4) domain
formation.47,48

Electrode screening, in particular, has been shown to dra-
matically influence the stability of the ferroelectric phase and
the resulting properties. In a ferroelectric capacitor, polariza-
tion induces a surface charge that must be balanced with an
accumulated counter charge in the electrodes. For real met-
als, the charge occupies a finite physical thickness, resulting

in a finite screening length and thus incomplete screening of
the ferroelectric polarization and a depolarization field. The
magnitude of the depolarization field is strongly crystal-size
dependent. Consider an ideal single-domain crystal with a
thickness-independent spontaneous polarization that is
uncompensated at the surfaces. As the crystal thickness
decreases, the surface charge remains constant. Thus, the
electric field increases substantially as the thickness drops. As
a result, depolarization-field-induced scaling effects are most
prominently observed in thin films. When present, this depo-
larization field can lead to domain formation, reduced spon-
taneous polarization, or destabilization of the ferroelectric
phase.49

Starting with stability of the ferroelectric phase, first prin-
ciple calculations have quantified the impact of such electri-
cal boundary conditions on ferroelectric properties. For
example, a SrRuO3-BaTiO3-SrRuO3 film stack on a SrTiO3

substrate was investigated and the magnitude of the depolar-
ization field increased as the film thickness decreased.33 A
critical thickness for ferroelectric stability was predicted to be
2.4 nm (6 unit cells). This destabilization was driven by the
electrostatics of the depolarization field resulting from incom-
plete charge screening in the SrRuO3 metallic electrodes. The
first principles calculations showed that polarization is sup-
pressed in the ferroelectric phase to thicknesses in excess of
15 nm—all as a result of incomplete charge screening. It was
found that models with “perfect” metal electrodes with “per-
fect” screening resulted in films with polarization values
equivalent to the bulk, demonstrating the strong effect that
incomplete screening has on polarization magnitude. The
model used, however, ignored interface bonding effects,
which will be discussed later. Experimentally, ultra-thin films
of BaTiO3 with SrRuO3 electrodes grown by Kim, et al.40

showed remarkable agreement with first principles calcula-
tions,33 as seen in Fig. 4. In addition to ferroelectric polariza-
tion stability changes owing to depolarization fields,
substantial changes in lattice distortion are common. Epitax-
ial PbTiO3 films grown on conducting niobium-doped SrTiO3

substrates were observed to have decreasing tetragonality as
a result of incomplete charge screening.50 The tetragonality
decreased with film thicknesses below 20 nm. The decreased
c/a ratio was consistent with the expected trend for incom-
plete charge screening and demonstrates that this effect can
be a dominant scaling effect for very thin layers.

Building on the early first principles studies of the effects
of electrode charge screening, more recent first principle stud-
ies compared the effect of different metallic contacts, plat-
inum and SrRuO3, on the properties of the incipient
ferroelectric, SrTiO3.

51 It was found that regions of decreas-
ing polarization and permittivity extended into the SrTiO3 at
the electrode/SrTiO3 interfaces owing to incomplete screen-
ing. These calculations predicted more complete screening

Fig. 5. Compensating mechanisms for ferroelectric polarization. Red arrows indicate the polarization vector. (a) Shows charge accumulation in
electrodes adjacent to the surfaces of the ferroelectric. These charges compensate for the polarization charge of the ferroelectric. (b) Shows
electrical charges leaking into and through the ferroelectric material. (c) Shows polarization gradients forming with lower polarization near the
surfaces/interfaces of the ferroelectric. (d) Shows a 180° domain wall (dashed line) separating regions of equivalent polarization. In actuality, the
domain wall would have a finite width, typically single to several unit cells.
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with platinum electrodes and showed that the incomplete
screening at the contact interface should lead to noticeable
reductions (~15%) in permittivity for 75 nm thick SrTiO3

films with SrRuO3 electrodes, in stark contrast to behavior
of BaTiO3 with SrRuO3 electrodes discussed above, where
depolarization effects were not observed until sub-30 nm
thicknesses.40 This computational result was obtained even
for the fully relaxed state of a freestanding single crystal (i.e.,
no epitaxial strain was present to stabilize or/destabilize
polarization).

Although first principles calculations predicted that plat-
inum would provide more complete screening compared to
conducting oxides, experimental results reveal inconsistent
behavior for Ba1"xSrxTiO3 with metal and conducting oxide
electrodes, with many experiments showing smaller thickness
effects with conducting oxide electrodes.52–56 Unfortunately,
differences in Ba:Sr ratio and contact symmetry in these stud-
ies complicate analysis and understanding of electrode effects.
The data above demonstrate the great challenge of under-
standing scaling effects. Consider that making an epitaxial
ferroelectric thin film very thin enables one to observe screen-
ing effects, but that thinness also promotes coherent growth,
which imparts a strong mechanical boundary condition, and
the two effects confound each other. In addition, as will be
discussed next, the differing bonding environments between
electrodes and SrTiO3 or BaTiO3 leads to unanticipated dif-
ferences in screening and explains some of the challenges in
understanding ferroelectric screening.

An experiment to decouple film growth related strain and
processing parameters on scaling effects was performed via
dielectric characterization of a free-standing BaTiO3 capaci-
tor prepared by ion milling a 75-nm-thick sheet from a single
crystal and depositing gold electrodes.57 Dielectric measure-
ments showed a sharp transition at the expected Curie tem-
perature, with typical Curie–Weiss behavior above the
transition. The high permittivity (greater than 25 000 at the
transition temperature) and lack of TC shifts or broadening
observed in this experiment support the hypothesis that
many of the size effects reported in the literature are not
intrinsic. This result contrasted sharply with the theoretical
prediction of incomplete screening in the SrTiO3 system and
suppressed properties even in 75-nm-thick SrTiO3, strain free
layers.51 Additional first principles evaluations were con-
ducted to expand on the early SrTiO3 models to include the
ferroelectrics BaTiO3 and PbTiO3.

58 These calculations
showed that insufficient screening by the metal electrode is
not the only determining factor for ferroelectric instabilities
in these ultrathin films. Despite the more effective screening
of platinum on PbTiO3 than on BaTiO3, it was predicted
that BaTiO3 with platinum electrodes had significantly thin-
ner “dead layers” (where dead layers correspond to regions
with differing polarization or permittivity from that of the
bulk, including polarization gradients), and had stable ferro-
electricity down to one unit cell. The difference in this
account with prior work stemmed from allowing the film sur-
faces to rumple/buckle in the simulations, which stabilizes
ferroelectricity to a lower critical thickness. Models suggest
that the buckling mechanism originates from weak bonding
of an A-site/O-terminated perovskite ferroelectric to the
metal that can actually enhance the spontaneous polariza-
tion. Furthermore, due to differences in screening capability,
it was shown that platinum electrodes should yield thinner
dead layers than SrRuO3 electrodes. This result shows that
the chemical environment at the interface is a crucial factor
in scaling of ferroelectric properties.

Chang et al. added experimental evidence to this predic-
tion by comparing the temperature dependent dielectric
response of 300-nm-thick lamellae capacitor structures pre-
pared from BaTiO3 and SrTiO3 bulk single crystals.59 Using
platinum contacts, no signature of a dead layer was observed
for BaTiO3, whereas equivalent SrTiO3 structures exhibited a
decreased response, as predicted by first principle

simulations. Additional simulations and experiments confirm
that the interfaces of various ferroelectrics can indeed be
engineered to avoid or minimize these so-called dead-layer
effects, which can lead to depression of ferroelectric proper-
ties in the complete capacitor structure.60–63 For example, by
engineering the BaO-RuO2 termination through the addition
of a SrTiO3 layer at the electrode interface, the polarization
can be de-pinned and ferroelectricity enhanced.62 Although
interface engineering shows promise for increasing the stabi-
lized spontaneous polarization, the addition of SrTiO3 leads
to less effective screening and faster relaxation.64 Combined,
these computational and experimental studies demonstrate
the care that must be taken when investigating materials and
attributing thickness effects to electrode interface features,
such as dead layers—the atomic structure and terminating
layers play an important role.

Finally, the effectiveness of screening by electrodes and
the resulting depolarization field can also strongly influence
the formation of ferroelectric domains.65,66 For instance,
PbTiO3 on conducting Nb-doped SrTiO3 shows suppressed
tetragonality with decreasing thickness, consistent with an
increasing depolarization field. However, a polydomain
structure appears for thinner PbTiO3 films grown on con-
ducting La0.67Sr0.33MnO3 electrodes, which compensates for
the depolarization field and results in an increased PbTiO3

tetragonality.67 The domain’s relative orientation (e.g.,
poled-up, down, or in-plane) can also influence the depolar-
ization field by changing the relative thermodynamic stability
of defects or interacting with step-edges.68–70 Insertion of
dielectric spacers at ferroelectric-electrode interfaces reduces
the screening efficacy of the electrode and leads to the for-
mation of a polydomain structure to compensate the depo-
larization field.63 Compensation at interfaces can also be
affected by adsorbates, such as hydroxide, that can compen-
sate exposed ferroelectric surfaces and stabilize monodomain
material.71

Incomplete screening effects, seen in epitaxial and free-
standing single crystal experiments and simulations, serve as
a limiting case for metallized devices with thin ferroelectric
layers. However, many applications require thicker
(>100 nm) polycrystalline layers, well above the reported
intrinsic and depolarization-field-induced critical sizes. In
contrast to the demonstration of bulk, single-crystal-like
properties in 75-nm-thick BaTiO3,

57 polycrystalline films,
ceramics, and even many epitaxial films with thickness and
grain size less than several micrometers exhibit broadened/de-
pressed phase transitions and significantly lower permittivi-
ties. This fact points to the complication of isolating scaling
effects and that many effects often contribute to measured
thickness dependence in the properties. The role of grain
boundaries, domain structure, and material processing condi-
tions on functional properties will be discussed in Sec-
tions IV and V.

(2) Mechanical Boundary Conditions
In addition to electrical boundary conditions, mechanical
boundary conditions, such as substrate-induced strains, con-
tribute strongly to the behavior of ferroelectrics. Stress/strain
effects can be generally classified into two types: (1) hydro-
static compressive strain, which tends to decrease the unit
cell volume and the ferroelectric phase transition tempera-
ture72 and (2) biaxial strain, which can either increase73–76

or decrease the phase transition temperature and can pro-
mote a preferred polarization orientation.77 Biaxial strain
effects on ferroelectric polarization and domain structure are
illustrated in Fig. 6. In an ideal uniaxial ferroelectric, biaxial
compression normal to the polar axis will stabilize the polar-
ization vector against thermal fluctuations, thus increasing
the polarization magnitude and raising TC, as shown in
Fig. 6(b). Biaxial tension imparts the opposite trend,
Fig. 6(c).
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Biaxial strain will also strongly influence the arrangement
of ferroelastic domains, if present. If one considers a ferro-
electric where the polarization vector can switch ferroelasti-
cally between orthogonal [001] and [100] directions, then
biaxial compression perpendicular to the polar axis will sta-
bilize that orientation and increase TC, as shown in
Fig. 6(e). For a large enough biaxial tension perpendicular
to the polar axis, the polar direction will switch into the
tensile plane, and TC will increase, as shown in Fig. 6(f).
These strain effects, however, become more complicated
when superimposed upon scaling effects. Consider that
below a certain dimension, it is possible to lose or perhaps
immobilize ferroelastic domains in a biaxial ferroelectric.78

In such a situation, the strain-dependence of TC can, in
principle, reverse. It is possible that such effects contribute
to the TC depression seen many times in very fine-grained
Ba1"xSrxTiO3 thin films, as will be discussed in more detail
in Section IV. Ultimately, it is most important to recognize
that mechanical boundary conditions act in combination
with intrinsic scaling effects producing a complex size and
strain-dependent response that can be very difficult to
separate.

There can be many origins of strain in ferroelectric materi-
als depending on the geometry and embodiment of the
device. In thin films, there are three primary origins of strain:
(1) lattice mismatch strain that is present in epitaxial systems,
(2) growth-related strain common to physical vapor deposi-
tion methods, and (3) coefficient of thermal expansion mis-
match between the ferroelectric film and the substrate. In
bulk ceramics, strain can exist in individual grains owing to
mechanical boundary conditions present at grain boundaries
as the material passes through the paraelectric/ferroelectric
phase transition and develops a spontaneous dipole.

The wide range of perovskite single crystals with varying
lattice parameters lends itself to coherent epitaxial growth of
ferroelectrics.79 In many cases, extremely thin films are
grown on substrates that do not perfectly lattice match to
control biaxial strain, altering phase stability and phase tran-
sition temperatures. Importantly, strain effects can be inter-
linked with other scaling effects, with changes to the stable
polarization direction and the phase transition temperature
dependent on the depolarization field.65,66 Some examples of
utilizing strain to alter phase stability and ferroelectric
response include the demonstration of ferroelectric response

in SrTiO3 at room temperature when grown on DyScO3 sub-
strates80 with a +1% lattice mismatch; the increase in phase
transition temperature and remanent polarization of BaTiO3

to 540°C and 70 lC/cm2, respectively, grown on DyScO3

("1.7% lattice mismatch);75 and stabilization of a tetragonal-
like phase81,82 and strain-induced morphotropic phase
boundary in BiFeO3.

83 The utility of strain engineering with
ferroelectric films has generated significant theoretical and
experimental attention with dedicated reviews.79,84,85

However, growth of films beyond the critical thickness for
strain relaxation results in formation of dislocations. These
dislocations have been predicted86–93 and shown41,94–99 to
affect the ferroelectric and dielectric properties. In epitaxial
Ba0.6Sr0.4TiO3 films, a suppression of the permittivity was
reported and explained by a concentration of misfit disloca-
tions (~1011 cm"2) altering the dielectric stiffness.99 Disloca-
tions in PbZr0.52Ti0.48O3 films have been shown to strongly
affect the polarization response. The dislocation effect is
shown in Fig. 4 in comparing PZT 20/80 films,42 which are
grown on lattice matched substrates, with the PZT 52/48
films,41 which are fully relaxed with dislocation densities of
~1012 cm"2. The critical thickness for the dramatic decrease
in polarization is much higher for the PZT 52/48 films than
the PZT 20/80 films. The strain fields surrounding the dislo-
cations have been proposed to enhance depolarization fields
and result in the greater thicknesses necessary to observe
polarization saturation.41 This enhancement of depolariza-
tion field by dislocations illustrates clearly how different
mechanisms can combine to magnify scaling effects.

For nonepitaxial films, the mechanical boundary condi-
tions can include thermal expansion mismatch and mechani-
cal compliance of the substrate. To illustrate the various
mechanical boundary condition effects acting on nonepitaxial
BaTiO3 systems, Fig. 7 shows permittivity measurements
from room temperature to 200°C from several different
reports. The systems shown were selected on the basis of
high material density and overall quality and to illustrate the
differences between a 75-nm-thick strain-free single crystal,57

a 70 nm grain size bulk ceramic,100 a 55 nm grain size film
(~180 nm thick) on platinized silicon,101 a 130 nm grain size
film (~500 nm thick) on rigid a-sapphire (with top interdigi-
tated contacts),102 and a 157 nm grain size film (~650 nm
thick) on flexible copper foil.103 The latter two example thin
films were processed with added BaO–B2O3 (869°C eutectic

Fig. 6. Biaxial strain effects on polarization in (a–c) uniaxial ferroelectrics and (e-f) biaxial ferroelectrics with more than one stable polarization
direction. Red arrows indicate the polarization direction and blue arrows indicate the direction of applied stress. The shaded regions in (e–f)
represent domains with in-plane polarization vectors. The polarization state in the unstrained condition is represented (a) and (d) and the
superposition of that condition is represented by the dashed lines in (b, c, e, and f). Biaxial tension in a uniaxial ferroelectric with polarization
out-of-plane will result in a reduced polarization vector (b). Biaxial compression in a uniaxial ferroelectric with polarization out-of-plane will
result in an increased polarization vector (c). Biaxial tension in a polydomain ferroelastic material will result in increased volume fractions in in-
plane oriented polarization domain (e) and biaxial compression in a polydomain ferroelastic material will result in increased volume fractions of
out-of-plane oriented polarization domains (f).
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composition) to enhance densification and grain growth at
lower temperatures.

The fine-grained bulk ceramic and the film processed on
copper foil may be expected to possess reduced levels of
biaxial strain, whereas the films on the rigid substrates will
be subjected to strains associated with thermal expansion
mismatch with the substrate. The free-standing 75-nm-thick
single crystal exhibits bulk-like behavior with a pronounced
permittivity peak at TC nearing a value of 25 000. The
70 nm grain size ceramic and 157 nm grain size film on the
flexible substrate samples, however, show significantly
depressed permittivities at the ferroelectric-paraelectric transi-
tion temperature, but generally show bulk-like properties at
room temperature (permittivity greater than 2000), and a
bulk-like temperature of the permittivity maximum (~125°C).
The flattening of the temperature dependence of permittivity
is beneficial for many applications where stable properties
over a wide operating range are desirable. However, the films
deposited on rigid substrates exhibit suppressed permittivity
(<1500) below and at TC. The sample on sapphire is charac-
terized using surface interdigitated capacitors, probing the in-
plane dielectric properties and resulting in an increase to TC

to ~175°C.104 In contrast, the sample on silicon has a finer
grain size, often correlated with TC suppression, and is mea-
sured using the typical metal-insulator-metal geometry, which
probes the out-of-plane permittivity. Since the film is under
tensile stress with a preferred polarization lying in the plane,
the applied fields interact with the in-plane polarization only
indirectly and is less sensitive to ferroelectric transi-
tions.74,80,105–109 As can clearly be seen, the final dielectric
properties are heavily dependent on not just the presence of
strain, but also differences in the grain size, as will be dis-
cussed in more detail in Section IV.

Comparing films prepared on the rigid sapphire substrate
and copper substrates provides insight into strain-mediated
properties. In this particular comparison, grain sizes are simi-
lar, processing temperatures are identical (900°C), and the
liquid forming sintering aide is added to each. However, for
films on sapphire the final dielectric constant is roughly 67%
lower than for films on flexible substrates.102,103 Ferroelectric
films on flexible substrates are one of few examples where

bulk-like permittivities, dielectric tuning, and piezoelectric
coefficients are present at room temperature. In addition to
the data shown in Fig. 7, these high value properties have
been observed103,110–118 and predicted119 using a number of
different deposition techniques, substrates, and other process-
ing modifications. The high thermal expansion coefficient of
the metallic substrates would be expected to place the films
into a compressive stress, resulting in reduced cross-plane
permittivity, however, the possibility for plastic deformation
upon cooling due to metal annealing and a very low shear
modulus minimizes residual strains.120 In addition, because
the foil substrate is thin and flexible, as compared to conven-
tional rigid substrates such as sapphire and silicon, in-plane
stresses can be reduced substantially through substrate
bending.

The observation of a strong strain effect on dielectric and
ferroelectric properties was previously quantified in polycrys-
talline Ba0.7Sr0.3TiO3 (BST)121 and PbZr0.53Ti0.47O3

122 and
PbZr0.52Ti0.48O3

123 thin films on silicon substrates using
wafer flexure tests. The application of tensile stress in addi-
tion to the tensile film stress from thermal expansion mis-
match with the silicon substrate led to large decreases (up to
25%) in the capacitance of metal-insulator-metal BST
devices. By extrapolation, these results indicated that the
stress imposed by the mechanical boundary conditions with
the silicon substrate decrease the film permittivity by nearly
25%. Applying a compressive stress to PZT films that were
already under tensile stress, post-processing, resulted in
increases in permittivity (2%122) and remanent polarization
(~11%122 and 8%123) through lowering the overall film stress
by ~30%122 and transitioning from tensile to compressive
stress.123 Several other studies have confirmed that appropri-
ately selected thermal expansion mismatch can increase the
measured permittivity.107,108,124–128

Mechanical boundary conditions affect all ferroelectrics
and for ferroelasic ferroelectrics the mechanical constraints
strongly affect the extrinsic properties. These mechanical
boundary conditions can be a function of size, and hence can
contribute to scaling effects. For example, the elastic interac-
tion between thin films and their substrates can both change
the intrinsic properties (e.g., by moving closer to constant
strain rather than constant stress conditions) and reduce the
domain wall mobility via substrate clamping.48,129,130 Fur-
thermore, stress can affect the orientation of the polar axis
with respect to the substrate plane and measurement direc-
tion, resulting in vastly differing polarizations and permittivi-
ties, depending on the substrate used.77,131 In tetragonal PZT
compositions, for example, a substrate that places a film in
compressive stress will result in high (001) domain orienta-
tions and large polarizations, but low measured permittivi-
ties.132 Substrates that place the film in tensile stress will, in
many cases, have the opposite effect. In both instances, the
ferroelastic domain wall mobility is reduced.

The technological drive for MEMS with high piezoelectric
response has led several groups to fabricate partially
declamped structures from blanket films. Enhanced piezo-
electric responses in tetragonal PZT films on silicon upon
patterning has been demonstrated with explanations based
on declamping130 and increased c-domain volume fractions
that emerge when residual thermal tensile strains are
released.133 Microfabrication of island134 and antennae135

structures have shown significant increases in domain wall
mobility via field-dependent piezoelectric measurements and
Rayleigh analysis of the dielectric response, respectively.
Declamping and subsequent increased domain wall mobility
has also been found in released diaphragm structures by
changes in dielectric response136 and 002/200 Bragg reflec-
tion intensities as a function of electric field.137 Ultimately,
the intimate connection between strain and polarization in
ferroelectric crystals makes their extrinsic properties particu-
larly sensitive to mechanical constraints. Since mechanical
boundary conditions are strongly dependent upon
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dimensions, their contributions to scaling effects can be pro-
nounced.

Electrical and mechanical boundary conditions may affect
the stability of ferroelectric phases. Electrical boundary con-
ditions, such as the presence of depolarization fields can
affect the stability of the ferroelectric phase and can be extre-
mely sensitive to the chemical structure of the electrode/
ferroelectric interface. Mechanical boundary conditions can
result in changes of polarization magnitude, introduction of
structural defects, such as dislocations, and clamping of
domain walls affecting extrinsic contributions to electrical
and electromechanical response. The relative magnitudes of
the effects of electrical and mechanical boundary conditions
on dielectric and electromechanical response changes with
system size (thickness, lateral dimensions, etc.) and therefore
constitute an important consideration in property scaling.

IV. Domain, Grain Size, and Thickness Scaling Effects

In addition to surfaces and electrode/ferroelectric interfaces,
there are other interfaces that strongly affect ferroelectric
properties. These include domain walls, grain boundaries,
and their relative concentrations or volume fractions as the
system size scales. These interfaces encompass many of the
features already discussed in this review article: finite sizes
and changing electrical and mechanical boundary conditions.
The complex interactions between these conditions result in
profound scaling effect dependencies. This section of the arti-
cle describes how introduction of grain boundaries, domain
boundaries, and decreasing material thickness affects proper-
ties of ferroelectrics.

(1) Grain and Domain Size Scaling in Ferroelectric
Ceramics
Size dependent changes in the domain structures influence
the grain size- and thickness-dependence of the properties of
ferroelectric materials. Using BaTiO3 ceramics as an exam-
ple, the dielectric permittivity, er, is a strong function of
grain size over the range of 10 nm to 100 lm,100,138–143 as is
shown in Fig. 8. Typically, for dense materials, the room-
temperature relative permittivity essentially saturates at
~1700 with grain sizes >10 lm.140 There is a room-tempera-
ture peak in permittivity at BaTiO3 grain sizes near 1 lm
with values reaching ~5300. Upon further grain size reduc-
tion, permittivity decreases. The observed trends can be
divided into two categories using the grain-size-dependent
permittivity peak as a demarcation point. For grain sizes lar-
ger than ~1 lm, Kinoshita139 and Arlt140 ascribed the
observed grain size dependence of the dielectric properties of
BaTiO3 ceramics to changes in the domain configuration. In
particular, Arlt reported that the domain size was dependent
on grain size, where the domain size / (grain size)m. Experi-
mentally, in both BaTiO3 and Pb(Zr,Ti)O3 ceramics with
moderate grain sizes of ~1–10 lm, the m value is consistently
~0.5.140,144 An increasing density of mobile 90° domain walls
with decreasing grain size increases the relative permittivity
by increasing the extrinsic contribution to permittivity.140,145

This domain density trend has been confirmed in the piezo-
electric response of BaTiO3 single crystals with varying con-
centrations of domain walls.146,147

While increasing domain wall density and subsequent
increases in extrinsic contributions to permittivity with reduc-
ing grain size can explain the permittivity trend for BaTiO3

ceramics with grain sizes larger than 1 lm, as grain sizes fall
below ~1 lm, the measured permittivity is observed to
decrease. There are several explanations for the decreasing
dielectric response behavior; these include increased grain-
boundary dilution of the dielectric response100,148 and
changes in domain boundary density and their mobil-
ity.140,141 Focusing first on domain effects and grain size
scaling, it was recently shown by Ghosh et al. using in-situ

high-energy X-ray diffraction that 90° domain wall reorienta-
tion is greatest at the intermediate grain sizes near 2 lm; this
correlates with the enhanced permittivity and piezoelectric
properties observed in BaTiO3

149 and is consistent with the
observations of Arlt et al.140 and Demartin et al.150 Reduc-
tion in the grain size below 1 lm lowers the mobility and/or
the density of 90° domain walls, and hence extrinsic contri-
butions to the functional properties.149,151 In BaTiO3 ceram-
ics with submicrometer grains, the reduced mobility and/or
density of 90° domain walls is often accompanied by a
reduced unit cell tetragonality140,152 as well as decreased
complexity of domain structures and their stable vari-
ants.144,153,154 In this case, because domain walls move collec-
tively, limited twin configurations in a given grain could
clamp the movement of domain walls in adjacent grains. In
addition, nucleation of new domains becomes more difficult
under application of electric fields as grain size is reduced
toward the dimension of a single domain.149,155–157 In combi-
nation, these mechanisms erode extrinsic contributions to
permittivity and produce scaling effects.

Similar to the well-studied BaTiO3 system, polycrystalline
Pb-based ferroelectrics, such as, morphotropic-composition
PZT and 0.65Pb(Mg1/3Nb2/3)O3–0.35PbTiO3 (PMN–PT),
exhibit reduced piezoelectric coefficients and dielectric
responses with decreasing grain size,158–162 though no prop-
erty maximum has yet been observed as is present in BaTiO3.
Also similar to BaTiO3, these more complex perovskite ferro-
electrics and relaxors can display changes in crystal symmetry
with decreasing grain size,162,163 which can further affect
measured properties.

The inevitable increase in grain-boundary density that
accompanies small grain sizes also affects the measured prop-
erties. For bulk ceramics, Frey et al.100 used the “brick-wall”
model148 for a diphasic microstructure of high permittivity
grains with disordered and thus low permittivity grain
boundaries, as shown in Fig. 9 for the ideal system used in
mathematical models and a realistic microstructure. The
brick-wall model predicts a reduced net permittivity by a
dilution effect from the grain-boundary volume. Using a
grain-boundary thickness of 0.8 nm, which was determined
by electron microscopy, the brick-wall model described the
measured permittivities of a series of ceramics with grains
sizes down to 40 nm for a grain core permittivity of ~4600
and a grain-boundary permittivity of ~130 in BaTiO3. It
should be noted that while this model fits experimental data
well, it does not account for any changes in domain structure
or domain wall mobility with grain size. Several groups have
observed ferroelastic domain structure in fine-grained
BaTiO3,

143,155 however the piezoelectric response of
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fine-grained materials is suppressed,142,155 indicating that
these domain walls are immobile. An ensemble of adjacent
highly polarizable grains surrounded by defective grain
boundaries can act as a source of charge that compensates
the depolarization field within each grain to enable such high
permittivities in the their cores. It should be noted, that
Polotai et al. employed the brick-wall model for a similar set
of dense fine-grained BaTiO3 ceramics and found that the
calculated grain boundary needed to be three to ten times
thicker than the microscopy-measured grain boundary that
pointed to a secondary mechanism for decreased permittivity
near grain boundaries, which was attributed to depolariza-
tion fields.143 A sample set of BaTiO3 fine crystallites within
a glass matrix, as described by McCauley et al., presents a
situation where the depolarization field is less likely to be
screened than in a sintered single-phase ceramic.164,165 It was
shown that a decrease in both dielectric constant and phase
transition temperature and an increase in the breadth of the
phase transition occurred as crystallite size decreased from
80 to 25 nm. These three features: decreased permittivity,
decreased TC, and increased phase transition breadth, are
characteristic of polarization gradients near the surfaces in
incompletely screened ferroelectrics10,11 and again demon-
strate the importance of the electrical boundary conditions at
ferroelectric interfaces and how they affect the observed per-
formance. Finally, Emelyanov et al. found a deviation of
Curie–Weiss behavior in BaTiO3, which was strongly depen-
dent on grain size and that the Curie temperature in nanos-
tructured ceramic systems are significantly lower than that in
coarse ceramics.166

Grain size scaling effects on permittivity in bulk ceramics
result from a combination of mechanisms. (1) The grain size
reduction results in a change in the numbers of domain
boundaries within each grain, which tends to increase as the
grain size decreases resulting in an increasing permittivity
with decreasing grain size, particularly for BaTiO3-based
materials, reaching a peak at ~1 lm. Additional reduction in
grain size results in a decrease in the numbers of stable
domain configurations, a possible reduction in the numbers
of domains within each grain, and a decrease in the mobility
of these domain boundaries. The latter ultimately reduces
extrinsic contributions to permittivity. (2) Decreasing grain
size necessitates an increase in the volumetric fraction of
material that is low permittivity grain boundaries, resulting
in a decreasing permittivity for submicrometer grains due to
dielectric mixing rules and is well fit by the brick-wall model.

(2) Thickness and Grain Size Scaling in Polycrystalline
BaTiO3-Based Thin Film Ferroelectrics
In polycrystalline thin films, property changes with decreas-
ing thickness are one of the most commonly observed scaling
effects. Like their bulk counterparts, these effects result from
many interrelated microstructure and domain structure
changes. Often these property changes with reduced thickness
are attributed to the presence of a layer of suppressed ferro-
electric activity at the film/electrode interface. As discussed in
Section III, these layers may exist, but are highly dependent
on the specific ferroelectric, electrode material, and interface
structure, chemistry, and defects. Further complicating study
of scaling effects in polycrystalline films is the common
observation that grain size scales with thickness.167,168 The
convolution of these two variables obscures the relative
impact of grain size and film thickness. This discussion is
confounded somewhat by inconsistent characterization within
the community. Thin film microstructure, electrical proper-
ties, loss tangents, electrode properties, contacts, density,
measurement frequency, and roughness are not always
reported for sample sets with variable thickness. In the par-
ticular case of BST compositions with phase transitions near
room temperature, characterization should include tempera-
ture-dependent measurements since shifts of TC can cause
large apparent changes to dielectric properties. Furthermore,
processing conditions are commonly changed to modulate
grain size, and the impact of those changes on the above
parameters is not always elucidated,169–174 as will be dis-
cussed in Section V. The interlinked nature of processing
conditions, microstructure, device geometry, contact material,
substrate, and dielectric properties requires careful considera-
tion of all these effects.

To simplify discussion of thickness scaling in films, we
focus first on BaTiO3-based compositions, including (Ba,Sr)
TiO3 (BST) where extensive research on thickness-dependent
dielectric properties of columnar grained polycrystalline
films has been conducted.56,167,168,170,175,176 Figure 10(a)
shows thickness-dependent permittivity measurements177 as
well as the commonly applied series capacitance model that
assumes reduced permittivity layers at the ferroelectric-elec-
trode interfaces. This model usually makes the simplifying
assumption that vertical grain boundaries (e.g., in columnar-
structured films) run parallel to any applied fields and thus
do not contribute significantly to the observed trends. In
comparison to the epitaxial films discussed in Sections II
and III and shown in Fig. 4, scaling effects in polycrystalline

Fig. 9. Diphasic Brick-wall model used to describe the microstructure of polycrystalline ferroelectrics. (a) Cubic grains represent an ideal grain
structure. d1, d2, K

0
1, and K0

2 represent the thicknesses of the grain core and boundary and permittivities of the grain cores and boundaries,
respectively. The equation provides the model. v1 and v2 are the volume fractions of grain core and boundary respectively, and g represents a
geometric factor describing the grain shape (1 = perfect sphere, 0.8 is used in many real ferroelectrics).100,148 (b) A realistic grain structure
showing grains with average sizes, d1, and grain boundaries of thickness d2. The dashed lines represent grain imperfections that yield smaller
crystallite sizes than conventional physical grain sizes.
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films play an important role at thicknesses an order of mag-
nitude larger, as evidenced by the decreasing permittivity for
films thinner than 150 nm. Figure 10(b) shows work by Sin-
namon et al. exploring grain-boundary contributions as a
possible explanation for the more pronounced thickness
trend commonly seen in columnar films.168 Although the
grain boundaries run parallel to the applied field in these
films, it was found that the thickness-dependent column
diameter reproduces the series-like behavior commonly
attributed to the presence of an interface layer, suggesting
that the in-plane grain size can influence the observed scal-
ing effects.

The grain-size and thickness correlation required indepen-
dent assessment of these two variables. Berge et al. varied
column diameter from 10 to 60 nm while maintaining a
constant film thickness of 500 nm in Pt/BaTiO3/Pt stacks by
changing the deposition temperature.178 Decreasing the
in-plane grain size led to a sharp drop in the measured
dielectric properties and suppressed the transition tempera-
ture. Figure 10(c) shows work from Strukov et al. where
grain size was decoupled from thickness in columnar films
by varying annealing and deposition conditions.167 Film
thickness was varied from 20 to 1100 nm (150 nm grains)
and grain size from 30 to 150 nm (500-nm-thick films), both
showing strong independent contributions to transition-tem-
perature suppression. Unfortunately, only structural/thermal
measurements were reported, but this experiment illustrates
the care needed in analyzing these systems and attributing
the origins of observed trends to only an interfacial (dead)
layer. The sharp decreases attributed by many to thickness
effects are likely exaggerated by concomitant changes in
microstructure.

While grain boundaries parallel to the applied electric field
direction have been show to affect scaling in BST and
BaTiO3 films, equiaxed grain morphologies that are more

similar to bulk ceramics have been shown to have a strong
effect on properties. These effects have been studied in com-
parisons of equiaxed and columnar morphologies by multiple
research groups.111,117,179 It has been shown that BaTiO3 and
BST films with columnar grain morphologies display much
higher room-temperature permittivities (typically three to five
times) compared to equiaxed counterparts processed at iden-
tical temperatures. Dielectric mixing rules and brick-wall
models, identical to those employed for bulk ceramics,
explain the differences between high permittivity columnar
versus lower permittivity equiaxed grain morphology embod-
iments.

Finally, in assessing the effect of thickness on the tem-
perature-dependent permittivity of columnar BST films Par-
ker et al. observed that decreasing thickness resulted in
decreases in permittivity and also shifts of the permittivity
maximum to lower temperatures and broadening of the
permittivity maximum.170 These effects, shifts and broaden-
ing of the transition, were not consistent with the existence
of a zero-polarization interface layer and could not be
completely explained dielectric mixing with low permittivity
columnar grain boundaries alone. Rather, these were more
consistent with polarization gradients owing to depolariza-
tion fields,10 similar to observation of McCauley et al. in
BaTiO3 glass ceramics.164

Combined, these studies shown that grain boundaries in
columnar and equiaxed grain morphology thin films play a
profound role on the property reductions observed in thin
layers. In addition, the electrode effects discussed in Sec-
tion III may also affect performance as features consistent
with polarization gradients are commonly observed. These
works serve to demonstrate that the introduction of grain
boundaries in thin films, even when parallel to the applied
field, can lead to a significant decrease in permittivity, consis-
tent with the brick-wall model results for bulk ceramics.
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(3) Thickness and Grain Size Scaling Effects in Thin Films
with High Extrinsic Contributions
It is important to note that many of the studies on BaTiO3-
based films are for materials measured above TC. As such,
the roles of domain structure and extrinsic effects are not
typically addressed. In Pb-based ferroelectric thin films,
where studies of extrinsic versus intrinsic responses are more
extensive, many groups have assessed the thickness depen-
dence of properties. Thickness dependence of properties is
apparent in the dielectric response and also in the piezoelec-
tric properties.42,55,56,115,167–171,175,176,180–194 For several com-
positions of PZT (polycrystalline morphotropic phase
boundary,180,183,185,187,188,191 polycrystalline PLaZT 12/50/50
and PLaZT 12/30/70,190 polycrystalline PLaZT 5/30/70,181

epitaxial morphotropic phase boundary,189 and epitaxial
PbZr0.2Ti0.8O3

42,182
) and related materials (0.30BiScO3–

0.70PbTiO3
184 and K0.5Na0.5NbO3

186), representative proper-
ties for thin films as a function of thickness are compiled
from the literature and are shown in Fig. 11. Regardless of
composition, near thicknesses of ~100 nm, the permittivities
change markedly as a function of film thickness. For the rep-
resentative PZT compositions in this plot, the intrinsic lattice
response is expected to have values spanning 200–250 and
~20–30 pm/V for permittivity and d33, respectively.180,195,196

The higher values shown here, particularly for films thicker
than 100 nm, suggest that the majority of the response can
be attributed to extrinsic effects. As the film thickness
decreases, contributors to extrinsic response are strongly
affected by reduced thickness and approach the intrinsic lat-
tice response. A relatively small contribution to this scaling
effect is attributed to the metal-oxide interface capacitance
(e.g., as described in Pintilie et al.182), and an additional
enhancement in dielectric permittivity is realized in films that
contain a higher domain wall density.182

It is generally accepted that the largest extrinsic contribu-
tions to permittivity and piezoelectric response are due to
domain wall motion, though the type and extent of domain
wall contributions is still debated. Both Tuttle et al. and Xu
et al. proposed that most of the domain wall motion in the
thickness range shown in Fig. 11 is due to the motion of
domain walls separating 180° domains (ferroelectric domain
wall motion, but limited ferroelastic motion).77,180 Bastani
and Bassiri-Gharb,185 on the other hand, correlate a critical
thickness of 50 nm in the dielectric permittivity with the sup-
pression of ferroelastic/ferroelectric (i.e., non-180°) domain
walls, implying that non-180° domain wall motion con-
tributes to the dramatic enhancement in permittivity of films
thicker than 50 nm. The origin of the size effect in piezoelec-
tric properties, for example, the d33 of thin films shown in
Fig. 5(a), is less well understood. A “dynamic poling” model
suggests that 180° domains can contribute to this property
coefficient, though only indirect measurements of this mecha-
nism have been made.197

In addition to property reductions due to capacitive mix-
ing rules discussed previously, grain boundaries act as pertur-
bations on the lattice of the ferroelectric and affect the
extrinsic response. Grain boundaries change the local electri-
cal and elastic fields in the material and, as a result, will be
expected to have a profound local influence on the domain
structure,113,144,149,158,198 as discussed above for polycrys-
talline BaTiO3 ceramics. Advancements in characterization
instruments, including PFM, have enabled these grain-
boundary domain structure and piezoresponse effects to be
carefully studied. Several groups have performed PFM char-
acterization across grain boundaries in epitaxial films on
bicrystal substrates. Bicrystal substrates enable properties
near grain boundaries with preselected misorientation to be
characterized.199–203 PFM data recorded across a 24° crystal-
lographic tilt about [001]pc (where pc denotes pseudocubic
indices) in BiFeO3 demonstrated that grain boundaries can
attract nearby domain walls and restrict the growth of the

energetically preferred polarization direction.203 Local electric
and strain fields at grain boundaries were also reported to
control the local domain structure and domain wall mobility
in morphotropic and tetragonal PZT thin films.202 In this
case, it was demonstrated that the magnitude of the domain
wall contributions to the piezoelectric properties is a function
of the tilt and twist angles between the adjacent grains. Small
angle grain boundaries (~10° for PbZr0.52Ti0.48O3) provide
local fields, which can be significantly smaller than the drive
field. As a result, the domain structure can readily be chan-
ged, and local enhancement of irreversible motion of domain
walls can be observed. In contrast, larger grain-boundary
angles act as stronger pinning sites, as reflected in Fig. 12,
for example,202 and similar to reports from macroscopic
piezoelectric characterization.150 The spatial influence of a
grain boundary on the pinning of domain walls is a complex
function of the ferroelectric distortion, domain variants, and
the strain energy in a given material. Figure 12 shows a
demonstration of how these factors can be strongly depen-
dent on composition. The reduction in piezoelectric activity
near a grain boundary occurs over a length scale of
~800 # 70 nm around the boundary itself in tetragonal
PbZr0.45Ti0.55O3 and only half that distance (450 # 30 nm) for
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thin films extracted from several independent experimental studies.
Within each dataset the crystallographic texture and preparation
procedures are consistent.
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a morphotropic phase boundary composition,
PbZr0.52Ti0.48O3.

201 This difference is likely to be due to the
fact that the more complex domain structure possible at the
morphotropic phase boundary means that local stresses and
fields can be accommodated in a smaller volume.199,200 The
large length scale associated with the grain-boundary influ-
ence, in-part, explains why scaling effects are frequently
observed at length scales that are orders of magnitude larger
than those associated with loss of ferroelectricity.

Thickness and grain-size-dependent scaling effects have
received significant attention and there is very good agree-
ment in the size scales over which these are observed across
multiple ferroelectric material systems. Recently, signatures
of ferroelectricity were identified in thin polycrystalline
HfO2-based films.204 The thicknesses and grain sizes associ-
ated with this observation are relatively small compared with
other, more conventional, ferroelectrics with polarization
switching and piezoelectric response measured in films with
thicknesses as low as 5 nm205,206 and less,207 and lateral grain
sizes between 20 and 30 nm.208 Ferroelectricity in these mate-
rials is reported to stem from the stabilization of a noncen-
trosymmetric orthorhombic phase. Several possible origins
for the stability of the phase have been presented, including
strain,204 surface energy,209 and oxygen vacancies.208 All
these may be expected to have a size scaling dependence and
this is supported by the observation that the orthorhombic
phase and ferroelectric response is observed in thin layers.

Grain boundaries, thickness, and domain structure affect
the scaling of ferroelectric properties in bulk ceramics and
thin films. Reductions in size tend to increase the densities of
domain walls, which increase extrinsic contributions to per-
mittivity when the domain walls are mobile. However,

regions near grain boundaries have been shown to have mini-
mized piezoelectric response, suggesting that electronic and
mechanical boundary conditions at these boundaries limit
extrinsic effects. Grain boundaries also impart a biphasic
microstructure with low permittivity grain boundaries in ser-
ies and parallel with high permittivity grain cores. Dielectric
mixing of these disparate permittivity phases results in over-
all decreasing response as the grain size is reduced. Finally,
thickness scaling can affect the mobility of domain walls
through mechanical clamping.

V. Processing-Related Scaling Effects

The processing of a ferroelectric material can have a pro-
found effect on its resulting properties. While many of the
causes of scaling lend themselves to modeling to aid in
understanding of their influence (e.g., depolarization fields,
mechanical constraints, dielectric mixing rules, etc.), it can be
more difficult to fundamentally qualify and quantify the
effects that processing-related imperfections have on resulting
properties. In this section scaling effects associated with the
methods by which materials are prepared are discussed.

(1) Density, Thermal Treatment, and Crystalline Quality
Effects
The influence of processing has been a noted contributor to
scaling effects in BaTiO3 ceramics.100,152 BaTiO3 is a refrac-
tory material, with high temperatures needed for crystalliza-
tion and carbon and hydroxyl removal. In scaling effects
studies, however, temperature restriction is the most com-
monly used method for controlling grain sizes both for bulk

Fig. 12. Nonlinear response (quadratic divided by linear response for d33,f) maps measured across the 24° grain boundary for (a) PZT 45/55,
and (b) PZT 52/48. Dotted lines denote the location of the grain boundary and solid lines border the regions of low response across the
boundary. Plots (c–d) show the nonlinear response quadratic and linear for maps averaged across y positions where (c) corresponds to map (a),
and (d) corresponds to map (b). The vertical line denotes the grain boundary and the horizontal line is the off-boundary average nonlinear
response. Reprinted with permission from D.M. Marincel, H. Zhang, A. Kumar, S. Jesse, S. V. Kalinin, W.M. Rainforth, I.M. Reaney, C.A.
Randall, and S. Trolier-McKinstry, Adv. Funct. Mater., 24, [10], 1409–1417, 2014, Copyright 2014 by John Wiley and Sons, and D.M. Marincel,
H.R. Zhang, J. Britson, A. Belianinov, S. Jesse, S. V Kalinin, L.Q. Chen, W.M. Rainforth, I.M. Reaney, C.A. Randall, and S. Trolier-
McKinstry, Phys. Rev. B, 91, 134113, 2015,Copyright 2015, by the American Physical Society.
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ceramics100,140,152,156,164 and films.113,114,167,169,172,210 Reduc-
tions in thermal budget necessarily changes the time and
amount of diffusion and could lead to property depression
from poorly crystallized material, impurities that were not
properly removed, or high defect concentrations. Processing
that results in poor density, crystallinity, or purity can lead
to depressed properties and play an important role in poor
properties seen in many thin film perovskite ferroelectrics.

In bulk ceramic BaTiO3 improvements in the ability to
prepare dense fine-grained material has resulted in a contin-
ual increase in measured permittivity over time. This is sum-
marized in Fig. 13 showing the evolution of 70°C
permittivity of sub-100 nm grained BaTiO3.

100,143,155,156,211

On this figure, the densities of the materials are provided. It
is clear from this data that the consolidation and sintering
process used greatly affects the density and measured permit-
tivity and that achieving high density is critical for measuring
high permittivities. Focusing on the ceramics with grain sizes
between 60 and 100 nm, for example, shows a progression of
increasing permittivity concomitant with increasing density
as a 60 nm grain size 95% dense sample has a permittivity
that is approximately 59 lower than an 80 nm grain size
98.6% dense sample. One source of difference in permittivity
is the differing volumetric concentrations of grain bound-
aries, which would reduce permittivity due to dielectric mix-
ing rules as discussed in Section IV, but this cannot account
for such a large difference—especially considering that these
two samples were prepared from the same chemical precur-
sors and have the same nominal dopant concentrations.143

The processing method and density of the sintered body is
clearly a critical factor in determining the dielectric proper-
ties of fine-grained ferroelectrics.

Prior to ~2002, the measurement of a permittivity greater
than 1000 on a BaTiO3-based thin film was rare and was
only observed on refractory single crystal or noble metal sub-
strates.212–214 Indeed, some of the earliest research on
BaTiO3 films on platinized silicon substrates indicated a total
lack of ferroelectricity owing to grain sizes less than 25 nm
in diameter.215 While ferroelectric BaTiO3 thin films pre-
pared on platinized silicon substrates were demonstrated
soon thereafter, the properties of these films were dramati-
cally reduced in comparison to their bulk counterparts.

A processing advancement was made by utilizing controlled
atmosphere crystallization anneals to directly integrate these
films with base metal tape and foil substrates, which enabled
higher processing temperatures.111,112,117,216 With processing
temperatures up to 900°C, room-temperature permittivities in
excess of 1500 were measured.111,112,117 To isolate the effect
of processing temperature on the resulting permittivity and
the microstructure a study was conducted where the mea-
sured physical grain size was compared with the crystal
coherence length calculated from X-ray scattering measure-
ments.113 It was found that the measured coherence length
and grain size converged as the processing temperature
increased; this increased crystallite size was correlated with
increased permittivity as shown in Fig. 14. The implication
of this observation was that lower temperature processes not
only resulted in finer grain sizes, but that these fine grains
were also more defective and these defects inhibit the
response that lead to high permittivities. A graphical repre-
sentation of this subgrain structure is shown in Fig. 9(b)
where these defects result in crystalline regions smaller than
the physical grain size. While these high permittivity results
were demonstrated on foil substrates where the amount of
residual strain may be minimal, recently polycrystalline
BaTiO3 and Ba1"xSrxTiO3 films have been demonstrated on
rigid silicon and MgO substrates with permittivities ranging
from 1300101,217 to above 2000218 when a processing tempera-
ture of 900°C was used, demonstrating the strong effect
that increased process temperatures and improved crys-
tallinity may have on resulting properties. These process
temperature-property trends are summarized in Fig. 15,
where a variety of literature reports were surveyed and it was
found that processing temperature was the major determi-
nant of the final dielectric properties, regardless of measured
grain size.114,115 For films processed at 900°C and above,
bulk-like permittivities and temperature response can be
achieved,101,108,111,113,114,219,220 however, films restricted to
process temperatures below 700°C result in dielectric con-
stants well below 1000 despite similar grain sizes and thick-
nesses,.168–170,172,175,193,221–225 The effect was substrate
independent, suggesting that mechanical boundary conditions
cannot account for the differences. The same general trends
observed in bulk ceramics (and the brick-wall capacitance
model for permittivity dilution) fits data for grain size in
polycrystalline films, with a predicted permittivity of 65 for
0.8 nm grain boundaries for films processed above 900°C.115

This grain-boundary permittivity is lower than that found
for bulk ceramics,100 which may indicate the additional diffi-
culty of processing thin films (such as limited thermal bud-
get), that electrode effects in the thin film system have been
neglected, or that the grain boundaries may be effectively
broader.

(2) Chemical Purity, Point Defects, and Composition
Heterogeneities
Depending on the processing approach, there can be residual
chemical species that result in performance reductions. For
example, chemical solution preparation of ferroelectrics is
attractive for its scalability and use in producing nm-scale
powders, but requires care in processing to remove precur-
sors and organics. Decreases to the ramp rate during anneal-
ing can increase the amount of crystallization relative to
densification, leading to porosity.226 Furthermore, it is
known that intermediate carbonate and oxycarbonate phases
can form during the crystallization process, as has been
observed in BaTiO3-based powders and films.179,227–230

Decomposition of these carbonaceous phases can result in
porosity and subsequently degraded properties. As such,
many groups have explored routes to minimize the formation
of these phases. For example, it has been shown that selec-
tion of the appropriate chemical precursors can avoid car-
bon-containing phases or decrease the temperatures at which
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they decompose and result in improved density and increased
permittivities.231–233 Most of these studies relied on ex-situ
X-ray diffraction or infrared spectroscopic analysis to iden-
tify these phases. Ayg€un et al. used in situ gas analysis during
annealing of chemical solution deposited film on copper foils
to analyze decomposition of carbonates and crystallization of
BaTiO3.

234 Slow ramp rates resulted in crystallization at
lower temperatures, cracking, and lower device yields. Impor-
tantly, it was found that in the reducing atmospheres

necessary for integration with inexpensive base metal elec-
trodes, complete carbon removal occurred at temperatures
above where many thin film systems are processed. In addi-
tion, lower oxygen partial pressures increase the decomposi-
tion temperature of the intermediate carbonate phases.234,235

Residual carbon can change the local oxygen partial pres-
sure, result in the potential for increased concentrations of
oxygen vacancies, and may reduce reliability.8,9,236 The
choice of chemical precursors and solvent can also lead to
systems with better densification or carbon removal path-
ways.236 Utilizing a high-temperature crystallization step
after each coating step enables significant improvements to
film density111,179 and by utilizing high temperatures that
enable improved carbon-species removal and increases in
crystalline quality, BaTiO3 films with room-temperature per-
mittivities of 3000 may be realized.115 When controlling for
the total thermal budget, the grain size increases only moder-
ately, but the properties undergo large improvements. This
suggests that residual carbon contaminants can lead to
decreases in measured properties. Optimization of growth
and processing can also make large differences in physical
vapor deposited films, where deposition of Ba1"xSrxTiO3

films on flexible nickel foils showed large improvements in
permittivity with increased deposition temperature without
varying the subsequent high-temperature anneal.114

Local stoichiometry and chemical gradients are also
known to affect the measured dielectric and piezoelectric
properties of thin films and bulk ceramics. In thin films, the
presence of chemical gradients in morphotropic-composition
PZT typically results in depressed properties as has been
shown in piezoelectric,237 dielectric,101,238 and ferroelectric
response.101 One source of chemical gradients and degraded
response in films is diffusion of species, such as titanium,
from the electrode stacks239–242 that have resulted in
decreased performance in not only PZT,101,238,243 but also
BaTiO3,

101 BST,244 and SrBi2Ta2O9 (SBT) films.245 Elimina-
tion of the chemical gradient or foreign species in the films
has been shown to result in more bulk-like responses, includ-
ing high piezoelectric coefficients in morphotropic PZT,237

high remanent polarizations in SBT,245 and bulk-like permit-
tivity in BaTiO3.

101 An additional source of gradients in PZT
has been postulated to arise from preferential nucleation of
PbTiO3 over PbZrO3

246 and is used to explain so-called saw-
tooth composition profiles through the thickness of films pre-
pared via multiple deposition and crystallization annealing
steps.237,247,248 Recent work has shown that these gradients
may be influenced by the heating method used to crystallize
films. In particular, while conventional furnace heating did
not result in gradient formation, use of a rapid thermal
annealer did result in chemical gradients.242 Finally, it should
be noted that in special cases chemical gradients have been
reported to enhance response, such as formation of superlat-
tice-like structures with increased polarization response248

and epitaxial chemically graded films with reduced permittiv-
ity but stable polarization249 and enhanced local piezore-
sponse.250

Processing-related point defects must also be considered as
potential sources of scaling effects in ferroelectrics. Point
defects are potential domain wall pinning centers, which
would reduce extrinsic contributions to the dielectric and
piezoelectric response.18 By altering the lead stoichiometry of
polycrystalline PZT films of morphotropic and tetragonal
compositions after they had crystallized into the perovskite
phase, the dielectric and piezoelectric properties were shown
to be weakly dependent on lead content in PZT thin films. It
was found that lead vacancies reduced domain wall motion
at modest electric fields, but that the effects were minor.251

Lead nonstoichiometry was qualitatively shown by Bren-
necka and Tuttle to result in decreased dielectric response in
lanthanum-doped PZT films.190 By incorporating a thin PbO
overcoat on their films during the crystallization anneal, the
room-temperature permittivity of films of several different
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compositions was found to increase (it is important to note
that fluorite or pyrochlore phases were not observed, which
would result in a decreased measured capacitance) [G. Bren-
necka, “Personal Communication” (2015).]. This increase is
reflected in Fig. 5(b) where the PbO overcoat samples exhibit
less thickness scaling than those prepared without an over-
coat. In the absence of grain boundaries, Paruch et al. found
that oxygen vacancies in epitaxial PZT 20/80 films play an
important role in domain wall pinning, even enabling stabi-
lization of very fine domains in films with high oxygen
vacancy concentrations.252 Oxygen nonstoichiometry in
BaTiO3 based films also can manifest in reduced dielectric
response. Films prepared in reducing conditions without fur-
ther annealing in higher oxygen partial pressures display per-
mittivities that are 75% that of the same film after a
reoxidation anneal.253 The oxygen vacancies in these films
likely also pin domain wall motion, resulting in reduced
extrinsic contributions to permittivity. Combined, these stud-
ies show that control of stoichiometry—even for nominally
phase-pure thin films—is critical to minimizing property
degradations that are commonly attributed to scaling effects.

Processing-related point defects and chemical gradients are
not isolated to thin film ferroelectrics. For example, chemical
inhomogeneity has been observed in PZT ceramics254–256 and
can substantially affect piezoelectric coupling factors and
phase transition behavior.254,255 Recently, significant strain
gradients attributed to microscale chemical inhomogeneity
have been identified in BST ceramics.257 While this inhomo-
geneity was shown to affect apparent flexoelectric response,
its implications on dielectric and piezoelectric response
should not be ignored on the basis of strong effects observed
in films. Oxygen point defects in BaTiO3 compositions can
have deleterious effects on permittivity and leakage current,
an effect that has been widely studied in the development of
both positive temperature coefficient of resistance materials
and capacitors.8, 125,258–265 Finally, as the concentration of
oxygen vacancies is a function of distance from grain bound-
aries owing to grain-boundary Schottky barriers,266 the
effects of point defects can be anticipated to become increas-
ingly complex as the grain size is reduced.

Scaling effects are commonly studied in polycrystalline sys-
tems by decreasing the processing temperature used to mini-
mize grain growth. Doing so may result in increased porosity
and lesser crystalline perfection. In both bulk and thin film
systems, porosity and poor crystalline quality can result in
decreased responses commonly attributed to scaling. Chemi-
cal impurities and composition heterogeneities can also exist
in bulk and film systems. The origin of these chemical and
structural imperfections can stem from the originating chemi-
cal precursors, substrate metallization stacks, and processing
atmospheres. These impurities may ultimately result in
degraded responses and care must be taken to decouple these
form observed property changes as dimensions scale.

VI. Conclusions

In this review article, we have provided the current state of
understanding of scaling effects in perovskite ferroelectric
materials. While intrinsic size effects establish the absolute
limit to the number of unit cells necessary to have a stable
ferroelectric phase, many extrinsic scaling effects can con-
tribute to property reductions being observed at much larger
sizes. These extrinsic scaling effects include: (1) electrode
charge screening and depolarization fields, (2) mechanical
clamping affecting phase transition temperatures and domain
wall motion, (3) grain boundaries diluting the dielectric
response, (4) grain boundaries inhibiting domain boundary
motion, (5) processing temperature reductions resulting in
crystal imperfections, and (6) point defects and chemical
inhomogeneity. There are several means by which these scal-
ing effects can be minimized to realize higher performance
properties. These include: (1) selection of material-system-

specific electrodes that minimize depolarization effects, (2)
minimizing mechanical strain via substrate selection and
mechanical clamping via microfabrication in thin films, (3)
increasing grain size to increase both domain wall popula-
tions and mobility and reduce domain boundary dilution
effects, and (4) realizing high crystalline quality, low defect
density materials through careful processing control. The
state of understanding of scaling effects has increased sub-
stantially over the last two decades and it can be anticipated
that as increasingly sophisticated processing methods for
nanoscale materials and tools for their analysis are devel-
oped, our degree of understanding the complex interplay of
intrinsic size effects and extrinsic scaling effects will be fur-
ther improved.

Acknowledgments

The authors wish to acknowledge Dr. Paul G. Clem for his critical review of
this manuscript. Sandia National Laboratories is a multiprogram laboratory
managed and operated by Sandia Corporation, a wholly owned subsidiary of
Lockheed Martin Corporation, for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-AC04-94AL85000. STM
acknowledges support from the National Science Foundation under award
number DMR-1410907. JJ acknowledges support from the National Science
Foundation under award numbers DMR-1207293 and DMR-1409399.

References

1M. M. Samantaray, K. Kaneda, W. Qu, E. C. Dickey, and C. A. Randall,
“Effect of Firing Rates on Electrode Morphology and Electrical Properties of
Multilayer Ceramic Capacitors,” J. Am. Ceram. Soc., 95 [3] 992–8 (2012).

2M. Randall, D. Skamser, T. Kinard, J. Qazi, A. Tajuddin, et al., “Thin
Film MLCC”; in CARTS. 2007.

3H. Kishi, Y. Mizuno, and H. Chazono, “Base-Metal Electrode-Multilayer
Ceramic Capacitors: Past, Present and Future Perspectives,” Jpn. J. Appl.
Phys. 1, 42 [1] 1–15 (2003).

4S. H. Yoon, J. S. Park, C. H. Kim, and D. Y. Kim, “Difference Between
Compositional and Grain Size Effect on the Dielectric Nonlinearity of Mn
and V-Doped BaTiO3 Multilayer Ceramic Capacitors,” J. Appl. Phys., 115

[24] 244101 (2014).
5T. Tsurumi, T. Hoshina, H. Takeda, Y. Mizuno, and H. Chazono, “Size

Effect of Barium Titanate and Computer-Aided Design of Multilayered Cera-
mic Capacitors,” IEEE Trans. Ultrason. Ferroelectr. Freq. Control, 56 [8]
1513–22 (2009).

6Y. Sakabe, Y. Hamaji, H. Sano, and N. Wada, “Effects of Rare-Earth Oxi-
des on the Reliability of X7R Dielectrics,” Jpn. J. Appl. Phys. 1, 41 [9] 5668–
73 (2002).

7K. Morita, Y. Mizuno, H. Chazono, H. Kishi, G. Y. Yang, et al., “Electric
Conduction of Thin-Layer Ni-Multilayer Ceramic Capacitors with Core-Shell
Structure BaTiO3,” Jpn. J. Appl. Phys., 46 [5A] 2984–90 (2007).

8G. Y. Yang, E. C. Dickey, C. A. Randall, D. E. Barber, P. Pinceloup,
et al., “Oxygen Nonstoichiometry and Dielectric Evolution of BaTiO3 Part I -
Improvement of Insulation Resistance with Reoxidation,” J. Appl. Phys., 96
[12] 7492–9 (2004).

9G. Y. Yang, G. D. Lian, E. C. Dickey, C. A. Randall, D. E. Barber, et al.,
“Oxygen Nonstoichiometry and Dielectric Evolution of BaTiO3. Part II - Insu-
lation Resistance Degradation Under Applied dc Bias,” J. Appl. Phys., 96 [12]
7500–8 (2004).

10R. Kretschmer and K. Binder, “Surface Effects on Phase-Transitions in
Ferroelectrics and Dipolar Magnets,” Phys. Rev. B, 20 [3] 1065–76 (1979).

11K. Binder, “Finite Size Effects on Phase-Transitions,” Ferroelectrics, 73

[1–2] 43–67 (1987).
12D. D. Fong, G. B. Stephenson, S. K. Streiffer, J. A. Eastman, O. Auciello,

et al., “Ferroelectricity in Ultrathin Perovskite Films,” Science, 304 [5677]
1650–3 (2004).

13M. B. Smith, K. Page, T. Siegrist, P. L. Redmond, E. C. Walter, et al.,
“Crystal Structure and the Paraelectric-to-Ferroelectric Phase Transition of
Nanoscale BaTiO3,” J. Am. Chem. Soc., 130 [22] 6955–63 (2008).

14M. Yashima, T. Hoshina, D. Ishimura, S. Kobayashi, W. Nakamura,
et al., “Size Effect on the Crystal Structure of Barium Titanate Nanoparticles,”
J. Appl. Phys., 98 014313 (2005).

15B. Xavier and L. Am"ılcar, “Finite-Size Effects in Fine Particles: Magnetic
and Transport Properties,” J. Phys. D: Appl. Phys., 35 [6] R15–42 (2002).

16Y. Guo, Y.-F. Zhang, X.-Y. Bao, T.-Z. Han, Z. Tang, et al., “Superconduc-
tivity Modulated by Quantum Size Effects,” Science, 306 [5703] 1915–7 (2004).

17D. B. Haviland, Y. Liu, and A. M. Goldman, “Onset of Superconductivity
in the Two-Dimensional Limit,” Phys. Rev. Lett., 62 [18] 2180–3 (1989).

18B. Jaffe, W. R. Cook, and H. L. C. Jaffe, Piezoelectric Ceramics, p. ix,
317pp. Academic Press, London, New York, 1971.

19J. F. Scott, “Ferroelectrics Go Bananas,” J. Phys.: Condens. Matter, 20 [2]
021001 (2008).

20N. Balke, P. Maksymovych, S. Jesse, A. Herklotz, A. Tselev, et al., “Dif-
ferentiating Ferroelectric and Nonferroelectric Electromechanical Effects with
Scanning Probe Microscopy,” ACS Nano, 9 [6] 6484–92 (2015).

August 2016 Ferroelectric Scaling Effects 2551



21W. Cochran, “Crystal Stability and the Theory of Ferroelectricity,” Adv.
Phys., 9 [36] 387–423 (1960).

22J. C. Burfoot and G. W. Taylor, Polar Dielectrics and Their Applications.
University of California Press, Berkeley, 1979.

23T. Tybell, C. H. Ahn, and J. M. Triscone, “Ferroelectricity in Thin Per-
ovskite Films,” Appl. Phys. Lett., 75 [6] 856–8 (1999).

24Y. H. Chu, T. Zhao, M. P. Cruz, Q. Zhan, P. L. Yang, et al., “Ferroelec-
tric Size Effects in Multiferroic BiFeO3 Thin Films,” Appl. Phys. Lett., 90 [25]
252906 (2007).

25Z. Wen, C. Li, D. Wu, A. D. Li, and N. B. Ming, “Ferroelectric-Field-
Effect-Enhanced Electroresistance in Metal/Ferroelectric/Semiconductor Tun-
nel Junctions,” Nat. Mater., 12 [7] 617–21 (2013).

26R. Soni, A. Petraru, P. Meuffels, O. Vavra, M. Ziegler, et al., “Giant Elec-
trode Effect on Tunnelling Electroresistance in Ferroelectric Tunnel Junc-
tions,” Nat. Commun., 5, 5414 (2014).

27D. A. Tenne, P. Turner, J. D. Schmidt, M. Biegalski, Y. L. Li, et al.,
“Ferroelectricity in Ultrathin BaTiO3 Films: Probing the Size Effect by
Ultraviolet Raman Spectroscopy,” Phys. Rev. Lett., 103 [17] 177601 (2009).

28D. J. Kim, H. Lu, S. Ryu, C. W. Bark, C. B. Eom, et al., “Ferroelectric
Tunnel Memristor,” Nano Lett., 12 [11] 5697–702 (2012).

29N. A. Spaldin, “Fundamental Size Limits in Ferroelectricity,” Science, 304
[5677] 1606–7 (2004).

30R. E. Cohen, “Origin of Ferroelectricity in Perovskite Oxides,” Nature,
358 [6382] 136–8 (1992).

31H. D. Megaw, “Origin of Ferroelectricity in Barium Titanate and Other
Perovskite-Type Crystals,” Acta Crystallogr. A, 5 [6] 739–49 (1952).

32P. Ghosez and K. M. Rabe, “Microscopic Model of Ferroelectricity in
Stress-Free PbTiO3 Ultrathin Films,” Appl. Phys. Lett., 76 [19] 2767–9 (2000).

33J. Junquera and P. Ghosez, “Critical Thickness for Ferroelectricity in Per-
ovskite Ultrathin Films,” Nature, 422 [6931] 506–9 (2003).

34K. Ishikawa, K. Yoshikawa, and N. Okada, “Size Effect on the Ferroelec-
tric Phase-Transition in PbTiO3 Ultrafine Particles,” Phys. Rev. B, 37 [10]
5852–5 (1988).

35K. Uchino, E. Sadanaga, and T. Hirose, “Dependence of the Crystal-
Structure on Particle-Size in Barium-Titanate,” J. Am. Ceram. Soc., 72 [8]
1555–8 (1989).

36K. Ishikawa, T. Nomura, N. Okada, and K. Takada, “Size Effect on the
Phase Transition in PbTiO3 Fine Particles,” Jpn. J. Appl. Phys. 1, 35 [9B]
5196–8 (1996).

37M. J. Polking, M. G. Han, A. Yourdkhani, V. Petkov, C. F. Kisielowski,
et al., “Ferroelectric Order in Individual Nanometre-Scale Crystals,” Nat.
Mater., 11 [8] 700–9 (2012).

38H. Fujisawa, M. Okaniwa, H. Nonomura, M. Shimizu, and H. Niu, “Fer-
roelectricity of the 1.7 nm-High and 38 nm-Wide Self-Assembled PbTiO3

Island,” J. Eur. Ceram. Soc., 24 [6] 1641–5 (2004).
39M. E. Lines and A. M. Glass, Principles and Applications of Ferroelectrics

and Related Materials. Clarendon Press, Oxford, 1977.
40Y. S. Kim, D. H. Kim, J. D. Kim, Y. J. Chang, T. W. Noh, et al., “Criti-

cal Thickness of Ultrathin Ferroelectric BaTiO3 Films,” Appl. Phys. Lett., 86
[10] 102907 (2005).

41V. Nagarajan, C. L. Jia, H. Kohlstedt, R. Waser, I. B. Misirlioglu, et al.,
“Misfit Dislocations in Nanoscale Ferroelectric Heterostructures,” Appl. Phys.
Lett., 86 [19] 192910 (2005).

42V. Nagarajan, J. Junquera, J. Q. He, C. L. Jia, R. Waser, et al., “Scaling
of Structure and Electrical Properties in Ultrathin Epitaxial Ferroelectric
Heterostructures,” J. Appl. Phys., 100 [5] 051609 (2006).

43P. Maksymovych, M. Huijben, M. H. Pan, S. Jesse, N. Balke, et al.,
“Ultrathin Limit and Dead-Layer Effects in Local Polarization Switching of
BiFeO3,” Phys. Rev. B, 85 [1] 014119 (2012).

44J. E. Rault, W. Ren, S. Prosandeev, S. Lisenkov, D. Sando, et al., “Thick-
ness-Dependent Polarization of Strained BiFeO3 Films with Constant Tetrago-
nality,” Phys. Rev. Lett., 109 [26] 267601 (2012).

45K. Aizu, “Possible Species of Ferroelastic Crystals and of Simultaneously
Ferroelectric and Ferroelastic Crystals,” J. Phys. Soc. Jpn., 27 [2] 387–96
(1969).

46D. Damjanovic, “Ferroelectric, Dielectric and Piezoelectric Properties of
Ferroelectric Thin Films and Ceramics,” Rep. Prog. Phys., 61 [9] 1267–324
(1998).

47T. Mitsui and J. Furuichi, “Domain Structure of Rochelle Salt and
KH2PO4,” Phys. Rev., 90 [2] 193–202 (1953).

48T. M. Shaw, S. Trolier-McKinstry, and P. C. McIntyre, “The Properties
of Ferroelectric Films at Small Dimensions,” Annu. Rev. Mater. Sci., 30, 263–
98 (2000).

49R. R. Mehta, B. D. Silverman, and J. T. Jacobs, “Depolarization Fields in
Thin Ferroelectric Films,” J. Appl. Phys., 44 [8] 3379–85 (1973).

50C. Lichtensteiger, J. M. Triscone, J. Junquera, and P. Ghosez, “Ferroelec-
tricity and Tetragonality in Ultrathin PbTiO3 Films,” Phys. Rev. Lett., 94 [4]
047603 (2005).

51M. Stengel and N. A. Spaldin, “Origin of the Dielectric Dead Layer in
Nanoscale Capacitors,” Nature, 443 [7112] 679–82 (2006).

52O. G. Vendik, S. P. Zubko, and L. T. Ter-Martirosayn, “Experimental
Evidence of the Size Effect in Thin Ferroelectric Films,” Appl. Phys. Lett., 73
[1] 37–9 (1998).

53M. Izuha, K. Abe, and N. Fukushima, “Electrical Properties of All-Per-
ovskite Oxide (SrRuO3/BaxSr1"xTiO3/SrRuO3) Capacitors,” Jpn. J. Appl.
Phys. 1, 36 [9B] 5866–9 (1997).

54R. Plonka, R. Dittmann, N. A. Pertsev, E. Vasco, and R. Waser, “Impact
of the Top-Electrode Material on the Permittivity of Single-Crystalline
Ba0.7Sr0.3TiO3 Thin Films,” Appl. Phys. Lett., 86 [20] 202908 (2005).

55C. S. Hwang, “Thickness-Dependent Dielectric Constants of (Ba,Sr)TiO3

Thin Films with Pt or Conducting Oxide Electrodes,” J. Appl. Phys., 92 [1]
432–7 (2002).

56W. Y. Park and C. S. Hwang, “Film-Thickness-Dependent Curie-Weiss
Behavior of (Ba,Sr)TiO3 Thin-Film Capacitors Having Pt Electrodes,” Appl.
Phys. Lett., 85 [22] 5313–5 (2004).

57M. M. Saad, P. Baxter, R. M. Bowman, J. M. Gregg, F. D. Morrison,
and J. F. Scott, “Intrinsic Dielectric Response in Ferroelectric Nano-Capaci-
tors,” J. Phys.-Condes. Matter, 16 [41] L451–6 (2004).

58M. Stengel, D. Vanderbilt, and N. A. Spaldin, “Enhancement of Ferro-
electricity at Metal-Oxide Interfaces,” Nat. Mater., 8 [5] 392–7 (2009).

59L. W. Chang, M. Alexe, J. F. Scott, and J. M. Gregg, “Settling the “Dead
Layer” Debate in Nanoscale Capacitors,” Adv. Mater., 21 [48] 4911–4 (2009).

60C. G. Duan, R. F. Sabirianov, W. N. Mei, S. S. Jaswal, and E. Y. Tsym-
bal, “Interface Effect on Ferroelectricity at the Nanoscale,” Nano Lett., 6 [3]
483–7 (2006).

61X. H. Liu, Y. Wang, P. V. Lukashev, J. D. Burton, and E. Y. Tsymbal,
“Interface Dipole Effect on Thin Film Ferroelectric Stability: First-Principles
and Phenomenological Modeling,” Phys. Rev. B, 85 [12] 125407 (2012).

62H. Lu, X. Liu, J. D. Burton, C. W. Bark, Y. Wang, et al., “Enhancement
of Ferroelectric Polarization Stability by Interface Engineering,” Adv. Mater.,
24 [9] 1209–16 (2012).

63C. Lichtensteiger, S. Fernandez-Pena, C. Weymann, P. Zubko, and J. M.
Triscone, “Tuning of the Depolarization Field and Nanodomain Structure in
Ferroelectric Thin Films,” Nano Lett., 14 [8] 4205–11 (2014).

64A. Stamm, D. J. Kim, H. Lu, C. W. Bark, C. B. Eom, and A. Gruverman,
“Polarization Relaxation Kinetics in Ultrathin Ferroelectric Capacitors,” Appl.
Phys. Lett., 102 [9] 092901 (2013).

65I. Kornev, H. X. Fu, and L. Bellaiche, “Ultrathin Films of Ferroelectric
Solid Solutions Under a Residual Depolarizing Field,” Phys. Rev. Lett., 93

[19] 196104 (2004).
66B. K. Lai, I. A. Kornev, L. Bellaiche, and G. J. Salamo, “Phase Diagrams

of Epitaxial BaTiO3 Ultrathin Films from First Principles,” Appl. Phys. Lett.,
86 [13] 132904 (2005).

67C. Lichtensteiger, M. Dawber, N. Stucki, J. M. Triscone, J. Hoffman, et al.,
“Monodomain to Polydomain Transition in Ferroelectric PbTiO3 Thin Films
with La0.67Sr0.33MnO3 Electrodes,” Appl. Phys. Lett., 90 [5] 052907 (2007).

68X. Wang, S. Tomoda, T. Shimada, and T. Kitamura, “Local Suppression
of Ferroelectricity at PbTiO3 Surface Steps: A Density Functional Theory
Study,” J. Phys. Condens. Matter, 24 [4] 045903 (2012).

69K. Garrity, A. Kakekhani, A. Kolpak, and S. Ismail-Beigi, “Ferroelectric
Surface Chemistry: First-Principles Study of the PbTiO3surface,” Phys. Rev. B,
88 [4] 045401 (2013).

70P. Gao, H.-J. Liu, Y.-L. Huang, Y.-H. Chu, R. Ishikawa, et al., “Atomic
Mechanism of Polarization-Controlled Surface Reconstruction in Ferroelectric
Thin Films,” Nat. Commun., 7, 11318 (2016).

71D. D. Fong, A. M. Kolpak, J. A. Eastman, S. K. Streiffer, P. H. Fuoss,
et al., “Stabilization of Monodomain Polarization in Ultrathin PbTiO3 Films,”
Phys. Rev. Lett., 96 [12] 127601–4 (2006).

72W. J. Merz, “The Effect of Hydrostatic Pressure on the Curie Point of
Barium Titanate Single Crystals,” Phys. Rev., 78 [1] 52–4 (1950).

73P. W. Forsbergh, “Effect of a 2-Dimensional Pressure on the Curie Point
of Barium Titanate,” Phys. Rev., 93 [4] 686–92 (1954).

74N. A. Pertsev, A. G. Zembilgotov, and A. K. Tagantsev, “Effect of
Mechanical Boundary Conditions on Phase Diagrams of Epitaxial Ferroelec-
tric Thin Films,” Phys. Rev. Lett., 80 [9] 1988–91 (1998).

75K. J. Choi, M. Biegalski, Y. L. Li, A. Sharan, J. Schubert, et al.,
“Enhancement of Ferroelectricity in Strained BaTiO3 Thin Films,” Science,
306 [5698] 1005–9 (2004).

76S. K. Streiffer, J. A. Eastman, D. D. Fong, C. Thompson, A. Munkholm,
et al., “Observation of Nanoscale 180 Degrees Stripe Domains in Ferroelectric
PbTiO3 Thin Films,” Phys. Rev. Lett., 89 [6] 067601 (2002).

77B. A. Tuttle, T. J. Garino, J. A. Voigt, T. J. Headley, D. Dimos, and M.
O. Eatough, “Relationships Between Ferroelectric 90 deg Domain Formation
and Electrical Properties of Chemically Prepared Pb(Zr,Ti)O3 Thin Films”;
pp. 117–32 in Science and Technology of Electroceramic Thin Films. Proceed-
ings of the NATO Advanced Research Workshop, Edited by O. Auciello and
R. Waser. Kluwer, Dordrecht, Netherlands.

78W. R. Buessem, L. E. Cross, and A. K. Goswami, “Effect of 2-Dimen-
sional Pressure on Permittivity of Fine- and Coarse-Grained Barium Tita-
nate,” J. Am. Ceram. Soc., 49 [1] 36–9 (1966).

79D. G. Schlom, L. Q. Chen, X. Q. Pan, A. Schmehl, and M. A. Zurbuchen,
“A Thin Film Approach to Engineering Functionality into Oxides,” J. Am.
Ceram. Soc., 91 [8] 2429–54 (2008).

80J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche, et al., “Room-
Temperature Ferroelectricity in Strained SrTiO3,” Nature, 430 [7001] 758–61
(2004).

81H. Bea, B. Dupe, S. Fusil, R. Mattana, E. Jacquet, et al., “Evidence for
Room-Temperature Multiferroicity in a Compound with a Giant Axial
Ratio,” Phys. Rev. Lett., 102 [21] 217603 (2009).

82A. R. Damodaran, S. Lee, J. Karthik, S. MacLaren, and L. W. Martin,
“Temperature and Thickness Evolution and Epitaxial Breakdown in Highly
Strained BiFeO3 Thin Films,” Phys. Rev. B, 85 [2] 024113 (2012).

83R. J. Zeches, M. D. Rossell, J. X. Zhang, A. J. Hatt, Q. He, et al., “A
Strain-Driven Morphotropic Phase Boundary in BiFeO3,” Science, 326 [5955]
977–80 (2009).

84D. G. Schlom, L. Q. Chen, C. B. Eom, K. M. Rabe, S. K. Streiffer, and J.
M. Triscone, “Strain Tuning of Ferroelectric Thin Films,” Ann. Rev. Mater.
Res., 37, 589–626 (2007).

2552 Journal of the American Ceramic Society—Ihlefeld et al. Vol. 99, No. 8



85D. G. Schlom, L. Q. Chen, C. J. Fennie, V. Gopalan, D. A. Muller, et al.,
“Elastic Strain Engineering of Ferroic Oxides,” MRS Bull., 39 [2] 118–30
(2014).

86S. P. Alpay, I. B. Misirlioglu, V. Nagarajan, and R. Ramesh, “Can Inter-
face Dislocations Degrade Ferroelectric Properties?” Appl. Phys. Lett., 85 [11]
2044–6 (2004).

87S. Y. Hu, Y. L. Li, and L. Q. Chen, “Effect of Interfacial Dislocations on
Ferroelectric Phase Stability and Domain Morphology in a Thin Film—A
Phase-Field Model,” J. Appl. Phys., 94 [4] 2542–7 (2003).

88A. Kontsos and C. M. Landis, “Computational Modeling of Domain Wall
Interactions with Dislocations in Ferroelectric Crystals,” Int. J. Solids Struct.,
46 [6] 1491–8 (2009).

89Y. L. Li, S. Y. Hu, S. Choudhury, M. I. Baskes, A. Saxena, et al., “Influ-
ence of Interfacial Dislocations on Hysteresis Loops of Ferroelectric Films,” J.
Appl. Phys., 104 [10] 104110 (2008).

90A. N. Morozovska, E. A. Eliseev, P. Krishnan, A. Tselev, E. Strelkov,
et al., “Defect Thermodynamics and Kinetics in Thin Strained Ferroelectric
Films: The Interplay of Possible Mechanisms,” Phys. Rev. B, 89 [5] 054102
(2014).

91H. H. Wu, J. Wang, S. G. Cao, and T. Y. Zhang, “Effect of Dislocation
Walls on the Polarization Switching of a Ferroelectric Single Crystal,” Appl.
Phys. Lett., 102 [23] 232904 (2013).

92Y. Zheng, B. Wang, and C. H. Woo, “Effects of Interface Dislocations on
Properties of Ferroelectric Thin Films,” J. Mech. Phys. Solids, 55 [8] 1661–76
(2007).

93J. S. Speck and W. Pompe, “Domain Configurations Due to Multiple Mis-
fit Relaxation Mechanisms in Epitaxial Ferroelectric Thin Films 1. Theory,” J.
Appl. Phys., 76 [1] 466–76 (1994).

94M. W. Chu, I. Szafraniak, R. Scholz, C. Harnagea, D. Hesse, et al.,
“Impact of Misfit Dislocations on the Polarization Instability of Epitaxial
Nanostructured Ferroelectric Perovskites,” Nat. Mater., 3 [2] 87–90 (2004).

95C. L. Jia, S. B. Mi, K. Urban, I. Vrejoiu, M. Alexe, and D. Hesse, “Effect
of a Single Dislocation in a Heterostructure Layer on the Local Polarization
of a Ferroelectric Layer,” Phys. Rev. Lett., 102 [11] 117601 (2009).

96J. S. Speck, A. Seifert, W. Pompe, and R. Ramesh, “Domain Configura-
tions Due to Multiple Misfit Relaxation Mechanisms in Ferroelectric Thin
Films 2: Experimental Verification and Implications,” J. Appl. Phys., 76 [1]
477–83 (1994).

97I. Vrejoiu, G. Le Rhun, L. Pintilie, D. Hesse, M. Alexe, and U. Goesele,
“Intrinsic Ferroelectric Properties of Strained Tetragonal PbZr0.2Ti0.8O3

Obtained on Layer-by-Layer Grown, Defect-Free Single-Crystalline Films,”
Adv. Mater., 18 [13] 1657–61 (2006).

98I. Vrejoiu, G. Le Rhun, N. D. Zakharov, D. Hesse, L. Pintilie, and M.
Alexe, “Threading Dislocations in Epitaxial Ferroelectric PbZr0.2Ti0.8O3 Films
and Their Effect on Polarization Backswitching,” Philos. Mag, 86 [28] 4477–86
(2006).

99C. L. Canedy, H. Li, S. P. Alpay, L. Salamanca-Riba, A. L. Roytburd,
and R. Ramesh, “Dielectric Properties in Heteroepitaxial Ba0.6Sr0.4TiO3 Thin
Films: Effect of Internal Stresses and Dislocation-Type Defects,” Appl. Phys.
Lett., 77 [11] 1695–7 (2000).

100M. H. Frey, Z. Xu, P. Han, and D. A. Payne, “The Role of Interfaces on
an Apparent Grain Size Effect on the Dielectric Properties for Ferroelectric
Barium Titanate Ceramics,” Ferroelectrics, 206 [1–4] 337–53 (1998).

101C. T. Shelton, P. G. Kotula, G. L. Brennecka, P. G. Lam, K. E. Meyer,
et al., “Chemically Homogeneous Complex Oxide Thin Films Via Improved
Substrate Metallization,” Adv. Funct. Mater., 22, 2295–302 (2012).

102D. T. Harris, M. J. Burch, J. Li, E. C. Dickey, and J. P. Maria, “Low-
Temperature Control of Twins and Abnormal Grain Growth in BaTiO3,” J.
Am. Ceram. Soc., 98 [8] 2381–7 (2015).

103J. F. Ihlefeld, W. J. Borland, and J.-P. Maria, “Enhanced Dielectric and
Crystalline Properties in Ferroelectric Barium Titanate Thin Films,” Adv.
Funct. Mater., 17 [7] 1199–203 (2007).

104D. T. Harris, M. J. Burch, J. F. Ihlefeld, P. G. Lam, J. Li, et al., “Realiz-
ing Strain Enhanced Dielectric Properties in BaTiO3 Films by Liquid Phase
Assisted Growth,” Appl. Phys. Lett., 103 [1] 012904 (2013).

105G. F. Huang and S. Berger, “Combined Effect of Thickness and Stress
on Ferroelectric Behavior of Thin BaTiO3 Films,” J. Appl. Phys., 93 [5] 2855–
60 (2003).

106L. Lian and N. R. Sottos, “Stress Effects in Sol–Gel Derived Ferroelectric
Thin Films,” J. Appl. Phys., 95 [2] 629–34 (2004).

107N. A. Pertsev, A. G. Zembilgotov, S. Hoffmann, R. Waser, and A. K.
Tagantsev, “Ferroelectric Thin Films Grown on Tensile Substrates: Renormal-
ization of the Curie-Weiss Law and Apparent Absence of Ferroelectricity,” J.
Appl. Phys., 85 [3] 1698–701 (1999).

108W. T. Chang, C. M. Gilmore, W. J. Kim, J. M. Pond, S. W. Kirchoefer,
et al., “Influence of Strain on Microwave Dielectric Properties of (Ba,Sr)TiO3

Thin Films,” J. Appl. Phys., 87 [6] 3044–9 (2000).
109Z. G. Ban and S. P. Alpay, “Optimization of the Tunability of Barium

Strontium Titanate Films Via Epitaxial Stresses,” J. Appl. Phys., 93 [1] 504–11
(2003).

110J. F. Ihlefeld, W. J. Borland, and J.-P. Maria, “Enhanced Dielectric Tun-
ability in Barium Titanate Thin Films with Boron Additions,” Scripta Mater.,
58 [7] 549–52 (2008).

111J. T. Dawley and P. G. Clem, “Dielectric Properties of Random and
<100> Oriented SrTiO3 and (Ba,Sr)TiO3 Thin Films Fabricated on <100>
Nickel Tapes,” Appl. Phys. Lett., 81 [16] 3028–30 (2002).

112J. Ihlefeld, B. Laughlin, A. Hunt-Lowery, W. Borland, A. Kingon, and
J.-P. Maria, “Copper Compatible Barium Titanate Thin Films for Embedded
Passives,” J. Electroceram., 14 [2] 95–102 (2005).

113J. F. Ihlefeld, A. M. Vodnick, S. P. Baker, W. J. Borland, and J.-P.
Maria, “Extrinsic Scaling Effects on the Dielectric Response of Ferroelectric
Thin Films,” J. Appl. Phys., 103 [7] 074112 (2008).

114S. M. Aygun, P. Daniels, W. Borland, and J. P. Maria, “Hot Sputtering
of Barium Strontium Titanate on Nickel Foils,” J. Appl. Phys., 103 [8] 084123
(2008).

115S. M. Ayg€un, J. F. Ihlefeld, W. J. Borland, and J. P. Maria, “Permittivity
Scaling in Ba1"xSrxTiO3 Thin Films and Ceramics,” J. Appl. Phys., 109 [3]
034108 (2011).

116J. F. Ihlefeld, P. R. Daniels, S. M. Aygun, W. J. Borland, and J. P.
Maria, “Property Engineering in BaTiO3 Films by Stoichiometry Control,” J.
Mater. Res., 25 [6] 1064–71 (2010).

117J. Sigman, G. L. Brennecka, P. G. Clem, and B. A. Tuttle, “Fabrication
of Perovskite-Based High-Value Integrated Capacitors by Chemical Solution
Deposition,” J. Am. Ceram. Soc., 91 [6] 1851–7 (2008).

118R. D. Levi, M. M. Samantaray, S. Trolier-McKinstry, and C. A. Randall,
“Influence of Substrate Microstructure on the High Field Dielectric Properties
of BaTiO3 Films,” J. Appl. Phys., 104 [10] 104117 (2008).

119L. Chen, J. H. Li, J. Slutsker, J. Ouyang, and A. L. Roytburd, “Contri-
bution of Substrate to Converse Piezoelectric Response of Constrained Thin
Films,” J. Mater. Res., 19 [10] 2853–8 (2004).

120J. F. Ihlefeld, “Synthesis and Properties of Barium Titanate Solid Solu-
tion Thin Films on Copper Substrates”; Ph.D. Dissertation, North Carolina
State University, Raleigh, NC, 2006.

121T. M. Shaw, Z. Suo, M. Huang, E. Liniger, R. B. Laibowitz, and J. D.
Baniecki, “The Effect of Stress on the Dielectric Properties of Barium Stron-
tium Titanate Thin Films,” Appl. Phys. Lett., 75 [14] 2129–31 (1999).

122T. J. Garino and M. Harrington, “Residual Stress in PZT Thin Films
and Its Effect on Ferroelectric Properties”; pp. 341–7 in 1991 MRS Fall Meet-
ing. Vol. 243, Ferroelectric Thin Films II, Edited by A. I. Kingon, E. R. Myers,
and B. Tuttle. Materials Research Society, Pittsburgh, PA.

123J. F. Shepard, S. Trolier-McKinstry, M. A. Hendrickson, and R. Zeto,
“Properties of PZT Thin Films as a Function of in-Plane Biaxial Stress”; pp.
161–5 in Proceedings of the 10th IEEE International Symposium on the Appli-
cations of Ferroelectrics, August 18-21, East Brunswick, NJ, 1996.

124T. R. Taylor, P. J. Hansen, B. Acikel, N. Pervez, R. A. York, et al.,
“Impact of Thermal Strain on the Dielectric Constant of Sputtered Barium
Strontium Titanate Thin Films,” Appl. Phys. Lett., 80 [11] 1978–80 (2002).

125K. Morito and T. Suzuki, “Effect of Internal Residual Stress on the
Dielectric Properties and Microstructure of Sputter-Deposited Polycrystalline
(Ba,Sr)TiO3 Thin Films,” J. Appl. Phys., 97 [10] 104107 (2005).

126S. B. Lu and Z. K. Xu, “Internal Residual Stress Studies and Enhanced
Dielectric Properties in La0.7Sr0.3CoO3 Buffered (Ba, Sr)TiO3 Thin Films,” J.
Appl. Phys., 106 [6] 064107 (2009).

127A. Sharma, Z. G. Ban, S. P. Alpay, and J. V. Mantese, “The Role of
Thermally-Induced Internal Stresses on the Tunability of Textured Barium
Strontium Titanate Films,” Appl. Phys. Lett., 85 [6] 985–7 (2004).

128R. J. Ong, D. A. Payne, and N. R. Sottos, “Processing Effects for Inte-
grated PZT: Residual Stress, Thickness, and Dielectric Properties,” J. Am.
Ceram. Soc., 88 [10] 2839–47 (2005).

129K. Lefki and G. J. M. Dormans, “Measurement of Piezoelectric Coeffi-
cients of Ferroelectric Thin Films,” J. Appl. Phys., 76 [3] 1764–7 (1994).

130A. L. Roytburd, S. P. Alpay, V. Nagarajan, C. S. Ganpule, S. Aggarwal,
et al., “Measurement of Internal Stresses via the Polarization in Epitaxial Fer-
roelectric Films,” Phys. Rev. Lett., 85 [1] 190–3 (2000).

131B. Tuttle, T. Headley, C. Drewien, J. Michael, J. Voigt, and T. Garino,
“Comparison of Ferroelectric Domain Assemblages in Pb(Zr,Ti)O3 Thin Films
and Bulk Ceramics,” Ferroelectrics, 221 [1–4] 209–18 (1999).

132G. L. Brennecka, W. Huebner, B. A. Tuttle, and P. G. Clem, “Use of
Stress to Produce Highly Oriented Tetragonal Lead Zirconate Titanate (PZT
40/60) Thin Films and Resulting Electrical Properties,” J. Am. Ceram. Soc., 87
[8] 1459–65 (2004).

133S. Buhlmann, B. Dwir, J. Baborowski, and P. Muralt, “Size Effect in
Mesoscopic Epitaxial Ferroelectric Structures: Increase of Piezoelectric
Response with Decreasing Feature Size,” Appl. Phys. Lett., 80 [17] 3195–7
(2002).

134V. Nagarajan, A. Roytburd, A. Stanishevsky, S. Prasertchoung, T. Zhao,
et al., “Dynamics of Ferroelastic Domains in Ferroelectric Thin Films,” Nat.
Mater., 2 [1] 43–7 (2003).

135R. Keech, S. Shetty, M. A. Kuroda, X. Hu Liu, G. J. Martyna, et al.,
“Lateral Scaling of Pb(Mg1/3Nb2/3)O3-PbTiO3 Thin Films for Piezoelectric
Logic Applications,” J. Appl. Phys., 115 [23] 234106 (2014).

136F. Griggio, S. Jesse, A. Kumar, O. Ovchinnikov, H. Kim, et al., “Sub-
strate Clamping Effects on Irreversible Domain Wall Dynamics in Lead Zir-
conate Titanate Thin Films,” Phys. Rev. Lett., 108 [15] 157604 (2012).

137M. Wallace, R. L. Johnson-Wilke, G. Esteves, C. M. Fancher, R. H. T.
Wilke, et al., “In Situ Measurement of Increased Ferroelectric/Ferroelastic
Domain Wall Motion in Declamped Tetragonal Lead Zirconate Titanate Thin
Films,” J. Appl. Phys., 117 [5] 054103 (2015).

138N. C. Sharma and E. R. McCartney, “The Dielectric Properties of Pure
Barium Titanate as a Function of Grain Size,” J. Aust. Ceram. Soc., 10 [1]
16–20 (1974).

139K. Kinoshita and A. Yamaji, “Grain-Size Effects on Dielectric Properties
in Barium-Titanate Ceramics,” J. Appl. Phys., 47 [1] 371–3 (1976).

140G. Arlt, D. Hennings, and G. de With, “Dielectric-Properties of Fine-
Grained Barium-Titanate Ceramics,” J. Appl. Phys., 58 [4] 1619–25 (1985).

141W. R. Buessem, L. E. Cross, and A. K. Goswami, “Phenomenological
Theory of High Permittivity in Fine-Grained Barium Titanate,” J. Am. Ceram.
Soc., 49 [1] 33–6 (1966).

August 2016 Ferroelectric Scaling Effects 2553



142L. Egerton and S. E. Koonce, “Effect of Firing Cycle on Structure and
Some Dielectric and Piezoelectric Properties of Barium Titanate Ceramics,” J.
Am. Ceram. Soc., 38 [11] 412–8 (1955).

143A. V. Polotai, A. V. Ragulya, and C. A. Randall, “Preparation and Size
Effect in Pure Nanocrystalline Barium Titanate Ceramics,” Ferroelectrics, 288,
93–102 (2003).

144W. W. Cao and C. A. Randall, “Grain Size and Domain Size Relations
in Bulk Ceramic Ferroelectric Materials,” J. Phys. Chem. Solids, 57 [10] 1499–
505 (1996).

145T. Hoshina, Y. Kigoshi, S. Hatta, H. Takeda, and T. Tsurumi, “Domain
Contribution to Dielectric Properties of Fine-Grained BaTiO3 Ceramics,” Jpn.
J. Appl. Phys., 48 [9] 09KC01 (2009).

146S. Wada, K. Yako, H. Kakemoto, T. Tsurumi, and T. Kiguchi,
“Enhanced Piezoelectric Properties of Barium Titanate Single Crystals with
Different Engineered-Domain Sizes,” J. Appl. Phys., 98 [1] 014109 (2005).

147S. Wada, K. Yako, K. Yokoo, H. Kakemoto, and T. Tsurumi, “Domain
Wall Engineering in Barium Titanate Single Crystals for Enhanced Piezoelec-
tric Properties,” Ferroelectrics, 334, 17–27 (2006).

148D. A. Payne and L. E. Cross, “Microstructure-Property Relations for
Dielectric Ceramics: II. The Brick-Wall Model of Polycrystalline Microstruc-
ture”; pp. 380–90 in Microstructure and Properties of Ceramic Materials, Edi-
ted by T. S. Yen and J. A. Pask. Science Press, Beijing, 1984.

149D. Ghosh, A. Sakata, J. Carter, P. A. Thomas, H. Han, et al., “Domain
Wall Displacement is the Origin of Superior Permittivity and Piezoelectricity
in BaTiO3 at Intermediate Grain Sizes,” Adv. Funct. Mater., 24 [7] 885–96
(2014).

150M. Demartin and D. Damjanovic, “Dependence of the Direct Piezoelec-
tric Effect in Coarse and Fine Grain Barium Titanate Ceramics on Dynamic
and Static Pressure,” Appl. Phys. Lett., 68 [21] 3046–8 (1996).

151D. Damjanovic and M. Demartin, “Contribution of the Irreversible Dis-
placement of Domain Walls to the Piezoelectric Effect in Barium Titanate and
Lead Zirconate Titanate Ceramics,” J. Phys.-Condes. Matter, 9 [23] 4943–53
(1997).

152M. H. Frey and D. A. Payne, “Grain-Size Effect on Structure and Phase
Transformations for Barium Titanate,” Phys. Rev. B: Condens. Matter, 54 [5]
3158–68 (1996).

153H. I. Hsiang and F. S. Yen, “Effect of Crystallite Size on the Ferroelec-
tric Domain Growth of Ultrafine BaTiO3 Powders,” J. Am. Ceram. Soc., 79
[4] 1053–60 (1996).

154R. Ahluwalia and W. W. Cao, “Size Dependence of Domain Patterns in
a Constrained Ferroelectric System,” J. Appl. Phys., 89 [12] 8105–9 (2001).

155M. T. Buscaglia, M. Viviani, V. Buscaglia, L. Mitoseriu, A. Testino,
et al., “High Dielectric Constant and Frozen Macroscopic Polarization in
Dense Nanocrystalline BaTiO3 Ceramics,” Phys. Rev. B, 73 [6] 064114 (2006).

156Z. Zhao, V. Buscaglia, M. Viviani, M. T. Buscaglia, L. Mitoseriu, et al.,
“Grain-Size Effects on the Ferroelectric Behavior of Dense Nanocrystalline
BaTiO3 Ceramics,” Phys. Rev. B, 70 [2] 024107 (2004).

157Y. H. Zhang, J. Y. Li, and D. N. Fang, “Size Dependent Domain Con-
figuration and Electric Field Driven Evolution in Ultrathin Ferroelectric
Films: A Phase Field Investigation,” J. Appl. Phys., 107 [3] 034107 (2010).

158C. A. Randall, N. Kim, J. P. Kucera, W. W. Cao, and T. R. Shrout,
“Intrinsic and Extrinsic Size Effects in Fine-Grained Morphotropic-Phase-
Boundary Lead Zirconate Titanate Ceramics,” J. Am. Ceram. Soc., 81 [3] 677–
88 (1998).

159I. Fujii, E. Hong, and S. Trolier-McKinstry, “Thickness Dependence of
Dielectric Nonlinearity of Lead Zirconate Titanate Films,” IEEE Trans. Ultra-
son. Ferroelectr. Freq. Control, 57 [8] 1717–23 (2010).

160H. J. Lee, S. J. Zhang, and T. R. Shrout, “Scaling Effects of Relaxor-
PbTiO3 Crystals and Composites for High Frequency Ultrasound,” J. Appl.
Phys., 107 [12] 124107 (2010).

161M. Alguer"o, J. Ricote, R. Jim"enez, P. Ramos, J. Carreaud, et al., “Size
Effect in Morphotropic Phase Boundary Pb(Mg1∕3Nb 2∕3)O3–PbTiO3,” Appl.
Phys. Lett., 91 [11] 112905 (2007).

162R. Jimenez, H. Amorin, J. Ricote, J. Carreaud, J. M. Kiat, et al., “Effect
of Grain Size on the Transition Between Ferroelectric and Relaxor States in
0.8Pb(Mg1/3Nb2/3)O3-0.2PbTiO3 Ceramics,” Phys. Rev. B, 78 [9] 094103
(2008).

163J. Carreaud, J. M. Kiat, B. Dkhil, M. Alguero, J. Ricote, et al., “Mono-
clinic Morphotropic Phase and Grain Size-Induced Polarization Rotation in
Pb(Mg1/3Nb2/3)O3-PbTiO3,” Appl. Phys. Lett., 89 [25] 252906 (2006).

164D. McCauley, R. E. Newnham, and C. A. Randall, “Intrinsic Size Effects
in a Barium Titanate Glass-Ceramic,” J. Am. Ceram. Soc., 81 [4] 979–87
(1998).

165C. A. Randall, D. E. McCauley, and D. P. Cann, “Finite Size Effects in a
BaTiO3 Ferroelectric Glass Ceramic,” Ferroelectrics, 206 [1–4] 325–35 (1998).

166A. Y. Emelyanov, N. A. Pertsev, S. Hoffmann-Eifert, U. Bottger, and R.
Waser, “Grain-Boundary Effect on the Curie-Weiss Law of Ferroelectric
Ceramics and Polycrystalline Thin Films: Calculation by the Method of Effec-
tive Medium,” J. Electroceram., 9 [1] 5–16 (2002).

167B. A. Strukov, S. T. Davitadze, S. G. Shulman, B. V. Goltzman, and V.
V. Lemanov, “Clarification of Size Effects in Polycrystalline BaTiO3 Thin
Films by Means of the Specific Heat Measurements: Grain Size or Film Thick-
ness?” Ferroelectrics, 301, 157–62 (2004).

168L. J. Sinnamon, M. M. Saad, R. M. Bowman, and J. M. Gregg, “Explor-
ing Grain Size as a Cause for “Dead-Layer” Effects in Thin Film Capacitors,”
Appl. Phys. Lett., 81 [4] 703–5 (2002).

169B. Panda, A. Roy, A. Dhar, and S. K. Ray, “Thickness and Temperature
Dependent Electrical Characteristics of Crystalline BaxSr1"xTiO3 Thin Films,”
J. Appl. Phys., 101 [6] 064116 (2007).

170C. B. Parker, J. P. Maria, and A. I. Kingon, “Temperature and Thickness
Dependent Permittivity of (Ba,Sr)TiO3 Thin Films,” Appl. Phys. Lett., 81 [2]
340–2 (2002).

171K. C. Sekhar, S. H. Key, K. P. Hong, C. S. Han, J. M. Yook, et al.,
“Thickness-Dependent Tunable Characteristics of (Ba0.5Sr0.5)0.925K0.075TiO3

Thin Films Prepared by Pulsed Laser Deposition,” Curr. Appl. Phys., 12 [3]
654–8 (2012).

172H. W. Chen, C. R. Yang, C. L. Fu, L. Zhao, and Z. Q. Gao, “The Size
Effect of Ba0.6Sr0.4TiO3 Thin Films on the Ferroelectric Properties,” Appl.
Surf. Sci., 252 [12] 4171–7 (2006).

173H. W. Chen, C. R. Yang, J. H. Zhang, W. J. Leng, H. Ji, et al., “Two
Critical Grain Sizes of Ba0.6Sr0.4TiO3 Thin Films,” J. Mater. Sci.-Mater.
Electr., 21 [3] 236–40 (2010).

174C. L. Fu, C. R. Yang, H. W. Chen, L. Y. Hu, and Y. X. Wang, “Ferro-
electric Properties of Ba0.6Sr0.4TiO3 Thin Films with Different Grain Sizes,”
Mater. Lett., 59 [2–3] 330–3 (2005).

175C. Basceri, S. K. Streiffer, A. I. Kingon, and R. Waser, “The Dielectric
Response as a Function of Temperature and Film Thickness of Fiber-Textured
(Ba,Sr)TiO3 Thin Films Grown by Chemical Vapor Deposition,” J. Appl.
Phys., 82 [5] 2497–504 (1997).

176S. K. Streiffer, C. Basceri, C. B. Parker, S. E. Lash, and A. I. Kingon,
“Ferroelectricity in Thin Films: The Dielectric Response of Fiber-Textured
(BaxSr1"x)Ti1+yO3+z Thin Films Grown by Chemical Vapor Deposition,” J.
Appl. Phys., 86 [8] 4565–75 (1999).

177B. T. Lee and C. S. Hwang, “Influences of Interfacial Intrinsic Low-
Dielectric Layers on the Dielectric Properties of Sputtered (Ba,Sr)TiO3 Thin
Films,” Appl. Phys. Lett., 77 [1] 124–6 (2000).

178J. Berge, A. Vorobiev, and S. Gevorgian, “The Effect of Growth Temper-
ature on the Nanostructure and Dielectric Response of BaTiO3 Ferroelectric
Films,” Thin Solid Films, 515 [16] 6302–8 (2007).

179S. Hoffmann and R. Waser, “Control of the Morphology of CSD-Pre-
pared (Ba,Sr)TiO3 Thin Films,” J. Eur. Ceram. Soc., 19 [6–7] 1339–43 (1999).

180F. Xu, S. Trolier-McKinstry, W. Ren, B. M. Xu, Z. L. Xie, and K. J.
Hemker, “Domain Wall Motion and its Contribution to the Dielectric and
Piezoelectric Properties of Lead Zirconate Titanate Films,” J. Appl. Phys., 89
[2] 1336–48 (2001).

181S. H. Kim, H. J. Woo, J. Ha, C. S. Hwang, H. R. Kim, and A. I. Kin-
gon, “Thickness Effects on Imprint in Chemical-Solution-Derived (Pb, La)(Zr,
Ti)O3 Thin Films,” Appl. Phys. Lett., 78 [19] 2885–7 (2001).

182L. Pintilie, I. Vrejoiu, D. Hesse, G. LeRhun, and M. Alexe, “Extrinsic
Contributions to the Apparent Thickness Dependence of the Dielectric Con-
stant in Epitaxial Pb(Zr,Ti)O3 Thin Films,” Phys. Rev. B, 75 [22] 224113
(2007).

183J. P. de la Cruz, E. Joanni, P. M. Vilarinho, and A. L. Kholkin, “Thick-
ness Effect on the Dielectric, Ferroelectric, and Piezoelectric Properties of Fer-
roelectric Lead Zirconate Titanate Thin Films,” J. Appl. Phys., 108 [11]
114106 (2010).

184C. F. Zhong, X. H. Wang, J. A. Fang, and L. T. Li, “Investigation of
Thickness Dependence of Structure and Electric Properties of Sol–Gel-Derived
BiScO3-PbTiO3 Thin Films,” J. Am. Ceram. Soc., 93 [10] 3305–11 (2010).

185Y. Bastani, T. Schmitz-Kempen, A. Roelofs, and N. Bassiri-Gharb, “Crit-
ical Thickness for Extrinsic Contributions to the Dielectric and Piezoelectric
Response in Lead Zirconate Titanate Ultrathin Films,” J. Appl. Phys., 109 [1]
014115 (2011).

186L. Y. Wang, W. Ren, K. Yao, P. Shi, X. Q. Wu, and X. Yao, “Effects of
Thickness on Structures and Electrical Properties of K0.5Na0.5NbO3 Thick
Films Derived From Polyvinylpyrrolidone-Modified Chemical Solution,”
Ceram. Int., 38, S291–4 (2012).

187E. B. Araujo, E. C. Lima, I. K. Bdikin, and A. L. Kholkin, “Thickness
Dependence of Structure and Piezoelectric Properties at Nanoscale of Poly-
crystalline Lead Zirconate Titanate Thin Films,” J. Appl. Phys., 113 [18]
187206 (2013).

188A. J. Welsh, R. H. T. Wilke, M. A. Hickner, and S. Trolier-McKinstry,
“Low-Cost, Damage-Free Patterning of Lead Zirconate Titanate Films,” J.
Am. Ceram. Soc., 96 [9] 2799–805 (2013).

189M. D. Nguyen, M. Dekkers, H. N. Vu, and G. Rijnders, “Film-Thickness
and Composition Dependence of Epitaxial Thin-Film PZT-Based Mass-Sen-
sors,” Sens. Actuator A-Phys, 199, 98–105 (2013).

190G. L. Brennecka and B. A. Tuttle, “Fabrication of Ultrathin Film Capac-
itors by Chemical Solution Deposition,” J. Mater. Res., 22 [10] 2868–74
(2007).

191F. Chu, F. Xu, J. Shepard, and S. Trolier-McKinstry, “Thickness Depen-
dence of the Electrical Properties of Sol–Gel Derived Lead Zirconate Titanate
Thin Films with (111) and (100) Texture”; pp. 409–14 in Ferroelectric Thin
Films VI, Vol. 493. Materials Research Society Symposium Proceedings, Edited
by R. E. Treece, R. E. Jones, C. M. Foster, S. B. Desu, and and. I. K. Yoo.
Materials Research Society, Warrendale, 1998.

192L. J. Sinnamon, R. M. Bowman, and J. M. Gregg, “Investigation of
Dead-Layer Thickness in SrRuO3/Ba0.5Sr0.5TiO3/Au Thin-Film Capacitors,”
Appl. Phys. Lett., 78 [12] 1724–6 (2001).

193U. Ellerkmann, R. Liedtke, U. Boettger, and R. Waser, “Interface-
Related Thickness Dependence of the Tunability in BaSrTiO3 Thin Films,”
Appl. Phys. Lett., 85 [20] 4708–10 (2004).

194J. Z. Wang, T. J. Zhang, B. S. Zhang, J. Jiang, R. K. Pan, and Z. J. Ma,
“Interfacial Characteristic of (Ba,Sr)TiO3 Thin Films Deposited on Different
Bottom Electrodes,” J. Mater. Sci.-Mater. Electr., 20 [12] 1208–13 (2009).

195S. Hiboux, P. Muralt, and T. Maeder, “Domain and Lattice Contribu-
tions to Dielectric and Piezoelectric Properties of Pb(Zrx,Ti1"x)O3 Thin Films
as a Function of Composition,” J. Mater. Res., 14 [11] 4307–18 (1999).

2554 Journal of the American Ceramic Society—Ihlefeld et al. Vol. 99, No. 8



196D. J. Kim, J. P. Maria, A. I. Kingon, and S. K. Streiffer, “Evaluation of
Intrinsic and Extrinsic Contributions to the Piezoelectric Properties of Pb
(Zr1"xTix)O3 Thin Films as a Function of Composition,” J. Appl. Phys., 93 [9]
5568–75 (2003).

197S. Trolier-McKinstry, N. B. Gharb, and D. Damjanovic, “Piezoelectric
Nonlinearity due to Motion of 180 Degrees Domain Walls in Ferroelectric
Materials at Subcoercive Fields: A Dynamic Poling Model,” Appl. Phys. Lett.,
88 [20] 202901 (2006).

198D. Damjanovic and M. Demartin, “The Rayleigh Law in Piezoelectric
Ceramics,” J. Phys. D Appl. Phys., 29 [7] 2057–60 (1996).

199S. Choudhury, Y. L. Li, C. Krill Iii, and L. Q. Chen, “Effect of Grain
Orientation and Grain Size on Ferroelectric Domain Switching and Evolution:
Phase Field Simulations,” Acta Mater., 55 [4] 1415–26 (2007).

200B. D. Huey, R. N. Premnath, S. Lee, and N. A. Polomoff, “High Speed
SPM Applied for Direct Nanoscale Mapping of the Influence of Defects on
Ferroelectric Switching Dynamics,” J. Am. Ceram. Soc., 95 [4] 1147–62 (2012).

201D. M. Marincel, H. R. Zhang, J. Britson, A. Belianinov, S. Jesse, et al.,
“Domain Pinning Near a Single-Grain Boundary in Tetragonal and Rhombo-
hedral Lead Zirconate Titanate Films,” Phys. Rev. B, 91 [13] 134113.

202D. M. Marincel, H. R. Zhang, S. Jesse, A. Belianinov, M. B. Okatan,
et al., “Domain Wall Motion Across Various Grain Boundaries in Ferroelec-
tric Thin Films,” J. Am. Ceram. Soc., 98 [6] 1848–57 (2015).

203B. J. Rodriguez, Y. H. Chu, R. Ramesh, and S. V. Kalinin, “Ferroelectric
Domain Wall Pinning at a Bicrystal Grain Boundary in Bismuth Ferrite,”
Appl. Phys. Lett., 93 [14] 142901 (2008).

204T. S. Boscke, J. Muller, D. Brauhaus, U. Schroder, and U. Bottger, “Fer-
roelectricity in Hafnium Oxide Thin Films,” Appl. Phys. Lett., 99 [10] 102903
(2011).

205M. H. Park, H. J. Kim, Y. J. Kim, W. Lee, T. Moon, and C. S. Hwang,
“Evolution of Phases and Ferroelectric Properties of Thin Hf0.5Zr0.5O2 Films
According to the Thickness and Annealing Temperature,” Appl. Phys. Lett.,
102 [24] 242905 (2013).

206M. H. Park, Y. H. Lee, H. J. Kim, Y. J. Kim, T. Moon, et al., “Ferro-
electricity and Antiferroelectricity of Doped Thin HfO2-Based Films,” Adv.
Mater., 27 [11] 1811–31 (2015).

207A. Chernikova, M. Kozodaev, A. Markeev, D. Negrov, M. Spiridonov,
et al., “Ultrathin Hf0.5Zr0.5O2 Ferroelectric Films on Si,” ACS Appl. Mater.
Inter., 8 [11] 7232–7 (2016).

208M. Hoffmann, U. Schroeder, T. Schenk, T. Shimizu, H. Funakubo, et al.,
“Stabilizing the Ferroelectric Phase in Doped Hafnium Oxide,” J. Appl. Phys.,
118 [7] 072006 (2015).

209R. Materlik, C. Kuenneth, and A. Kersch, “The Origin of Ferroelectricity
in Hf1"xZrxO2: A Computational Investigation and a Surface Energy Model,”
J. Appl. Phys., 117 [13] 134109 (2015).

210B. F. Donovan, B. M. Foley, J. F. Ihlefeld, J.-P. Maria, and P. E. Hop-
kins, “Spectral Phonon Scattering Effects on the Thermal Conductivity of
Nano-Grained Barium Titanate,” Appl. Phys. Lett., 105 [8] 082907 (2014).

211M. H. Frey, Grain Size Effect on Structure and Properties for Chemically-
Prepared Barium Titanate. University of Illinois, Urbana, IL, 1996.

212I. H. Pratt and Fireston. S, “Fabrication of RF-Sputtered Barium Tita-
nate Thin Films,” J. Vacuum Sci. Technol., 8 [1] 256–60 (1971).

213Y. Y. Tomashpolski, M. A. Sevostianov, M. V. Pentegova, L. A. Soro-
kina, and Y. N. Venevtsev, “Ferroelectric Vacuum Deposits of Complex Oxide
Type Structure,” Ferroelectrics, 7 [1–4] 257–8 (1974).

214M. I. Yanovskaya, N. Y. Turova, E. P. Turevskaya, A. V. Novoselova,
Y. N. Venevtsev, et al., “Preparation of Ferroelectric Barium Titanate Films
From Solutions of Metal Alcoholates,” Inorg. Mater., 17 [2] 221–4 (1981).

215M. H. Frey and D. A. Payne, “Nanocrystalline Barium-Titanate—Evi-
dence for the Absence of Ferroelectricity in Sol–Gel Derived Thin-Layer
Capacitors,” Appl. Phys. Lett., 63 [20] 2753–5 (1993).

216B. Laughlin, J. Ihlefeld, and J. P. Maria, “Preparation of Sputtered (Bax,
Sr1"x)TiO3 Thin Films Directly on Copper,” J. Am. Ceram. Soc., 88 [9] 2652–
4 (2005).

217S. Halder, T. Schneller, and R. Waser, “Enhanced Stability of Platinized
Silicon Substrates Using an Unconventional Adhesion Layer Deposited by
CSD for High Temperature Dielectric Thin Film Deposition,” Appl. Phys. A-
Mater. Sci. Process, 87 [4] 705–8 (2007).

218L. M. Garten, P. Lam, D. Harris, J. P. Maria, and S. Trolier-McKinstry,
“Residual Ferroelectricity in Barium Strontium Titanate Thin Film Tunable
Dielectrics,” J. Appl. Phys., 116 [4] 044104 (2014).

219J. F. Ihlefeld, W. Borland, and J.-P. Maria, “Dielectric and Microstruc-
tural Properties of Barium Titanate Zirconate Thin Films on Copper Sub-
strates,” J. Mater. Res., 20 [10] 2838–44 (2005).

220H. Nagata, S. W. Ko, E. Hong, C. A. Randall, and S. Trolier-McKinstry,
“Microcontact Printed BaTiO3 and LaNiO3 Thin Films for Capacitors,” J.
Am. Ceram. Soc., 89 [9] 2816–21 (2006).

221C. S. Hwang, B. T. Lee, C. S. Kang, K. H. Lee, H. J. Cho, et al.,
“Depletion Layer Thickness and Schottky Type Carrier Injection at the Inter-
face Between Pt Electrodes and (Ba, Sr)TiO3 Thin Films,” J. Appl. Phys., 85
[1] 287–95 (1999).

222W. J. Lee, H. G. Kim, and S. G. Yoon, “Microstructure Dependence of
Electrical Properties of (Ba0.5Sr0.5)TiO3 Thin Films Deposited on Pt/SiO2/Si,”
J. Appl. Phys., 80 [10] 5891–4 (1996).

223P. Padmini, T. R. Taylor, M. J. Lefevre, A. S. Nagra, R. A. York, and J.
S. Speck, “Realization of High Tunability Barium Strontium Titanate Thin
Films by rf Magnetron Sputtering,” Appl. Phys. Lett., 75 [20] 3186–8 (1999).

224Y. Takeshima, K. Tanaka, and Y. Sakabe, “Thickness Dependence of
Characteristics for (Ba, Sr)TiO3 Thin Films Prepared by Metalorganic Chemi-
cal Vapor Deposition,” Jpn. J. Appl. Phys 1, 39 [9B] 5389–92 (2000).

225X. H. Zhu, D. N. Zheng, H. Zeng, W. Peng, J. G. Zhu, et al., “Effects of
Growth Temperature and Film Thickness on the Electrical Properties of
Ba0.7Sr0.3TiO3 Thin Films Grown on Platinized Silicon Substrates by Pulsed
Laser Deposition,” Thin Solid Films, 496 [2] 376–82 (2006).

226G. W. Scherer, “Sintering of Sol–Gel Films,” J. Sol–Gel. Sci. Technol., 8
[1–3] 353–63 (1997).

227J.-F. Campion, D. A. Payne, and H. K. Chae, “Chemical Processing of
Barium Titanate Powders and Thin Layer Dielectrics,” Ceram. Trans., 22,
477–89 (1992).

228M. H. Frey and D. A. Payne, “Synthesis and Processing of Barium-Tita-
nate Ceramics from Alkoxide Solutions and Monolithic Gels,” Chem. Mater.,
7 [1] 123–9 (1995).

229H. S. Gopalakrishnamurthy, M. S. Rao, and T. R. N. Kutty, “Thermal-
Decomposition of Titanyl Oxalates -I Barium Titanyl Oxalate,” J. Inorg. Nucl.
Chem., 37 [4] 891–8 (1975).

230S. Kumar, G. L. Messing, and W. B. White, “Metal-Organic Resin
Derived Barium-Titanate: I, Formation of Barium Titanium Oxycarbonate
Intermediate,” J. Am. Ceram. Soc., 76 [3] 617–24 (1993).

231U. Hasenkox, S. Hoffmann, and R. Waser, “Influence of Precursor
Chemistry on the Formation of MTiO3 (M = Ba, Sr) Ceramic Thin Films,”
J. Sol–Gel. Sci. Technol., 12 [2] 67–79 (1998).

232R. J. Ong, J. T. Dawley, and P. G. Clem, “Chemical Solution Deposition
of Biaxially Oriented (Ba,Sr)TiO3 Thin Films on {100} Ni,” J. Mater. Res., 18
[10] 2310–7 (2003).

233S. Fujihara, T. Schneller, and R. Waser, “Interfacial Reactions and
Microstructure of BaTiO3 Films Prepared Using Fluoride Precursor Method,”
Appl. Surf. Sci., 221 [1–4] 178–83 (2004).

234S. M. Aygun, P. Daniels, W. J. Borland, and J. P. Maria, “In Situ Meth-
ods to Explore Microstructure Evolution in Chemically Derived Oxide Thin
Films,” J. Mater. Res., 25 [3] 427–36 (2010).

235T. Dechakupt, S. W. Ko, S. G. Lu, C. A. Randall, and S. Trolier-
McKinstry, “Processing of Chemical Solution-Deposited BaTiO3-Based Thin
Films on Ni Foils,” J. Mater. Sci., 46 [1] 136–44 (2011).

236T. Dechakupt, G. Yang, C. A. Randall, S. Trolier-McKinstry, and I. M.
Reaney, “Chemical Solution-Deposited BaTiO3 Thin Films on Ni Foils:
Microstructure and Interfaces,” J. Am. Ceram. Soc., 91 [6] 1845–50 (2008).

237F. Calame and P. Muralt, “Growth and Properties of Gradient Free Sol–
Gel Lead Zirconate Titanate Thin Films,” Appl. Phys. Lett., 90 [6] 062907
(2007).

238J. F. Ihlefeld and C. T. Shelton, “Chemical Homogeneity Effects on the
Nonlinear Dielectric Response of Lead Zirconate Titanate Thin Films,” Appl.
Phys. Lett., 101, 052902 (2012).

239G. R. Fox, S. Trolier-Mckinstry, S. B. Krupanidhi, and L. M. Casas,
“Pt/Ti/SiO2/Si Substrates,” J. Mater. Res., 10 [6] 1508–15 (1995).

240K. Sreenivas, I. Reaney, T. Maeder, N. Setter, C. Jagadish, and R. G.
Elliman, “Investigation of Pt/Ti Bilayer Metallization on Silicon for Ferroelec-
tric Thin Film Integration,” J. Appl. Phys., 75 [1] 232–9 (1994).

241K. G. Brooks, I. M. Reaney, R. Klissurska, Y. Huang, L. Bursill, and N.
Setter, “Orientation of Rapid Thermally Annealed Lead-Zirconate-Titanate
Thin-Films on (111) Pt Substrates,” J. Mater. Res., 9 [10] 2540–53 (1994).

242J. F. Ihlefeld, P. G. Kotula, B. D. Gauntt, D. V. Gough, G. L. Bren-
necka, et al., “Solution Chemistry, Substrate, and Processing Effects on Chem-
ical Homogeneity in Lead Zirconate Titanate Thin Films,” J. Am. Ceram.
Soc., 98 [7] 2028–38 (2015).

243T. Maeder, L. Sagalowicz, and P. Muralt, “Stabilized Platinum Elec-
trodes for Ferroelectric Film Deposition Using Ti, Ta and Zr Adhesion Lay-
ers,” Jpn. J. Appl. Phys 1, 37 [4A] 2007–12 (1998).

244H. W. Chen, C. R. Yang, C. L. Fu, J. H. Zhang, J. X. Liao, and L. Y.
Hu, “Effects of Interface on the Dielectric Properties of Ba0.6Sr0.4TiO3 Thin
Film Capacitors,” Appl. Surf. Sci., 254 [10] 3175–9 (2008).

245S. H. Kim, D. J. Kim, J. P. Maria, A. I. Kingon, S. K. Streiffer, et al.,
“Influence of Pt Heterostructure Bottom Electrodes on SrBi2Ta2O9 Thin Film
Properties,” Appl. Phys. Lett., 76 [4] 496–8 (2000).

246C. H. Peng and S. B. Desu, “Structure Development Study of Pb(Zr,Ti)
O3 Thin Films by an Optical Method,” J. Am. Ceram. Soc., 77 [6] 1486–92
(1994).

247N. Ledermann, P. Muralt, J. Baborowski, S. Gentil, K. Mukati, et al.,
“{100}-Textured, Piezoelectric Pb(ZrxTi1"x)O3 Thin Films for MEMS: Inte-
gration, Deposition and Properties,” Sens. Actuator A-Phys., 105 [2] 162–70
(2003).

248Y. Bastani and N. Bassiri-Gharb, “Enhanced Dielectric and Piezoelectric
Response in PZT Superlattice-Like Films by Leveraging Spontaneous Zr/Ti
Gradient Formation,” Acta Mater., 60 [3] 1346–52 (2012).

249J. C. Agar, A. R. Damodaran, G. A. Velarde, S. Pandya, R. V. K. Man-
galam, and L. W. Martin, “Complex Evolution of Built-in Potential in Com-
positionally-Graded PbZr1"xTixO3 Thin Films,” ACS Nano, 9 [7] 7332–42
(2015).

250J. C. Agar, A. R. Damodaran, M. B. Okatan, J. Kacher, C. Gammer,
et al., “Highly Mobile Ferroelastic Domain Walls in Compositionally Graded
Ferroelectric Thin Films,” Nat. Mater., 15 [5] 549–56 (2016).

251D. M. Marincel, S. Jesse, A. Belianinov, M. B. Okatan, S. V. Kalinin,
et al., “A-Site Stoichiometry and Piezoelectric Response in Thin Film
PbZr1"xTixO3,” J. Appl. Phys., 117 [20] 204104 (2015).

252P. Paruch, A. B. Kolton, X. Hong, C. H. Ahn, and T. Giamarchi, “Ther-
mal Quench Effects on Ferroelectric Domain Walls,” Phys. Rev. B, 85 [21]
214115 (2012).

253J. F. Ihlefeld, M. D. Losego, R. Collazo, W. J. Borland, and J. P. Maria,
“Defect Chemistry of Nano-Grained Barium Titanate Films,” J. Mater. Sci.,
43 [1] 38–42 (2008).

August 2016 Ferroelectric Scaling Effects 2555



254Y. A. Bogosova, A. Kirillov, and G. Konstantinov, “The Effect of
Microinhomogeneities on the Structure and Phase-Transitions in Ferroelectric
Ceramics of PZT Type,” Ferroelectrics, 131 [1–4] 197–200 (1992).

255X. L. Dong and S. Kojima, “Structural Phase Transitions in Zr-Rich Pb
(Zr1"xTix)O3 Ceramics,” Ferroelectrics, 203 [1–4] 269–78 (1997).

256R. Kirchhofer, D. R. Diercks, B. P. Gorman, J. F. Ihlefeld, P. G. Kotula,
et al., “Quantifying Compositional Homogeneity in Pb(Zr,Ti)O3 Using Atom
Probe Tomography,” J. Am. Ceram. Soc., 97 [9] 2677–97 (2014).

257A. Biancoli, C. M. Fancher, J. L. Jones, and D. Damjanovic, “Breaking
of Macroscopic Centric Symmetry in Paraelectric Phases of Ferroelectric
Materials and Implications for Flexoelectricity,” Nat. Mater., 14 [2] 224–9
(2015).

258H. Beltran, E. Cordoncillo, P. Escribano, D. C. Sinclair, and A. R. West,
“Oxygen Loss, Semiconductivity, and Positive Temperature Coefficient of
Resistance Behavior in Undoped Cation-Stoichiometric BaTiO3 Ceramics,” J.
Appl. Phys., 98 [9] 094102 (2005).

259I. Burn and G. H. Maher, “High-Resistivity BaTiO3 Ceramics Sintered in
CO-CO2 Atmospheres,” J. Mater. Sci., 10 [4] 633–40 (1975).

260A. Kanda, S. Tashiro, and H. Igarashi, “Effect of Firing Atmospher on
Electrical-Properties of Multilayer Semiconducting Ceramics Having Positive
Temperature-Coefficient of Resistivity and Ni-Pd Internal Electrodes,” Jpn. J.
Appl. Phys 1, 33 [9B] 5431–4 (1994).

261K. Kaneda, S. Lee, N. J. Donnelly, W. G. Qu, C. A. Randall, and Y.
Mizuno, “Kinetics of Oxygen Diffusion into Multilayer Ceramic Capacitors
During the Re-Oxidation Process and Its Implications on Dielectric Proper-
ties,” J. Am. Ceram. Soc., 94 [11] 3934–40 (2011).

262D. Makovec, N. Ule, and M. Drofenik, “Positive Temperature Coefficient
of Resistivity Effect in Highly Donor-Doped Barium Titanate,” J. Am. Ceram.
Soc., 84 [6] 1273–80 (2001).

263Y. P. Pu, S. T. Chen, H. T. Langhammer, and D. Makovec, “Mechanism
Investigation of Grain Boundary Reoxidation of Barium-Lanthanum Titanate
Ceramics,” J. Inorg. Mater., 21 [4] 919–26 (2006).

264Y. Sakabe, K. Minai, and K. Wakino, “High-Dielectric Constant Ceram-
ics for Base Metal Monolithic Capacitors,” Jpn. J. Appl. Phys., 20 [S4] 147–50
(1981).

265S. H. Yoon, C. A. Randall, and K. H. Hur, “Difference Between Resis-
tance Degradation of Fixed Valence Acceptor (Mg) and Variable Valence
Acceptor (Mn)-Doped BaTiO3 Ceramics,” J. Appl. Phys., 108 [6] 064101
(2010).

266R. A. De Souza, “The Formation of Equilibrium Space-Charge Zones at
Grain Boundaries in the Perovskite Oxide SrTiO3,” Phys. Chem. Chem. Phys.,
11 [43] 9939–69 (2009).

267B. T. Lee and C. S. Hwang, “Influences of Interfacial Intrinsic Low-
Dielectric Layers on the Dielectric Properties of Sputtered (Ba,Sr)TiO3 Thin
Films,” Appl. Phys. Lett., 77 [1] 124 (2000). Reprinted with permission from
AIP Publishing.

268L. J. Sinnamon, M. M. Saad, R. M. Bowman, and J. M. Gregg, “Explor-
ing Grain Size as a Cause for ‘Dead-Layer’ Effects in Thin Film Capacitors,”
Appl. Phys. Lett., 81 [4] 703 (2002). Reprinted with permission from AIP Pub-
lishing.

269B. A. Strukov, S. T. Davitadze, S. G. Shulman, B. V. Goltzman, and V.
V. Lemanov, “Clarification of Size Effects in Polycrystalline BaTiO3 Thin
Films by Means of the Specific Heat Measurements: Grain Size or Film Thick-
ness?” Ferroelectrics, 301 [1] 157–62 (2004). Reprinted with permission from
Taylor & Francis Ltd. h

Jon Ihlefeld is a Principal Member of the
Technical Staff in the Electronic, Optical,
and Nano Materials Department at Sandia
National Laboratories. He received Ph.D.
(‘06) and Master’s (‘05) degrees in Materi-
als Science and Engineering from North
Carolina State University and a B.S. degree

(‘02) in Materials Engineering from Iowa State University.
Following a two-year joint Postdoctoral Scholar appoint-
ment at The Pennsylvania State University and the Univer-
sity of California-Berkeley, he joined the technical staff at
Sandia. His research focuses on electronic ceramic film syn-
thesis, integration science, and resulting process-structure-
property relations with a focus on ferroelectrics, dielectrics,
piezoelectrics, ionic conductors, oxide thermoelectrics, and
heteroepitaxy. Ihlefeld has published over 100 papers and 1
book chapter, he holds 8 U.S. patents, and has 6 patent
applications under review. He is an Officer of the Electronics
Division of ACerS, a Senior Member of IEEE, and is an
Associate Editor for the Journal of The American Ceramic
Society. He is the recipient of numerous awards including an
R&D 100 Award, Sandia’s Distinguished Mentorship
Award, and Sandia’s Up & Coming Innovator and Mission
Innovator Awards.

David Harris is a postdoctoral research
associate at the University of Wisconsin—
Madison. Harris obtained his Ph.D. from
North Carolina State University Depart-
ment of Materials Science and Engineering
in 2015 and his B.S. from the University of
North Carolina at Chapel Hill Department

of Physics and Astronomy in 2010. During his graduate
studies he was awarded the Dean’s fellowship and a
GAANN fellowship. His research interests are in oxide thin
films including increasing processing windows of refractory
oxide films for increased substrate compatibility, and manip-
ulation of strain, octahedral distortions, and electronic prop-
erties in epitaxial perovskites.

Ryan Keech received his B.S. degree from
the University of Connecticut in 2007
where he studied Materials Science and
Engineering. He is now a Ph.D. student in
the same discipline at the Pennsylvania
State University in Professor Susan Trolier-
McKinstry’s research group. Ryan’s

research at Penn State is motivated by ferroelectric-based
memory and next generation logic devices. He has studied
the dimensional size effects on the high strain piezoelectric
system of Pb(Mg1/3Nb2/3)O3-PbTiO3, with specific interest in
changes in domain wall mobility upon thickness scaling and
the lateral subdivision of blanket thin films.

Jacob L. Jones is a Professor of Materials
Science and Engineering at North Carolina
State University (NC State), Director of the
Analytical Instrumentation Facility at NC
State, and Director and Principal Investiga-
tor of the Research Triangle Nanotechnol-
ogy Network (RTNN). Jones received his

BS (‘99) and MS (‘01) degrees in Mechanical Engineering
and a PhD in Materials Engineering (‘04) from Purdue
University. He then completed an international postdoctoral
fellowship sponsored by the National Science Foundation
jointly at the University of New South Wales (UNSW) in
Sydney, Australia and Iowa State University from ‘04-’06.
He was an Assistant Professor and Associate Professor at the
University of Florida from ‘06-’13 before joining NC State.
Jones’ research interests involve developing structure-prop-
erty-processing relationships in emerging functional materi-
als, primarily through the use of advanced X-ray and
neutron scattering tools. Since 2004, Jones has published
over 140 papers and delivered over 80 invited lectures. Jones
has received numerous awards for his research and education
activities, including an NSF CAREER award (2007), a Presi-
dential Early Career Award for Scientists and Engineers
(2009), the IEEE UFFC Ferroelectrics Young Investigator
Award (2011), Edward C. Henry “Best Paper” awards in
2010 and 2012 from the Electronics Division of the Ameri-
can Ceramic Society, and was elevated to Fellow of the
American Ceramic Society in 2015.

Jon-Paul Maria is a University Faculty
Scholar and Professor of Materials Science
and Engineering at North Carolina State
University. His research focuses on dielec-
tric materials, thin film synthesis, transpar-
ent conductors, complex oxides, and
electronic materials. He has conducted

pioneering research in ferroelectric thin films, gate dielectrics,
entropy-stabilized ceramics, infrared plasmonics, and oxide
epitaxy. He has over 240 publications dealing with structure-
property-processing relationships in inorganic materials.

2556 Journal of the American Ceramic Society—Ihlefeld et al. Vol. 99, No. 8



Maria received his BS, MS, and Ph.D. degrees from Pennsyl-
vania State University in Ceramic Science.

Susan Trolier-McKinstry is the Steward S.
Flaschen Professor of Ceramic Science and
Engineering, Professor of Electrical Engi-
neering, and Director of the Nanofabrica-
tion facility at the Pennsylvania State
University. Her main research interests
include thin films for dielectric and piezo-

electric applications. She is a fellow of The American

Ceramic Society, IEEE, and the Materials Research Society,
and an academician of the World Academy of Ceramics. She
currently serves as an associate editor for Applied Physics
Letters. She is 2016 Vice President of the Materials Research
Society; previously she served as president of the IEEE
Ultrasonics, Ferroelectrics and Frequency Control Society, as
well as Keramos. Twenty people that she has advised/co-
advised have gone on to take faculty positions around the
world.

August 2016 Ferroelectric Scaling Effects 2557



Copyright of Journal of the American Ceramic Society is the property of Wiley-Blackwell

and its content may not be copied or emailed to multiple sites or posted to a listserv without

the copyright holder's express written permission. However, users may print, download, or

email articles for individual use.


