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Thin-film ferroelectric materials and
their applications

Lane W. Martin'> and Andrew M. Rappe’

Abstract | Ferroelectric materials, because of their robust spontaneous electrical polarization,
are widely used in various applications. Recent advances in modelling, synthesis and
characterization techniques are spurring unprecedented advances in the study of these
materials. In this Review, we focus on thin-film ferroelectric materials and, in particular, on the
possibility of controlling their properties through the application of strain engineering in
conventional and unconventional ways. We explore how the study of ferroelectric materials has
expanded our understanding of fundamental effects, enabled the discovery of novel phases and
physics, and allowed unprecedented control of materials properties. We discuss several exciting
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The modern era' for ferroelectricity can be traced
back to the Second World War, which gave an impetus
to the development of advanced functional materials
for a range of applications (such as the sonar) and to
the synthesis of new materials (for example, ABO, per-
ovskites such as BaTiO,). In the following years, new
phenomenological theories were formulated to describe
ferroelectric materials with great accuracy, and count-
less applications leveraged bulk versions of these mate-
rials. By the 1960s, initial studies of ferroelectric films
were undertaken to realize non-volatile memories, but
difficulty in producing high-quality films limited their
use until the 1980s. By the 1990s, ferroelectrics (films
in particular) were finding widespread application in
memories, radio frequency and microwave devices,
pyroelectric (thermal) and piezoelectric (stress) sensors
and actuators, and in many other systems.

The past decade has seen unprecedented advances
in theoretical and computational models, synthesis and
characterization, allowing researchers to probe ferro-
electric materials across a huge range of lengths and
timescales. Quantum-mechanical modelling has pro-
vided dramatic insight into the physical properties of
ferroelectrics, and the modern theory of polarization
has revolutionized the understanding of this class of
materials®. Today, a range of clever modelling techniques
spans from angstrom and femtosecond scales to macro-
scopic phenomenology®. This allows insight-driven and
massively parallel design of new materials and hetero-
structures. Simultaneously, advances in synthesis, thin-
film-based methodologies in particular, have enabled

possibilities for the development of new devices, including those in electronic, thermal and
photovoltaic applications, and transduction sensors and actuators. We conclude with a brief
survey of the different directions that the field may expand to over the coming years.

unprecedented control of the resulting materials®”. It is
now possible to finely control cation/anion chemistries
and defect structures, to apply large strains via epitaxial
lattice mismatch with a substrate, and to create artificial
heterostructures engineered down to the unit cell, which
enable new states of matter and phenomena. Advances
in characterization have also unlocked new understand-
ing. Electron and scanning-probe microscopy techniques
provide atomic-scale spatially resolved images of struc-
ture, in situ and in operando studies probe the nature of
switching in real time, and advanced optical and struc-
tural probes reveal ultrafast responses®. Here, we review
numerous advances made in the past decade, examining
how they have changed our understanding of the physics
of ferroelectric materials, and we discuss how to use and
apply these materials in novel ways.

Thin-film phenomena and strain control

Any lattice composed of oppositely charged species
(that is, cations and anions) relies on short-range inter-
actions between adjacent electron clouds to stabilize its
structure. In ferroelectric materials (BOX 1), these inter-
actions result in the formation of a double-well poten-
tial that stabilizes a distorted structure over a symmetric
one. For example, in ferroelectrics such as PbTiO, and
BaTiO,, the Ti3d-O 2p orbital hybridization is essential
for stabilizing the distorted ferroelectric phase’. Owing
to the strong coupling between the electronic order
parameter (polarization) and the charge and lattice
degrees of freedom in ferroelectrics, changing the elec-
trical and elastic boundary conditions can have a direct
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(and dramatic) effect on ferroelectricity. It is now possible
to deterministically tip the balance between the various
factors that determine the equilibrium structure, such as
the electrostatic (or depolarization), domain wall, and
gradient energies, and the polarization. For example,
biaxial strain, which emerges when a film is clamped
to a substrate but free in the out-of-plane direction, can

Box 1 | Materials hierarchy and important definitions

All materials (32 crystal classes)

All materials exhibit electrostriction, which is the elastic strain induced by the
application of an electric field (E) that is quadratic in nature. Insulating materials are
additionally dielectric, meaning that the material undergoes small rearrangements of
charge and exhibits a transient electric polarization under the application of an
electric field. Finally, all materials are flexoelectric and polarize if subjected to an
inhomogeneous deformation (bending), which can break centrosymmetry and induce
a polarization.

Piezoelectric materials (20 crystal classes)

A subset of materials for which the application of stress induces an electric potential or,
conversely, the application of an electric field induces mechanical strain through the
so-called converse piezoelectric effect.

Polar or pyroelectric materials (10 crystal classes)

Some piezoelectric materials possess a polar axis and develop a spontaneous
polarization (P): thus, they are called polar. Polarization can undergo temperature-de-
pendent changes that result in a flow of charge in a circuit connecting the surfaces of
the crystal; therefore, these materials are also called pyroelectrics.

Ferroelectric materials

Some polar or pyroelectric materials possess two or more stable polarized states in the
absence of an electric field, and the application of an electric field can induce switching
between these states. The hysteretic response of ferroelectric materials is illustrated in
panela.

Typically, ferroelectric materials display ferroelectricity only below the Curie
temperature (T.), above which a paraelectric state is observed, associated with a
high-symmetry structure (the aristotype; panel b, left). The phase transition can be
either first- or second-order, as illustrated in panel c.

Ferroelastic materials

Ferroelectric materials can spontaneously order into domains (local regions of uniform
polarization) separated by domain walls. Ferroelastic materials are a subset of
ferroelectric materials, which exhibit two or more orientation states in the absence of
mechanical stress (and an electric field) and can be shifted from one to another by
mechanical stress.
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dramatically affect the film properties. Although ferro-
electric oxides are brittle and crack or deform under
moderate tensile or compressive strains (~0.1%)'"",
their thin-film counterparts can withstand biaxial
strains of £3% — the record to date is a 6% compressive
strain in BiFeO,/YAIO, (110)'>". Epitaxial strain allows
researchers to mimic conditions observed deep within
the Earth, because a 1% lattice mismatch strain is roughly
equivalent to the application of 1-10 GPa of pressure or
to a depth of 30-40km below the surface of the Earth.
Attaining these effective pressures allows access to a host
of different phases, polymorphs and properties.

Conventional thin-film strain effects

By the early 2000s, there were already numerous obser-
vations of intriguing phenomena in ferroelectric films
originating from lattice-mismatch-based strain®®. The
study of thin films provides information about the funda-
mental size limits for ferroelectricity. First-principles cal-
culations predict a critical thickness of around six unit
cells for BaTiO, films', and synchrotron X-ray diffrac-
tion studies show that in PbTiO,/SrTiO, (001) films the
ferroelectric order is stable down to three unit cells®.
Stabilizing ferroelectricity in ultrathin films is difficult,
because incomplete screening at ferroelectric-metal
interfaces can adversely affect the polarization'®-'s.
However, particular ferroelectric-metal combinations
are predicted to support robust ferroelectricity down to
the single-unit-cell thickness's; in such ultrathin films,
adsorbed species and chemical passivation are critical
for polarization stability'**. Ultimately, the imperfect
screening of depolarization fields is a key factor in
determining the ferroelectric size limit. Thus, to stabilize
ferroelectricity in ultrathin films, materials must either
form self-compensated periodic domain structures or
decrease the magnitude of the polarization by locally
adapting atomic displacements. The interface between
the ferroelectric and the environment and/or contacts
is also crucial'® in determining the critical thickness
(the so-called dead layer)?'.

Going beyond single-component ferroelectrics, two-*
and three-component®-* superlattices with enhanced
properties were proposed theoretically and then experi-
mentally realized*. An example are tricolour BaTiO,/
SrTiO,/CaTiO, superlattices that, by coherently straining
the BaTiO, layer and through heterointerfacial coupling,
induce a 50% enhancement in the ferroelectric polar-
ization® (FIG. 1a). Another example are PbTiO,/SrTiO,
superlattices, in which a new form of interfacial cou-
pling is obtained based on antiferrodistortive rotations
of the octahedra, wherein polarization resulting from the
asymmetry in the rotation pattern is possible®*.

The effect of epitaxial strain on ferroelectrics has
also been widely studied in thicker films. Early success-
ful investigations probed the strong coupling between
polarization and the charge and lattice degrees of free-
dom, shedding light on the epitaxial-strain-induced
room-temperature ferroelectricity in SrTiO, (REF. 36)
and on the enhancement of the transition temperature
and remnant polarization in BaTiO, (REF. 37). Films of
multiferroic BiFeO, (G-type antiferromagnetic and
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Figure 1| Thin-film strain effects. a | Cross-sectional, atomic-scale Z-contrast image of
the compositionally abrupt interface in the CaTiO,/SrTiO,/BaTiO, tri-colour superlattice,
together with a schematic illustration of the structure (left). Wide-angle X-ray diffraction
scan of the same superlattice showing high crystallinity, significant long-range
periodicity and the superlattice peaks expected for such structures (right). The STO 001
and 002 peaks arise from the substrate SrTiO,; the two sets of superlattice peaks are
marked with blue and red numbers, respectively. b | High-resolution atomic force
microscopy image of a mixed-phase region in highly-strained BiFeO, with the
corresponding line profile along the red line, showing the 2—-3-nm height changes
observed when moving across the different phases in the material. ¢ | High-resolution
cross-sectional transmission electron microscopy image of the boundary between the
rhombohedral- and tetragonal-like phases in the mixed-phase structure, showing
smooth transitions and no defects despite the large change in lattice parameter.

d | Vertical (out-of-plane; left) and lateral (in-plane; right) piezoresponse force
microscopy images of a La-doped BiFeO, film grown on a DyScO, substrate revealing
ordered, 109° domain-wall arrays. a. u., arbitrary units. Panel a is from REF. 33, Nature
Publishing Group. Panels b and c are adapted with permission from REF. 12, AAAS. Panel
dis adapted with permission from REF. 71, American Chemical Society.

ferroelectric)” have been grown on essentially every
available oxide substrate (from 7% compressive to 1.3%
tensile strain), as well as on semiconductor wafers. Strain
has been shown to change the easy direction of magnet-
ization***’ and stabilize new structural polymorphs. In
particular, a new structure of BiFeO, was predicted***!
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and subsequently observed with P4mm symmetry, a huge
c/a=1.26 (the ratio of the long, c=4.655 A, to the short,
a=3.665 A, axis of the unit cell) and a large spontaneous
polarization*»*. It is possible to produce films of this
highly distorted tetragonal-like phase by applying large
strains (approximately —4.5%), and it was observed that
as the film thickness increases, so-called mixed-phase
films exhibiting tetragonal- and rhombohedral-like
phases form in complex stripe-like structures'? (FIG. 1b).
These mixed-phase structures, despite possessing a large
formal lattice mismatch between the two phases, exhibit
coherent interfaces owing to the gradually evolving lattice
deformation (FIC. 1c). These structures also have a complex
temperature- and thickness-dependent evolution; the
tetragonal-like phase transforms into the mixed-phase
structure via a process that resembles a strain-induced
spinodal instability*, the onset of which can be tuned
by composition®. Electric-field-dependent studies of
mixed-phase structures revealed large electromechanical
responses (4-5%) made possible by the motion of bound-
aries between the different phases***. Further studies
identified an intermediate monoclinic phase, in addition
to the previously observed rhombohedral- and tetragonal-
like phases, which bridges the two other phases and
enables electric-field modulation***. Strain has also
provided a route for producing other novel polar and/or
ferroelectric materials, including PbVO, (REFS 50,51) and
EuTiO; (REF. 52).

Besides eliciting new polar structures, conventional,
lattice-mismatch-induced thin-film strain has had an
important role in controlling domain structures in ferro-
electric materials. Domains form as a consequence of the
competition between elastic, electrostatic, gradient and
domain-wall energies, and are important for material
properties®>*. For example, in Ti-rich PbZr,  Ti O,, it
has long been known that polydomain structures can
form, with compressive strain favouring monodomains
polarized out-of-plane (c domains) and reduced com-
pressive or tensile strain favouring multidomain c/a/c/a
structures (alternating domains of type ¢ and g, polarized
respectively out-of-plane and in-plane and separated by
90° domain walls)*. Extensive phenomenological mod-
elling of this and other systems has allowed the elab-
oration of phase diagrams for the strain evolution of
domain structures®™-*, Recently, combined theoretical
and experimental approaches demonstrated the possi-
bility of deterministically controlling 90° domain struc-
tures in (001)-oriented PbZr,Ti O, heterostructures;
this control was used to explore the contribution of
ferroelastic domain walls to dielectric permittivity and
pyroelectricity®®-®. In the case of BiFeO,, which in its
bulk form is a rhombohedral material, domain struc-
tures in (001)-oriented films exhibit either {100}, or
{101}, (where pc denotes pseudocubic notation) domain
boundaries and stripe patterns of energetically degener-
ate domains of equal width, which can be tuned with film
orientation, elastic constraints and electrical boundary
conditions. By balancing elastic and electrostatic energies,
researchers have experimentally obtained 1D nanoscale
domain arrays*, controlled polarization variant selec-
tion®"* and equilibrium domain structures” (FIC. 1d).
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Such control has enabled a range of exciting observations,
including the correlation of different domain structures
to variations in remanent polarization’?, domain effects
on fatigue lifetimes”™, deterministic control of switching
pathways” and other effects”.

Unconventional strain control

Researchers today are exploring the limits of what can
be achieved using strain, while at the same time trying to
overcome several limitations associated with traditional
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Figure 2 | Examples of the application of unconventional strain. a | X-ray
reciprocal-space maps showing the 103- and 332-diffraction conditions of BaTiO, films
grown on SrRuO, and GdScO, substrates, respectively, at a laser fluence of 1.5Jcm™?
(left) and 2.7 ) cm™ (right). If the growth conditions are tuned, coherently strained films
with tunable lattice expansion going from Ac/c < 1% to Ac/c>4% can be obtained
(where c s the lattice parameter, and Q, and Q, are the reciprocal-space wave vector
components along the x and y directions, respectively). b | These lattice-expanded films
exhibit an enhanced ferroelectric transition temperature (T.). For example, films grown
at alaser fluence of 1.8) cm™ exhibiting an additional lattice expansion of 1.4% remain
ferroelectric up to temperatures above 600 °C. The larger graph (left) shows
polarization—electric field hysteresis loops at room temperature and 500 °C, and the
smaller graph (right) shows the polarization and the inverse permittivity (1/¢) as a
function of temperature. ¢ | Schematic representations of how octahedral rotations can
induce ferroelectricity. The paraelectric Pnma structure (with Glazer rotation pattern
a a c*) of the ABO, phase is shown, as well as the ferroelectric (A, A")B,O, structure with
the same a”a” c¢* rotation. For completeness, the other a a™ ¢’ and a’a’ ¢* rotations for
the Pnma structure are shown. Panels a and b are adapted with permission from REF. 92,
Wiley. Panel ¢ is adapted with permission from REF. 100, Wiley.

strain control. These include limits in the amount of
strain that can be applied before relaxation takes place
(typically 1-2%), in the film thickness needed to main-
tain coherency — above these limits strain relaxation
occurs, yielding films so thin that they are unsuitable
for high-voltage applications — and in the available sub-
strates, which hamper the tunability of the strain state.
These limitations put stringent restrictions on our ability
to manipulate and enhance the performance of ferro-
electric materials. With this in mind, researchers have
explored the use of thermal mismatch strain’®, aniso-
tropic in-plane strain”’® and nanostructuring, along
with other approaches, to create enhanced strain”.

Varying the chemical composition is a time-honoured
route to enable the manipulation of material properties,
and researchers are discovering that there are systems in
which chemistry can have a major role in property con-
trol. For example, rare-earth-alloying of BiFeO, leads to a
feature resembling a morphotropic phase boundary with
a rthombohedral-to-orthorhombic structural phase tran-
sition, which is associated with a substantial enhancement
in dielectric and piezoelectric properties. Different stud-
ies have revealed a universal behaviour at this boundary,
independent of the rare-earth species: the structural and
functional properties can be described with the averaged
A-site ionic radius as the primary control parameter®-#.
At the same time, there is growing evidence that even
small changes in the chemistry and defect structures of
complex oxides can affect their properties®~!. By inves-
tigating anomalously large lattice expansions in BaTiO,
films, researchers demonstrated that the growth process
can be controlled to deterministically produce desired
defect orientations. These defects possess both electric
and elastic dipole moments that can couple to the polari-
zation and epitaxial strain, giving rise to anisotropic lattice
deformations and enhancing the ferroelectric transition
temperature to over 1,000°C (FIG. 2a,b). These results pro-
vide a potential pathway — apart from the use of oxide
substrates — to strain-engineered materials®.

The vast majority of investigations on the epitaxial
growth of ferroelectrics have focused on (001)-oriented
films. However, changing the orientation of a film alters
how strain is applied and has the potential to grant addi-
tional control of domain structures and properties; this
potential has not yet been widely investigated. Studies
of (111)-oriented PbZr,Ti, O, films have revealed two
interesting effects® . First, (111)-oriented films exhibit
high-density, nanotwinned domain structures made
entirely of 90° domain walls and an enhanced dielectric
permittivity that cannot be explained using traditional
models. Subsequent studies revealed and quantified a
‘stationary), or frozen, contribution to the permittivity
up to 80 times larger than the bulk response, which
arises from within the finite width of the domain walls.
Under higher applied fields, experiments and molecular
dynamics simulations revealed the presence of 180° and
multistep 90° switching processes in (001)- or (101)- and
(111)-oriented films, respectively. Although the nuclea-
tion-and-growth process behind 180° switching events
is well understood, little evidence for 90°-switching-
mediated domain reversal had been presented before®*?.
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In films, the 90° domain switching process is typically
too costly from the energetic point of view (because
of substrate clamping), but in (111)-oriented films the
modified domain structure and elastic boundary con-
ditions make the 90° switching process™ possible. This
90°-switching-mediated domain reversal enables faster
switching that requires lower fields to be initiated.

Moving beyond film-substrate lattice mismatch,
there is growing evidence that interfacial atomic and
electronic structures are central to understanding how
epitaxy affects the properties of a material. In 2011, a
first-principles calculation demonstrated a new route
to ferroelectricity, showing that oxygen octahedral
rotations in perovskite (and related) structures can
induce ferroelectricity®. In this work, it was realized
that some static rotational distortions of the octahedra
can be considered as the combination of two nonpolar
optic modes with different symmetries and can, in turn,
induce hybrid improper ferroelectricity®. Building on
this observation, researchers proposed other routes
to produce ferroelectricity, including one mechanism
in which a spontaneous and switchable polarization
emerges from the destabilization of antiferroelectricity;
this occurs as a result of octahedral rotations and of the
presence of ordered cation sublattices'® (FIG. 2¢). In a
similar way, there is growing interest in using similarities
(and differences) in symmetry, chemistry and octahedral
rotations at interfaces to engineer ferroelectric order. For
example, in BiFeO,/La,,Sr, ,MnO, heterostructures, the
out-of-plane direction of polarization can be controlled
simply by adjusting the termination of the La, ,Sr,,MnO,
layer from La,,Sr,,O to MnO, (REFS 101-103). These
observations are thought to be related to the interfacial
valence mismatch that, in turn, influences the electro-
static potential step across the interface, setting the pre-
ferred polarization direction. Atomic-resolution imaging
has explored the evolution of lattice parameters and
oxygen octahedral rotations across these ferroelectric-
electrode interfaces and, for the first time, has demon-
strated mesoscopic antiferrodistortive phase transitions
near the interface in BiFeO, and corresponding varia-
tions in the electronic properties in adjacent layers'®'%.
Advances in this field are aided by better ways of probing
and quantifying minute local distortions, and stimulate
the search for new ways of inducing such octahedral
rotations to gain deterministic control of ferroelectrics.
One example is the recent work'®® on BiFeO,, in which
the monoclinic distortion of a scandate substrate, result-
ing from oxygen octahedral rotations, is the driving force
for domain variant selection. Researchers highlighted
the importance of ‘symmetry mismatch’ on domain
formation, showing that two-variant stripe domains are
observed in films grown directly on DyScO,, whereas
four-variant domains are formed in films grown on
SrTiO,-buffered DyScO, with a thickness of at least 2 nm
for the SrTiO, layer.

So far we have considered homogeneous strain, but
in recent years there has been a re-emergence of inter-
est in strain-graded ferroelectrics and flexoelectricity.
Flexoelectricity — the coupling between polarization and
strain gradients — is controlled by a fourth-rank tensor
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and is allowed in all materials'”'%. Recently, attention
in this field has focused on a better quantification of
flexoelectric coefficients, including the formulation of
first-principles theories'®'"! and an examination of the
large discrepancies between theoretical and experimental
values'™. In general, the largest flexoelectric coefficients
have been reported in ferroelectric films in which in-
homogeneous strain relaxation'>", applied mechanical
stress'®?, defect and domain engineering"*"¢, and com-
positional gradients'"'?! result in strain gradients larger
than 10°m™". In turn, flexoelectricity (and other related
effects) can alter the response of materials, allowing for
mechanically induced ferroelectric switching, driving
horizontal shifts of ferroelectric hysteresis loops'*® and
enabling independent tuning of typically coupled ferro-
electric susceptibilities''>"'?!, Researchers have success-
fully synthesized coherently strained, compositionally
graded heterostructures that change from PbZr,,Ti, ,O,
(tetragonal) at the substrate interface to PbZr,Ti,,0,
(rhombohedral) at the film surface with a strain gradi-
ent of ~4x 10°m™. The strain gradient is so large that the
films exhibit tetragonal-like crystal and domain struc-
tures, despite half of the film having a composition on
the rhombohedral side of the bulk phase diagram, and
show a strong polarization response, albeit shifted along
the voltage axis such that only one polarization state is
stable. This built-in potential in turn reduces the low-
field dielectric permittivity to that of monodomain films
or even lower''>'?2, The evolution of the built-in potential
was shown to have a non-intuitive dependence on thick-
ness, chemistry and relaxation, suggesting that more
than just strain gradients are relevant'*. Other routes
to produce strain gradients include the use of scanning
probe systems, whereby stress gradients, which can drive
mechanically induced polarization switching'"’, can be
generated using the tip, and microelectromechanical
systems, in which bending can be applied to obtain
on-demand strain gradients'>.

Thermal-based applications

The vast majority of work on thin-film ferroelectrics has
focused on their potential for electric-field-based (that is,
dielectric response, switching and actuation) and stress-
based (that is, transduction) applications. Considerably
less attention has been given to the study of their ther-
mal responses, despite the underlying physics, which is
complex and not fully understood, and the potential for
applications. In the thermal realm, there are two major
effects: the pyroelectric effect — the generation of a tem-
porary electrical potential when a material is heated or
cooled, arising from temperature-dependent changes in
the polarization and from the resulting flow of charges to
or from the surface of a crystal — and the electrocaloric
effect — the change in temperature observed upon appli-
cation of an external electric field under adiabatic con-
ditions resulting from a change in entropy. These effects
have been used in a range of applications, from infra-
red imaging to electron emission and from solid-state
cooling to waste-heat energy conversion, and the field is
now poised for a revolution made possible by advances
in methodologies and understanding'*'>".
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Large electrocaloric effects have been observed in
PbZr, ;Ti -0, (REF. 128) (FIG. 3a), (1-x)PbMg Nb,_ O,~
(x)PbTiO, (REFS 129,130) and SrBi,Ta,O, (REF. 131). The
focus is now on routes to achieve even larger pyroelectric
and electrocaloric effects. These efforts are aided by
advanced modelling approaches, which have explored,
for example, the role of domain walls and domain struc-
ture®®, film thickness and strain state!*>'**) thermal-
mismatch strains'*>"*, chemical and other gradients'”’, and
multilayer structures*®'*. One study clarified the rela-
tive importance of different contributions to the pyro-
electric response®, including intrinsic (arising from
the response of the polarization within the domains),
extrinsic (arising from the temperature-driven change
in the domain structure) and secondary (arising from
a temperature-driven, piezoelectric-induced change in
the polarization) pyroelectric effects in PbZr, Ti O,
(FIG. 3b,c). New high-performance materials are also
being developed, and large electrocaloric responses
have been observed in antiferroelectrics near the field-
induced antiferroelectric-to-ferroelectric transition'-,
in BaTiO, single crystals near first-order phase tran-
sitions'”® (FIC. 3d), and in magnetoelectrically coupled
La,,Ca,,MnO,/BaTiO, (REF. 144). Recently, attention has
turned to the deterministic design of high-performance
materials for thermal applications. Examination of the
figure of merit for various thermal applications reveals
that performance optimization requires enhancing
the pyroelectric coefficient and suppressing the die-
lectric permittivity, which is difficult considering that
the dielectric and pyroelectric responses are generally
both enhanced by chemistry-, temperature- and strain-
driven structural phase transitions. In composition-
ally graded PbZr, Ti O, thin films, it is possible to
reduce the dielectric permittivity owing to a built-in
electrostatic potential while maintaining a strong
pyroelectric response, obtaining figures of merit more
than four times larger than those in the commonly
used material LINbO, (REF. 120). This discovery could
point towards new materials for applications such as
infrared sensors, pyroelectric electron emitters and
pyroelectric energy conversion systems'>'".

The development of accurate probes for measuring
pyroelectric and electrocaloric responses is important
for the advancement of the field. In contrast to bulk
materials, it is difficult to accurately measure the tem-
perature changes during pyroelectric or electrocaloric
studies in films. This had led to debates about the fea-
sibility of implementing direct compared with indirect
measurement techniques. Maxwell relations provide a
convenient link between the entropy, S, and the displace-
ment vector, D (which is related to the polarization, P,
in ferroelectrics). Indirect measurements of the electro-
caloric effect rely on measurements of P(T), where T is
the temperature, or, more conveniently, of dP/dT (the
pyroelectric coefficient), followed by the application of
the Maxwell relation to extract an estimate of the tem-
perature change. Such indirect measurements require
careful acknowledgement and understanding of the
boundary conditions (especially the elastic ones), other-
wise overestimation can occur. Direct measurements

are also difficult: devices are often very small, making
thermocouple-based studies challenging, and the effects
themselves can be very small and beyond the resolution
of off-the-shelf instruments. Moreover, they can be sus-
ceptible to effects such as Joule heating from the current
flowing through the material. Direct and indirect meth-
ods have been carefully compared, and although they
can provide similar values for bulk materials, the results
often significantly differ for clamped thin films!5#,
However, several new (or at least refined) measurement
techniques for pyroelectric and electrocaloric effects have
been reported in the past few years and will probably lead
to new discoveries'*'%,

Moving beyond the pyroelectric and electrocaloric
effects, ferroelectrics are also interesting for other ther-
mal applications. For example, imperfect (oxygen non-
stoichiometric) ferroelectrics could provide interesting
thermoelectric responses near various ferroelectric and
structural phase transitions'>*™'*. Studies on the tung-
sten bronzes (such as (Sr,Ba),Nb,O,_ ) show polar-
ization-modulated conductivity, the appearance of
Seebeck coefficients and of phonon scattering, as well as
a thermoelectric figure of merit of ~1.4 (REFS 157-160).
At the same time, there has been growing interest in how
domain structures can be used to tune thermal conduc-
tivity. Recent studies have explored how domain walls
can give rise to additional phonon scattering, reducing
the thermal conductivity. It has been found that domain
walls in BiFeO, have higher Kapitza resistance (inter-
facial thermal resistance) than most grain boundaries,
reducing the overall thermal conductivity'®'. Because of
their electric field dependence, these domain walls can
be moved, changing the thermal conductivity'® (at the
present time, by a modest 11%; FIC. 3¢).

Advanced ferroelectric devices

In recent years, several promising developments in the
use of ferroelectrics in new devices have been reported.
For example, there has been considerable interest in the
use of ferroelectric domain walls as device elements'*>'¢,
Domain walls are known to, at times, exhibit proper-
ties that differ from those of the bulk; the best-known
example is the observation of domain-wall conductivity
in insulating ferroelectrics. Studies of BiFeO, revealed
room-temperature electronic conductivity at domain
walls'®® (FIC. 4a), which was ascribed to an increased carrier
density resulting from an electrostatic potential step and a
decrease in the bandgap within the wall'®~'%, Conduction
has been reported at all domain walls in BiFeO, (REF. 169)
as well as at domain walls in PbZr, _ Ti O, (REF. 170),
BaTiO, (REF. 171), ErtMnO; (REF. 172), HoMnO, (REF. 173)
and LiNbO, (REF. 174). Further studies have probed
the role of oxygen vacancies in the conduction behav-
iour'”>'”, how domain-wall curvature can give rise to
large conductivity changes (~500%)'”’, how certain con-
ducting domain walls in multiferroics can exhibit large
magnetoresistance (~60%)'7%, topological defect states
and exotic properties in vortex domain structures'”, as
well as memristor-like functionality'. Efforts have also
focused on controlling domain structures in devices.
Using micro- and nanomachining, researchers showed
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Figure 3 | Thermal properties of ferroelectric materials. a | Electrocaloric temperature change in PbZr, ;. Ti, ,,O, films
extracted from indirect measurements and using the appropriate Maxwell relationship. The inset shows the measured
polarization (P) as a function of temperature (T) for some values of the electric field (E). b | By applying a varying
temperature profile (red curve) it is possible to use lock-in techniques to measure the corresponding pyroelectric current
(blue curve). ¢ | Information about the pyroelectric current can be used to extract the pyroelectric coefficient (red squares)
that, in turn, can be compared to values from phenomenological theories (green squares) that include the primary and
secondary (green line) effects for given strain states. This kind of analysis was used to show that the presence of domain
walls and the thermal-expansion mismatch with the substrate are crucial for understanding the full response of materials
such as PbZr,,Ti; ;O,.d | Directly measured electrocaloric temperature change in BaTiO; single crystals at different
temperatures depending on the magnitude of the applied electric field (left) and indirectly measured electrocaloric
temperature change for the same material under different applied electric fields (right). e | Dependence on the DC
electric field of the thermal conductivity of PbZr,Ti ,O, layers measured at room temperature (red data) together with
the zero-field thermal conductivity of initially unpoled (grey diamond) and remanent, poled material after application of
positive (green triangle) and negative (blue square) bias. Panel a is adapted with permission from REF. 128, AAAS. Panels b
and c are adapted with permission from REF. 62, American Physical Society. Panel d is adapted with permission from

REF. 143, Wiley. Panel e is adapted with permission from REF. 162, American Chemical Society.

deterministic domain production and motion under applied
fields'®"*%2, making important progress towards domain-
wall-based memristors and diode devices'®*'*. Reliable and
precise control of domain-wall generation, location and
movement have also been demonstrated'®>'®.

Apart from domain walls, there is considerable inter-
est in the application of ferroelectrics in next-generation
transistors, because their complex functionality makes
them attractive for new low-power and non-volatile
logic devices. One example is piezotronics: in piezo-
electronic transistors an electrical input is transduced
into an acoustic pulse by a piezoelectric element that,
in turn, is used to drive a metal-to-insulator transition
in a piezoresistive material'. Piezoelectronic tran-
sistors could potentially offer an improvement of an
order of magnitude in the voltage performance using
1/100th of the power compared with standard com-
plementary metal-oxide-semiconductor field-effect

transistors (CMOS FETs). Another idea is to leverage
electron tunnelling phenomena to produce new devices,
similar to magnetic tunnel junctions, based on fer-
roelectrics'®. In such devices, the tunnelling elec-
troresistance would arise from the influence of the
polarization of the ferroelectric on the interface trans-
mission function through changes in the electrostatic
potential across the junction, in the interface bonding
strength and/or in the strain associated with the piezo-
electric response. The polarization-dependent control
of tunnelling from scanning-probe tips'®, non-volatile
memories with high on/off ratios'! and hybrid metal-
ferroelectric-semiconductor junctions'* have already
been reported. Another concept that is being investi-
gated is that of negative capacitance. In short, a typical
FET requires a change in the channel potential of at
least 60 mV (at 300K) to change the current by a fac-
tor of 10, which is the minimum for device operation.
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Figure 4 | Potential of ferroelectric materials for applications. a | Vertical piezoresponse
force microscopy amplitude (left) and phase (middle) images of a 109° stripe domain-wall
array in BiFeO,. The corresponding conducting atomic-force microscopy image showing
conduction at each 109° domain wall is shown on the right. b | Potential energy (U)
landscape description of negative capacitance (C) in ferroelectrics as a function of charge
(Q)). The left panel shows the case of a ferroelectric capacitor in the absence of an applied
voltage: Cis only negative in the barrier region between the energy minima. In the middle
panel, an electric field is applied and the voltage is smaller than the coercive voltage (V) of
the material. If the voltage is greater than V. (right panel), the ferroelectric polarization
descends through the negative C states. P, Q and R mark different polarization states.

c | Atomic structure of a 2 x 1 surface-reconstructed LiNbO, slab with graphene adsorbed
on both terminations; reconstructed adatoms and two trilayers (Li-O,-Nb) near each
interface are allowed to relax while the rest of the film is fixed to the polarization state at
298 K (left). Calculated electronic structure of the same graphene ferroelectric
heterostructure with both up-polarized (top) and down-polarized (bottom) surfaces, which
induce n- and p-doping in the graphene, respectively (right). d | Raman spectroscopy map
of the graphene G-band frequency for a graphene/periodically-poled LiNbO,
heterostructure in which the carrier density and doping state of the graphene are altered
moving from up- to down-polarized domains. a.u., arbitrary units; P, polarization. Panel a is
adapted with permission from REF. 176, American Physical Society; courtesy of J. Seidel,
University of New South Wales, Australia. Panel b is from REF. 198, Nature Publishing Group.
Panels c and d are from REF. 208, Nature Publishing Group.

A theoretical proposal suggested that by including a
ferroelectric material in a standard FET geometry, this
subthreshold slope might be surpassed using the con-
cept of negative capacitance'”, leading to lower-power
electronics (FIG. 4b). Detailed theoretical models'** and
experimental reports support this prediction, including
studies on PbZr,,Ti; ,0,/SrTiO, bilayers in which the
composite capacitance is larger than the SrTiO, capac-
itance'”, reports of room-temperature operation of
negative capacitance'®'”” and robust evidence for tran-
sient negative capacitance derived from a time-domain
analysis of the switching process'®.

Considerable effort has also been devoted to the inte-
gration of 2D materials with ferroelectrics to manipu-
late carriers in the 2D material. In 2009, researchers
found that the mobility of few-layer graphene FETs
increased dramatically when they were integrated on
PbZr,,Ti, O, (REF. 199) and that a non-volatile mem-
ory could be realized*”. Soon, more robust FETs were
produced, a deeper understanding of the nature of the
underlying interactions was developed and large resist-
ance changes (>500%)*", as well as polarization-driven
ferroelectric tunnel junction devices with tunnelling
electroresistance greater than 6 x 10°%>", were reported.
At the same time, an odd hysteresis in the transfer curves
of graphene was observed and attributed to slow disso-
ciation and recombination dynamics of adsorbed water
molecules®*-2%, Ultimately, it was found that, depend-
ing on the environmental conditions and history of
the devices, n- and p-type behaviour, as well as intrin-
sic graphene behaviour, could be obtained****%. Using
PbTiO,/SrTiO, superlattices, researchers could tune
the transition temperature of the device and minimize
adsorbates at the graphene interface, achieving a more
ideal coupling®”. Despite such advances, the electrostatic
coupling between graphene and ferroelectrics is typically
reduced compared with what would be expected for a
full compensation of the polarization®*-,

The atomistic details and interfacial chemistry gov-
erning the interaction and the resulting charge density
changes in graphene remained confused until it was
demonstrated that the carrier density in graphene can
be modulated through coupling to the polarization of an
adjacent ferroelectric to create spatially defined potential
steps at 180° domain walls, rather than through the fabri-
cation of local gate electrodes®® (FIG. 4c,d). Periodic arrays
of p—ijunctions (gate tunable to p-n junctions) were real-
ized in air, and density functional theory revealed that at
the origin of the potential steps is a complex interplay
between polarization, chemistry and defect structures in
the device. Now the focus is shifting to the integration
of other 2D materials, such as 2D dichalcogenides and
topological insulators, on ferroelectrics.

Another area that attracted much interest in the past
decade is that of ferroelectric photovoltaics*®-!. In con-
ventional photovoltaics, photovoltages are limited by
the bandgap of the material. However, in ferroelectric
single crystals, photovoltages that are many orders of
magnitude higher than the bandgap have been reported.
Initial models of this effect — which is called the bulk
photovoltaic effect or anomalous photovoltaic effect and
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is only observed in non-centrosymmetric materials —
described the process as a ‘shift current’; that is, asym-
metric quantum scattering in materials®'> that causes
excited carriers to move in a specific direction deter-
mined by the polarization. The probability of forming
quantum wave packets with the same momentum in
opposite directions is not the same for both directions in
non-centrosymmetric materials, because the excitation
of carriers from one band to another is coupled with their
movement from the initial real-space location?'***. The
bulk photovoltaic effect explains how materials exhib-
iting a polarization can give rise to photovoltaic effects
without the need for junction-based structures. A sec-
ond effect is the ballistic photovoltaic effect. The ballistic
contribution to the bulk photovoltaic effect is thought
to arise from asymmetric scattering from phonons and
lattice defects. In polydomain ferroelectrics, the domain
walls can act as charge separators, and in ferroelectric
heterostructures, a high density of evenly-spaced domain
walls can greatly amplify this effect?'°. Strong photo-
conductivity was observed in BiFeO, (REFS 217,218),
followed by polarization-direction-dependent photo-
voltaic and diode behaviour under visible light?'***°.
In turn, large, above-bandgap photovoltages were
reported in domain-structure engineered BiFeO,
(REF. 221), and efforts were undertaken to understand
the bulk-photovoltaic- and domain-wall-based mecha-
nisms?****, Beyond the work on BiFeO, and related sys-
tems, one of the most promising developments in recent
years has been the design of a new class of low-bandgap
polar materials, including [KNbO,], _,[BaNi, ,Nb,,0,_]
» which has a bandgap tunable from 1.1eV to 3.8eV and,
with x=0.1 and a bandgap of 1.39 eV, exhibits photo-
current densities ~50 times larger than that of classic
ferroelectric materials for photovoltaics™.

The future of ferroelectrics

We have discussed several important developments
that have advanced the field of ferroelectric materials
over the past decade. To conclude, we survey the most
promising directions that the evolution of ferroelectric
research might take in the future.

Ferroelectrics and the Materials Genome. Spurred
by the development of approaches inspired by the
Materials Genome Initiative, there is strong interest
in the high-throughput discovery and design of next-
generation functional materials?***”7. Regular method-
ological advances that enable the prediction and rapid
assessment of complex properties make such work poised
to dramatically expand the realm of known or potential
functional and ferroelectric materials (FIG. 5a). Crucial for
this development will be advances in the high-through-
put optimization of descriptors that can be rapidly cal-
culated and mined to identify novel materials, and the
exploration of temperature-dependent lattice distortions
and phase competition. At the same time, experimental-
ists will need to keep up with the ever-widening set of
candidate materials and will need to develop new meth-
odologies that can reduce the time needed to produce,
test and refine materials.

REVIEWS

Beyond lattice-mismatch strain. Beyond the approaches
previously discussed, a promising route to expand
strain control in materials includes the production of
free-standing thin-film heterostructures. The concept
of on-demand or dynamically tunable strain has the
potential to change the way we think about materials. As
our ability to produce high-quality materials and integrate
them into novel structures improves, we will have the
opportunity to produce systems in which strain-induced
effects will not be limited to film-substrate lattice mis-
match. In particular, micro- and nanoelectromechanical
systems based on ferroelectric materials could enable the
achievement of unprecedented levels of strain states that
vary with time. Such additional control could open the
way to new function in devices. To date, there have been
only a few studies on free-standing complex oxides, but
they are promising, because they demonstrated greatly
enhanced piezoelectric coefficients and figures of merit

for vibrational energy-harvesting systems®.

Non-traditional ferroelectrics. Although the vast majority
of ferroelectrics are perovskites, the importance of ferro-
electric phenomena has triggered a broad search for
other materials with switchable polarization. Polymer
ferroelectrics have been known for a long time, and in
recent years they have shown renewed promise as con-
trollable ferroelectric nanomaterials for optical?® and
electromechanical applications®. This has inspired
a search for small-molecule ferroelectric crystals?'.
Materials-Genome-type studies have identified a ‘stuffed
wurtzite’ structure with hexagonal sheets containing ions
that can move out of plane in either direction, yielding
a ferroelectric effect*. Attention has also been focused
on ‘hybrid perovskite’ crystals — which have molecular
cations on the A site — because of their excellent per-
formance in photovoltaics**. However, the nature of the
polar order in these materials is unclear. Finally, in 2D
transition metal dichalcogenides, electric-field-switch-
able polar structures have been reported****, and there
is renewed interest in thiophosphates — the only com-
pounds to show ferroelectricity in van der Waals layered
compounds®®. There are also reports of ferroelectric-like
behaviour in HfO,, which can be directly produced on

silicon?’.

Real-time studies of ferroelectrics and devices. In recent
years, both modelling and characterization methods
evolved to provide new levels of understanding across
huge time and length scales. In the field of simulations,
the community has developed innovative ways to emu-
late many aspects of in operando conditions, including
how changes in surface composition, defect concentra-
tion, epitaxial strain, interfacial effects and other factors
affect the evolution of complex systems. Today it is pos-
sible to probe the role of compositional disorder on the
temporal- and spatial-dependent dielectric response of
very complex relaxor materials and other ferroelectrics
using advanced molecular dynamics simulations with
extremely large supercells'®**24!, At the same time, new
hardware and the development of novel transmission
electron microscopy methods (including aberration
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Figure 5| Promising developments in ferroelectrics research. a | High-throughput
analysis of advanced piezoelectric materials including the calculated cell parameters (a,)

and their range of bandgaps (E,,; top), and the electromechanical coupling factor (k,,) as
a function of the piezoelectric constant (e,,) for insulating ABC combinations (bottom).
Known combinations are highlighted as filled red circles. b | Data and schematic
diagrams of the unit-cell response in an ultrafast pump-probe experiment on PbTiO, thin
films. At t=5ps, the c lattice parameter reaches a minimum owing to the piezoelectric
response to the increase in the depolarization field (E,) induced by a bulk photovoltaic
shift current. At t >10 ps, carriers have moved to screen the E, driving a long-lived
increase in tetragonality. Time scans measured at the indicated angles are fit by
modelling the out-of-plane strain of PbTiO, as a response to the time-dependent stress
profile (shown in the inset). ¢ | Observation of vortex—antivortex structures in
PbTiO,/SrTiO, superlattices using cross-sectional atomic-scale imaging with a scanning
transmission electron microscope (TEM; the overlaid polarization vector maps represent
the locally extracted polar distortion); the subscript ‘0’ refers to orthorhombic indicies of
the DyScO, substrate. A magnified image of a single vortex-antivortex pair: the
polarization state within the pair can be visualized easily (top right); phase-field
simulations of the same superlattice structure predict the vortex—antivortex pairs
(middle right); the curl of polarization (V x P)y for asingle vortex pair is extracted from the
cross-section TEM polarization vector map (bottom right). a.u., arbitrary units; P,
polarization. Panel a is adapted with permission from REF. 270, American Physical Society.
Panel b is adapted with permission from REF. 255, American Physical Society. Panel c is
from REF. 267, Nature Publishing Group.

correction and 4D approaches) provide unprecedented
atomic-scale insight and are beginning to be able to probe
ferroelectrics at the timescales at which real processes,
which are important for device operation, happen*-.

As new systems, better data analysis and big-data
approaches spread through the community, it is prob-
able that unprecedented insight on how ferroelectrics
work in real systems will be gained. Simply increasing
the frame rates and data-acquisition rates during high-
resolution imaging may lead to a clearer understand-
ing of ferroelectric switching. Similarly, an advanced
scanning-probe microscopy operation mode known
as band excitation*® is changing the way ferroelectrics
are studied under bias. It enables real-time, in operando
investigations of ferroelectric switching with nanoscale
resolution and with the quantification and extraction
of extensive data. In parallel, synchrotron studies and
ultrafast probing of ferroelectrics are undergoing a rapid
development?. Bright-light sources enable in operando
studies of devices under applied fields*****’, of the
detailed structure of ultrathin films*°*', of the evo-
lution of ferroelectrics under different environmental
conditions***? and, increasingly, ultrafast probing of
dynamic responses®** (FIC. 5b).

Ferroelectrics for energy. Beyond their role in photo-
voltaics, ferroelectrics are poised to also have an excit-
ing role in heterogeneous catalysis®”***. The polarization
of ferroelectrics means that bound charges are present
on their surfaces, influencing the surface chemistry in
many ways. For example, the electrostatic environment
of the surface changes, altering physisorption rates of
reactants®’, and the bulk polarization can influence the
deposition rate and morphology of supported metals®®.
The polarization also shifts the energy levels of surface
atoms, whether they are in a supported metal layer®”, in
a nonstoichiometric reconstruction®” or in the native
oxide®'. Experimental studies have shown intriguing
results, suggesting that ferroelectrics can enhance reac-
tions rates®. An important goal in this field is to com-
bine control of the ferroelectric polarization with the
high surface areas required for catalysts.

Topology of ferroelectrics. Although they have been
known for a long time, the past few years have seen a
strong focus on the study of skyrmions and other topo-
logically protected states in magnetic systems, and on
attempts to use them for applications. In a similar way,
renewed efforts are concentrated on probing related
effects in ferroelectrics®®. In the past decade, theoretical
studies have suggested that exotic physical phenomena,
including topological structures such as vortices, waves
and skyrmions, might arise in ferroelectrics**%. Some
of these proposed structures are finally being observed
experimentally®’ (FIG. 5¢). Despite considerable inter-
est, how to probe, understand, classify and, ultimately,
use these topological states of matter in ferroelectrics
remains an open question. Similarly, topological insu-
lators, which have different band topologies compared
with those of conventional insulators such that interfaces
between topological and conventional insulators must
always be conductive, are being explored in conjunction
with ferroelectrics. The unique characteristics of topo-
logical insulators mean that they might have intriguing
and synergistic interactions with ferroelectrics, because
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ferroelectric nanomaterials require conductive surfaces
to compensate their bound charge and reduce the depo-
larizing field. Recent work®®, for example, suggests that
under pressure, CsPbl, could exhibit a transition to a
topological insulating phase and to a switchable ferro-
electric phase, and that this ferroelectric topological
phase could exhibit an enhanced bulk photovoltaic
response*®. More work in this area could yield exciting
functional materials.

Conclusion

Functional materials, and ferroelectrics in particu-
lar, have been an important class of materials both
for fundamental research and for applications for the
past 70 years. The complex interplay between multi-
ple degrees of freedom in these materials means that

REVIEWS

techniques developed to study them have been applied to
other condensed matter physics fields with great success
(and vice versa). Each year brings new insights and new
understanding of these complex materials, as well as new
potential applications. In the end, the diverse function-
alities of ferroelectrics mean that this complex class of
materials will continue to attract interest as their perfor-
mance in existing devices is improved and novel appli-
cations are developed in the years to come. Ultimately,
disruptive breakthroughs in high-quality growth, epi-
taxial nanoscale control and multiscale modelling will
provide the ability to create new materials with unprec-
edented combinations of functional properties. In the
long run, the breakthroughs in the field of ferroelectrics
will potentially transform society — from energy and
medicine, to information and communications.
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