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The year of 2021 is the 100th anniversary of the first publication of ferroelectric behaviour in Rochelle
salt, focussing on its piezoelectric properties. Over the past many decades, people witnessed a great
impact of ferroelectricity on our everyday life, where numerous ferroelectric materials have been
designed and developed to enable the advancement of diverse applications. Now the driving forces
for ferroelectric studies stem from regulations on environment, human health and sustainable society
development. This leads to the resurgence of lead-free ferroelectric materials for the expectation of
replacing the state-of-the-art lead-based counterparts. The next wave of explorations into ferroelectric
materials maybe related to the Internet-of-Things, which requires millions of self-powered sensors
and memories. This will promote research on ferroelectrics for sensing, energy harvesting and storage,
communication and non-volatile memories, from centimetre scale to micro and nanoscale. This review
gives a brief discussion from the materials viewpoint, on the challenges and current status of lead-free
ferroelectrics based on prospective applications.

ferroelectricity in fluorite-structured oxides opens a new realm

Ferroelectric materials have diverse functionalities that enable of nanoscale lead-free ferroelectrics for memory application.

numerous applications, ranging from piezoelectric sensing

and dielectric energy storage to electrocaloric solid-state cool- %
ing, which have attracted extensive research and development ;
interests. As an important member of the ferroelectric family, §
perovskite ferroelectric materials play a key role in various The Pb(Zr,T1)O; (PZT) solid solution and useful outline of g
kinds of modern electronic devices, such as sensors, transduc- its phase diagram were reported in the early 1950s. The mile- S
ers and piezoelectric actuators, while relaxor ferroelectrics and stone studies established the PZT system as well suited for %
antiferroelectrics have great significance for high-power and/or transducer applications with nearly temperature-independent =
pulse power dielectric energy storage. Critical to environmental ~ ™°F photropic phase boundary (MPB). Of vital importance was S
concerns and human health, high-performance lead-free ferro- the exceptional combination of high piezoelectric and elec- Ei
electric materials have given rise to extensive materials research tromechanical properties near the MPB compositions [1-3]. 9
in past decades. In addition to lead-free perovskites, bismuth The leading position of PZT compositions is due to the strong é

piezoelectric effect and relatively high Curie temperature. PZTs 2

layer structured ferroelectrics possess good electromechani-

cal properties and high resistivity even at temperatures above also allow a wide variation in chemical modification to obtain a

500 °C, making them candidates for high-temperature piezo- broad range of operating parameters without serious reduction

electric sensing applications. Meanwhile, the recently discovered of the piezoelectric effect. The chemical dopants include isova-

lent substitutes of the lead cation by alkaline-earth elements, and
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acceptor or donor dopants on the A or B sites, respectively [1-3].
The effects of acceptor or donor doping are attributed to the type
of lattice vacancies created to compensate for charge imbalance.
That is, oxygen vacancies induced by acceptor dopants inhibit
domain wall motion, while lead vacancies induced by donor
dopants make domain wall motion easier, leading to “hard”
and “soft” characteristics, respectively. A series of formulation-
labelled PZTs, have been established to emphasize various prop-
erties [4]. In the past, innovations in actuators and ultrasonic
transducers have been the main driving forces for new develop-
ments in ferroelectric materials. However, the European Union
legislation on the Restriction of Hazardous Substances (RoHS)
provided a strong driving force to develop the science and tech-

nology of lead-free ferroelectric materials [5-16].

(K,Na)NbO;-based ((KNN) ceramics are considered to be one
of the most promising lead-free ferroelectrics and with the
potential to replace PZT [17-21]. It was first reported in the
1950s as a solid solution of KN and NN with an MPB separating
two orthorhombic phases or two monoclinic phases. However,
applications were limited for KNN ceramics with piezoelectric
coefficients of ~ 100pC/N near the 50/50 MPB composition
[9-16]. The resurgence of the research on KNN was accelerated
by Saito et al’s report on textured KNN ceramics with piezoelec-
tric coefficients on the order of 400pC/N [22]. In recent years,
the KNN-based system has been extensively studied with gradu-
ally increasing piezoelectric properties. Generally, the enhanced
piezoelectric activity in KNN ceramics has been attributed to
shifting the polymorphic phase transition (PPT) to room tem-
perature, by doping with Li*, Sb>*, and Ta>*, or the combination
of multielements [17-21]. Recent efforts have focussed on the
construction of a polymorphic phase boundary, now referred
to as the new phase boundary (NPB), which was constructed

by simultaneously shifting both rhombohedral-orthorhombic
and orthorhombic-tetragonal phase transition temperatures to,
or near, room temperature by adding appropriate dopants, thus
achieving much-improved piezoelectricity in multielement-
doped KNNs [23-27]. The evolution of the piezoelectric coef-
ficient is plotted as a function of time in Fig. la. After 2013,
there was a series of breakthroughs resulting in increased d;; by
constructing the NPB and optimizing the composition design as
reported by Wu et al. and others, with d;; values above 600pC/N,
KNN ceramics are now comparable to “soft” PZTs [27]. More
recently, it was proposed that the average macroscopic tetrago-
nal phase together with a large amount of local structure het-
erogeneities with low angle polar vector (the angle between the
local polar vector and average spontaneous polarization direc-
tion is <20°) contributed to the enhanced piezoelectricity and
good thermal stability in multielement-doped KNN-based sys-
tems, as shown in Fig. 2. Phase field modelling confirmed that
the local structure with low angle polar vector can easily rotate
under applied electric field because of the competition between
the Landau energy barrier and interfacial energies [28].
Single-crystal growth has been explored as a means to
improve the piezoelectric properties of lead-free materials,
because, as shown for lead-based ferroelectrics, single crystals
generally possess much higher dielectric and piezoelectric prop-
erties than their polycrystalline counterparts [29]. For exam-
ple, the piezoelectric coefficients of Pb(Mg, ;;Nb,,;)O;-PbTiO;
(PMN-PT) ceramics are ~500-800 pC/N but ds; are> 1500
pC/N in single-crystal form and the electromechanical cou-
pling factors are > 0.9 versus ~ 0.78-0.8 of polycrystalline ceram-
ics. Besides the excellent piezoelectric properties, ferroelectric
single crystals show strong anisotropic behaviour, depending
on the engineered domain configurations, due to the variation
of symmetries and poling directions. The strong anisotropic
behaviour and simplified microstructure in single crystals (i.e.

no grain boundaries) benefit the properties and make it possible
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Figure 1: Evolution of piezoelectric coefficients in KNN-based ceramics as a function of year, with focus on the recently developed new phase boundary
systems. (the data were adapted from Ref [27]. Copyright 2020 Royal Society of Chemistry).
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Figure 2: Comparison of the polar vectors in doped KNN ceramics, polar vector map for (a) single element-doped KNN, polar vector along [001]
direction is of the spontaneous polarization of tetragonal phase while the polar vector along the diagonal direction is the orthorhombic phase; (b)
polar vector map for multielement-doped KNN; (c) the statistical percentage of polar vectors as a function of the polar vector angle (the angle of
deviation of the polar vector off the [001] direction); (d) phase field modelling of the microstructure evolution as a function of applied field along [001]
direction for average tetragonal phase with local structure heterogeneities. (the data were adapted from Ref. [28]).

to improve the device performance greatly from the application
viewpoint.

Relaxor-ferroelectric single crystals exhibit unrivalled,
ultrahigh strain and piezoelectric coeflicients. The production
costs and growth difficulties of these materials are outweighed
by the significant advantages in their properties for high-end
applications. On the other hand, polycrystalline materials are
disadvantaged by the presence of grain boundaries as each
randomly oriented grain is typically constrained by its neigh-
bour during domain switching, creating a depolarising field
[29]. KNN single crystals have been produced using the Bridg-
man, high-temperature flux and top seeded solution growth
techniques, but with limited success in achieving centimetre
size high-quality crystals [29-32]. An alternative approach to
develop single crystals is the solid-to-solid transformation of
a polycrystalline ceramic to a crystal, i.e. solid-state crystal
growth (SSCG). KNN-based single crystals have been grown
using a KTaOj; seed crystal, or by seed-free method (SFSSCG),
where the SESSCG crystals with centimetre size were achieved,
but they had high dielectric loss and inferior compositional
uniformity [33-38]. The addition of CuO is beneficial for
SFSSCG growth of KNN-based crystals because it decreases
the width of ferroelectric domains of the crystals. In particu-
lar, CuO doping significantly reduces the dielectric loss of the
crystals, where the leakage behaviour of the crystals indicates

©The Author(s), under exclusive licence to The Materials Research Society 2021

that the main electrical conduction mechanism is the space-
charge-limited-current (SCLC) [39].

The SSCG method reduces the costs associated with single-
crystal fabrication compared to solution growth processes and
avoids compositional gradients in the grown crystal but the
issue of small seed crystals and porosity in the achieved crystals
limit potential use of this approach for large-scale single-crystal
fabrication and application. Textured lead-based ceramics and
lead-free ceramics have better piezoelectric properties than their
randomly oriented ceramic counterparts and are comparable,
in some cases, to single crystals [40, 41]. High-quality textured
ceramics with grains aligned in a crystallographic direction
can be produced via the templated grain growth (TGG) [40,
41] or reactive templated grain growth (RTGG) [42]. The tex-
tured ceramics have a single-crystal-like nature with respect to
the orientation of the crystal axis, hence an enhancement of
piezoelectric response has been reported [43-46]. Using these
methods, fabrication is relatively easier than single-crystal
growth. Textured ceramics have the same com symmetry as that
of random ceramics after polarization due to grain orientation
in the textured ceramics, generally along the crystallographic
[001] direction like that of the template seed. That is, each grain
is along [001] direction and poled along [001], and, thus the
overall piezoelectric properties are not statistically averaged by

the randomly oriented grains as observed in random ceramics.
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However, analogous to ceramics with random grain orienta-
tion, the existence of grain boundaries generates a depolariza-
tion electric field and impedes the domain movement around
the boundaries. Hence, the piezoelectric properties are slightly
lower than that of single-crystal counterparts [43-47]. KNN-
based textured ceramics have been reported by using NaNbO,
as template seed, yielding a high piezoelectric charge coeflicient
of 416pC/N in (K,Na,Li)(Nb,Ta,Sb)O; textured ceramics [22],
increasing to 700pC/N by tuning composition in (K,Na)(Nb,Sb)
0,;-CaZrO;-(Bi,K)HfO,, where the piezoelectric strain coeffi-
cient is on the order of 980 pm/V [47]. These improvements are
due to the contribution from intrinsic piezoelectric anisotropy
and large lattice distortion, together with the existence of inter-

mediate monoclinic phase and nanodomain structure [47].

High-power piezoelectric materials have been used for a wide
range of applications, such as ultrasonic motors and transduc-
ers. The figure of merit of piezoelectrics for high-power appli-
cations is the product of electromechanical coupling squared
and mechanical quality factor (k%.Q,,), which are proportional
to the vibration velocity, whereas the mechanical loss is closely
related to the heat generation under high vibration. Analogous
to PZTs, the compositions of lead-free ferroelectrics have also
been tuned to achieve “hard” or “soft” characteristics. While
the development of “soft” lead-free piezoelectric ceramics has
been of high maturity, the understanding of “hard” lead-free
piezoelectric ceramics is still far from satisfactory, leading to a
limited chance for high-power applications [48]. An introduc-
tion of loss mechanisms and the hardening effect in piezoelec-
tric ceramics, including three different models mainly developed
based on the PZT system were reported, as shown in Fig. 3a,
including the bulk (or volume) effect, the domain wall effect,

and the surface (or grain boundary) effect. The studies on the

hardening behaviour of BaTiO;- (BT-) based, (Na, sBi, ;) TiO;-
(NBT-) based, and KNN-based lead-free piezoelectric ceramics
are summarized with emphasis on the approaches to enhance
mechanical quality factor [48]. Acceptor modified ferroelectric
ceramics featured typical “hardening” characteristics, exhibiting
an internal bias field on the order of 0.1-8 kV/cm, as shown in
Fig. 3b, this internal bias is due to the domain wall motion being
clamped by defect dipoles which is induced by acceptor dopant
and oxygen vacancies. Note that mechanical Q,, increases with
increasing internal bias field, as depicted in Fig. 3¢, demon-
strating that the internal bias plays a key role in the high Q,,
values. The acceptor-doped NBT-based ceramics show high
mechanical Q,, of >800, comparable to most of the “hard” PZT
ceramics [49-51]. Of particular significance is that the “hard”
NBT-based lead-free ferroelectrics exhibited minimal variation
of the high Q,, under high level vibration velocity, remaining
the same at 0.25 m/s, showing great advantage over “hard” PZT
ceramics such as PZT4 and PZTS3, the Q,, of which was drasti-
cally decreased under the same condition. This is because of the
high coercive field of NBT-based ceramics (~ 35 kV/cm) is much
larger than that of PZTs [52]. The high coercive field is believed
to be associated with the distorted oxygen octahedra induced by
the A site bismuth cation. Note that a recent concept on harden-
ing of ferroelectrics uses second-phase hardening was proposed,

in accordance to second-phase hardening in metals [53].

The applications of lead-free ferroelectric materials have been
limited by temperature usage range. NBT-based lead-free ferro-
electrics have higher relaxor to ferroelectric transition tempera-
ture than the Curie temperature of BT of ~ 120 °C, but their low
depolarization temperature T, ~80-120 °C greatly restricts their
application [9-16]. There has been extensive effort to enhance

the temperature usage range and improve the thermal stability of
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Figure 3: (a) lllustration of three distinctive models of the hardening effect in ferroelectrics (after Ref. [47]); (b) Polarization hysteresis loop exhibiting a
strong internal bias field; (c) The relationship between internal bias and mechanical Q,,.
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the piezoelectric properties [49, 54-58]. The quenching method
has been actively studied in ferroelectric materials to tailor their
phase transition behaviour [55-58]. Quenched CuO-doped NBT
has a T of 143 °C versus 78 °C without quenching and there
was no significant deterioration of piezoelectric activity [55-58].
This was also reported in rare-earth Ho-doped NBT-6BT lead-
free ceramics, where relatively high piezoelectric performance,
as well as an increase of depolarization temperature (T), can be
realized by thermal quenching. These improvements are attrib-
uted to the increased concentration of oxygen vacancies induced
by quenching, giving rise to the change of octahedral mode and
enhanced lattice distortion, which is beneficial to the tempera-
ture stability of piezoelectric properties [59].

In addition to perovskite lead-free ferroelectrics, the bis-
muth layer (Aurivillius) structure ferroelectrics (BLSF) is
another group of ferroelectrics, in which the existence of
the (Bi,0,)*" layers leads to a low dielectric permittivity and
high mechanical quality factor perpendicular to the bismuth
layers. The high Curie temperature makes BLSFs promising
candidates for high-temperature piezoelectric applications.
Piezoelectric activity in BLSFs can be further improved by
suitable doping, while enhancing the electrical resistivity and
achieving a compromise between good polarizability and a
high Curie temperature. For example, potassium and cerium
co-doped Bi,Ti, 4o W, ;,0,, ceramics were reported to possess
slightly decreased Curie temperature (T;) from 632 to 608 °C
with increasing dopant level, while both piezoelectricity and
resistivity were increased, with maximum d;; on the order of
24 pC/N and resistivity of 2.9 x 10° Q cm at 500°C [60]. On
the other hand, the Gd-modified Ca,_,Gd,Bi,Nb,0, BLSF
ceramics exhibited very high Curie temperature T of 947 °C,
with reasonable large piezoelectric d;; of 13 pC/N. Of particu-
lar significance is that the resistivity was found to be on the
order of 2.45x 107 Q c¢cm at 500 °C, two orders of magnitude
higher than that of unmodified ceramics, making the doped
Ca,_,Gd Bi,Nb,O, ceramic great potential for high-tempera-
ture piezoelectric sensing applications [61].

Dielectric capacitors have been widely used in numerous
fields, such as electronic circuits with various functions (filter-
ing, coupling, decoupling, etc.), microwave communications,
hybrid electrical vehicles, distributed power systems, renewable
energy storage, and high-power applications [62-66]. For energy
storage applications, high energy density, high power density
and high energy efficiency are required, so the figure of merit
for dielectric materials includes dielectric constant, dielectric
breakdown strength and dielectric loss. Linear dielectrics usually
possess low permittivity, low dielectric loss and high dielectric

©The Author(s), under exclusive licence to The Materials Research Society 2021

breakdown strength Ey, while the permittivity of non-linear
dielectrics varies as a function of electric field. The most promis-
ing materials for dielectric energy storage applications are linear

dielectric, relaxor ferroelectrics and antiferroelectrics [62-65].

Lead-free-based relaxor ferroelectrics possess the merit of
low remanent polarization, high maximum polarization, high
breakdown strength and good thermal stability. There have
been numerous publications of the dielectric energy storage
materials based on relaxor ferroelectrics including SrTiO,
(ST)-, BT-, NaNbO; (NN)-, NBT-based ceramics [67-71].
The bismuth end member has been actively used to form
relaxor-ferroelectric solid solutions with ST or BT end mem-
ber. For example, the addition of Bi(Mg, ;Hf;, ;)O; (BMH) in
ST induces relaxor features in the ST-BMH solid solution. A
diffuse phase transition was observed in samples with BMH
content above 10%, showing typical relaxor characteristic,
where 0.8ST-0.2BMH composition exhibits stable dielectric
permittivity with variation below 15% over temperature range
of — 100 to 185 °C, superior to that of undoped ST. A large
energy density of 4.1 J/cm® with high energy efficiency of
92% is obtained at an electric field of 470 kV/cm. Of particu-
lar significance is that the energy efficiency remains above
91% at 180°C [72]. NN-based dielectrics have received much
attention for energy storage applications due to their low-cost,
lightweight, and nontoxic nature. The hysteresis was success-
fully reduced by introducing Bi** and Ti** into A-site and B-
site of NN ceramics, respectively. MnO, addition was used to
increase the ceramic density and to enhance the cycling reli-
ability. As a result, a high recoverable energy density of 4.3 J/
cm?® and a high energy efficiency of 90% were simultaneously
achieved in the ceramic capacitor at an applied electric field
of 360 kV/cm. Of particular importance is that the ceramic
capacitor exhibits stable energy storage properties over a wide
temperature range of — 70 to 170 °C, with much-improved

electric cycling reliability up to 10 cycles [73].

The merits of antiferroelectrics (AFE) include, but are not
limited to, low or zero remanent polarization in AFE phase at
low electric field, high spontaneous polarization correspond-
ing to the electric field-induced ferroelectric phase. The two
critical electric fields, E, and Ej, corresponding to the FE-AFE
and AFE-FE phase transitions impact the energy efficiency
significantly [74-77]. Lead-free antiferroelectric materials
have attracted intense research interest with AgNbO; (AN)

being one of the most attractive candidates. Pure AN ceramics
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have an energy storage of ~ 2 J/cm® and a breakdown strength
0f <200 kV/cm. Through proper composition tuning, the
breakdown strength can be increased to above 300 kV/cm
with the energy density of 4-5 J/cm®. The promising dopants
in AN-based ceramics include MnO,, Ta,Os, Bi,O;, La,0,, or
even a small amount of excess Ag,0O [78-85]. Higher energy
density can be achieved in AFE with dopant by tailoring the
tolerance factor and/or polarizability. However, all the energy
efficiencies are quite low at less than 70% due to the hysteresis
between AFE-FE and FE-AFE phase transitions. This causes
severe issues for practical applications such as thermal break-
down and the volume change during the phase transition can
also lead to electromechanical breakdown and result in infe-
rior reliability of cycling [86].

The hysteresis between the phase transitions needs to
be decreased to increase the energy efficiency and enhance
the cyclic reliability of AFE. Local structure heterogeneity in
AFE-based materials smears the AFE-FE phase transitions

by forming a solid solution with the relaxor end members

which interrupts the long range AFE ordering. These mate-
rials are called relaxor antiferroelectrics, analogous to the
relaxor ferroelectrics, as depicted in Fig. 4 [86, 87]. AN-
AgTaO, (AT) solid solutions with an energy density of 4.2 J/
cm® but the efficiency was only 69% when the AT content is
below 20%, due to the stabilized room temperature AFE M2
phase. With increasing the AT content, the diffused M2-M3
phase transition was shifted to room temperature at 55%
AT content. High energy storage density of 6.3 J/cm® with
high efficiency of 90% was simultaneously achieved at an
electric field of 470 kV/cm [88]. Another relaxor AFE NBT-
(Sr,;Biy ,)TiO5 (SBT) solid solution with a high energy den-
sity of 9.5 J/cm?® at 600 kV/cm was achieved in a multilayer
ceramic capacitor (MLCC), with dielectric layer thickness of
20 um, and the energy efficiency remained above 90% over
the entire field range [89]. This can be further increased to
21.5 J/cm? with yet high efficiency of 80% in < 111 > textured
MLCC at 1000 kV/cm, due to the greatly enhanced Ey [90].
Comparisons of the textured and non-textured ceramics are
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featured in Fig. 5. The <111 > textured ceramics possess low
electrostrictive strain because the electrostrictive coefficient
along <111 > direction is the lowest in the perovskite structure
[91], thus greatly decreasing the electromechanical breakdown

probability.

In addition to the extensively studied electromechanical and
dielectric energy storage applications, the electrocaloric effect of
lead-free ferroelectrics has been revisited [92-97]. The electroca-
loric effect, which is the converse to the pyroelectric effect, was
discovered in 1930. Being the electrical analogue of the magneto-
caloric effect, it is defined as the isothermal entropy or adiabatic
temperature change of a dielectric material when an electric field
is applied or removed. This has been actively studied in recent
years due to its potential solid-state cooling applications, such as
efficient refrigeration, air conditioning, and heat pumping. For
refrigeration devices, a large temperature change (AT) and good
temperature stability are required, which are highly related to
the phase structure and the applied electric field, the giant elec-
trocaloric effect (AT, =12 K) was reported in PZT thin films.
Lead-free ferroelectric electrocaloric ceramics are promising
candidates for environment-friendly cooling devices. A diffuse
ferroelectric—paraelectric phase transition is formed in KNN by
appropriate composition engineering and results in both a large
AT of 1.24 K at electric field of 65 kV/cm and a high AT/AE of
0.19 K mm/kV, over a broad temperature span exceeding 55 °C.
This work not only opens a new strategy for obtaining high-per-
formance lead-free ferroelectrics for solid-state cooling applica-
tions, but also extends the application area of the KNN-based
lead-free ferroelectrics [98].

The unexpected ferroelectricity reported in doped HfO,
one decade ago, due to the formation of a noncentrosymmetric
orthorhombic phase, has revived the research on complementary
metal-oxide-semiconductor (CMOS) compatible ferroelectrics
in emerging ferroelectric memory applications [99-102]. The
doped/alloyed HfO, and ZrO, thin films revolutionized not only
the field of ferroelectric physics but also various ranges of device
applications. Especially when the two oxides are combined in a
1:1 ratio, the ferroelectric polarization of the material became the
most distinctive. Many researchers have investigated various pro-
cess conditions such as controlling Hf,, . Zr, ;O, (HZO) film thick-
ness and modifying different metal electrodes. By understanding
the polarization-electric field (P-E), current-electric field (I-E),
and electrical breakdown characteristics of the different samples,
it was found that Ar plasma treatment can control the degree of
ferroelectric and antiferroelectric phases of HZO films. This sheds
light on the engineering of the recently discovered ferroelectric
HZO material which has drawn immense attention from material/

device engineers [103].

©The Author(s), under exclusive licence to The Materials Research Society 2021

Legislation, including the Waste from Electrical and Electronic
Equipment, Restriction of Hazardous Substances and End-of-
life Vehicles, has provided a strong driving force for the research
of lead-free ferroelectrics over the last two decades. The existing
challenges of lead-free, as compared to lead-based ferroelectrics,
have brought more attention to the material development, espe-
cially considering the very unique properties required for the
very diverse applications.

For acoustic transducer applications, the high piezoelec-
tric/electromechanical properties related to the efficiency and
bandwidth of the transducer are required, while for high-power
transducer applications, in addition to electromechanical
properties, the high mechanical Q,, and low loss are required
to achieve high power output and low power dissipation. Tak-
ing advantage of the strong anisotropy and inherently associ-
ated high electromechanical coupling of single crystals, more
research has focussed on single-crystal growth and textured
ceramics in the KNN-based lead-free system. NBT-based lead-
free piezoceramics are promising for high-power applications
because of their high coercive field which guarantees high drive
field stability, where the mechanical Q,, remains at high values
under hard drive condition. On the other hand, for dielectric
energy storage capacitor application, medium dielectric per-
mittivity and high breakdown strength are important factors
impacting energy density, while leakage current, dielectric
loss and phase transition hysteresis are closely associated with
the energy efficiency and reliability of the capacitors. The gen-
eral operating temperature range of most electronic devices is
between — 50 to 150 °C, which requires high thermal stability
of the properties and demands that the phase transition tem-
perature, or depolarization temperature, are outside of the usage
temperature range. Thermal quenching is an effective way to
impact the phase transition behaviour thus expanding the tem-
perature usage range, while forming solid solutions and utilizing
composites have also been actively studied. For energy storage
application, introducing the relaxor component or local struc-
ture heterogeneity has been studied, which is found to smear the
phase transition or broaden the temperature usage range with
high stability and reliability. In addition, for high-temperature
sensing applications up to 1000 °C, the electrical resistivity at
elevated temperature is the most important consideration.

Last but not the least, multilayer lead-free ferroelectrics
form an extremely important direction for real applications,
which is expected to greatly enhance properties. This includes
the multilayer actuators to achieve large displacement at low
driving electric field [104-106], while the multilayer capaci-
tors are important for both energy storage and electrocaloric
applications [107, 108]. Given that the dielectric breakdown
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strength scales inversely with dielectric layer thickness, the
multilayer capacitor can withstand ultrahigh electric fields,
thus high energy storage density or large electrocaloric entropy
change. Due to the fact that both multilayer actuators and mul-
tilayer capacitors are co-fired with electrodes, it is interesting to
study the co-sintering behaviour of lead-free ferroelectrics. For
example, low-temperature firing of KNN multilayers with base
metal electrode (such as Cu or Ni) in reducing atmosphere has
been actively pursued in both academia and industry, revealing
promising results [105, 106]. Hence, this provides a good para-
digm for transferring material research to real usage of lead-free

ferroelectrics.
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