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ABSTRACT: The material properties of sol—gel nanopowder- > Ferroelegtric Hy/stgif;is Boop
derived lead-free Biy(Nag;5Ky2)05TiO; (BNKT) ceramics are SifGEaes , oS e L /-
systematically investigated for high-response piezoelectric device [ < & /
applications. To elucidate the principle of the domain dynamics
and local level ferroelectric switching behaviors of environmentally
friendly BNKT ceramics, we systematically analyze the Rayleigh

3 & E - - - ".
parameters and the first-order reversal curve (FORC) of the [ ¥ ldu=st2pmytes RPRC @EEDUIINTD Tk
BNKT ceramics and compare the results with those of the N\ 7| =§
standard measurement method. Based on the characterization of : :

Rayleigh parameters, it is clarified that the contribution of the
domain-wall motion of the sol—gel-derived BNKT ceramics is
higher than that of solid-state reaction-derived ceramics. We also
analyze the FORC distribution diagram-associated hysteron
density functions for visualizing reversible and irreversible contributions of domain walls and switching behaviors above the
Rayleigh regime. The switching behaviors are explained by considering the defects and microstructural differences of the BNKT
ceramics, which are affected by both reversible and irreversible contributions. The sol—gel-derived BNKT ceramics show highly
localized and well-defined FORC distribution diagrams with the sharp maximum of the irreversible component and the low
reversible contribution, which clearly indicate more homogeneous switching properties and less defects than solid-state reaction-
derived ceramics because each switching unit gives almost identical contributions to the total polarization. In this study, the
developed technique and gained information are used to explore a fundamental understanding of the domain dynamics and local
level switching behaviors of lead-free piezoelectric ceramics. We believe that our investigation certainly positions itself in various
multifunctional electronic applications without using toxic lead-based piezoelectrics.

KEYWORDS: lead-free BNKT ceramics, Rayleigh law, first-order reversal curve (FORC), domain dynamics, local level switching behaviors

1. INTRODUCTION According to it, the concentration of toxic lead in
homogeneous materials in the household or industrial devices

Piezoelectric devices are an important part of multitude ) ‘ i ‘
must not exceed 0.1 wt %. Piezoelectric materials for particular

industries and piezoelectric ceramics are still the largest

materials group within that device category. It has experienced applications have been granted an exemption until a feasible
healthy growth in the past 20 years even during recent alternative for lead-based, specifically PZT-based, materials has
economic downturns and is expected to continue to do so. been found.''™"* This caused a huge burst in the research of
Traditional application markets are in manufacturing and lead-free materials in the past decade.'' ™'

automotive industries, although lately, the demand has been The material systems that display the highest electro-
strongly increased in the medical instruments, information, and mechanical coupling efficiencies are those with a perovskite
telecommunication segments.l_s For example, almost every crystal structure.”* ™' A number of solid solutions have been

modern cellular phone and laptop computer contain several
piezoelectric elements for different functions.

Piezoelectrics have been traditionally dominated by Pb- ]
(Zr,Ti)O, (PZT)-based materials, which contain ~60 wt % of Received: November 11, 2021
environmentally hazardous lead (Pb).””"* In several countries, Acce_l’ted‘ December 5, 2021
including the European Union (EU) and the U.S. state of Published: December 13, 2021
California, the Directive Restriction on the Use of Certain
Hazardous Substances in Electrical and Electronic Equipment
(RoHS) or similar has been implemented in the legislation.

investigated, and currently, two groups of lead-free piezo-
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Figure 1. (a) D-value analysis showing the size distribution of the BNKT particles. (b) SEM image of the BNKT nanoparticles (inset: highly
magnified image). (c) XRD patterns of the dried gel powders calcined at various temperatures from 600 to 800 °C for 2 h and the sintered ceramics
at 1100 °C for 2 h. (d) SEM surface image of the sol—gel-derived BNKT ceramic sintered at 1100 °C for 2 h (inset: photographs of the sintered

BNKT ceramics).

electric materials are the most attractive: (K,Na)NbO,
(KNN)-based and (B11/2Na1/2)T103 (Bi,K,,)TiO; (BNT-
BKT, BNKT)-based perovskites."' ™' However, piezoelectric
properties of pure KNN-based materials without complex
multiple dopants (e.g, Li in the A-site and Ta or Sb in the B-
site) and specific grain texturing such as LF4 or LF4T are
disappointingly low, specifically much inferior large-signal ds;*
performance,''® which is not suitable for actuator applica-
tions. On the contrary, the development of BNKT-based
ceramics has progressed to the point that the potential has
been demonstrated for the feasibility of environmentally
friendly piezoelectric devices.'"'® However, a large coercive
electric field and poor piezoelectric properties due to a non-
uniform and porous microstructure have been challenging
issues for practical device applications. It is well known that the
BNT is a relaxor ferroelectric with a rhombohedral crystal
structure at room temperature, while BKT is a ferroelectric
with a tetragonal structure. In general, BNT-based ceramics
show a porous microstructure, large coercive electric field (E,

~ 73 kV/cm), and high leakage current density, which cause
1nsuﬂic1ent pohng, easy breakdown, and poor piezoelectric
properties."”~>* The addition of BKT in the BNT system
reduces the coercive field (E. ~ 40 kV/cm) and enhances the
piezoelectric properties to some extent, but it is still insufficient
for practical applications.”> >° The standard approach to
obtain lead-free BNKT materials with good piezoelectric
properties has been to follow the example of PZT, for which
dielectric permittivity, piezoelectric coeflicients, and coupling
factor are strongly enhanced in the vicinity of the
morphotropic phase boundary (MPB) between the rhombo-
hedral and tetragonal phases. In addition, the properties of
piezoelectric BNKT materials strongly depend on the particle
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size because surface and grain boundary diffusion according to
particle size and its distribution affects the densification of
ceramics during the high-temperature sintering process.
However, conventional solid-state reaction-derived piezo-
electric powders generally show an inhomogeneous particle
size and large distribution in the range of millimeter or
submicrometer scale due to severe agglomeration, which leads
to a porous microstructure, cracks, non-uniform composition,
and spatial variation of properties in piezoelectric ceramics
after sintering.”’ ™’

For enhancing dielectric and piezoelectric properties, we
selected the 0.78BNT-0.22BKT binary system near MPB as
the main lead-free piezoelectric material composition. For the
homogeneous particle size and high densification of ceramics,
sol—gel-derived powders are used instead of conventional
solid-state reaction-derived ones. In contrast to solid-state
reaction, the sol—gel process produces nanosized powders with
uniform distribution, homogeneous composition control at the
molecular level, and high density of sintered ceramics without
cracks. For exploring a fundamental understanding of piezo-
electric behaviors of lead-free BNKT ceramics, the use of high-
quality materials is indispensable. Therefore, we used sol—gel
nanopowder-derived reliable quality BNKT ceramics for
investigation of the domain states, intrinsic and extrinsic
contribution, and piezoelectric properties using Rayleigh-type
analysis under subswitching conditions and the first-order
reversal curve (FORC) under switching conditions. We believe
that the outcome of this research will provide a scientific
understanding of the lead-free piezoelectric materials and drop
a hint for a significant improvement of the properties, which
will hasten the replacement of PZT-based materials in current
and future devices by a lead-free alternative.

https://doi.org/10.1021/acsaelm.1c01121
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Figure 2. (a) Frequency (f)-dependent P—E hysteresis loops of sol—gel-derived BNKT ceramics. (b) P, and P, and (c) E, of sol—gel-derived
BNKT ceramics as a function of f. (d) Linear fitting curves of In(A) as a function of In f.

2. RESULTS AND DISCUSSION

Figure la,b shows the particle size distribution curves and the
SEM image of the sol—gel-derived BNKT powders calcined at
800 °C for 2 h. The inset of Figure 1b shows the TEM image
of the particles. The D-value analysis is the most widely used
method for describing the particle size distributions of
synthesized powders.”* D-values are based on dividing the
mass of particles by diameters. The D;,, Ds, and Dy, are
commonly used to represent the midpoint and range of the
particle sizes of a given sample. Particle size distributions have
been traditionally calculated based on sieve analysis results,
creating an S-curve of cumulative mass retained against the
sieve mesh size and calculating the intercepts for 10, 50, and
90% masses. The measured Do, Dy, Do, and D, of BNKT
powders are 100, 270, 800, and 7 pm, respectively. Since D-
values are concerned only with a ratio of masses, a relative
mass is sufficient for the analysis, which is not necessary for
sample weighing for the measurement. From the D-value
analysis, the average particle size of BNKT powders is about
270 nm. In the SEM image, it is found that the powders are
composed of polyhedral-shaped particles with some degree of
soft agglomeration. The agglomeration of particles can be
reduced by the subsequent milling process after calcination.
The size of primary particles is also verified using the TEM
image, which is well matched with the particle size distribution
analysis.

Figure lc shows XRD patterns of the dried gel powders
calcined at various temperatures from 600 to 800 °C for 2 h
and the sintered ceramics at 1100 °C for 2 h. A very small
pyrochore phase peak is observed at a low calcination
temperature of 600 °C, which is assigned to the Bi,Ti,O,
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structure and completely disappears from 700 °C, followed by
a single perovskite phase with no evidence of the second phase.
Moreover, in the detailed XRD analysis in the 20 range of
45.5—47.5°, the XRD patterns clearly show the peak splitting
at corresponding angles, indicating the coexistence of
rhombohedral and tetragonal phases in BNKT powders
calcined over 750 °C. It is well known that BNT has a
rhombohedral structure and BKT has a tetragonal structure at
room temperature, respectively. The coexistence of rhombohe-
dral (200) and tetragonal (002) in BNKT powders calcined
over 750 °C and the sintered ceramics at 1100 °C indicates
that the composition of our BNKT [Bijs(Na,_,K,)osTiO;, x
= 0.22] materials is close to the morphotropic phase boundary
(MPB) region. It is interesting to note that an increase in
calcination temperatures intensifies the separation of (002)
and (200) peaks with an increase in the tetragonality of the
BNKT lattice.

Figure 1d shows the SEM surface image of the BNKT
ceramic sintered at 1100 °C for 2 h. The sol—gel-derived
BNKT ceramic shows a dense and uniform microstructure
with well-defined grain boundaries. The dense microstructure
may be ascribed to the homogeneous and fine particles in the
sol—gel-derived powders.”” The insets show the photographs
of the sintered ceramics with the diameter of 3 cm used in the
experiment. All ceramics have crack-free and dense morphol-
ogies.

Figure Sla,b shows the SEM images of conventional solid-
state reaction-derived BNKT powders calcined at 800 °C for 2
h and the sintered ceramics at 1100 °C for 2 h, respectively.
Compared to the sol—gel-derived powders and the sintered
ceramics, the particle size of the solid-state reaction-derived

https://doi.org/10.1021/acsaelm.1c01121
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Figure 3. (a) Bipolar strain—electric field (S—E) curves of sol—gel-derived and solid-state reaction-derived BNKT ceramics. (b) Comparison of two
types of piezoelectric coupling coefficients between sol—gel-derived and solid-state reaction-derived BNKT ceramics. (c) Frequency-dependent
dielectric characteristics of sol—gel-derived and solid-state reaction-derived BNKT ceramics. (d) E,c-dependent relative dielectric permittivity of

BNKT ceramics at the frequency of 1 Hz.

powders is less uniform and the density of the ceramics is
lower than that of the sol—gel-derived ones.

Figure S2 presents the relative density of the sol—gel-derived
BNKT ceramics as a function of sintering temperatures from
1000 to 1200 °C. It is well known that the relative density of
the sintered ceramics is directly related to the green density of
the pressed ceramic pellets, which is highly dependent on the
morphology and uniformity of the initial primary powders.
Since our sol—gel-derived powders have the homogeneous and
uniform morphology and size distribution, all ceramics using
sol—gel-derived powders show the relatively high density over
93%, regardless of the sintering temperature over 1000 °C. The
density of BNKT ceramics linearly increases with increasing
sintering temperature from 1000 °C to 1150 °C. The
maximum density is obtained for the BNKT ceramic sintered
at 1150 °C for 2 h, which is around 98.5% of the theoretical
density. However, the density becomes lower at higher
sintering temperatures than 1150 °C, which might be related
to the high volatilization of alkaline elements such as Na and K.
It is noted that the density of all BNKT ceramics sintered from
1100 to 1150 °C is similar, which indicates that our sol—gel-
derived BNKT ceramics can be fully densified even at the
sintering temperature of 1100 °C.

Figure 2a shows the frequency (f)-dependent polarization
(P)—electric field (E) hysteresis loops of the sol—gel-derived
BNKT ceramics ranging from 200 mHz to S Hz under an
applied electric field of 50 kV/cm. The ceramics show the well-
saturated P—E hysteresis loops with a low coercive electric field
(E.) of 20 kV/cm. It is well known that the P—E hysteresis
loops of ferroelectric materials strongly depend on the
frequency of the applied electric field. When an alternating
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current (AC) electric field is applied to a ferroelectric material,
the hysteretic polarization reversal process is usually induced
by domain-wall motion and domain switching. Without an
applied electric field, the free energy of a ferroelectric material
prefers the configurations consisting of domains with the same
polarization direction. However, with a sufficiently high electric
field, the rate of domain nucleation and growth increases.
Consequently, the polarization switching and the loop shape
are governed by the nucleation and the domain-wall move-
ment, which depend on the experimental conditions such as
frequency, applied electric field and temperature, and the
microstructure of the material. Therefore, the shape of
ferroelectric P—E hysteresis loops is affected by these factors.
Specifically, the remnant polarization (P,) and the E._ are
known to have strong frequency dependency.”> " It is
important to systematically investigate the frequency ()
dependence of P—E hysteresis loops, since it can provide a
fundamental understanding on the hysteretic dynamics of
domains under an AC electric field.

There have been theoretical and experimental efforts to
understand the f dependence of P—E hysteresis loops. To
explain the f dependence of hysteresis by using domain
dynamics, the Kolmogorov—Avrami—Ishibashi (KAI) model
has been commonly used, which is a phenomenological model
that considers domain growth as the key process. The
empirical relationship between P, E, and f can be expressed
using the KAT model as follows.”*™*'

P f* (1)

E, o fP (2)

https://doi.org/10.1021/acsaelm.1c01121
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where o and f are the exponential parameters of f for the P,
and E,, respectively.

Figure 2b shows the maximum polarization (P,,,,) and the P,
of sol—gel-derived BNKT ceramics as a function of f. As the f
of the BNKT ceramics increases from 200 mHz to 5 Hz, the
P, and P, increase from 38 4C/cm? to 42 uC/cm?* and from
32 uC/em?® to 35 uC/cm? respectively. The exponential
parameter (@) of the f for the P, of the BNKT ceramics is
—0.022 based on eq 1.

The f dependence of the E_ is shown in Figure 2c. The
exponential parameter () of the f for the E. of the BNKT
ceramics is 0.017 based on eq 2. It is interesting to note that
there is almost no or negligible f dependence of the E, which
has a constant value of about 20 kV/cm.

Figure 2d shows the linear fitting curves of In(A) as a
function of In f at an applied electric field of 50 kV/cm. The
hysterical area (A), which shows energy dissipation within one
period of polarization reversal, is applied as a characteristic
parameter of the dynamic behavior in ferroelectric BNKT
ceramic materials. The scaling behavior between (A) and f can
be described by the following equation.*"

(A) o f7 3)

where the exponential parameter (y) refers to the switching
time required by the domain at a given electric field, which is
—0.005 based on eq 3.

Figure S3a—d shows the f dependence of P—E hysteresis
loops, P, and P,, E, and the linear fitting curves of In{A) of
the conventional solid-state reaction-derived BNKT ceramics
as a function of f for comparison with those of sol—gel
nanopowder-derived ceramics. It is clearly demonstrated that
the sol—gel nanopowder-derived BNKT ceramics show much
less frequency-dependent dynamic properties than the conven-
tional solid-state reaction-derived ceramics. In addition, the E.
and the absolute values of exponential parameters (a, f, and y)
of the sol—gel-derived BNKT ceramics are much smaller than
those of solid-state reaction-derived ceramics. These results
indicate that the sol—gel-derived BNKT ceramics show faster
domain switching at a much lower electric field than
conventional solid-state reaction-derived ones.

Figure 3a shows the bipolar strain—electric field (S—E)
curves of the sol—gel-derived and solid-state reaction-derived
BNKT ceramics under an applied frequency of 1 Hz and
electric field sweeping of up to 50 kV/cm, respectively. Both
BNKT ceramics exhibit a symmetric butterfly-shaped bipolar
curve showing the stable ferroelectric and piezoelectric
behaviors. However, the sol—gel nanopowder-derived ceramics
show much higher positive and negative strains than the
conventional solid-state reaction-derived ceramics. The max-
imum strains of the sol—gel-derived and solid-state reaction-
derived BNKT ceramics are 0.17 and 0.12%, respectively.

There are two types of piezoelectric coupling coefficients
used in the performance of piezoelectric materials.*’~*
Traditionally, a small-signal d;; value has been used to
compare the performance of different piezoelectric materials,
which is determined by the slope of the strain response at low
electric fields when the strain response is still linear. However,
for the actuator applications, the achievable strain S, at the
applied electric field E_,, is the key figure of merit, which is
measured at high electric fields where the strain-field response
deviates from linearity. Their ratio S,,/E,. (normalized
strain, large—si;nal dy3, d33*) is more important than the small-
signal dy;.'**® The large-signal piezoelectric coefficient is
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conventionally measured by the displacement parallel to the
electric field and commonly referred to as ds;* when using the
Voigt notation.””** The difference between the two is very
important and has to be carefully addressed according to
applications. In traditional, both small-signal and large-signal
responses of “soft” PZT are high and the difference of the two
values is similar. Therefore, PZT is the rational choice for
universal piezoelectric applications such as sensors, trans-
ducers, actuators, and various other piezo-devices. However, as
we described previously, the large-signal d;;* performance of
popular lead-free (K,Na)NbO; (KNN)-based materials with-
out multiple dopants and specific grain texturing is very low,
which means that the application window of these materials is
narrow and may not be suitable for actuator devices.'”'®

Figure 3b shows a comparison of two types of piezoelectric
coupling coefficients between the sol—gel-derived and solid-
state reaction-derived BNKT ceramics. The large-signal
piezoelectric coefficient d;;* of BNKT ceramics is higher
than small-signal ds;, regardless of fabrication methods of
ceramics. The large-signal ds;* of the sol—gel-derived BNKT
ceramics is calculated as 342 pm/V from the ratio of S,,../E,.x
and the small-signal dy; is measured as 200 pC/N by a dy;
meter, which implies that the sol—gel-derived BNKT is a good
candidate for both sensors and actuators like PZT-based
materials. The solid state-reaction-derived BNKT ceramics
show much lower piezoelectric coupling coefficients than the
sol—gel-derived ceramics, which are the ds;* of 232 pm/V and
the di;; of 175 pC/N, respectively. This might be a
consequence of more uniform and homogeneous grain size
and higher densification of the sol—gel nanopowder-derived
ceramics than the solid-state reaction-derived ceramics.

Figure 3c shows the frequency-dependent dielectric
characteristics of the sol—gel-derived and solid-state reaction-
derived BNKT ceramics. As expected, the dielectric
permittivity of the sol—gel-derived ceramics with a high
density and homogeneous microstructure is higher than that of
the solid-state reaction-derived ceramics. The dielectric loss of
both ceramics is less than 4%.

In ferroelectric materials such as PZT and BNKT ceramics,
most functional properties are strongly influenced by the
microstructure, compositional homogeneity, defects, related
domain-wall motion, etc. Specifically, piezoelectric and
dielectric responses in ferroelectric BNKT ceramics can be
divided into two parts, intrinsic and extrinsic properties.*’ ™"
The “intrinsic” properties are those directly related to the
response of the structure at the unit cell level to the imposed
conditions. On the other hand, the “extrinsic” contributions,
i.e., those related mainly to the motion of domain walls under
the imposed conditions, make a major contribution to the
properties. Much of the improvement of properties of lead-free
piezoelectric materials can be ascribed to the control of the
“extrinsic” contributions. It is interesting to note that the
domain-wall motion and the domain switching process should
involve transgranular cooperation of domains, which means
that the quality of grain boundaries, presence of intergranular
phase, homogeneous grain size distribution, and density affect
domain-wall switching. The movement of domain walls can be
achieved by an application of an electric field E. With respect
to its magnitude, two regions can be defined: at relatively low
to moderate electric fields, the domain-wall motions occur at
rather short distances (subswitching conditions), while the
nucleation and growth of new domains occur at high electric
fields (switching conditions). Note that at room temperature
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and relatively small electric fields, the extrinsic contributions
can attribute up to ~75% of the whole macroscopic dielectric
and piezoelectric responses and their engineering is of crucial
importance for the development of the high-response lead-free
piezoelectric materials and devices. However, very limited
knowledge exists on extrinsic contributions to dielectric and
piezoelectric properties in BNKT-based lead-free ceramic
materials, so it is essential to understand these very basic issues.

Generally, the dielectric response (¢) of ferroelectric
materials can be expressed by eq 4,** 7>

£ )

where g/, is the relative permittivity for the intrinsic
contribution and &, is that for the extrinsic contribution.
Direct evidence of the extrinsic contribution to dielectric
properties under subswitching conditions can be observed by
measuring dielectric permittivity at different applied AC
electric fields (E,c). The E,c-dependent dielectric constant
of the ferroelectric materials can be described by the Rayleigh
relationship, as shown in eq 5."7°*7>® Using the Rayleigh law,
the reversible and irreversible domain-wall motions of the
BNKT ceramics can be characterized, which are described by

()

where ¢, is the initial (zero-field) permittivity including
contributions from the intrinsic lattice and the reversible
extrinsic displacements of the interfaces, while a’ is the
Rayleigh coefficient and is directly related to the magnitude of
the nonlinear response by the irreversible extrinsic displace-
ments.

Figure 3d shows the E,c-dependent relative dielectric
permittivity of BNKT ceramics at a frequency of 1 Hz. The
reversible and irreversible contributions of domain-wall motion
can be analyzed from the results in Figure 3d and eq S using
the Rayleigh law. The dielectric constant of both ceramics
increases with the applied E,c. However, the slope of dielectric
permittivity of the sol—gel-derived BNKT ceramics according
to E,c is much higher than that of solid-state reaction-derived
ceramics, which is mainly due to higher irreversible extrinsic
contributions (a’). The reversible and irreversible contribu-
tions of both BNKT ceramics are summarized in Table 1. It is

A
e =g, +t

’

E =

’ ’
Eie T A'Exc

Table 1. Comparison of the Rayleigh Coefficients for the
Dielectric Response of BNKT Ceramics

sample Ehi a' (em/kV)  a'/ely (cm/kV)
BNKT (solid-state reaction) 900.1 55.4 0.0615
BNKT (Sol—gel) 992.0 84.1 0.0848

demonstrated that the Rayleigh parameters of the sol—gel-
derived BNKT ceramics are higher than those of the solid-state
reaction-derived ones, which implies that the contribution of
the domain-wall motion of the sol—gel-derived ceramics is
apparently higher than that of the solid-state reaction-derived
ceramics.

Measurement of the Rayleigh parameter has been exten-
sively used to investigate domain-wall dynamics in ferroelectric
materials. However, it should be noted that the Rayleigh law is
only useful when the effects of domain-wall interactions and
saturation are negligible, which is the case for the applied
electric field below the coercive field (E_) of less than 1/2E..
When higher-order nonlinear terms affect the permittivity at
high fields (switching conditions) above the Rayleigh regime,
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the first-order reversal curve (FORC) is a more powerful tool
for investigation of domain switching. The general P—E
hysteresis loops are a statistical result of the polarization
switching, but the FORC is the deconvolution of the statistical
result, which provides the information of local level polar-
ization switching and domain dynamics.””~®* The FORC is
measured using modulated triangle waveforms of each electric
field, which starts at a positive saturation field (maximum
electric field, E, ) and sweeps between the reversal electric
field (E,) and positive saturation, increasing the E, until it
reaches the negative saturated field (—E,,,), as shown in
Figure 4a. In our measurement, the E_, is S0 kV/cm, the
electric field interval is 200 kV/cm, and the measured
frequency is 1 Hz. The inset in Figure 4a represents P—E
hysteresis loops of the sol—gel-derived BNKT ceramics
corresponding to each reversal electric field during the electric
field sweep.

The FORC represents the Preisach density (switching
density), i.c., the density distribution of the ideal hysteron, an
elementary unit of hysteresis that exhibits a perfect square
shape of the P—E hysteresis loop. The Preisach density can be
obtained from the FORC using eq 6.

1 9*Prorc(E, E.)

E E) =
(B, £ 2 OEOE

Prorc

(6)

The FORC starting on the descending branch of the main
hysteresis loop is denoted as pporc(E, E,) in eq 6, which
describes the sensitivity of the polarization with respect to the
actual electric field E and the reversal electric field E,. The
FORC distribution diagram-associated hysteron density
functions are useful tools for visualizing reversible and
irreversible contributions of domain walls and switching
behaviors as shown in Figure 4b, which exhibits a contour
plot with E and E, as the horizontal and vertical axes in the
distribution diagrams. It should be noted that since the real
electric field (E) is always greater than or equal to the reversal
electric field (E,) in the FORC measurement, only the colored
area in Figure 4b has a physical meaning. The FORC
distribution can be analyzed in terms of the ideal coercive
field of the switched hysteron, E. = (E — E,)/2, and the
internal field, E/ = (E + E,)/2. When E = E,, it is the E axis,
and when E = — E,, it is the E axis. The diagram of the FORC
distribution corresponding to the region along the E/ axis
shows the reversible contribution and that along the E axis
represents the irreversible contribution.

Figure 4c and Figure S4a show the FORC distribution
diagrams for the sol—gel-derived and solid state reaction-
derived BNKT ceramics with E, and E as the vertical and
horizontal axes in the same color scale, respectively. The
FORC distribution diagrams of both BNKT ceramics have
similar shapes and locations of the reversible and irreversible
components. The E. and E| axes are the diagonals of the
distribution diagrams, as shown in Figure 4c and Figure S4a.
The inset in the upper left shows the main hysteresis loop of
each ceramic. The distribution is non-Gaussian, clearly
localized, and biased. The reversible and irreversible
components can be distinguished using two distinct regions
in the FORC distribution diagrams. The reversible component
in the diagrams is the region with a strip shape along the E{
axis, which is defined as eq 7:

https://doi.org/10.1021/acsaelm.1c01121
ACS Appl. Electron. Mater. 2021, 3, 5641—5650


https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c01121/suppl_file/el1c01121_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c01121/suppl_file/el1c01121_si_001.pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Electronic Materials
(a) (b)

pubs.acs.org/acsaelm

A E
r
+ Emax - :
2
H. »>E
3 S
©
S,
k) |
2 ~
i >
s N P
o |% S E
‘= 3 ~ o |___
et X P =
5 |3 ]
- 2 ~
w ] S —
= ~ = E AN
3 = S
a rn | = Emax E’ S
e B i S E/
Electric Field (kVicm) FORC space K

Time [a.u.]

(d)

—_—
(2)
~—

aof (HCIKV?) 3.0
£ 0.000
17 f ; 0.04475 251
H 0.08950
20 ‘:E | J 0.1342 E
E i, 4{/ 01790 o
2 Electric Field (k’\.;/cm]m z;:;z i
> 0 03132 a
5 -o.zsao =
- N
W 5 3
Q
-40
-40 -20 0 20 40 -50 40 -30 -20 10 0 10 20 30 40 50
E (kV/cm) Electric Field (kV/cm)

Figure 4. (a) Waveform of the electric field for FORC measurement (inset: measured FORC of sol—gel-derived BNKT ceramics). (b) Sketch of
the FORC distribution diagram. (c) FORC distribution diagrams of sol—gel-derived BNKT ceramics (inset: main hysteresis loop). (d) Variation of

the reversible distribution (p,.,) for the sol—gel-derived BNKT ceramics.

E,—~E- 2 OE, (7)
where y is the dielectric susceptibility and is proportional to
the dielectric constant ¢,. In general, the electric field where the
hysteron distribution is maximized in the E; axis distribution
(reversible hysteron region) coincides with the electric field at
the maximum hysteron distribution in the irreversible hysteron
region. As shown in eq 7, reversible hysteron affects
permittivity. As the applied electric field increases, the density
of the reversible hysteron region gradually increases and
reaches the maximum near the E/, which shows the increase in
dielectric constant due to the increased movement of domain
walls. Therefore, the maximum permittivity generally appears
in the vicinity of the E. where most of the domains switch and
the material appears to be dielectrically very “soft”.

The irreversible contribution is located along the E{ axis with
a contour ridge. The contour ridge represents specific
hysterons that can be switched at the applied electric field E.
The ideal coercive electric field E. of the sol—gel-derived
BNKT ceramics is much smaller than that of solid-state
reaction-derived ceramics, which is consistent with the result in
standard P—E hysteresis measurement. Most hysterons can be
switched below E. However, for the entire polarization
alignment (full switching of all hysterons), it is necessary to
apply a bit higher electric field than the E_ from the standard
measurement shown in Figure 2a and Figure S3a due to the
larger irreversible hysteron region in the FORC diagrams,
which implies that the coercive electric field E, extracted from
the standard P—E hysteresis curves does not represent the
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overall polarization switching of the materials. The E_ values of
the sol—gel-derived and solid-state reaction-derived BNKT
ceramics are ~30 kV/cm (E: ~20 kV/cm) and ~40 kV/cm
(E.: ~28 kV/cm for the standard measurement), respectively.

Figure 4d and Figure S4b show the variation of the
reversible distribution, p,.,, for the sol—gel-derived and solid-
state reaction-derived BNKT ceramics, respectively. The
maximum values of p,., are 0.356 uC/kV*> for the sol—gel-
derived BNKT ceramics and 0.556 uC/ kV? for the solid-state
reaction-derived ceramics. The calculated ratios (Riye/re) Of the
maximum intensity of the irreversible component over that of
the reversible component of the sol—gel-derived and solid state
reaction-derived ceramics are 0.803 and 0.505, respectively,
which imply that the sol—gel-derived BNKT ceramics have
stronger irreversible contribution than the solid-state reaction-
derived ceramics. The switching behaviors observed by the
FORC distribution diagrams can be explained by considering
the defects and microstructural differences of the BNKT
ceramics. The ferroelectric switching behaviors are related to
domain dynamics such as nucleation and growth of domains
and domain-wall motion because the domain structure and its
evolution under electric fields are direct consequences of the
polarization switching process, which are affected by both
reversible and irreversible contributions. Both contributions
are strongly dependent on the defects and microstructure of
the ceramics. The collective of individual switching units is
affected by similar local electric fields under the same boundary
conditions. Therefore, less defect ceramics with a more
uniform microstructure show more homogeneous switching
properties because each unit gives almost identical contribu-
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tions to the total polarization, which is induced to highly
localized and well-defined FORC distribution diagrams with
the sharp maximum of the irreversible component and the low
reversible contribution like the sol—gel-derived BNKT
ceramics. On the contrary, the solid-state reaction-derived
BNKT ceramics show the broad and dispersed irreversible
region in the FORC diagrams, which means that a large
number of dipolar units are spread toward higher or lower
values of the reversal and actual electric fields due to different
local mechanical and electrical boundary conditions. There-
fore, the local fields on individual switching units are more
dispersed in the FORC diagram because all the units do not
equally contribute to the total polarization due to the defective
structure, which indicates that the material has more defects or
less homogeneous microstructure. In addition, the pinning of
the domain wall by such defects makes no further contribution
to the irreversible polarization, which shows the low maximum
of the irreversible component. If there are lots of pores in the
ceramics, uncompensated charges at the ceramic—air interfaces
create local depolarizing electric fields and higher electric fields
that are necessary to switch the dipolar units than in dense and
homogeneous ceramics. The FORC results are in good
agreement with the SEM microstructural and standard P—E
characteristics of our BNKT ceramics.

It is demonstrated that the FORC approach is one of easy
ways to explain the ferroelectric properties and obtain
information about the complex ferroelectric physics of the
BNKT ceramic at the local level.

3. CONCLUSIONS

This research focused on the use of the emerging collective
understanding of the domain dynamics and ferroelectric
switching behaviors of environmentally friendly non-lead-
based BNKT ceramics and application of this understanding
to the enhancement of functional properties that allow the
adoption of practical lead-free piezoelectric device applications,
with the concomitant positive impact on the environment. We
also addressed key solutions about material selection,
processing, and performance of lead-free piezoelectric
ceramics. We demonstrated the high performance of the
BNKT ceramics with a low E. using sol—gel-derived
homogeneous nanopowders for both piezoelectric sensors
and actuator applications, which might be due to the uniform
microstructure and high density without pores or cracks. There
have been theoretical and experimental efforts to understand
the materials’ behaviors including the reversible and irrever-
sible domain-wall motions and the local level polarization
switching process by the analyses of Rayleigh law and FORC
distribution diagrams, which make a major contribution to
dielectric and piezoelectric properties, and their engineering is
very important for the development of the high-response lead-
free piezoelectric materials and devices. We also demonstrated
that the sol—gel-derived BNKT ceramics have a more
homogeneous microstructure and less defects by the character-
ization of the local field distributions on individual switching
units in the FORC diagrams, which enable the ferroelectric
switching of the BNKT ceramics at very low electric fields.
Our collective investigations are expected to be integrated to
provide a robust knowledge platform to expand the perform-
ance and functionality of the environmentally friendly lead-free
piezoelectric materials. The platform is also more broadly
applicable to various piezoelectric materials and devices with a
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wide spectrum of application windows excluding the use of
toxic lead-based materials.

4. METHODS

4.1. Synthesis of BNKT Powders and Ceramics. Lead-free
piezoelectric Biy(Nay,5Ky,,)TiO; (BNKT) powders were prepared
using a polymeric sol—gel process. High-purity Bi-nitrate pentahy-
drate [Bi(NO;);-SH,0, 98%, Kojundo Chemical Laboratory Co. Ltd.,
Japan], K-acetate [K(CH;COO), 99+%, Kojundo Chemical Labo-
ratory Co. Ltd.], Na-ethoxide (C,H;ONa, 95%, Kojundo Chemical
Laboratory Co. Ltd., Japan), and Ti-butoxide [Ti(OC,H,), 97%,
Kojundo Chemical Laboratory Co. Ltd., Japan] were used as the raw
materials. The raw materials were homogeneously mixed in nontoxic
butanol (>99.4%, Sigma-Aldrich, USA) as a reactant and solvent
instead of the toxic 2-methoxyethanol. For the homogeneous
formation of metal—oxygen—metal (M—O—M) bonds at the
molecular level in the solution, we used acetylacetone (CsHgO,,
AcAc, >99.4%, Sigma-Aldrich, USA) as a chelating agent for BNKT
solution to reduce the reactivity of the hydrolysis and condensation
reactions. Besides chelating effects, AcAc has the good dissolving
power for metal salt precursors. To promote the polymerization and
gelation, the solvent and the residual organics were slowly removed by
heating the solution from 100 to 300 °C with the temperature
ramping up rate of 20 °C/h. The resultant gel powders were ground
using ball milling for 24 h and then calcined at 800 °C for 2 h.
Calcined BNKT powders were pulverized, mixed with an aqueous
polyvinyl alcohol (PVA) binder, and pressed into disks of 10 mm in
diameter at a uniaxial pressure of 500 kgf/ cm?. The binder was burnt
out at 500 °C and the ceramic disks were sintered at 1100 °C for 2 h.

For solid-state reaction-derived BNKT powders, high-purity Bi,O;,
TiO,, Na,CO; (99.9%, Kojundo Chemical Laboratory Co. Ltd.,
Japan), and K,CO; (<99%, Sigma-Aldrich, USA) were used as the
raw materials. The raw materials were homogeneously mixed in
ethanol with ZrO, balls using ball milling for 24 h and then calcined at
800 °C for 2 h. After calcinations, powders were reground and ball-
milled for 24 h. The fabrication process of ceramic disks was the same
as that of the sol—gel-derived ceramics.

4.2. Characterization. The structural and crystallographic
characterization of BNKT powders was investigated using XRD
(Bruker Corporation, Billerica, USA) with Cu Ka radiation of 1.54 A
wavelength. The surface morphologies of the BNKT powders and the
ceramics were specified by field emission scanning electron
microscopy (FE-SEM, JEOL JSM-6700F) and transmission electron
microscopy (TEM, JEOL JEM-3000F), respectively.

For electrical measurements, the surfaces of the ceramic disks were
screen-printed with silver paste (Silver Conductive Paint, SPI
Supplies, USA) and dried for 6 h at 100 °C. Ferroelectric P—E
hysteresis loops and the FORC diagram of BNKT ceramics were
measured using a Precision Premier II Ferroelectric Tester (Radiant
Technologies, USA) with a high-voltage Trek amplifier (10/10,
TREK, Inc.). The mechanical strain (S)—electric field (E) curve was
measured in a silicon oil bath using a modified Sawyer—Tower circuit
and a linear variable differential transducer (LVDT) with a fiber-optic
sensor (MTI-2100 Fotonic Sensor, MTI Instruments, Inc., USA). The
piezoelectric charge constant of the BNKT ceramics was determined
by using a d;; meter (YE2730, HAN Tech, Korea). The dielectric
constant and tangent loss of the BNKT ceramics were measured using
an impedance analyzer (HP4294A, USA) at room temperature. The
BNKT ceramics were electrically poled by applying a voltage of 6 kV
for 15 min at room temperature.
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