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ABSTRACT: The  Aurivillius-phase  layered  material  SrBi2Ta2O9

possesses  an  extremely  low  leakage  current  (~10−9 A·cm−2)  along  the
out-of-plane  direction  with  in-plane  ferroelectricity,  which  brings
difficulties  in  achieving  high  ferroelectric  performance  and  low
leakage  current  simultaneously  in  randomly  oriented  ceramics.  Here,
highly textured SrBi2Ta2O9 ceramics with a texture degree of f = 0.985
are  prepared  using  templated  grain  growth  (TGG)  technology  with  a
tape-casting  method.  The  in-plane  remnant  polarization  achieves
15.83 μC·cm−2,  which is increased by 197% compared with that of the
SrBi2Ta2O9 randomly  oriented  ceramic.  Doping  Ca  is  found  to  reduce
the in-plane leakage current density to J = 5.924×10−7 A·cm−2, which is
attributed to the increased electronic band gap. This research presents
an  effective  route  for  developing  high-performance  SrBi2Ta2O9-based
ferroelectric devices.
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1    Introduction
The  Aurivillius-phase  layered  material  SrBi2Ta2O9 is  a  lead-free
ferroelectric  material  with  extremely  low  leakage  current
characteristics  (~10−9 A·cm−2)  [1],  holding  great  potential  for
applications  in  semiconductor  integrated  circuits  such  as
nonvolatile  ferroelectric  memories,  dielectric  microwave  devices,
and high-sensitivity sensors [2,3]. Compared with perovskite-type
ferroelectric materials such as BaTiO3 and Pb(Zr,Ti)O3 (PZT) [4],
however,  the  remnant  polarization  (Pr)  of  SrBi2Ta2O9 randomly
oriented ceramic is relatively low (~7 μC·cm−2) [5], which inhibits
the  ferroelectric  performance  in  the  demand  for  low  leakage
current.

This  contradiction  comes  from  the  structural  anisotropy  of
layered  SrBi2Ta2O9.  The  orientation  of  the  softening  ferroelectric
phonon mode is  along the a-axis  of  the  SrBi2Ta2O9 lattice,  while
the  orientation  of  alternately  arranged  (Bi2O2)2+ layers,  avoiding
the  migration  of  space  charges,  is  along  the c-axis.  For  actual
SrBi2Ta2O9 materials,  when  grains  are  randomly  oriented,
although  the  overall  leakage  current  could  be  very  low,  the
switching of ferroelectric domains under an external electric field
is further constrained by the grain boundaries between differently
oriented neighboring grains [6], which results in low Pr. Textured

engineering  via  templated  grain  growth  (TGG)  technology  can
prepare  polycrystalline  ceramics  with  highly  oriented  grains
[7−16],  which  can  be  applied  to  SrBi2Ta2O9 to  improve Pr.
However, SrBi2Ta2O9 textured ceramics have not achieved a high
degree  of  orientation  to  fully  release  the  in-plane  ferroelectric
performance  (a  Lotgering  factor f ≈  0.4  is  obtained)  because  the
template  grains  are  not  uniformly  aligned  via  conventional
uniaxial pressing [17,18]. To improve the degree of orientation, a
tape-casting  processing  method  that  has  been  used  to  prepare
other  Aurivillius-phase  textured  ceramics  [14−16]  is  expected  to
be applied for SrBi2Ta2O9. In addition, texture engineering cannot
directly  solve  the  problem  of  leakage  current  in  the a–b plane.
Introducing doping elements has been found to reduce the overall
leakage current in SrBi2Ta2O9 thin films and ceramics [19,20].  In
particular,  substitution  of  A-site  Sr  ions  by  Ca  ions  can
simultaneously  improve  the  Curie  temperature  (TC)  and Pr of
SrBi2Ta2O9 [19,21−24].  However,  the  mechanism  of  controlling
ferroelectricity and leakage current behavior by Ca doping has not
been  understood  in  SrBi2Ta2O9 materials,  and  how  Ca  doping
influences the microstructure of SrBi2Ta2O9 textured ceramics has
not been studied.

In this work, highly textured SrBi2Ta2O9 ceramics with f = 0.985
are successfully fabricated via the TGG method and a tape-casting 
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processing  method,  fully  releasing  the  ferroelectric  properties  in
the a–b plane  with Pr =  15.83  μC·cm−2,  which  is  an  increase  of
197% compared with randomly oriented ceramics. By Ca doping
while  maintaining  a  high  degree  of  orientation  (f ≥  0.917),  the
Curie temperature is enhanced from 298 to 500 °C, and the room-
temperature leakage current density in the a–b plane is reduced to
5.924×10−7 A·cm−2 (@50  kV·cm−1).  According  to  first-principles
calculations, the reduction in the in-plane leakage current derives
from  the  increased  electronic  band  gap  by  Ca  substitution.
Overcoming the limitation of randomly oriented grains and the in-
plane  leakage  current,  the  comprehensive  ferroelectric
performance of SrBi2Ta2O9 ceramics is enhanced, providing a new
technical route for the design of SrBi2Ta2O9 ferroelectric devices.

2    Experimental

2.1    Preparation  of  SrBi2Ta2O9 and  Ca-doped  SrBi2Ta2O9

textured ceramics
The  molten  salt  synthesis  method  was  used  to  synthesize
SrBi2Ta2O9 template  powders.  The metal  oxides  of  Bi2O3 (99.5%,
Aladdin)  and  Ta2O5 (99.5%,  Aladdin)  and  the  metal  carbonate
SrCO3 (99.5%,  Aladdin)  were  weighed  for  the  compound
SrBi2Ta2O9,  and  a  1  :  1  equimolar  mixture  of  NaCl  (99.9%,
Aladdin)  and  KCl  (99.9%,  Aladdin)  was  then  added.  The  above
raw  powders  were  ball-milled  for  12  h  with  zirconia  media  in
ethanol.  After  drying,  the  powders  were  calcined  at  1100  °C  for
1  h.  The  final  powders  were  repeatedly  cleaned  with  deionized
water. During this process, the content of Cl− ions was tested by an
AgNO3 solution to eliminate the residual salts.

The  solid-state  reaction  method  was  used  to  synthesize
SrBi2Ta2O9 and Sr1−xCaxBi2Ta2O9 (x = 0.1, 0.2, 0.3, and 0.4) matrix
powders.  Stoichiometric  quantities  of  Bi2O3 (99.5%,  Aladdin),
Ta2O5 (99.5%,  Aladdin),  SrCO3 (99.5%,  Aladdin),  and  CaCO3
(99.0%,  Aladdin)  raw  powders  were  mixed  with  ZrO2 balls  and
ethyl alcohol and then ball-milled for 24 h. The dried raw material
powders  were  calcined  at  750  °C  for  2  h.  To  further  reduce  the
particle size of the matrix powders, the pre-calcined powders were
ball-milled again for 24 h.

SrBi2Ta2O9 and  Sr1−xCaxBi2Ta2O9 textured  ceramics  were
prepared  through  a  tape-casting  method  and  a  conventional
pressureless sintering process. To efficiently prepare ceramics with
all  the  compositions,  pure  SrBi2Ta2O9 templates  of  5  vol%  were
used for both SrBi2Ta2O9 and Sr1−xCaxBi2Ta2O9 textured ceramics.
First,  SrBi2Ta2O9 templates,  SrBi2Ta2O9 (or  Sr1−xCaxBi2Ta2O9)
matrix  powders,  solvents,  binders,  dispersants,  and  plasticizers
were mixed into slurries for 48 h to avoid aggregations of template
and matrix powders. The volume ratio of powders and additives is
approximately 1 : 5. After vacuum degassing, the slurry was tape-
cast  with  a  blade  gap  of  200  µm  and  a  casting  rate  of  6  mm·s−1,
then dried at  room temperature,  and cut  into green tapes  with a
size  of  10  mm  ×  10  mm.  Laminating  20–30  green  tapes  at
60  MPa,  SrBi2Ta2O9 and  Sr1−xCaxBi2Ta2O9 green  bodies  were
obtained  and  then  compacted  by  cold  isostatic  pressing  at
200 MPa. After a thermal treatment at 600 °C for 1 h to remove
organic residues, the green bodies were sintered at 1125 °C for 3 h
in an O2 atmosphere to obtain SrBi2Ta2O9- and Sr1−xCaxBi2Ta2O9-
textured  ceramics.  For  comparison,  a  traditional  solid-state
reaction  method  was  adopted  to  obtain  the  randomly  oriented
SrBi2Ta2O9 ceramics, which were also sintered at 1125 °C for 3 h
in an O2 atmosphere.

2.2    Characterization
The phase structure and degree of texture were examined by an X-

ray  diffractometer  (XRD;  X’Pert  Pro,  PANalytical,  the
Netherlands)  with  a  Cu  Kα  radiation  source  (λ =  1.540598  Å,
40 kV, and 40 mA). Grain morphologies and nanoscale structures
of  textured  ceramics  were  characterized  through  a  scanning
electron  microscope  (SEM;  Merlin  Compact,  ZEISS,  Germany
and  Amber,  TESCAN,  Czech  Republic)  and  a  transmission
electron  microscope  (TEM;  Thermo  Scientific  Talos  F200X  G2,
Waltham,  USA),  respectively.  A  scanning  electron  microscope
(SEM; Hitachi SU5000, Hitachi, Japan) equipped with an electron
backscatter  diffraction  (EBSD)  detector  (Symmetry  C-Nano+,
Oxford,  UK)  was  used  to  obtain  elemental  distribution  and
orientation  information.  Room-temperature  dielectric  properties
were measured by a precision impedance analyzer (Agilent 4294A,
Keysight  Technologies  Inc.,  USA).  Temperature-dependent
dielectric properties and alternating current (AC) impedance were
measured  by  an  LCR  meter  TH2827C  (Tonghui  Electronic  Co.,
Ltd.,  China).  The direct  current  (DC) conductivity  of  the sample
was  obtained  by  fitting  the  DC  resistance  of  the  AC  impedance
spectrum using σdc = t/(RS), where σdc is the DC conductivity; t is
the thickness of the sample; R is the fitted DC resistance; S is the
area  of  the  sample.  Room-temperature  ferroelectric  properties
(P–E hysteresis  loops)  and  current–voltage  (I–V)  curves  were
measured  via  a  ferroelectric  tester  (Precision  Premier  II,  Radiant
Technologies Inc., USA). Leakage current behaviors were analyzed
by I–V curves,  which were tested using an unswitched triangular
mode; an absolute preset field of 50 kV·cm−1 for 100 ms was first
applied,  and  then  a  stepwise  pulse  field  was  used  to  test  the
current until it reached a maximum field of 50 kV·cm−1.

2.3    Computational methods
First-principles  calculations  were  performed  using  the
QUANTUM  ESPRESSO  code  [25−27]  within  the  generalized
gradient  approximation  (GGA)  [28]  with  the  Perdew–Burke–
Ernzerhof  parametrization  revised  for  solids  (PBEsol)  [29].
Ultrasoft  pseudopotentials  [30]  were adopted to generate  valence
states  of  4s24p65s2 for  Sr,  3s23p64s2 for  Ca,  5d106s26p3 for  Bi,
5s25p65d36s2 for  Ta,  and 2s22p4 for  O.  A ferroelectric  ground-state
structure  of  SrBi2Ta2O9 with  an  orthorhombic  phase  (A21am
space  group)  was  constructed.  The  experimental  lattice
parameters a =  5.531  Å, b =  5.534  Å,  and c =  24.98  Å
(conventional  unit  cell  with  56  atoms)  [31]  were  used  as  initial
values for structural optimization. To accelerate computations, the
SrBi2Ta2O9 primitive cell containing 28 atoms was used, setting a
plane-wave  energy  cutoff  of  50  Ry  and  a  2  ×  2  ×  4
Monkhorst–Pack self-consistency  mesh.  To efficiently  mimic  the
experimental  compositions,  the  virtual  crystal  approximation
(VCA)  method  [32,33]  was  further  applied  to  construct
Sr1−xCaxBi2Ta2O9 (x =  0.1,  0.2,  0.3,  and  0.4)  unit  cells  by  mixing
pseudopotentials  of  Sr  and  Ca.  Polarization  switching  paths  and
the migration paths of  oxygen vacancies  were determined by the
climbing  image  nudged  elastic  band  (CI-NEB)  method  [34,35].
The  polarization  values  of  each  intermediate  state  on  the
switching path were calculated by P = Σi(mi × Δxi × Qie)/V, where
mi is the site multiplicity; Δxi is the atomic displacement of the i-th
ion  along  the a-axis  from  the  corresponding  position  of  the
paraelectric tetragonal structure; Qie is the ionic charge of the i-th
ion; V is the unit-cell volume.

3    Results and discussion
Figure 1 shows the phase structures and the morphologies of the
SrBi2Ta2O9 textured  ceramic  with  a  comparison  of  randomly
oriented  ceramics.  The  two  samples  marked  by  the c plane  and
a–b plane  in Fig.  1(a)  denote  that  the  normal  direction  of  the
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sample  surface  is  perpendicular  to  and  coplanar  with  the
ferroelectric  polarization  direction,  respectively.  In Fig.  1(b),  the
XRD  pattern  of  the  random  ceramic  sample  corresponds  to
orthorhombic A21am symmetry,  and the c plane sample exhibits
pure  (00l)  Bragg  diffraction  peaks.  By  calculating  the  Lotgering
factor f =  (P − P0)/(1 − P0)  [36−38]  from  the  intensities  (I)  of
diffraction  peaks,  where P and P0 denote  ΣI(00l)/ΣI(hkl) in  textured
and randomly oriented ceramics, respectively, the obtained degree
of texture is f = 0.985, which shows strong preferential orientation
close  to  the  SrBi2Ta2O9 single  crystal  [39].  The  morphologies  of
the c plane and a–b plane samples in Figs. 1(c) and 1(d) confirm
the  anisotropic  grain  growth  during  the  sintering  process  of
SrBi2Ta2O9 textured  ceramics  in  comparison  with  the  random
ceramic sample (Fig. 1(e)). In Figs. 1(f) and 1(g), the TEM images
of the c plane sample further verify the most c-axis orientation of
SrBi2Ta2O9 grains with random orientations of the a- and b-axes,
and the in-plane distribution of 90° domains is also confirmed by
the  appearance  of  (100)  and  (010)  superlattice  spots  in  selected
area electron diffraction (SAED) patterns.

For  dielectric  properties  at  room  temperature  (Fig.  2(a)),  the
permittivity (εr) and dielectric loss (tanδ) of the a–b plane sample
are  almost  independent  of  the  frequency from 5  kHz to  2  MHz,

exhibiting  strong  stability  of  the  dielectric  performance  of
SrBi2Ta2O9.  With  the  temperature  increasing  at  a  frequency  of
1 MHz (Fig. 2(b)), the maximum εr and the phase transition Curie
temperature TC of  the a–b plane  sample  are  776.7  and  298  °C,
respectively, the former of which is larger than that of the previous
SrBi2Ta2O9 textured  ceramic  (~580  °C)  [17]  and  the  latter  of
which is  in agreement with previously reported values (~300 °C)
[5,17,40].  In Fig.  2(c),  the  ferroelectric  properties  exhibit
anisotropy  between  the c plane  and a–b plane  samples.  The
remnant  polarization Pr of  the a–b plane  sample  reaches
15.83 μC·cm−2, which is increased by 197% compared with that of
the randomly oriented ceramic (5.33 μC·cm−2). Table 1 compares
the Pr and  coercive  field  (Ec)  among  several  SrBi2Ta2O9 textured
ceramics,  randomly  oriented  ceramics,  and  single  crystals
[17,41−44],  indicating  excellent  ferroelectric  properties  of  the
obtained SrBi2Ta2O9 textured ceramic.

In Fig. 2(d), the large Pr of the a–b plane sample of SrBi2Ta2O9
textured  ceramics  could  be  attributed  to  the  easy  polarization
switching from the a-axis (Pa) to the b-axis (Pb). To avoid breaking
the  lattice  symmetry  that  conforms  to  the  actual  switching
process,  two  hypothetical  switching  paths  from Pa to Pb are
constructed  and  exhibit  energy  barriers  of  0.31  and  0.05  eV,

 

Fig. 1    SrBi2Ta2O9 textured  ceramics  prepared  via  TGG  technique  with  a  comparison  of  SrBi2Ta2O9 randomly  oriented  ceramics  (sample  is  marked  by  a  random
ceramic sample). (a) Schematic diagrams of SrBi2Ta2O9 textured ceramics with two samples marked by c plane and a–b plane. (b) XRD patterns of c plane and random
ceramic samples sintered at 1125 °C. SEM secondary electron images of (c) c plane sample, (d) a–b plane sample, and (e) random ceramic sample. Insets are length and
thickness distributions of grains analyzed by ImageJ software. (f, g) TEM bright-field images with SAED patterns and (h) high-resolution TEM (HRTEM) images of three
different grains of c plane sample.
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respectively. In addition, the large Pr of the a–b plane sample can
also be understood by the small  energy difference of ferroelectric
polarizations  between  the a- and b-axis  lattice  orientations,  as
shown in the inset of Fig. 2(d). The total energy differences (ΔE)
varying  with  polarization  show  that  the  energy  difference  at  the
theoretical  spontaneous  polarization  (Ps)  between  the a- and b-
axes  is  0.006  eV.  Such  a  small  energy  difference  indicates  that
polarization can exist along the a- and b-axes during the synthesis
of SrBi2Ta2O9 textured ceramics. Even though the grain directions
of the a- and b-axes are randomly distributed in the a–b plane of
SrBi2Ta2O9 textured ceramics, the polarization directions could be
highly aligned, contributing to a large Pr in any specific direction
of  the a–b plane.  The  mechanism  is  slightly  different  from  our
previously reported one in BaTiO3-based textured ceramics [45].

Figures  3(a)−3(c)  illustrate  the  effect  of  doped  Ca  on  the
structural  and  ferroelectric  properties  in  SrBi2Ta2O9 via  first-

principles  calculations.  As  schematically  shown  in Fig.  3(a),  O1,
O2,  O4,  and O5 atoms belong to the TaO6 octahedron in which
O1 lies in the Sr–O plane and the position of O2 is opposite to O1
along the c-axis.  O4 and O5 lie  in the Ta–O plane,  which shares
the  same  equivalent  positions  in  the  high-symmetry  tetragonal
phase  (space  group I4/mmm).  In Fig.  3(b),  both Ps and  the  total
energy difference between the paraelectric  and ferroelectric  states
increase  with  increasing x,  exhibiting  enhanced  ferroelectric
polarization  and  stability.  Extracting  the  atomic  contributions  of
Ps (Fig.  3(c))  reveals  that  Ca doping contributes  to  the  enhanced
polarization of  the  [(Sr/Ca)Ta2O7]2− perovskite  unit  by  increasing
the bond length difference between the Ta–O5 and Ta–O4 bonds.
Figures 3(d)−3(g) show the phase structures and morphologies of
textured  Sr1−xCaxBi2Ta2O9 (x =  0.1,  0.2,  0.3,  and  0.4)  ceramics.
With Ca doping, the degree of texture decreases from f = 0.959 at
x =  0.1  to f =  0.917  at x =  0.4  with  the  appearance  of  a  small

 

Fig. 2    Electrical  properties  of  SrBi2Ta2O9 textured  ceramics.  (a)  Frequency-dependent εr and  tanδ of a–b plane  sample  at  room  temperature.  (b)  Temperature-
dependent εr and tanδ of a–b plane sample at a frequency of 1 MHz. (c) P–E hysteresis loops of c plane, a–b plane, and random ceramic samples.  (d) Polarization
switching path from a- to b-axis calculated by CI-NEB method (path 1: change in oxygen octahedral tilting is not included from a- to b-axis; path 2: atomic displacements
of oxygen octahedral tilting for both a- and b-axes are ignored). Inset of panel (d) shows total energy differences varying with polarization for standard SrBi2Ta2O9 unit
cell and SrBi2Ta2O9 unit cell in which polarization is along b-axis (total energy of paraelectric state is chosen as reference energy), fitted by polarization switching paths
obtained by first-principles calculations and CI-NEB method.

 

Table 1    Comparison of ferroelectric performance in SrBi2Ta2O9 textured ceramics (a–b plane), random ceramics, and single crystals.

Material form Pr (μC·cm−2) Ec (kV·cm−1) Emax (kV·cm−1) Ref.
SrBi2Ta2O9 textured ceramic (a–b plane) 15.83 24.18 120 This work

SrBi2Ta2O9 random ceramic 5.33 22.04 120 This work
SrBi2Ta2O9 textured ceramic (a–b plane) ~6 ~25 150 [17]
SrBi2Ta2O9 textured ceramic (a–b plane) 4.8 ~25 110 [42]

SrBi2Ta2O9 random ceramic ~5.6 ~20 60 [43]
SrBi2Ta2O9 single crystal (a–b plane) 14 22 62.5 [41]
SrBi2Ta2O9 single crystal (a–b plane) 12 39.7 61 [44]

Note: Emax is applied external electric field of P–E hysteresis loops (Ps will be listed for SrBi2Ta2O9 single crystal if Pr is not provided in literature).
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diffraction  peak  from  the  (115)  plane.  According  to  the  refined
lattice  parameters  (Fig.  S5  in  the  Electronic  Supplementary
Material  (ESM)),  the  doped  Ca2+ ions  lead  to  shrinkages  of  the
lattice by −0.67%, −0.62%, and −0.18% for the a-, b-,  and c-axes,
respectively.  Such  lattice  mismatch  between  SrBi2Ta2O9 template
grains  and  Sr1−xCaxBi2Ta2O9 matrix  grains  gives  rise  to  the
reduced texture degree in the heteroepitaxial TGG process [7]. In
Figs. 3(e) and 3(g), the grain morphologies characterized by SEM
also  exhibit  a  small  amount  of  randomly  oriented  grains  with
increasing  Ca  content.  The  EBSD  images  of  the c plane  samples
for x = 0 and 0.4 verify the large amount of [00l]-oriented grains
(Fig.  S6  in  the  ESM),  verifying  the  high  degree  of  texture  in  the
Sr1−xCaxBi2Ta2O9 ceramics.

Figure  4 investigates  the  in-plane  electrical  properties  and

leakage  current  behaviors  of  textured  Sr1−xCaxBi2Ta2O9 ceramics.
In Figs.  4(a)  and 4(b),  the  frequency-dependent εr and  tanδ at
room  temperature  decrease  with  increasing x for  the a–b plane
samples  of  textured  Sr1−xCaxBi2Ta2O9 ceramics.  In  particular,  the
tanδ of  the a–b plane  sample  decreases  from  0.021  for  pure
textured SrBi2Ta2O9 ceramics to 0.006 for the x = 0.4 composition,
one order of magnitude lower than 0.04–0.08 for Sr1−xCaxBi2Ta2O9
thin films, and the trend with Ca concentration is opposite to that
of  thin  films  [19,23].  Such  low  dielectric  loss  of  the a–b plane
suggests  low  defect  concentration  and  conductivity  in  textured
Sr1−xCaxBi2Ta2O9 ceramics,  which  would  exhibit  good stability  of
high-frequency responses. In Fig. 4(c), the temperature-dependent
εr for  the a–b plane  sample  shows  the  enhancement  of TC from
300 °C for pure textured SrBi2Ta2O9 ceramics to 500 °C for the x =

 

Fig. 3    (a) Schematic diagram of SrBi2Ta2O9 unit cell (Wyckoff symbols of atoms are in brackets). (b) Theoretical spontaneous polarization and total energy difference
between paraelectric and ferroelectric states of Sr1−xCaxBi2Ta2O9 unit cells. (c) Atomic contributions of theoretical spontaneous polarization of Sr1−xCaxBi2Ta2O9 unit cells
(for atomic displacements,  paraelectric structure is  chosen as reference such that unweighted average of displacements vanishes).  XRD patterns and SEM images of
(d, e) c plane samples and (f, g) a–b plane samples of textured Sr1−xCaxBi2Ta2O9 ceramics. Insets of panel (g) are length and thickness distributions of grains.
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0.4  composition,  which  corresponds  to  previous  observations
[22,24,46]  and  is  higher  than  ~470  and  400  °C  for
Sr0.6Ca0.4Bi2Ta2O9 random  ceramics  and  thin  films,  respectively
[22,24]. Figures 4(d)–4(g) show ferroelectric P–E hysteresis loops
of  textured  Sr1−xCaxBi2Ta2O9 ceramics.  For a–b plane  samples  at
x = 0.1–0.4,  the maximum Pr when reaching saturated hysteresis
loops  is  larger  than  that  of  pure  textured  SrBi2Ta2O9 ceramics,
confirming the enhancement of ferroelectric polarization with Ca
doping  [19,23,46]. Figure  4(h)  shows  the  leakage  current  density
(J)  varying  with  the  electric  field  of a–b plane  samples.  With x
increasing,  the  leakage  current  density  decreases  to  5.924×
10−7 A·cm−2 (@50  kV·cm−1).  This  trend  is  opposite  to  that  of
Sr1−xCaxBi2Ta2O9 thin films, which derives from the increase in the
conductivity  of  the  film  itself  [19].  In Fig.  4(i),  the  overall
maximum Pr is  larger  than  that  of  pure  textured  SrBi2Ta2O9
ceramics  and  verifies  the  result  of  first-principles  calculations  in
Fig.  3(b).  The  oscillation  of  the  polarization  value  may  be
attributed to the reduction in the texture degree.

To understand the intrinsic mechanism of the reduced in-plane
leakage  current  by  Ca  doping,  we  conducted  first-principles
calculations of the electric band structure (Fig. 5(a)). The band gap
extracted  from  electric  band  structures  (Fig.  S9  in  the  ESM)
increases  linearly  with  Ca  doping,  the  trend  of  which  coincides
with  the  experimental  band  gaps  of  SrBi2Ta2O9 and  CaBi2Ta2O9
measured by ultraviolet–visible  (UV‒vis)  absorption edge [47]  as
well  as  calculated  band  gaps  [48].  Thus,  the  possible  electronic

carrier  mobility  can  be  further  inhibited  by  Ca  doping.
Figures 5(b) and 5(c)  illustrate  AC impedance measurements for
a–b plane  samples  of  textured  Sr1−xCaxBi2Ta2O9 ceramics  at
various  temperatures.  In Fig.  5(b),  the  impedance  spectra
measured at 250 °C demonstrate the enhancement of the in-plane
resistivity  by  Ca  doping. Figure  5(c)  shows  the  extracted
Arrhenius  plots  of  DC  conductivities  (σdc)  in  the  temperature
range  of  350–600  °C.  The σdc of  the a–b plane  sample  decreases
while  the σdc of  the c plane  sample  has  a  little  change  with  Ca
doping (Fig. S11 in the ESM). At T = 600 °C, σdc of the a–b plane
sample  decreases  from  4.260×10−5 S·cm−1 at x =  0  to  2.927×
10−5 S·cm−1 at x = 0.4. The fitted activation energy (Ea) of the a–b
plane sample increases from 0.966 to 1.079 eV, which approaches
the  1.090  eV  of  the c plane  sample  of  pure  textured  SrBi2Ta2O9
ceramic (Fig. S11 in the ESM). Both σdc and Ea prove that the in-
plane  leakage  current  at  high  temperatures  above TC is  also
weakened by Ca doping.

For  actual  high-temperature  operating  conditions,  one  could
estimate  the  stable  operating  temperature  based  on  Landau’s
theory of secondary phase transition, as given by Eq. (1):

G = G0 + A0 (T− TC)P2 + BP4 (1)
where G is the total free energy; G0 is the free energy of the high-
symmetry  paraelectric  phase; P is  the  ferroelectric  polarization;
T is  the  temperature; TC is  the  Curie  temperature; A0 and B are
constants. Setting ∂G/∂P = 0 yields Eqs. (2) and (3):

 

Fig. 4    Dielectric and ferroelectric properties of textured Sr1−xCaxBi2Ta2O9 ceramics (x = 0.1, 0.2, 0.3, and 0.4). (a) Frequency-dependent εr and tanδ of a–b plane samples
at room temperature. (b) Comparisons of room-temperature εr and tanδ of a–b plane at a frequency of 1 MHz. (c) Temperature-dependent εr and tanδ of a–b plane
samples in range of 50–600 °C (inset is change in TC with Ca concentration). (d–g) P–E hysteresis loops of a–b plane samples. (h) Leakage current density (J) of a–b plane
samples. (i) Comparisons of maximum Pr and Ec of a–b plane samples when reaching saturated hysteresis loops.
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P =

√
A0

2B (TC − T) (2)

(
P
Ps

)2

= 1− T
TC

(3)

Considering  the  operating  temperature T = Topr with  the
decline  of  the  polarization  by  50%  (i.e., Popt =  0.5Ps),  which  is
regarded as a steady working condition, Topr = 0.75TC is obtained.
For x = 0–0.4, the estimated Topr increases from 224 to 375 °C.

(i)  Energy  band  gaps  of  Sr1−xCaxBi2Ta2O9 unit  cells  by  first-
principles calculations. (ii) Impedance spectra measured at 250 °C
for a–b plane samples of textured Sr1−xCaxBi2Ta2O9 ceramics (x =
0, 0.1, 0.2, 0.3, and 0.4). (iii) Arrhenius plots of DC conductivities
for a–b plane  samples  of  textured  Sr1−xCaxBi2Ta2O9 ceramics,
where  inset  shows  activation  energies  extracted  from  Arrhenius
plots of DC conductivities.

In addition to the improved Pr of a–b plane samples of textured
SrBi2Ta2O9 ceramics  in  this  work,  the  partially a-oriented
SrBi2Ta2O9 thin film has also been reported to exhibit a high Pr of
23.7  μC·cm−2 (Ec ≈  140  kV·cm−1)  [49].  However,  fabricating
SrBi2Ta2O9 thin  films  with a-oriented  crystallinity  and  a c-axis-
aligned in-plane orientation is much more challenging because of
the  large  lattice  mismatch  between  the c-axis  of  SrBi2Ta2O9 and
common SrTiO3 single-crystal substrates [49]. Even though the Pr
of  partially a-oriented  SrBi2Ta2O9 thin  film  can  be  further
improved to  35.3  μC·cm−2 [50],  the  leakage  current  issue  has  not
been  fully  addressed,  where  the  estimated  conductivity  of
~1.59×10−8 S·cm−1 at  room temperature is  not much smaller than

that of a–b plane samples of textured Sr1−xCaxBi2Ta2O9 ceramics at
350 °C (6.89×10−8 S·cm−1 for x = 0 and 1.72×10−8 S·cm−1 for x = 0.4).

Apart  from  Ca  doping,  many  other  attempts  to
stoichiometrically or nonstoichiometrically substitute Sr, Bi, or Ta
sites  of  SrBi2Ta2O9 have  also  been  explored.  For  example,
substitution  of  the  Sr  site  by  rare-earth  elements  increases  the
remnant polarization while decreasing the Curie temperature [51],
although  Sm  doping  can  improve  the  resistivity  of  SrBi2Ta2O9
ceramics [20]. V-doped SrBi2Ta2O9 ceramics with a texture degree
of f ≈  0.8  can  achieve  a  higher  dielectric  constant  and  Curie
temperature  compared  with  those  of  pure  SrBi2Ta2O9,  but  the
dielectric loss is unable to be effectively reduced (tanδ > 0.01) [52].
The  synergistic  improvement  of  the  electrical  performance  in
SrBi2Ta2O9 is  attributed  not  only  to  the  microscopic  strain
induced by the different ionic radii of the doping element but also
to certain electronic interactions between the doping element and
the substituted element.

4    Conclusions
In  summary,  the  improvement  of  in-plane  ferroelectric
polarization  with  a  low  in-plane  leakage  current  of  SrBi2Ta2O9
ceramics  is  successfully  achieved  by  texturing  and  Ca  doping
strategies. The in-plane ferroelectricity is fully released in the a–b
plane  sample  with Pr =  15.83  μC·cm−2 in  highly  textured
SrBi2Ta2O9 ceramics  (f =  0.985).  Ca-doped  SrBi2Ta2O9 texture
ceramics  with  a  high  degree  of  orientation  (f ≥  0.917)  show  an
improved Curie temperature (TC = 325–500 °C) and reduced in-
plane leakage current density (J = 5.924×10−7 A·cm−2@50 kV·cm−1

 

Fig. 5    (a) Energy band gaps of Sr1−xCaxBi2Ta2O9 unit cells by first-principles calculations. (b) Impedance spectra measured at 250 °C for a–b plane samples of textured
Sr1−xCaxBi2Ta2O9 ceramics (x = 0, 0.1, 0.2, 0.3, and 0.4). (c) Arrhenius plots of DC conductivities for a–b plane samples of textured Sr1−xCaxBi2Ta2O9 ceramics, where inset
shows activation energies extracted from Arrhenius plots of DC conductivities.
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for x = 0.4).  The mechanism of  Ca doping is  clarified,  where Ca
substitution  enhances Ps by  increasing  the  polarization  of  the
[(Sr/Ca)Ta2O7]2− perovskite  unit  and  suppresses  the  in-plane
leakage  current  by  increasing  the  electronic  band  gap.  Our
methodology combining texture technology and a doping strategy
provides  guidance  for  designing  high-performance  SrBi2Ta2O9
ferroelectric devices.
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