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Bismuth layered-structured ferroelectrics (BLSFs) possess an exceptionally ultra-high intrinsic Curie temperature
(generally above 600 °C) and excellent thermal stability, making them indispensable in high-temperature applications such
as aerospace and nuclear power generation. However, the commonly prepared BLSF ceramics have low piezoelectric ac-
tivity (dz3 < 10 pC/N) and a high coercive field. This performance limitation originates from the spatial confinement of
spontaneous polarization imposed by the two-dimensional layered structure as well as the oxygen vacancy defects intro-
duced by bismuth volatilization during high-temperature sintering. This paper systematically reviews. the recent research
progress on the optimization method for the piezoelectric performance of BLSFs: 1) multi-element doping (A-site, B-site,
A/B-site doping), which achieves a synergistic enhancement of piezoelectric response and intrinsic thermal stability by
regulating the degree of lattice distortion, inhibiting oxygen vacancy migration, and inducing the formation of pseudo-
tetragonal phase boundaries; 2) texturing processes including templated grain growth and hot pressing sintering achieve
the statistical average limits of polycrystals by inducing oriented grain arrangement, resulting in anisotropic piezoelectric
properties approaching those of single crystals; 3) high-entropy material design, which breaks the traditional constraint of
polarization being confined to the a—b plane by introducing multi-principal elements to form two-dimensional amorphous
defect layers, leading to additional out-of-plane polarization components and achieving a breakthrough in polarization flex-
ibility and comprehensive performance. By analyzing the structural modification mechanisms of different systems, this
paper reveals the synergistic enhancement effects of lattice distortion regulation, oxygen vacancy suppression, domain en-
gineering, and high-entropy design on piezoelectric performance. This paper aims to provide strategic references for the
rational design of high-performance high-temperature piezoelectric materials. Finally, it presents prospects for the piezo-
electric performance and future applications of bismuth layer-structured piezoelectric ceramics.
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1. Introduction

Piezoelectric ceramics are a type of functional ceramic
material that possesses the piezoelectric effect. The piezo-
electric effect refers to the phenomenon where the mate-
rial generates electric charges when subjected to mechani-
cal stress.(positive piezoelectric effect), or undergoes defor-
mation when an electric field is applied (reverse piezoelec-
tric effect). - This unique electro-mechanical coupling prop-
erty enables piezoelectric ceramics to have extensive appli-
cations in fields such as sensors and transducers.!"-?) Among
them, piezoelectric vibration sensors for high temperatures
exceeding 350 °C have wide applications in aerospace, mil-
itary weaponry, and petroleum exploration. Although tradi-
tional lead-based piezoelectric ceramics such as Pb(Zr,Ti)O3
have a high piezoelectric coefficient, their Curie temperature
is usually below 350 °C, which limits their application in high-

[3-51 Therefore, there is an urgent need to

temperature fields.
develop high-performance piezoelectric materials with rela-

tively high Curie temperature.
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Aurivillius-type ceramics!® or bismuth layer-structured
ferroelectrics (BLSFs) exhibit several favorable properties, in
particular, low dielectric permittivity and high Curie tem-
perature, which make them potential materials for high-
temperature device applications.!”! Bismuth layered materi-
als are lead-free, thermally stable compounds with good fer-
roelectric and dielectric properties. Structurally, BLSFs con-
sist of perovskite-like slabs of ABOj3 structure and fluorite-like
(Bip0,)>" layers regularly and alternately interleaved along
the c-axis of the bismuth layer-structured oxide.!3! Their gen-
eral formula is (Bi202)2+(Am,1BmO3mH)2’. In this formula,
the A-site is suitable for 12-coordinated monovalent, biva-
lent, and trivalent ions, such as Ca?t, Sr2*, Ba?t, Bi’™,
La’t, or their composite ions, while the B-site is suitable
for octahedral coordination ions such as Ti*T, Nb>*, or their
mixtures.>!% The integer m, generally referred to as the layer
number, corresponds to the number of octahedral layers within
the perovskite-like slabs (Am,leO3m+1)2_ situated between

the (Bi0,)*" layers. Common systems with m = 1 in-
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clude Bi,WOg (BW); those with m = 2 include Bi3TiNbOyg
(BTN), CaBi;Nb;Og (CBN), CaBi;Ta;Og (CBTa), etc.; those
with m = 3 include BisTizOq, (BIT), etc.; and those with
m = 4 include SrBisTi4Os (SBT), Nag 5Biy 5TisO5 (NBT),
CaBiyTi4Oy5 (CBT), etc.!'!l The m value is closely re-
lated to the ferroelectric and piezoelectric properties of the
material.['>13] Generally speaking, the smaller the m value,
the higher the Curie temperature, but the lower the piezoelec-
tric activity. This unique layered structure endows the mate-
rials with a high Curie temperature, low dielectric loss, high
resistivity, and excellent fatigue resistance, making them core
candidate materials for piezoelectric sensors in extreme high-
temperature environments such as aerospace, nuclear energy,
national defense, transportation and geothermal exploration.
The structures and brief application scenarios of BW, CBN,
BIT, and CBT are shown in Fig. 1.

National defense e - Transportation
X 0 g s /
o d = !"l’:;, ] !
- wo e T
WO, y
S\
9, Bismuth Layer & £
&=, Structured z
é Ferroelectrics rg
5 & 2
[ZPUNN 2
Of1L'Y

§ £ 22

Fig. 1. Structures and brief application scenarios of BLSFs.

However, this type of material also has three significant
drawbacks. First; its special crystal structure leads to a large
¢/a ratio, exhibiting significant anisotropy, with spontaneous
polarization mainly confined to the a—b plane. This results
in a significantly low piezoelectric coefficient d33 for ceram-
ics with randomly oriented grains. Second, the Bi element
tends to volatilize during high-temperature preparation, lead-
ing to-the generation of a substantial number of oxygen va-
cancies within the crystal structure. This increases the car-
rier concentration, resulting in a significant reduction in elec-
trical resistivity. Finally, due to their unique crystal struc-
ture, BLSFs readily form plate-like grains. This specific mor-
phology introduces numerous pores between grains during the
stacking process, which can create current pathways after sin-
tering, consequently impeding the polarization process. These
shortcomings severely restrict the widespread application of
such ceramics in high-temperature piezoelectric devices. To
enable the large-scale practical deployment of BLSFs, their

piezoelectric performance and high-temperature electrical re-
sistivity must be significantly enhanced. To achieve this goal,
researchers have conducted extensive investigations into im-
proving their piezoelectric properties.

2. Performance
BLSFs

BLSF ceramics possess a unique alternating layered
structure that results in a high coercive field (> 120 kV/cm)
and restricted polarization rotation. Consequently, their piezo-

optimization strategies for

electric coefficients remain low (only about 6.0 pC/N). To ad-
dress this challenge, researchers have proposed correspond-
ing improvements for BLSFs through ion doping modifica-
tion, texturing processes, and high-entropy design. The fol-
lowing section'will discuss in detail the performance optimiza-
tion strategies for BLSFs.

2.1. Doping strategy

Ion doping is the most fundamental and widely used op-
timization method, primarily achieved by adjusting crystal
structure and defect chemistry. The essence of this approach
lies in substituting the original ions with similar ionic radii and
chemical valence states, thereby inducing lattice distortion and
oxygen vacancy reduction to achieve enhanced electrical prop-
erties. The doping strategies can be further categorized into
A-site doping, B-site doping, and A/B-site co-doping.

The A-site doping mainly uses lanthanide rare earth el-
ements (La’t, Nd3*, Ce?*, Yb*t, Sm3*, Eu3™) and alkali
metal ions (Na™, KT, Li™) to replace the A-site ions such as
Bi**, Ca?*. When the valence states differ, various types of
vacancies may emerge, resulting in a certain degree of lattice
distortion. This effectively enhances the macroscopic elec-
trical properties of BLSF ceramics. Research has revealed
that the synergistic substitution of A-site Ca>* ions in CBN
ceramics with Na™ and Sm3* ions can regulate its struc-
ture, electrical performance, and thermal stability properties.
Cag 95(Na, Sm)(.925BipNbyOg (CBNS-0.025) ceramics exhibit
a large piezoelectric coefficient (d33 = 12.8 pC/N), an ultra-
high Curie temperature (7c = 949 °C), and an excellent direct
current resistivity (p = 4 x 10’ Q-cm at 500 °C).['*] By co-
doping Li/Bi to enhance initial polarization and improve di-
electric breakdown strength, the piezoelectric performance of
CBT ceramics is synergistically enhanced.>! As illustrated
in Fig. 2(a), increasing the displacement of A-site ions en-
hances the intrinsic spontaneous polarization of the material at
the atomic scale. Meanwhile, the PFM (piezoresponse force
microscopy) results show a denser structure and weakened
anisotropy of the material, reducing the pinning effect of grain
boundaries on domain wall movement, making it easier for
domains within the grains to be oriented under an external
electric field. Li/Bi co-doped CBT ceramics also have higher
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high-temperature resistivity (Fig. 2(a)). Furthermore, the in-
troduction of Na/Pr/Ce ions at the A-site of CBT ceramics can
effectively enhance the degree of lattice distortion, thereby fa-
cilitating spontaneous polarization and enhancing the intrinsic
piezoelectric contribution. At the same time, the high den-
sity of domain walls facilitated the switching of electric do-
mains, thereby enhancing the non-intrinsic piezoelectric con-
tribution. Together, these effects led to an increase in the ds3
value of this system to 22.3 pC/N, while the reduced oxy-
gen vacancy concentration increased the temperature stability
of the material.['® The lattice distortion induced by doping
enhanced the spontaneous polarization of the ceramics. The
synergistic effects of both intrinsic and extrinsic factors con-
tributed to the improved piezoelectric performance of the ce-
ramics.

The B-site doping usually adopts the method of donor or
acceptor substitution to control the oxygen vacancy concen-
tration in the bismuth layered piezoelectric ceramics, thereby
affecting the electrical properties of the material. Generally
speaking, donor doping is considered to increase resistivity by
injecting excess electrons to compensate for intrinsic hole car-
riers, whereas acceptor doping forms lattice defects and oxy-
gen vacancies. Co-substituting Nb in CBN ceramics with Mo
and Cr has achieved an optimal performance (d33 = 15 pC/N,
Tc = 939 °C).!I'71 Mo/Cr co-doping significantly reduces oxy-
gen vacancies and enhances the tetragonal nature of the lat-
tice structure, thereby improving the piezoelectricity, ther-
mal stability and resistivity of ceramics. Composite ions
(Cry3/Tay3) formed by low-valence Cr’* and high-valence
Ta>" are introduced into the B-site of BIT. This approach
effectively suppresses oxygen vacancies, thereby synergisti-
cally enhancing the overall electrical performance of the ma-
terial. As shown in Fig. 2(b), the original layered struc-
ture remains preserved after Cr/Ta doping, which is a typi-
cal characteristic. of Aurivillius class of compounds.!'8! The
prepared BisTis 97(Cry /3Ta2/3)0_03012 (BTCT3) ceramic ex-
hibits a high piezoelectric coefficient (d33 = 26 pC/N) and
a‘high Curie temperature (7¢c = 687 °C). Furthermore, this
composition achieves significantly increased resistivity (p =
2.8 x 10° Q-cm at 500 °C) and excellent piezoelectric stability
up to.600 °C. By substituting Ti at the B-site of NBT ceram-
ics with Nb and Co, respectively, NBT ceramics with a T¢ of
666 °C and d33 of 30 pC/N, as well as Tc of 690.2 °C and
ds3 of 22 pC/N, were obtained.!'%?%] B-site doping increases
the b/a lattice parameter ratio, leading to distortion of the
TiOg octahedra and a structural transition from orthorhombic
to tetragonal phase, thereby improving the ferroelectric prop-
erties.

The A-site ions have relatively large radii, which pro-
vides convenience for the design of the crystal structure and
is an effective way to enhance the electrical properties of

BLSF ceramics. However, improving piezoelectric perfor-
mance through A-site ion substitution often comes at the cost
of sacrificing Curie temperature. In contrast, although B-site
ion substitution can weaken the pinning effect of oxygen va-
cancies, due to the smaller radius of B-site ions, its modifi-
cation effect is not very pronounced. The co-substitution at
both A and B sites combines the advantages of both, capa-
ble of simultaneously achieving high Curie temperatures and
high piezoelectric performance.?! For ultrahigh-temperature
piezoelectric applications, A-site Li/Nd co-doping and B-site
Sc/W co-doping were employed in CBN ceramics. By eluci-
dating the effects of cation disordering, defect dipole reorien-
tation, and domain structure on the electrical properties, CBN-
based ceramics with superior performance (d33 = 20.6 pC/N,
Tc = 908 °C).to conventional materials were successfully
fabricated.?”] An A/B-site co-doping strategy involving the
simultaneous introduction of Li/Pr at the A site and Bi/Sc at
the B site was adopted to synergistically optimize the com-
prehensive performance of CBN ceramics, rendering them
highly promising piezoelectric materials for high-temperature
sensing applications.!>3! As shown in Fig. 2(c), doping ex-
erts a significant influence on the crystal structure and de-
fect chemistry of the CBN ceramics. Notably, no obvious
degradation in piezoelectric performance was observed for all
compositions upon annealing at temperatures up to 800 °C.
Moreover, distinct 180° domains and small belt-shaped 180°
DWs along with head-to-head or tail-to-tail were clearly ob-
served, which contribute to the enhanced piezoelectric prop-
erties (d33 = 18.2 pC/N, Te = 938 °C).[Z3] Excellent piezo-
electric performances (Tc = 675 °C, d33 = 32 pC/N) were ob-
tained in NBT ceramics via replacing the Na ions at the A
site with Li/Ce/Bi ions and the Ti ions at the B site with Sc
ions.[>*l Remarkably, after annealing the sample in an oxy-
gen atmosphere, the dz3 value increased to 37 pC/N, which
is attributed to the reduction of oxygen vacancy concentra-
tion. Meanwhile, all samples exhibited good piezoelectric sta-
bility. Through the experimental approach of Er’t doping
at the A-site combined with Nb>*/W3* co-doping at the B-
site, BIT-based ceramics with high piezoelectric performance
(d33 =36 pC/N), high Curie temperature (657 °C), high resis-
tivity (4.2x10° Q-cm at 500 °C), and high-precision temper-
ature sensing capability over a wide temperature range were

(251 In summary, A/B-site co-doping

successfully fabricated.
effectively enhances the piezoelectric activity and resistivity of
ceramics while simultaneously tuning the Curie temperature
and temperature stability, making chemical doping at the A/B
sites of BLSFs an effective strategy for improving the piezo-
electric coefficient and resistivity at high temperatures.

In a word, ion doping modification can increase the piezo-
electric coefficient d33 of BLSF ceramics from 6 pC/N to 15—

45 pC/N approximately, with a relatively small sacrifice to
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the Curie temperature 7c. At the same time, it significantly
enhances the high-temperature resistivity by reducing oxygen
vacancies. This strategy is simple in process, low in cost, and

easy to scale up for production, making it the most practical
performance optimization method for current industrial appli-

cations.
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Fig. 2. The performance improvement of BLSFs after doping at A-site, B-site, and A/B-site. (a) The local atomic structure of the pure CBT phase and the doped
CBT phase (theoretical calculation results); VPFM (vertical piezoresponse force microscopy) images of pure CBT ceramics and Cag g(Lig 5sBip.5)0.2Bi4TisO15
ceramics; the temperature dependence of ps..!'>! (b) Schematic diagram of the crystal structure after doping; temperature dependence of logarithmic resistivity
of BTCT100x ceramics; the relationship between d33 and Tg in BIT-based ceramics. '8! (¢) Schematic illustration of the microstructure of CBN-based ceramics
after doping, along with comparisons of temperature stability and comprehensive performance. >3]

2.2. Texture technology

Texturing processes mainly refer to grain orientation tech-
niques. By achieving high alignment of spontaneous polariza-
tion directions (within the a—b plane), this represents one of
the most effective methods to overcome two-dimensional po-
larization limitations and substantially enhance piezoelectric
properties. These techniques mainly include templated grain
growth (TGG), hot pressing sintering (HPS), spark plasma
sintering (SPS), and two-step sintering (TSS). Through con-
trolling the preferred orientation of grains along the (001) di-
rection and fully exploiting piezoelectric anisotropy, texturing
processes can increase ds3 by 3 to 5 times.[20-28]

The TGG method is an advanced processing technique
used to prepare ceramics with strong anisotropic textures. This
technology involves introducing template grains with a spe-
cific orientation into a ceramic matrix. By leveraging the
anisotropic growth characteristics of the grains, it induces the
matrix grains to grow oriented along the crystallographic di-
rection of the template grains during the sintering process,
thereby obtaining a ceramic material with a highly textured
microstructure. Crystals with a layered structure, synthesized
via hydrothermal or molten salt methods, are typically used

as template grains. The hydrothermal method utilizes a high-
temperature and high-pressure hydrothermal environment to
promote crystal growth, yielding template grains with high
crystallinity and regular morphology. The molten salt method
accelerates solid-state reactions and crystal growth by using
low-melting-point salts as a reaction medium at high tempera-
tures, making it suitable for large-scale synthesis.[?®2%301 The
specific process is shown in Fig. 3(a). Currently, there are
increasing reports on the texturing processes of BLSFs. For
example, Nb-ion-doped BIT textured ceramics have been pre-
pared, increasing the d33 value to 30 pC/N.B! It has also been
found that the use of fine precursor powder helps enhance the
density of the ceramics and maintains excellent thermal sta-
bility at a high temperature of 600 °C. Luo et al. have pre-
pared textured CBN-based ceramics by the TGG method com-
bined with Na/Sm co-doping. The Na/Sm co-doping intro-
duces atomic-scale disorder and local structural heterogene-
ity, and the significant reduction in the relative displacement
of Ca atoms with respect to Nb atoms all contribute to the
enhancement of piezoelectric performance (Fig. 3(b)). TEM
reveals the presence of high-density striped nanodomains in
the textured samples, with domain walls being curved but ir-

107701-4



Chin. Phys. B 35, 107701 (2026)

regular, a domain structure that facilitates domain switching
under an external electric field (Fig. 3(c)). The as-prepared ce-
ramics achieve a piezoelectric coefficient d3z > 30 pC/N and
Tc > 950 °C (Fig. 3(d)).?

HPS requires pre-filling all powder particles into a hot-
press die, enabling the simultaneous application of uniaxial or
biaxial mechanical pressure during the ceramic sintering stage.
This externally applied pressure serves as an additional driving
force beyond conventional thermal sintering, effectively pro-
moting interparticle contact and mass transport. Consequently,
it reduces the sintering temperature while ensuring high den-
sification, and also offers the possibility of controlling the pre-
ferred grain orientation.>3] The main process steps include
reaction-molding-degumming and sintering (Fig. 4(a)). HPS
induced preferred orientation in the CBTa-based ceramics, (8]
effectively aligning the polar domains while maintaining the
layered perovskite structure. This optimization significantly
enhanced the piezoelectric response (d3z = 21.8 pC/N) and
DC resistivity (> 1.11 x 107 Q-cm at 600 °C) without com-
promising the Curie temperature 7¢c (922 °C). Notably, the
textured ceramics retained 95% of their initial piezoelectric
performance after depolarization at 900 °C for 2 h, highlight-
ing their exceptional thermal stability. A piezoelectric ce-
ramic BCTNTW with high texture degree, high density, and
excellent piezoelectric properties was successfully prepared
by combining the chemical substitution method (Ce, W, Ta)
with HPS.[3*! As shown in Fig. 4(b), when the sample is cut
in different directions, the sample cut in the vertical pressure

(a) Casting

Wy

Drying

v

e .

Cutting and stacking
\J

Template

Casting
-

P

Matrix

€
Solutions  Template
Homogenizing

— -

L

Sintering
Cutting
-

— (b

e (éob)'
@ T %

il “(020)

- 21[001] « 21/[051]

. 2/I[001]

direction (BCTNTW-Per) exhibits a (100) preferred orienta-
tion and a more easily reversible domain structure, thereby
achieving excellent comprehensive performance; secondly, the
HPS method forms larger-sized and more evenly distributed
micrometer domains, and endows the sample with uniform lo-
cal piezoelectric response (Fig. 4(c)), thereby explaining the
mechanism of the improvement in the piezoelectric perfor-
mance of textured ceramics at the microscopic scale. The ob-
tained piezoelectric constant d33 reaches 27 pC/N (twice that
of traditional sintered samples), the remanent polarization Pr
reaches 17.7 uC/cm?, the T¢ is as high as 890-°C, the resistiv-
ity at 600 °C remains 1.6 x 10° Q:cm, and it can still maintain
more than 90% of the initial d33value after 800 °C annealing
(Fig. 4(d)).

SPS is another ceramic preparation process, which is sim-
ilar to HPS, but the two methods differ in their heating ap-
proaches. While applying pressure to the sample, the lat-
ter uses pulsed electric current to heat and sinter the powder
particles. It offers advantages such as uniform heating, fast
heating rates, low sintering temperatures, and short sintering
times.!3! It has been reported in the literature that the piezo-
electric performance of BLSFs can be enhanced by the SPS
method. For example, highly textured sodium bismuth titanate
ceramics were prepared. This ceramic exhibits a high degree
of preferential orientation and a good piezoelectric constant

dz3 (35.8 pC/N), which is more than twice that of convention-
ally sintered NBT (15.8 pC/N).[36]
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Fig. 3. (a) Schematic diagram of the TGG preparation process;*?! (b) structural evolution of NbOg octahedra in CBN and CBNNS ceramics
and the relative displacement of Ca atoms compared to Nb atoms in the perovskite layer; (c¢) TEM images of textured CBNNS ceramics and
corresponding selected-area electron microscope images; (d) comparison of d33 and T¢ of textured CBNNS ceramics with other representative

CBN-based ceramics. 32!
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The textured technology effectively overcomes the two-
dimensional limitation of the spontaneous polarization of bis-
muth layered materials, which is confined to the a—b plane, by
inducing the crystal grains to align along a specific direction,
and improves d33 to a certain extent. However, this strategy re-
quires additional template grain growth preparation ot pressur-
ized sintering equipment, resulting in a more complex process
and higher cost than the traditional doping method. Compared
with the doping strategy, texturing can achieve a higher upper
limit of piezoelectric performance, but it is not conducive to
low-cost large-scale production.

2.3. High-entropy design

At present, high entropy has emerged as an effective and
flexible strategy to enhance the physical properties of fer-
roelectrics through. the careful design of local polarization
configurations. According to thermodynamic principles, the
Gibbs free energy can be expressed as AG = AH — TAS.[138
The high-entropy strategy significantly increases the configu-
rational entropy of the system by introducing multiple princi-
pal elements, thereby lowering the free energy at high temper-
atures and stabilizing the solid solution phase. Additionally, it
leverages the entropy increase effect to induce local structural
distortions, thereby significantly enhancing the comprehensive
electrical properties of the material.[*”! Furthermore, the high-
entropy strategy exhibits distinct advantages in designing ex-
cellent comprehensive physical properties via the cocktail ef-
fect, and can also be employed to design local polarization

140421 Qil*43] pioneered the introduction of

disorder behavior.
the high-entropy strategy into the design of high-temperature
piezoelectric ceramics. By incorporating heteroatoms such as

Na*, Ti**, and Ta>T into the CBN ceramic matrix, they devel-

oped a high-entropy high-temperature piezoelectric ceramic
material Cal/3(Nao,sBio_s)1/3(Bi7/3Ti1/3Nb1/3Ta4/3)09. As
shown in Fig. 5(a), the high-entropy sample exhibits an al-
ternating arrangement of perovskite-type (CaNb,O7)>~ lay-
ers and bismuth (Bi;O,)>* layers stacked along the (001)
axis. The well-crystallized Aurivillius phase of CBN was con-
firmed using atomic-resolution high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM).
The material achieved a piezoelectric coefficient ranging from
20.6 pC/N to 31.5 pC/N and a high DC resistivity of 10° Q-cm
at 750 °C, far superior to conventional CBN-based ceramics.
The coercive field was significantly reduced, while the rema-
nent polarization increased, facilitating poling treatment.
Another A/B-site substituted CBTa (with Li/Na/Ce at the
A-site and Nb/W/Ti at the B-site) system based on a high-
entropy strategy significantly enhances the piezoelectric con-
stant d33 from 5.4 pC/N in pure CBTa ceramic to 12.1 pC/N
for Cag.74Lig.03Nag.1 Ceo.04Biz.09Ta1.4Nbg 2 W 2 Tig 209
(CLNCBTaNWT-2) ceramics (Fig. 5(b)),[** which is at-
tributed to the effective introduction of doping ions enhancing
ferroelectricity. PFM measurements observed 180° and 90°
domain walls, indicating that the domains in CLNCBTaNWT-
2 ceramics exhibit more facile switching behavior. Con-
currently, ultrasonic experiments showed that the signal-to-
noise ratios for the symmetric zero-order mode (Sp) and an-
tisymmetric zero-order mode (Ag) generated by the obtained
CLNCBTaNWT-2 ceramics reached 12.2 dB and 19.7 dB, re-
spectively, with performance stable up to 400 °C. These results
demonstrate that CBTa-based ceramic systems designed using
a high-entropy strategy hold promising application prospects
in high-temperature ultrasonic structural health monitoring.
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Fig. 5. (a) HAADF-STEM images of CBN; d33 and T¢ values of several typical bismuth-based layered structure ceramics were compared, the
comprehensive performance of CBN and high-entropy x = 4/3 samples.!*3] (b) d33 values of CLNCBTa and CLNCBTaNWT-10x (x = 0.1—
0.4) ceramics with different sintering temperatures; PFM images of the optimal performance of CLNCBTaNWT-2; experimental settings and
verifications were conducted for ultrasonic detection in Ag and Sy modes, and voltage signals at different temperatures were received.*#!

Compared with the first two optimization strategies, the
introduction of high-entropy design results in the best com-
prehensive performance of BLSF ceramics. However, the se-
lection and optimization of high-entropy components rely on
a large number of trial-and-error experiments, and the pro-
cess window is narrow, making the preparation rather diffi-
cult. Additionally, the introduction of high entropy gives it a
significant advantage in high-temperature resistivity, and the
improvement in the piezoelectric coefficient is considerable.

3. Piezoelectric enhancement mechanism

Generally, doping ions enhance piezoelectric perfor-
mance through two primary mechanisms. The first involves
substituting B-site ions with larger-radius ions. The increased
ionic radius induces distortion in the BOg octahedra, enhanc-
ing the orthorhombic distortion of the lattice (manifested as
the b/a ratio), which directly strengthens the spontaneous po-
larization. The 'second mechanism utilizes metal ions doped
at the A-site to induce ionic shifts, effectively reducing the
lamellar orientation preference of the ceramics. This promotes
a more random grain orientation, which, counterintuitively,
facilitates the alignment of a greater number of grain polar-
ization directions with the external electric field. As shown
in Fig. 6(a), the rotation distortion of the TiOg octahedra in
the NBT ceramic doped with Nby ,Cry 5 is significantly am-
plified. This pronounced rotational modification may play a
key role in enhancing the piezoelectric performance of the
NBT-NC6 sample.[*! Furthermore, the spontaneous polariza-
tion for BLSFs is strictly confined within the a—b plane of the
crystal lattice. A fundamental change occurs when processing
techniques are employed to achieve grain texturing, aligning
the a—b planes of grains parallel to the direction of the applied
electric field. In this scenario, the originally confined polar-
ization direction within the grains becomes aligned with the
external field, significantly improving poling efficiency. Dur-

ing the poling process, the external electric field can directly
act on the intrinsic polarization direction of these grains, driv-
ing domain wall motion and polarization switching.

When the donor ions or specific atmospheres are applied
for treatment, it can effectively reduce the concentration of
oxygen vacancies, and the pinning effect of domain walls is
significantly weakened. The domain walls regain their mobil-
ity and can freely move under an external electric field. More
domains can participate in the polarization switching. This
not only makes the polarization process more complete, but
also reduces the coercive field, enabling the material to reach
saturation polarization at a lower electric field. It is worth
noting that the regulation of oxygen vacancies is not limited
to simply reducing the concentration. In some doping strate-
gies, the oxygen vacancies generated by the acceptor ions are
bound near the defect centers, forming defect dipoles. These
bound oxygen vacancies do not participate in long-range con-
duction and will not freely migrate to the domain walls to form
pinning, thereby achieving the reduction of effective oxygen
vacancy concentration. The formation of defect dipole pairs
(Nag,—V{) in Na™-doped CBN ceramics effectively reduces
the concentration of free oxygen vacancies through an elec-
trostatic binding effect, while simultaneously stabilizing the
ferroelectric phase. As a result, high piezoelectricity, high
Curie temperature, and high electrical resistivity are achieved
concurrently. The XPS experiment (Fig. 6(b)) provides corre-
sponding evidence for this mechanism. 4!

On the other hand, high-density nanoscale strip-like do-
mains and domain walls can be observed in the samples with
better performance. The nanodomains have a higher density
of domain walls, meaning there are more movable interfaces
within a unit volume. The domain walls also contribute to the
diversity of the polarization direction and the coordination of
domain flipping. The optimization of these domain structures
enables the material to exhibit higher remanent polarization Pr
and a larger piezoelectric coefficient on a macroscopic scale.
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As shown in Fig. 6(c), the introduction of Ta/Sb ions into the
BIT ceramic modifies its domain structure, resulting in a stripe
domain configuration with lower domain wall energy and en-
hanced mobility. This promotes polarization switching and
stress-induced charge output, thereby significantly improving
the piezoelectric response.*”!

High-entropy design primarily enhances piezoelectric
performance by introducing two-dimensional amorphous de-
fects and local chemical disorder, which excite additional out-
of-plane polarization components while simultaneously reduc-
ing the polarization switching energy barrier. Through atomic-

resolution HAADF-STEM combined with polarization vec-
tor mapping and elemental analysis, the formation of two-
dimensional defects in high-entropy design CBN ceramics at

431 Furthermore, the

the atomic scale is revealed (Fig. 6(d)).
lattice distortion around these defects generates out-of-plane
polarization components that are not allowed in the conven-
tional Aurivillius structure, making the polarization more flex-
ible. As a result, the ceramic responds more readily under an
external electric field, macroscopically manifesting as a lower

coercive field and a higher piezoelectric coefficient.
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Fig. 6. Mechanisms for performance enhancement of BLSFs. (a) Tilt and rotation degrees of TiOg octahedra in NBT-NCO and NBT-NC6
ceramics, ! (b) XPS O Is spectra of CNBN-0 and CNBN-0.05,4%) (¢c) VPFM amplitude and phase images of BCTMTS-0 and BCTMTS-3
ceramics,*”! (d) atomic-scale characterization of local structural evolution using high-entropy engineering about CBN. 431

4. Conclusion and prospect

This review has synthesized key optimization strategies
for enhancing the piezoelectric performance of BLSFs, ad-
dressing their intrinsic limitation of low piezoelectric activ-
ity despite ultra-high Curie temperatures. The performance
optimization strategies for bismuth layer-structured piezo-
electric ceramics have evolved from single doping modifica-
tion to a new stage of multi-dimensional collaborative reg-
ulation. Domain engineering provides new mechanisms for
further breaking through performance limits, and opens up
new pathways for the high-performance application of low-
piezoelectric-activity materials. Methods like templated grain
growth and hot-press sintering induce grain orientation, align-

ing the spontaneous polarization direction with the applied
electric field. This overcomes the two-dimensional polariza-
tion confinement and can enhance di3 effectively, with tex-
tured ceramics achieving values exceeding 30 pC/N. The high-
entropy strategy is also beneficial for grain refinement pro-
cesses, mechanical property improvement, and entropy stabi-
lization effects, opening up opportunities for designing high-
entropy ferroelectric materials with novel polarization config-
urations and excellent performance (entropy-stabilized oxides,
high-entropy ceramics). Therefore, its piezoelectric perfor-
mance is being continuously improved, and it is expected to
achieve a critical leap from a candidate material to a core mate-

rial in fields such as aerospace high-temperature sensors, high-
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frequency communication devices, and lead-free environmen-
tally friendly alternatives in the future.

Although ion doping, texturing, and high-entropy strate-
gies have significantly improved the performance of bis-
muth layered piezoelectric ceramics, the traditional “trial-and-
error” experimental methods are time-consuming and labor-
intensive, and it is difficult to comprehensively explore the
complex composition space corresponding to ceramics com-
posed of multiple principal components. In addition, to un-
derstand the intrinsic relationship between local distortion,
oxygen vacancy distribution, and macroscopic performance in
BLSF ceramics, theoretical simulations that go beyond con-
ventional computing capabilities are required. Machine learn-
ing potential functions can play a key role in this field. By gen-
erating datasets through high-throughput first-principles cal-
culations and training machine learning potential functions, it
is possible to quickly and accurately predict the formation en-
ergy, lattice distortion degree, oxygen vacancy formation en-
ergy, and intrinsic piezoelectric response of different element
combinations at different ratios. By using machine learning
potential functions, large-scale BLSF ceramics supercell mod-
els containing thousands or even tens of thousands of atoms
can be constructed and large-scale molecular dynamics simu-
lations can be conducted.

Future research should focus as much as possible on the
deep integration of atomic-scale structural modulation, high-
entropy design, intelligent preparation processes, and device
engineering. At the same time, greater emphasis should be
placed on evaluating the long-term reliability of devices under
actual service conditions. There is an urgent need to develop
in-situ operational measurements, that is, real-time tracking of
piezoelectric responses during thermal cycling, mechanical vi-
bration, or humidity exposure. Accelerated aging tests, which
apply elevated temperatures or cyclic electric fields over a rel-
atively shortperiod, can be used to predict the service lifetime
of BLSE ceramics. Establishing standardized testing protocols
for such materials will be a crucial step toward promoting their
practical applications in fields such as aerospace and nuclear
energy.
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