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Superior energy storage performance
of PbZrO3-based films via phase regulation
and entropy engineering

Jiaqi Lian,a Fengzhen Huang, *ab Biwei Shen,a Yulong Yang,a Jielin Zha,a

Zeyu Xiao,a Kai Cao,a Xiaomei Lu *ab and Jinsong Zhuab

Achieving a synchronous improvement of recoverable energy storage density (Wrec) and efficiency (Z)

remains a critical challenge for dielectric capacitors. In this paper, a synergistic strategy combining phase

regulation and entropy engineering is proposed to delay the transition from the antiferroelectric (AFE)

to ferroelectric (FE) phase and enhance the relaxor behavior of the PbZrO3 (PZO) film, optimizing both

Wrec and Z. Specifically, Sn4+ at the B site induces a tetragonal AFE phase within the orthorhombic AFE

matrix of PZO, which reduces the domain size and facilitates the FE–AFE polarization switching upon

removal of the applied electric field. La3+, Sr2+, and Ba2+ at the A site stabilize the AFE phase by reducing

the perovskite tolerance factor and thus increase the transition field from the AFE to FE phase. Further-

more, the high-entropy design refines the microstructure and stabilizes the charge carriers through

introducing chemical disorder, effectively reducing the leakage current and enhancing the breakdown

field. Consequently, a large Wrec of 101.8 J cm�3 and an Z of 71.5% are achieved in the

Pb0.895La0.03Sr0.03Ba0.03Zr0.5Sn0.5O3 relaxor AFE thin film, approximately 3.6- and 2-fold higher than

those of pure PZO, respectively. This relaxor AFE film also exhibits excellent breakdown reliability,

superior thermal stability and robust fatigue resistance.

1. Introduction

Compared with electrochemical capacitors, dielectric capacitors
based on physical polarization offer ultrahigh power density, rapid
charge–discharge rates, and exceptional stability, making them
suitable for high-power pulse systems, military defense and micro-
wave communications.1–3 However, the low energy density and
efficiency limit their use in compact devices. Therefore, developing
advanced dielectric materials that can simultaneously achieve high
energy density and efficiency has become a focus of ongoing
research. The energy storage performance of dielectric capacitors
is determined mainly by polarization (P) switching under an
applied electric field (E), with the key parameters obtained from
the P–E loops using the following equations:4

W ¼
ðPm

0

EdP (1)

Wrec ¼
ðPm

Pr

EdP (2)

Z ¼Wrec

W
� 100% (3)

where W, Wrec, Pm, Pr, and Z represent the total energy storage
density, recoverable energy density, maximum polarization, rem-
nant polarization, and efficiency, respectively. It is seen that a large
polarization difference (DP = Pm � Pr) and a high breakdown field
(Eb) are pivotal for good energy storage performance, while a trade-
off between them is commonly observed for conventional linear
dielectrics (LDs) and ferroelectrics (FEs).5 Antiferroelectrics (AFEs),
benefiting from the field-induced reversible AFE–FE transition,
exhibit distinctive double hysteresis loops, where AFEs transform
into FEs under the forward switching field (EF), and revert to AFEs
under the backward switching field (EA) (Fig. S1). The antiparallel
alignment of polarization results in a near-zero Pr, making AFEs
promising candidates for energy storage.6

As a typical AFE material, PbZrO3 (PZO) has drawn extensive
interest in dielectric energy storage due to its high polarization
and flexible compositional tunability. However, the small free
energy difference between AFE and FE phases makes its AFE
order highly sensitive to external perturbations, resulting in a
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non-zero Pr and a low Z (o50%).7,8 Furthermore, the lattice
distortion accompanying the AFE–FE transition under an elec-
tric field leads to fast polarization saturation and low dielectric
breakdown strength, limiting both Wrec and Z. To stabilize the
AFE phase of PZO, various strategies were explored, including
grain refinement,9,10 chemical doping,11–20 oriented growth,21–23

and defect engineering.24 For example, Li et al. achieved a Wrec of
31 J cm�3 and an Z of 65% through grain refinement,10 and later
improved Wrec and Z to 50 J cm�3 and 78%, respectively, by
co-doping La3+ and Sr2+ at the A site.11 To enhance the relaxor
behavior of AFE–FE transition, strategies such as entropy engi-
neering,25–27 solid-solution design28,29 and interfacial optimiza-
tion30–33 were developed. Shen et al. designed PZO-SrTiO3 relaxor
ferroelectrics with multi-state nano-domains, enabling excellent
energy storage performance (Wrec B 73.7 J cm�3 and ZB 72%).28

Son et al. demonstrated that high entropy (Pb0.87Sr0.05Ba0.05-
La0.02)(Zr0.52Sn0.40Ti0.08)O3 films exhibited low lattice mismatch
during AFE–FE transition, yielding a large Wrec of 88 J cm�3 and
an Z of 85%.34

Although notable progress has been made in improving the
Wrec and Z of PZO, there are still two challenges. First, a FE state
usually appears during phase regulation, losing a portion of
Wrec prior to the AFE–FE transition. Second, the relaxation of
the AFE–FE transition usually increases Z but decreases Pmax,
resulting in the trade-off between Wrec and Z. In this paper,
a synergistic strategy combining phase regulation and entropy
engineering is proposed to concurrently optimize Wrec and Z of
PZO. As shown in Fig. 1, incorporating Sn4+ at the B site can
induce a tetragonal antiferroelectric (AFET) phase, an AFE
phase similar to that in PbSnO3 (PSO).35 The coexistence of
orthorhombic antiferroelectric (AFEO) and AFET can not only
facilitate polarization switching, leading to decreased Pr, but
also enhance the relaxor behavior of AFE–FE transition and the
lattice disorder, resulting in the delay of polarization saturation
and the improvement of Eb. Given that the antiferroelectricity
of PZO originates from the antiparallel polarization of Pb2+ ions
and the antiphase tilting of [ZrO6] octahedra,36 A-site doping is

synchronously adopted to stabilize the AFE phase. The phase
stability of ABO3-type perovskites can be evaluated using the
tolerance factor t:37

t ¼ RA þ ROffiffiffi
2
p

RB þ ROð Þ (4)

where RA, RB and RO represent the ionic radii of A-site cations,
B-site cations and oxygen anions, respectively. In general, t 4 1
and t o 1, respectively, favor the FE and AFE phases. Accord-
ingly, equal amounts of La3+, Sr2+ and Ba2+ ions are introduced
to reduce t and to acquire a higher atomic configurational
entropy:38

Sconfig ¼ �R
PN
i¼1

xi ln xi

� �
cation-site

þ
PM
j¼1

xj lnxj

 !
anion-site

" #

(5)

where R is the gas constant, N/M are the numbers of cation/
anion species, and xi/xj are the corresponding mole fractions.

Following these principles, a series of Pb1�3.5xLaxSrx-
BaxZr1�ySnyO3 (abbreviated as x-PLSB/y-ZSO) films are prepared
to obtain relaxor antiferroelectrics (RAFEs). It is found that Sn4+

at the B site transforms PZO from AFEO to RAFE with the
coexistence of AFEO and AFET, and the incorporation of La3+,
Sr2+ and Ba2+ at the A site delays the field-induced AFE–FE
transition and further enhances its relaxor behavior. This,
along with the significantly enhanced Eb in the high-entropy
Pb0.895La0.03Sr0.03Ba0.03Zr0.5Sn0.5O3 film causes a simultaneous
improvement in Wrec (B101.8 J cm�3) and Z (B71.5%), as well
as excellent thermal and cycling stability.

2. Experimental details

PZO, x-PLSB/y-ZSO (x = 0.02 and 0.03; y = 0.4, 0.5, and 0.6) and
x-PLSB/0.5-ZSO (x = 0, 0.02, 0.03, and 0.04) thin films were
fabricated on Pt/Ti/SiO2/Si substrates via a metal organic
decomposition method. The preparation began with dissolving

Fig. 1 Schematic diagram of the phase regulation and entropy engineering strategy.
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Pb(CH3COO)2�3H2O (99.5%), La(NO3)3-nH2O (88%), Sr(CH3COO)2-
1/2H2O (99%), C4H6BaO4 (99%) and C8H12O8Sn (95%) in a mixed
solvent of CH3COOH (99.5%) and deionized water at a volume
ratio of 9 : 1, and 10 mol% excess Pb(CH3COO)2�3H2O was added
to compensate for Pb volatilization during high-temperature
annealing. Simultaneously, C12H28O4Zr (70%) was dissolved in
C3H8O2 (99.5%). The two solutions were stirred separately at
room temperature for 2 h to ensure complete dissolution and
then mixed. The resulting solution was adjusted to 0.2 M with
C3H8O2 and stirred for 6 h at room temperature to obtain
a clear, transparent precursor solution. After aging for 72 h,
the precursor solution was spin-coated on a Pt/Ti/SiO2/Si
substrate at 1000 rpm for 5 s, followed by 3500 rpm for 25 s
to form a uniform film. The coated films were preheated on a
200 1C hot plate for 5 min to remove organic solvents. Subse-
quently, rapid thermal annealing (RTP-500) was performed in
an oxygen atmosphere, heating to 700 1C at a rate of 30 1C s�1,
holding for 8 min and allowing natural cooling to room
temperature. The spin-coating and annealing steps were repeated
until the desired film thickness was achieved. Finally, the films
were annealed in oxygen for 15 min. Prior to the electrical
measurement, Pt dot electrodes with 0.2 mm in diameter were
deposited on the film surface via sputtering.

Crystal structures were analyzed by X-ray diffraction (XRD,
Bruker D8, Cu Ka radiation). The microstructure and morphology
were characterized using scanning electron microscopy (SEM,
Gemini 500) combined with energy dispersive spectroscopy
(EDS), atomic force microscopy (AFM, Icon), piezoresponse
force microscopy (PFM, Icon), high-resolution transmission
electron microscopy (HR-TEM, FEI Tecnai G2 F30) and
aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (AC HAADF-STEM, Cubed
Themis G2 300). The chemical states of O 1s were analyzed
by X-ray photoelectron spectroscopy (XPS, Thermo Scientific
Nexsa G2). Electrical measurements, including ferroelectric
hysteresis, leakage current and dielectric spectra, were mea-
sured using a standard FE test system (Precision Multiferroic,
Radiant Technologies) at 1 kHz and an impedance analyzer
(HP4194A) equipped with a heating/cooling stage (TMS94)
under 0.5 V AC, over 0.1–100 kHz. For leakage current measure-
ments, a delay time of 1 s was applied at each voltage step to
ensure measurement stability.

3. Results and discussion
3.1. Crystal structure and microstructure

Since both A-site and B-site ion doping influence the energy
storage performance of PZO, we first investigate the impact of
the Zr4+/Sn4+ ratio at the B site to simplify the mechanism
analysis. Detailed discussion of P–E loops, XRD patterns and
temperature-dependent dielectric spectra are given in Fig. S2–S4.
The results show that the energy storage performance is optimal
when the Zr4+/Sn4+ ratio is 1 : 1 (y = 0.5). In the following, we
prepare a series of films with a fixed B-site component (y = 0.5)
while different A-site components, x-PLSB/0.5-ZSO (x = 0, 0.02,

0.03, and 0.04), and systematically investigate their structural,
electrical and energy storage characteristics. Meanwhile, the
corresponding results of pure PZO are also provided for a
comparison.

Fig. 2(a) shows the room-temperature (RT) XRD patterns of
PZO and x-PLSB/0.5-ZSO thin films, with all diffraction peaks
indexed to a pseudocubic structure. All the films possess a single-
phase perovskite structure. Fig. 2(b) presents a magnified view
around the (200) diffraction peak. Compared with PZO, the
incorporation of smaller-radius Sn4+ at the B site significantly
shifts the (200) peak toward higher angles, and the emergence of
the (002) peak suggests the appearance of the AFET phase. For the
subsequent A-site doping, with increasing x, though the (200)
peak shows only a slight shift toward higher angles, the super-
lattice diffraction peaks (marked with * in Fig. 2(a)), which
originate from the a��c0-type antiphase tilting of oxygen octahe-
dra in PZO,39 gradually weaken and become indistinguishable,
indicating the disruption of long-range AFE order. The uniform
EDS mapping (Fig. S5) further confirms that the doping ions enter
the perovskite structure and randomly distribute across the films.

Fig. S6 and S7 present the cross-sectional SEM images and
surface AFM morphologies of the PZO and x-PLSB/0.5-ZSO
films. The average film thickness is approximately 260 nm for
all the films. As shown in Fig. S7, compared to the PZO film
with a uniform grain size of about 20 nm, the average grain size
of x-PLSB/0.5-ZSO films monotonically decreases while the size
inhomogeneity first increases and then decreases due to the
competition of AFEO and AFET phases during the nucleation
and growth process. As a result, a denser microstructure is
obtained in the 0.03-PLSB/0.5-ZSO film, with small nanograins
filling the spaces among larger grains, which is crucial for
dielectric energy storage.40 Although a smaller average grain
size (B15 nm) is observed in the 0.04-PLSB/0.5-ZSO film, its
relatively uniform size distribution leads to reduced compact-
ness, similar to that of the PZO film.

3.2. Dielectric and energy storage properties

Fig. 3(a)–(e) show the temperature-dependent dielectric con-
stant (er) and loss (tand) of PZO and x-PLSB/0.5-ZSO films, with

Fig. 2 (a) RT XRD patterns of PZO and x-PLSB/0.5-ZSO films, and (b) the
magnified view around the (200) diffraction peak.
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the temperature ranging from 30 to 300 1C, covering all the
phase transition temperatures of the samples. Four features are
noteworthy. First, as shown in Fig. 3(a), the pure PZO film
exhibits a set of frequency-independent dielectric peaks around
267 1C, corresponding to the transition from the AFEO phase to
paraelectric phase. Second, these peaks become frequency-
dependent broad peaks and shift toward RT (Fig. 3(b)) due to
the introduction of Sn4+. Third, with increasing x, the broad-
ening of the frequency-dependent dielectric peaks becomes
more evident (Fig. 3(b)–(e)), indicating the enhancement of
relaxor behavior. The temperature-dependent er measured at
105 Hz is analyzed after subtracting the leakage conduction
background, which usually increases with increasing tempera-
ture and thus may shift the peak position toward higher
temperature. As shown in the insets of Fig. 3(b)–(e), with the
increase of x, the transition temperature slightly decreases
while the full width at half maximum (FWHM) obviously
increases. That is to say, though the introduction of La3+, Sr2+

and Ba2+ at the A site exhibits a minimal influence on the phase
transition temperature range, it induces a more pronounced
relaxor phase transition. To quantify this effect, er above Tm

(peak temperature) is analyzed using the following equation:41

er;m
er
¼ 1þ T � Tmð Þg

2s2
(6)

where er,m is the maximum of er, g (g = 1 for classical ferro-
electrics and g = 2 for ideal relaxors) and s represents the
relaxor degree. As shown in Fig. S8 and Fig. 3(f), when x
increases from 0 to 0.04, g increases from 1.36 to 1.63 and s
from 25.54 to 85.48, demonstrating that high-entropy doping at
the A site significantly enhances the relaxor behavior of phase
transition. Finally, benefiting from the denser microstructure,
the 0.03-PLSB/0.5-ZSO film exhibits lower dielectric loss,
enabling the improvement of Eb and stable energy storage
performance.

Fig. 4(a) shows the RT P–E loops of PZO and x-PLSB/0.5-ZSO
films near their respective Eb. All the films exhibit typical AFE
double hysteresis loops, which gradually become slimmer with
the introduction of Sn4+ and the increase of x, resulting in
obviously decreased Pr and DE (DE = EF � EA). Moreover, as
summarized in Fig. 4(b), EF, EA and Eb are significantly
enhanced by A-site doping, contributing to the increase of Pmax

and DP. The 0.03-PLSB/0.5-ZSO film, possessing a high Eb of
3.3 MV cm�1, a large DP of 88.6 mC cm�2 and a low DE of
0.14 MV cm�1, exhibits both a large Wrec of 101.8 J cm�3 and an
Z of 71.5%, approximately 3.6 and 2 times higher than those of
the pure PZO film (Wrec B 28.3 J cm�3 and Z B 37.6%)
(Fig. 4(c)), respectively. Fig. 4(d) shows a comparison of Wrec

and Z between our 0.03-PLSB/0.5-ZSO film and recently
reported PZO-based films.10–20,22,23,28,30,32,34,35,42 Notably, the
0.03-PLSB/0.5-ZSO film demonstrates highly competitive Wrec

and Z, making it a promising dielectric material for energy
storage application.

3.3. Mechanism of the enhanced energy storage properties

To understand the superior energy storage performance of the
0.03-PLSB/0.5-ZSO film, its leakage current density ( J) and
microstructure are investigated. As shown by the J-E curves in
Fig. 5(a), compared with PZO, the J values of x-PLSB/0.5-ZSO
films not only decrease by 1–2 orders of magnitude but also
show different field-dependent behavior. Pb volatilization at
high temperature causes the formation of lead vacancies (V2�

Pb )
and oxygen vacancies (V2+

O ):

Pb2+ + O2� 2 PbOm + V2�
Pb + V2+

O (7)

These charged defects provide pathways for carrier migration
and thus contribute to the leakage current.43 XPS spectra in
Fig. 5(b) show that, in addition to the main peak near 529.8 eV
corresponding to lattice oxygen, the O 1s spectra exhibit
distinct shoulders at higher binding energies. Based on the
Gaussian–Lorentzian fitting, all the O 1s spectra can be divided

Fig. 3 (a)–(e) Temperature-dependent dielectric constant (er) and loss (tan d) of PZO and x-PLSB/0.5-ZSO films, with the insets showing temperature-
dependent er measured at 105 Hz after subtracting the leakage conduction background. (f) The fitted relaxation factors g and s.
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into three peaks located at about 529.8 eV, 531.4 eV, and
532.9 eV, corresponding to lattice oxygen (O(L)), V2+

O -related
adsorbed oxygen (O(V)), and chemisorbed oxygen (O(Chem)),
respectively.44 The relative concentration of V2+

O can be esti-
mated by AO(V)/AO (AO represents the total area of the O 1s peak).
With the increase of x, the concentration of V2+

O first decreases
and then increases, reaching a minimum at x = 0.03 (Fig. 5(b)),
which is attributed to the dense microstructure and the sup-
pressed Pb volatilization induced by A-site doping. In contrast,
the 0.04-PLSB/0.5-ZSO film possesses more V2+

O than the film
with x = 0.03 due to its uniform size and thus a relatively loose
structure, but less V2+

O than the pure PZO film due to its smaller
grains (Fig. S7).

Fig. 5(c) shows the log(J)–log(E) curves of all the films. The
orange and cyan lines represent the Ohmic conduction ( J = sE,
slope k E 1), and the space-charge-limited conduction (SCLC,
J = 9me0erE

2/8d, slope k E 2), respectively.45 The transition
field (Etr) marks the end of pure Ohmic conduction, while the

trap-filled limit field (ETFL) marks the onset of single SCLC.46

As shown in Fig. 5(c) and Fig. S9, with increasing electric field,
the conduction mechanism of PZO transitions from Ohmic and
SCLC to Schottky emission (E 4 0.68 MV cm�1). In contrast, the
x-PLSB/0.5-ZSO films maintain the SCLC mechanism even at
the maximum applied field of 1.53 MV cm�1. Furthermore,
owing to the obviously decreased V2�

Pb and V2+
O , the 0.03-PLSB/

0.5-ZSO film possesses the highest Etr and ETFL, ensuring its
enhanced stability at high field. Taken together, the 0.03-PLSB/
0.5-ZSO film, benefiting from the least charge defects, an
optimal microstructure, and thus a stable conduction mecha-
nism, exhibits the lowest J and the highest Eb.

A relatively large grain was selected for HR-TEM measure-
ment. Fig. 6(a)–(d) show the cross-sectional HR-TEM images of
the 0.03-PLSB/0.5-ZSO film along [%110] and [001] pseudocubic
zone axes, together with their corresponding selected-
area electron diffraction (SAED) patterns, where the A- and
B-site cations are highlighted by yellow and purple circles,

Fig. 4 (a) P–E loops measured near Eb, (b) energy storage parameters, and (c) Wrec and Z of PZO and x-PLSB/0.5-ZSO films. (d) A comparison of Wrec

and Z between the 0.03-PLSB/0.5-ZSO film and the reported PZO-based films.

Fig. 5 (a) J–E curves, (b) O 1s XPS spectra, and (c) fitting results of J based on Ohmic and SCLC conduction mechanisms for PZO and x-PLSB/
0.5-ZSO films.
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respectively. In Fig. 6(a) and (b), regions with well-defined
lattice stripes are randomly selected for magnified analysis,
and interplanar spacings (d-spacings) are measured using
Gatan Microscopy Suite software. The red regions, with d-spacings
of 4.24, 4.27 and 4.23 Å for the (100), (010) and (001) crystal planes,
respectively, correspond to the AFEO phase, while the green regions
with smaller d-spacings [(100):4.14 Å, (010):4.14 Å, (001):4.18 Å]
correspond to the AFET phase, directly confirming the coexistence of
AFEO and AFET phases. Additionally, the red-arrow-marked points
in Fig. 6(c) correspond to the satellite peaks along the (110) direction
of the AFEO phase, indicating a non-ideal fourfold modulation and
thus the interruption of the long-range AFE order.

Fig. 6(e) shows the atomic-resolution polarization mapping
along the [001] zone axis of the 0.03-PLSB/0.5-ZSO film. The
polarization vectors are calculated from the displacement of
A-site cations relative to the average position of their four
nearest B-site neighbors. Atomic column positions are precisely
determined using two-dimensional Gaussian fitting. Polarization

mapping in Fig. 6(e), where arrows represent the polarization
direction relative to the [100] zone axis, reveals three notable
features: (1) all the domains possess nanoscale size, no matter
the AFEO or AFET phase. (2) Local polarization vectors exhibit
short-range AFE order with mmkk four-period antiparallel
arrangements (Fig. 6(e1)–(e4)). (3) In some smaller regions
(Fig. 6(e3) and (e4), black dashed boxes), polarization directions
are strongly perturbed due to the randomly distributed A- and
B-site ions, indicating the pronounced lattice disorder and the
polar clusters with sizes of several units. Overall, the coexis-
tence and random distribution of AFEO and AFET phases,
together with multielement-induced local lattice disorder,
refine the domain size and lower the polarization-switching
barrier, thereby reducing DE and Pr. As reported by Du et al.,47,48

PFM measurement can further confirm these variations.
As shown in Fig. S10, after poling under 12 V, compared with
the pure PZO film, the domains of the 0.03-PLSB/0.5-ZSO film
relax faster due to its refined domain size and almost return to the

Fig. 6 The cross-sectional HR-TEM images of the 0.03-PLSB/0.5-ZSO film along (a) [%110] and (b) [001] zone axes, with corresponding SAED patterns in
(c) and (d). (e) Cross-sectional AC-HAADF-STEM image along the [001] zone axis, with magnified views in (e1)–(e4).
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original state after 3 min, being responsible for its decreased DE
and Pr.

The above features also show a great effect on the electro-
mechanical response. Though AFEs do not exhibit an intrinsic
piezoelectric response in their ground state, they can display a
pronounced electromechanical response because of the field-
induced AFE–FE phase transition.49 For the 0.03-PLSB/0.5-ZSO
film, the coexistence of AFEO and AFET phases facilitates
the polarization switching and increases the structural instabil-
ity, resulting in the largest deformation (Fig. S11). Such an
electromechanical response is usually estimated by the effective
piezoelectric coefficient,50 which corresponds to the deforma-
tion from the AFE–FE phase transition but not from the inverse
piezoelectric effect. As a result, the 0.03-PLSB/0.5-ZSO
film exhibits the highest effective piezoelectric coefficient of
B253 pm V�1 and optimal energy storage performance,
enabling its potential applications in integrated micro-/nano-
actuators, sensors and energy storage devices.

3.4. Reliability and stability

The uniformity and reproducibility of the samples can be
evaluated using the two-parameter Weibull distribution of Eb:51

Xi = ln(Ebi) (8)

Pi ¼
i

nþ 1
(9)

Yi = ln(�ln(1 � Pi)) (10)

where n is the total number of samples, which equals 14 in our
experiments, and Ebi and Pi represent the Eb and cumulative
failure probability of the i-th sample, respectively. Generally,
a large fitting parameter b (410) indicates a narrow distribu-
tion of Eb and good uniformity. As shown in Fig. 7(a) and
Fig. S12, b of all the films are larger than 17. The statistical Eb is
3.34 MV cm�1 for the 0.03-PLSB/0.5-ZSO film, 2.2 times higher
than that of pure PZO (1.52 MV cm�1). The enhanced Eb of the
0.03-PLSB/0.5-ZSO film is primarily attributed to the aforemen-
tioned lowest concentration of V2+

O and a dense microstructure.
Meanwhile, the Sconfig increases from 0.69R for the film with
x = 0 to 1.00R, 1.11R and 1.21R for the films with x = 0.02, 0.03
and 0.04, respectively, which amplifies the lattice disorder and

thus enhances the electron scattering and further increases Eb.
However, excessive A-site doping increases the defect concen-
tration (Fig. 4(b)), leading to a decrease in Eb and Wrec of the
film with x = 0.04.

Fig. 7(b) shows the P–E loops and the corresponding Wrec

and Z values of the 0.03-PLSB/0.5-ZSO film measured under
2.8 MV cm�1 (about 80% of Eb) and in the temperature range
from�25 to 150 1C, covering a 175 1C span around RT. Wrec and
Z decrease slightly with increasing temperature, by about 6.8%
and 2.7%, respectively. This excellent thermal stability mainly
originates from the relaxor phase transition. On the one hand,
the dielectric constant varies gently with temperature over a
wide range, improving the stability of the polarization and
thereby Wrec. On the other hand, the polar nano regions (PNRs)
and the coexistence of AFEO and AFET phases in the RAFE
0.03-PLSB/0.5-ZSO film (Fig. 6) can induce disordered lattice
distortions and thus enhance the electron scattering, suppres-
sing the thermal activation of carriers and stabilizing Z.

Fig. 7(c) shows the fatigue endurance of the 0.03-PLSB/0.5-
ZSO film under 2.8 MV cm�1. After 107 cycles, Wrec and Z
decrease by only 4.4% and 4.5%, respectively, demonstrating
excellent fatigue resistance. The fatigue behavior of PZO-based
films is generally associated with the domain-wall pinning
during polarization switching.52 In the 0.03-PLSB/0.5-ZSO film,
the reduced V2�

Pb and V2+
O weaken the domain-wall pinning and

thus enhance the reversibility of AFE–FE transition.

Conclusions

In summary, we investigate the energy storage performance of
RAFE x-PLSB/y-ZSO thin films, which are designed via phase
regulation and entropy engineering. B-site Sn4+ ions effectively
induce the coexistence of AFEO and AFET phases, facilitating
polarization switching from the FE phase back to the AFE phase
and contributing to the decrease of Pr and DE. A-site high-
entropy doping with La3+, Sr2+ and Ba2+ decreases the tolerance
factor t and thus increases EF from the AFE phase to FE phase.
Moreover, the random distribution of doping ions suppresses
the grain and domain growth and reduces the concentration of
V2�

Pb and V2+
O , enabling the increase of Eb and a further decrease

of Pr and DE. Benefiting from these synergistic effects, the 0.03-
PLSB/0.5-ZSO film demonstrates enhanced phase-transition

Fig. 7 (a) Weibull distribution of Eb, (b) temperature dependence of Wrec and Z, and (c) fatigue performance of the 0.03-PLSB/0.5-ZSO film. The insets in
(b) and (c) show the P–E loops measured at various temperatures and after various cycle numbers, respectively.
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relaxor behavior, an improved Eb (3.34 MV cm�1) and a stable
AFE-phase, resulting in a synchronously improved Wrec of
101.8 J cm�3 and an Z of 71.5%. Meanwhile, the film also
exhibits superior thermal stability and fatigue endurance.
As temperature increases from �25 to 150 1C, the degradation
is 6.8% and 2.7%, respectively, for Wrec and Z. After 107 cycles,
the variations of Wrec and Z are both less than 5%. This work
offers valuable guidance for improving the comprehensive
energy storage performance of AFEs.
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