Published on 23 December 2024. Downloaded on 2/21/2026 1:38:31 PM.

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2025,
12,2328

Received 18th November 2024,

Accepted 20th December 2024 Zixiong Sun,
Ye Tian,
DOI: 10.1039/d4mh01651c Yongming Hu

rsc.li/materials-horizons

Multilayer thin films composed of dielectric Bag;Cag 3Zr¢2Tip.sO3
(BCZT) and oxygen-deficient BCZT (BCZT-OD) were fabricated on
(001)-oriented NSTO substrates using the pulsed laser deposition
(PLD) technique. Unlike conventional approaches to energy storage
capacitors, which primarily focus on compositional or structural
modifications, this study explored the influence of the layer
sequence and periodicity. The interface between the NSTO sub-
strate and the BCZT-OD layer forms a Schottky barrier, resulting in
electric field redistribution across the sublayers of the BCZT/BCZT-
OD//(1P) thin film. This redistribution delays the breakdown of the
BCZT layer, significantly enhancing the film’s electric breakdown
strength. Furthermore, mathematical analysis reveals that the elec-
tric field redistribution amplifies dipole polarization, with BCZT-
OD-initiated multilayers exhibiting superior polarization compared
to those with equivalent periodicity but different starting layers.
Consequently, the BCZT/BCZT-OD//(1P) multilayer achieves an
exceptional recoverable energy density (W,.) of 150.22 J cm®
and an energy efficiency () of 83.07%, surpassing typical perfor-
mance benchmarks for BCZT-based thin films. These findings are
corroborated by comprehensive structural characterization studies,
performance evaluations, and finite element simulations, which
further validate the role of the Schottky barrier in enhancing
voltage endurance. Analogous to “Tian Ji’s Strategy for Horse
Racing”, this work achieved high W, by sacrificing the ferroelec-
tricity of the negative side of the P—E loop, introducing an innova-
tive paradigm for designing and developing next-generation
electronic devices.
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Boosting the energy storage performance
of BCZT-based capacitors by constructing
a Schottky contactf
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New concepts

Inspired by the Chinese traditional philosophy story “Tian Ji’s Strategy
for Horse Racing”, which teaches us to sacrifice the secondary factors
for the ultimate success, this study proposed a novel layer-sequence
design strategy for enhancing energy storage performance in dielectric
capacitors, which is different from the commonly used domain
engineering and interface engineering. Multilayer thin films of
Bay ;Cay 321, ,Tip s05 (BCZT) and oxygen-deficient BCZT (BCZT-OD) are
fabricated via the pulsed laser deposition technique. By constructing the
Schottky barrier in the interface between the BCZT-OD layer and the
NSTO substrate, the voltage endurance of the BCZT/BCZT-OD//(1P)
thin film was enhanced by optimizing the voltage distribution, and
simultaneously, Pp.x was also increased by enhancing the dipole
polarization. Ultimately, a W, of 150.22 J ecm ™ with an # of 83.07%
was achieved in the BCZT/BCZT-OD//(1P) thin film, providing a new idea
for designing high-performance capacitors.

1. Introduction

The ancient Chinese philosophical story, “Tian Ji’s Strategy
for Horse Racing,” has deeply influenced Chinese culture
and resonates with people worldwide. Its lessons continue to
inspire modern research across various fields. The story is set
during the Spring Autumn and Warring States periods in
China, where King Wei of Qi frequently competed in horse
races against General Tian Ji. Each race comprised three
rounds, with horses classified into fast, medium, and slow

“School of Electronic Information and Artificial Intelligence, Shaanxi University of Science and Technology, Xi’an 710021, P. R. China. E-mail: sunzx@sust.edu.cn
b State Key Laboratory of Polymer Materials Engineering (Sichuan University), Chengdu 610065, P. R. China. E-mail: zhwangpoly@scu.edu.cn

¢ School of Materials Science and Engineering, Shaanxi University of Science and Technology, Xi’an 710021, P. R. China. E-mail: wangzhuo@sust.edu.cn

4 School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710119, P. R. China

¢ Engineering Research Center of Eco-friendly Polymeric Materials, Ministry of Education, (Sichuan University), Chengdu 610065, P. R. China

TYunnan Key Laboratory of Electromagnetic Materials and Devices, Yunnan 650000, P. R. China

£ Hubei Key Laboratory of Micro-Nanoelectronic Materials and Devices, Hubei University, Wuhan 430062, China. E-mail: huym@hubu.edu.cn

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d4mh01651c

i Z. Sun, H. Xin, and L. Diwu contributed equally to this work.

2328 | Mater. Horiz., 2025,12, 2328-2340

This journal is © The Royal Society of Chemistry 2025


https://orcid.org/0000-0001-9127-8224
https://orcid.org/0000-0003-0493-1905
https://orcid.org/0000-0001-5012-5328
https://orcid.org/0000-0003-0180-9648
https://orcid.org/0000-0003-4715-0172
https://orcid.org/0000-0001-6246-9857
http://crossmark.crossref.org/dialog/?doi=10.1039/d4mh01651c&domain=pdf&date_stamp=2025-01-15
https://doi.org/10.1039/d4mh01651c
https://rsc.li/materials-horizons
https://doi.org/10.1039/d4mh01651c
https://pubs.rsc.org/en/journals/journal/MH
https://pubs.rsc.org/en/journals/journal/MH?issueid=MH012007

Published on 23 December 2024. Downloaded on 2/21/2026 1:38:31 PM.

Communication

View Article Online

Materials Horizons

King Wei of Qi’s horse

King Wei of Qi’s horse

(al)

Fast L

Slow

(a2)
| )

1

1

1

1

1

1

1

1

1

1

1
IMd
I Medium ‘ -
. I
1

1

1

1

1

1

1

1

1

1

1

Medium W,

rec

~
i
e}

Fig. 1 The sketch to show (al) the 1st round; (2) the 2nd round of the horse racing of Tian Ji's strategy; (b) the sketch to show W, in different kinds of
P—E loops. The story of “Tian Ji's Strategy for Horse Racing” tells us the principle of reaching the final match by sacrificing unimportant factors, which is

thought to be the slow horse in the story, as circled with a green dashed line,

with a green dashed line.

categories, as shown in Fig. 1(a1). King Wei’s horses would race
against Tian Ji’s corresponding horses, and due to a disparity in
quality, Tian Ji consistently lost. One day, Tian Ji’s friend, the
strategist Sun Bin, proposed a clever solution. Sun suggested
Tian Ji to alter his racing strategy, as illustrated in Fig. 1(a2).
Rather than matching horses by speed, Tian Ji should race his
slow horse against the king’s fastest in the first round, then
race his fast and medium horses against the king’s medium
and slow horses in the subsequent rounds. While Tian Ji would
sacrifice the first race, he would likely win the remaining two,
securing an overall victory. The lesson of “Tian Ji’s Strategy for
Horse Racing” illustrates that sacrificing secondary factors can
lead to ultimate success—a principle applicable far beyond
horse racing. In fact, this strategy finds relevance in modern
research, such as in the quest to achieve higher energy storage
density in dielectric capacitors. By prioritizing strategic trade-
offs, as Tian Ji did, researchers can unlock innovative solutions
to complex challenges.

Compared to Li-ion batteries, widely used in electric vehi-
cles but suffer from drawbacks such as long charging times,

This journal is © The Royal Society of Chemistry 2025

and the unimportant factor in a P—E loop is the negative side, also marked

dielectric capacitors offer significant advantages, particularly in
their fast charge-discharge capabilities. As a result, they have
garnered increasing attention in recent years.'> Among various
material forms, epitaxial thin films exhibit superior energy
storage capabilities compared to ceramic bulks and ceramic-
polymer composite films. This is due to their higher electric
breakdown strength (E,) and greater maximum polarization
(Prmax), Which arise from size effects and anisotropy, respectively.”®
Moreover, specific regulation techniques, such as stress engineer-
ing and superlattice engineering, are more effective and, in some
cases, exclusively applicable to epitaxial thin films.”° For instance,
in 2017, the author demonstrated that fabricating BCT/BZT super-
lattices significantly enhances the energy storage density (W) of
thin films. This improvement was attributed to enhanced voltage
endurance, which resulted from the blocking effect of accumu-
lated charge at the interface, preventing current spread. Addition-
ally, the critical thickness of the films was determined in the
following study."™"” In 2022, Minh D. N. and colleagues conducted
a more in-depth investigation into the effects of interfacial strain
on the energy storage performance of layered films. Their model
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revealed that inter-diffusion between PZ and PLZT layers not only
inhibits the formation of electrical conduction paths but also
increases maximum polarization (Py,,,) while reducing total hys-
teresis. These effects were attributed to polarization coupling
between adjacent PZ and PLZT layers."® As a result, an impressive
Wiee Of Up to 128.4 ] cm ™~ was achieved in the PZ/PLZT multilayer.
In addition to structural design, elemental doping is also an
effective strategy for enhancing the energy storage performance.
For instance, stabilized by interphase strain, super-T polar clusters
with a tetragonality of approximately 1.25 were found to be
dispersed along the entire c-axis of BNBT thin films. This led to
a remarkably high W, of over 86 J cm™> at a relatively low electric
field of 1.7 MV em ™", providing valuable insights for the develop-
ment of low-energy-consumption capacitors."* Notably, this
approach is also applicable to ceramic bulks."?

Whether through structural design or elemental doping, the
studies mentioned above primarily focus on the films them-
selves. However, electrodes or substrates can significantly
influence the behavior of thin films, though their impact is
often overlooked in the energy storage field. Shifting attention
to semiconductors, certain phenomena at the film/electrode or
film/substrate interfaces could provide valuable insights. Since
this work focuses on (relaxor) ferroelectric thin films, the
following examples will be confined to ferroelectric semicon-
ductors. BaTiO; (BTO) is a typical ferroelectric material, but
when sufficient oxygen vacancies (V¢) are introduced into
its lattice, the films exhibit n-type semiconductor behavior,
with two distinct resistance states under positive and nega-
tive bias. This effect is believed to result from the coupling
between carrier trapping (primarily electrons) and ferroelectric
polarization.'®*® Similar behavior was observed in the author’s
previous research, where controlling the V¢ concentration by
adjusting the annealing time resulted in a resistive switching
(RS) ratio of 1916, meaning that compared to the negative side,
the positive side of the BTO thin film shows quite higher
resistivity. This effect was attributed to the ferroelectric
domain-modulated built-in potential between the BTO and
LSMO in the heterostructure.’® As expressed in the ESL+ the
Wree Of a dielectric capacitor is highly dependent on its Ey,, and
voltage endurance also influences its conductive behavior.
Considering this, the E, of thin films can be modulated by
creating a built-in potential at the interface between the film
and the electrodes or substrates. However, when the current on
one side is reduced, resulting in an enhanced Ey, the opposite
side inevitably experiences reduced voltage endurance. In the
story of Tian Ji’s Strategy for Horse Racing, success was achieved
not by attempting to win every individual race, but by strategi-
cally sacrificing one match to secure victory in the overall
competition. Similarly, for dielectric materials, the calculation
of Wi typically focuses on the positive-side P-E loops. Inspired
by this strategy, our approach leverages the trade-off between
the positive and negative voltage endurance in dielectric thin
films. By deliberately sacrificing the negative side’s voltage
endurance, we optimize and enhance W, on the positive
side, achieving overall superior performance. This concept is
illustrated in Fig. 1(b), where the green dashed lines in

2330 | Mater. Horiz., 2025, 12, 2328-2340

View Article Online

Communication

Fig. 1(a1) and (b) highlight the factors that can be deliberately
traded off to maximize the desired outcome. Just as Tian Ji
strategically deployed his slow horse to turn the tide in his
favor, we utilize this sacrifice as a calculated move to elevate the
energy storage performance of dielectric thin films.

In this work, periodic-structured thin films composed
of regular dielectric Ba,,Cag 3Zr,,Tip 03 (BCZT) and oxygen-
deficient BCZT (BCZT-OD) were grown on (001)-oriented NSTO
substrates using the pulsed laser deposition (PLD) technique.
By simultaneously adjusting the periodicity and deposition
sequence, a Schottky barrier was formed, which helped
the BCZT/BCZT-OD//(1P) thin film achieve an ultra-high Wi
by optimizing the electric field distribution.

2. Experimental section

Details of this part are provided in the ESL.7

3. Results and discussion
3.1 Phase and structure characterization

As shown in Fig. 2(a), the films were designed to be deposited
with varying periodicities and sequences. For all multilayers,
the total thickness of the BCZT and BCZT-OD layers was 450 nm
and 150 nm, respectively, resulting in an overall film thickness
of approximately 600 nm. Additionally, pristine BCZT and
BCZT-OD single layers of the same thickness were grown as a
control group. Fig. S1 (ESIt) presents the X-ray diffraction
(XRD) 2Theta-o-scans from 15° to 75° for all films, with only
(007) planes observed, confirming their (001)-oriented cubic-on-
cubic growth. The enlarged view from 42° to 48°, shown in
Fig. 2(b), indicates that the (002) peaks for BCZT, BCZT-OD/
BCZT//(1P), and BCZT-OD/BCZT//(2P) are symmetric, while
those of the other three films are not. Furthermore, from the
bottom to the top of the figure, the peaks shift toward lower
angles before returning to higher angles. To gain further
insights into the phase characteristics, we applied the Gaussian-
Lorentz cross function, as detailed in the ESL7 to fit the (002)
peaks of BCZT-OD and BCZT/BCZT-OD(1P) using Origin 9.0. The
fitting results are presented in Fig. 2(c). Notably, the BCZT-OD film
consists of two distinct layers, represented by a main peak and a
strained peak. The strained peak, which appears at a lower angle,
results from strain induced by the substrate, as previously reported
by the authors." A similar phenomenon is observed in the BCZT/
BCZT-OD//(1P) film, though the strained peak is significantly less
pronounced. To further examine the interaction between the main
layer, strained layer, and the NSTO substrate, reciprocal space
mappings (RSMs) around the (204) plane of BCZT-OD and BCZT/
BCZT-OD//(1P) are measured and shown in Fig. 2(d1) and (d2),
respectively. As anticipated, both films exhibit mappings that can
be divided into two distinct regions, which correspond to orthor-
hombic (O) and tetragonal (T) phases based on their lattice
parameters. The RSMs of the (204) planes for all films, along
with their corresponding (002) plane mappings, are provided in
Fig. S2 (ESIT). The lattice parameters of all the films, calculated

This journal is © The Royal Society of Chemistry 2025
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fitting result of the 2Theta-w-scans of all the films around the (002) plane;

Structure ~

(a) The sketch of the thin films in this work, and all the films have the same thickness; (b) the 2Theta-w-scans of all the films from 42° to 48°; (c) the

the RSMs of the (d1) BCZT-OD//(1P); (d2) BCZT/BCZT-OD//(1P) around

the (204) plane; (e) the lattice parameter of all the films in this work; the cross-sectional STEM images of the (f1) BCZT-OD/BCZT//(1P); (f2) BCZT/BCZT-

OD//(1P); (f3) the ball-and-stick model of the red dashed area in (f2).

from those mappings, are summarized in Fig. 2(e). Interestingly,
(1) films with a periodicity of 1 exhibit a larger in-plane lattice
parameter (@) and a smaller out-of-plane lattice parameter (c)
than their counterparts with a periodicity of 2; (2) films that start
with the BCZT layer have larger tetragonality (that is the ¢/a ratio)
than those that start with BCZT-OD layers. Considering that the
NSTO substrate shows smaller a with larger ¢ when compared to
the films and offers compressive stress to them, the 1st observa-
tion can be attributed to the fact that thinner sublayers experi-
ence greater interfacial stress from the substrates than the
thicker sublayers, and strain is more easily transferred in
films with more periodicities, as previously reported by the
authors."?° The 2nd observation is more difficult to explain at
this stage; therefore, cross-sectional scanning transmission elec-
tron microscopy (STEM) images of BCZT-OD/BCZT//(1P) and
BCZT/BCZT-OD//(1P) were obtained, as shown in Fig. 2(f1) and
(f2). As seen in the images, the thickness of all sublayers matches
our predictions. Unexpectedly, the BCZT layer appears highly
dense, while the BCZT-OD layers exhibit a columnar structure.
This columnar morphology is consistent with literature reports,
which is attributed to reduced atomic collisions during transport
towards the substrate surface.”" This finding provides insight
into the 2nd observation mentioned above: the compressive
stress from the NSTO substrates relaxes more easily in the
columnar BCZT-OD layer than in the denser BCZT layer. As a
result, the BCZT layer in the BCZT/BCZT-OD(1P) and BCZT/
BCZT-OD//(2P) films experiences significantly less compressive

This journal is © The Royal Society of Chemistry 2025

stress, leading to a larger a and a smaller ¢ compared to the
BCZT layer in the BCZT-OD/BCZT//(1P) and BCZT-OD/BCZT//(2P)
thin films. As a result, based on the average lattice parameter,
Fig. 2(e) is divided into three distinct regions correspond-
ing to the O-phase, T-phase, and O-phase. Based on this trend,
it can be predicted that, compared to the other films, the BCZT-
OD/BCZT//(1P) and BCZT-OD/BCZT//(2P) thin films should exhi-
bit higher spontaneous polarization (Ps). The ball-and-stick
model of the red dashed region in Fig. 2(f2) is presented in
Fig. 2(f3).

Fig. S3(a) (ESIt) provides an enlarged view of the red dashed
area in Fig. 2(f2). As shown, there is no distinct interface
between the BCZT-OD layer and the BCZT layer, suggesting
that BCZT nucleates easily on columnar-structured BCZT-OD at
high oxygen pressure. To gain further insights, the red dashed
area in Fig. S3(a) (ESIT) was again zoomed in and is displayed in
Fig. S3(b) (ESI}), where a neat atomic arrangement and coher-
ent growth of BCZT on BCZT-OD can be seen. Fig. S3(c) (ESIT)
presents an atomic-scale image of the dashed area in Fig. S3(b)
(ESIY). By examining the displacement of B-site atoms (weaker
contrast for Ti and Zr) relative to the center of the surrounding
four A-site atoms (stronger contrast for Ba and Ca), the
P, orientation in the BCZT-xBZT ceramics’ lattice can be
confirmed.”*** More importantly, the coexistence of two
phases (T-phase and O-phase) is directly observed, which
agrees well with the results from the RSMs. The T-phase tends
to exist in the lower regions, which experience greater

Mater. Horiz., 2025, 12, 2328-2340 | 2331
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compressive stress, while the stress relaxation toward the top
allows more O-phase to form in the upper regions.

3.2 Energy storage performance

The Weibull method, as detailed in ESI,} was used to calculate
the E, for all six thin films, as shown in Fig. 3(al). The
relationship between Ej, and the film structure is plotted in
Fig. 3(a2), revealing three key observations: (1) the BCZT single
layer exhibits significantly better voltage endurance than the
BCZT-OD single layer; (2) the E, values of BCZT/BCZT-OD//(1P)
and BCZT/BCZT-OD//(2P) are higher than those of BCZT-OD/
BCZT//(1P) and BCZT-OD/BCZT//(2P), indicating that films with
a BCZT-OD starting layer have a higher E;, compared to their
counterparts that start with BCZT; (3) for films with the same
composition, higher periodicity does not always correspond to
a higher Ey,, which contrasts with the previous conclusion."*™?
The 1st observation will be revealed in Section 3.3 and the
explanation of the following two can be found in Section 3.4.

View Article Online
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Before that, the energy storage performance of these thin films
should be known, so their polarization-electric field (P-E) loops
at their respective Ej, values are shown in Fig. 3(b). Unlike
typical studies that focus on simply adjusting the composition
or periodicity, the variation in the loop shape observed here
appears irregular. A more detailed explanation of this behavior
is provided in the following section. All unipolar P-E loops at
different applied electric fields are presented in Fig. S4 (ESIf).
By integrating these loops, the relationships between energy
storage performance, including W;.. and energy storage effi-
ciency (), and the applied electric field are plotted in Fig. 3(c).
The highest W, of 150.22 J cm?, with an # of 83.07%, is
achieved in the BCZT/BCZT-OD(1P) film. As expressed in
eqn (S1)-(S3) (ESIt), the Wy, of a dielectric capacitor is strongly
influenced by the difference between the P, and remanent
polarization (P,), and the Ey,. When compared to previous works of
BCZT-based capacitors on various material systems—including
thin films, ceramic bulk, and polymers—the BCZT/BCZT-OD(1P)
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Fig. 3 The result of the Weibull distribution of (al) all the films; (a2) pristine BCZT and BCZT-OD thin films; (b) the P—E loops of all the films near their Ey,;
(c) the variation between W, n, and applied field; (d) the comparison between the BCZT/BCZT-OD//(1P) film in this work and previous works of BCZT-
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below 200 V, and the corresponding phase and amplitude loops are inserted in it; (f) the variation between the P, at different electric fields, APnax and
the thin film's structure; (g) the J-E curve to show its three different components; (h1) the ABF-STEM image of the (h1) BCZT layer; (h2) BCZT-OD layer in
the BCZT/BCZT-OD//(1P) thin film; (i1) and (i2) the intensity profiles of the white dotted regions in (h1) and (h2), respectively.
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film in this study demonstrates a significant advantage in achiev-
ing high Wi, as illustrated in Fig. 3(d).""****" Additionally,
since polymer-based materials inherently exhibit excellent voltage
endurance, and the E, of the BCZT/BCZT-OD//(1P) film surpasses
that of most polymer materials, its impressive energy storage
performance is attributed more to its voltage endurance than to
its polarization. However, some BCZT-based thin films exhibit
even higher E;, values but display inferior W, indicating that
the BCZT/BCZT-OD(1P) thin film likely also exhibits favorable
polarization properties. Overall, the excellent energy storage per-
formance of the BCZT/BCZT-OD//(1P) thin film in this work
should be attributed to both the high E;, and Py, a combination
that has traditionally been considered a paradox in energy storage
dielectrics,”>>* which gives more research significance to this
work. Therefore, the polarization and Ej, of the thin films in this
work will be discussed separately.

Before that, the piezoresponse force microscopy (PFM), with
its testing principle illustrated in Fig. S5 (ESIt), needed to be
performed on the BCZT/BCZT-OD//(1P) film to further confirm
its ferroelectricity. The amplitude image, along with the ampli-
tude-voltage and phase-voltage loops, is shown in Fig. 3(e)
following the application of —200 V bias over a 2 x 2 um? area
and +200 V bias over a 1 x 1 um” area. The boundary between
the different switching regions in the amplitude image, typically
attributed to the canceling effect of opposite domain walls, is
sharp and well-defined. Combined with the observed hysteretic
loops, as illustrated in the bottom left corner, these features
confirm the film’s characteristic ferroelectricity.>>">°

3.3 Polarization

To assess the effect of polarization on the energy storage
performance of the thin films, the unipolar P-E loops of all
films at both low (1.0 MV cm ') and high fields (3.0 MV cm ™)
are compared, as shown in Fig. S6(a1) and (a2) (ESIT). The Pyax
at both fields, along with the polarization difference (AP), is
defined as:

AP = Pmax-3.0 - Pmax—l.O [1)

as summarized in Fig. 3(f). The red and blue dashed lines
represent the average P, based on the value and proportion of
pristine BCZT and BCZT-OD layers at both fields, respectively.
These values were calculated using the following equation:

p _ Puax-Bezr - dBczT + Pmax-BezT-0D * dBCZT-0D
max-ave — & T 4 ] (2)
BCzT + dBCZT-0D

where Ppax-ave 1S the average Py, of BCZT and BCZT-OD single
layers, Pmax-sczr and Pmax-pczr-op are the Py, values of BCZT
and BCZT-OD, and dpczr and dpczrop are their respective
thicknesses. From this figure, three key conclusions can be
drawn: (1) the Pp,.x of all multilayer films is higher than the
calculated Ppay.ave at both fields; (2) at 1.0 MV em ™, multilayers
starting with the BCZT layer exhibit a higher P,,, than those
starting with BCZT-OD, whereas, at 3.0 MV cm ™', this trend is
reversed; and (3) the highest AP value, 41.19 pC cm™>, is
observed in BCZT/BCZT-OD//(2P), followed by BCZT/BCZT-
OD//(1P) with a AP of 28.96 uC cm™>. The 1st conclusion
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suggests that multilayers containing both BCZT and BCZT-OD
exhibit a higher Py, than the linear sum of their individual
layers. As reported in previous studies, this additional polariza-
tion is related to charge accumulation and lattice distortion at
the interfaces between adjacent sublayers.'>>” Regarding the
2nd point, the higher P, observed in BCZT-OD/BCZT//(1P)
and BCZT-OD/BCZT//(2P) at lower fields is attributed to their
higher Pg, as discussed in Section 3.1. However, the reason
behind the higher Pp,,x in BCZT/BCZT-OD//(1P) and BCZT/
BCZT-OD//(2P) at higher fields is unclear at this stage.
To investigate this, we measured the J-E curves, which display
the relationship between switching polarization current and
electric field and provide additional information beyond the
P-E loops, as shown in Fig. S7 (ESIt). According to previous
studies, the J-E curve can be divided into three regions,
corresponding to dielectric displacement, electrical conductiv-
ity, and domain switching, as illustrated in Fig. 3(g).”® Upon
comparison, it is evident that electrical conductivity plays a
significant role in the current density of BCZT/BCZT-OD(2P),
particularly at higher electric fields. Therefore, their higher
Ppax is likely driven by dipole polarization. To gain a deeper
understanding of the underlying mechanisms behind dipole
polarization and the microstructural differences between the
BCZT and BCZT-OD layers, angular bright-field STEM (ABF-
STEM) images of these two regions of BCZT-OD/BCZT(1P) were
captured and are shown in Fig. 3(h1) and (h2), respectively.
In the BCZT layer, the oxygen atoms, which appear with lower
contrast compared to the metal atoms, are arranged in an
orderly fashion. In contrast, the BCZT-OD layer exhibits a
notable presence of Vg, leading to some degree of lattice
distortion. The intensity profiles of the white dotted regions
in Fig. 3(h1) and (h2) are presented in Fig. 3(i1) and (i2). In
Fig. 3(i1), distinct deep and shallow valleys, corresponding to Ti
and O atoms, are clearly visible. In Fig. 3(i2), the deep valleys
representing Ti atoms remain identifiable, but some shallow
valleys are missing, confirming the existence of Vg.>*% To
understand the cations that neutralize Vo, a multiple test that
includes X-ray photoelectron spectroscopy (XPS) and electron
paramagnetic resonance (EPR) measurement was employed.
Fig. 4(a1) and (a2) show the XPS for O of BCZT/BCZT-OD//(1P)
and BCZT-OD/BCZT//(1P), respectively, and because the photo-
electron hit the surface of the films and the detection depth is
around 5 nm, they reflect the information of the BCZT layer in
BCZT/BCZT-OD//(1P) and the BCZT-OD layer in BCZT-OD/
BCZT//(1P), respectively. As expected, two peaks, which are
caused by the lattice-O and lattice-O near Vo, are observed at
around 529 eV and 532 eV, respectively, in both films, and the
peak for lattice-O near Vq in the BCZT-OD layer in BCZT-OD/
BCZT//(1P) is much higher. Due to the test philosophy, the EPR
can not only be carried out on the specific part of the films but
the measurement is performed on pristine BCZT and BCZT-OD
thin films, and the spectrum is shown in Fig. 4(b). The g factor of
the result was calculated according to the following equation:

_hv

: (3)

g
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Fig. 4 The XPS for O of the (al) BCZT/BCZT-OD//(1P); (a2) BCZT-OD/BCZT//(1P); (b) the EPR of the BCZT/BCZT-OD//(1P) and BCZT-OD/BCZT//(1P)
from 310 mT to 350 mT; (c) the ¢—f curves of all the thin films; (d) the mapping that illustrates the relationship among T, f, and ¢; (e1)—(e3) the relationship
between the logarithm of current and the applied electric field of all the thin films; (f1) and (f2) the fitting result of (e4) and (e5) according to the Schottky
emission mode; (g) the band diagram, which can be defined as the MSD structure, of the BCZT/BCZT-OD//(1P) under forward bias; (h1)-(h4) the result of

the simulation on the current spread of the four multilayers.

where &, i, v, and B are the Planck constant, Bohr magneton,
applied microwave frequency, and the resonance magnetic field,
respectively.®' The peak for g = 2.001 appears in both BCZT and
BCZT-OD, and of course, that of the latter is much higher than
the former. The peaks for g = 1.980 and 1.968 are caused by Ti*"
and Zr*', respectively, which have been reported previously.®>®*
The EPR result not only verifies the above-mentioned deduction,
but also definitizes the formation of the defect dipoles of
Vg — Ti*t and Vg — Zr**, which can be expressed below:

2Ti*T — 2T + vy (4)
27Zr* — 27 + VY (5)

Although the form of the defect dipole has been confirmed,
the underlying reason for its differing effects on the polariza-
tion of thin films with varying layer sequences remains unclear.
For instance, while BCZT/BCZT-OD//(1P) and BCZT-OD/BCZT//

2334 | Mater. Horiz., 2025, 12, 2328-2340

(1P) contain the same quantity of defect dipoles—given that the
thickness of the BCZT-OD layer is identical—their corres-
ponding “AP” values differ significantly. Based on the mathe-
matical derivation provided in the ESI,{ when all other factors
are constant, dipole polarization (Pg,) shows a positive correla-
tion with the applied electric field. Since the total voltage
applied to both BCZT/BCZT-OD//(1P) and BCZT-OD/BCZT//
(1P) is equal, the differing partial voltages across layers could
explain this discrepancy. This aspect will be explored in detail
in the following section. Additionally, the first observation in
Section 3.2 can now be rationalized: the lower Ey, of the pristine
BCZT-OD layer compared to the pristine BCZT layer is attrib-
uted to the higher concentration of Vg in the former.

To investigate the influence of defect dipoles, the frequency
dependence of the dielectric constant (¢-f curve) at room
temperature for all films is presented in Fig. 4(c). For all samples,
¢ exhibits a monotonous decrease with an increase in frequency,
indicative of typical ferroelectric behavior.** Notably, each film
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displays a region where ¢ decreases sharply, suggesting the
diminishing contribution of dipole polarization to ¢&. Among the
samples, BCZT-OD, which contains a significant quantity of
defect dipoles, demonstrates the highest ¢ at frequencies below
10" Hz. Fig. S8 (ESIY) illustrates the e—f curves for all thin films
across a temperature range of 25 °C to 200 °C, where a character-
istic frequency dispersion is observed. By extracting ¢ at various
temperatures, the temperature dependence of ¢ (e-T curve) at
different frequencies can be plotted, as shown in each figure. It is
observed that the temperature corresponding to the maximum ¢
(Tm) is relatively insensitive to the film structures, varying
between approximately 100 °C and 130 °C. This T, value is
notably higher than that of bulk ceramics with the same compo-
sition, a phenomenon previously attributed by the authors to the
clamping effect exerted by the substrates.>*®> Furthermore, due
to its lower concentration of defect dipoles, BCZT exhibits a
comparatively narrower relaxer peak than the other samples. The
shift in T}, and the broadening of the phase transition peak are
anticipated to enhance the thermal stability of energy storage in
the films, a topic that will be discussed in detail in the following
section. To visually represent the dielectric behavior of BCZT/
BCZT-OD//(1P), a mapping illustrating the relationship among 7,
f, and ¢ is presented in Fig. 4(d). The color coding indicates that
dispersion occurs around 8 x 10° Hz. As indicated by the arrow,
T increases with an increase in f.

3.4 Electric breakdown behavior

In addition to polarization, the electric breakdown behavior
of a dielectric significantly also influences its energy storage
performance. As mentioned earlier, this study diverges from
typical investigations focused on compositions and structural
adjustments. The results shown in Fig. 3(a) reveal irregular
changes in Ep. Furthermore, the unipolar P-E loops do not
provide sufficient insights, prompting the measurement of
the bipolar loops for all films, and such loops measured at
3.0 MV cm ™! are illustrated in Fig. S9(a1)-(a6) (ESIf). Sym-
metric loops are observed for BCZT, BCZT-OD/BCZT//(1P),
BCZT-OD/BCZT//(2P), and BCZT/BCZT-OD//(2P), although the
last loop appears somewhat “fat”. What puzzles the authors is
the evident asymmetry in the loops of BCZT/BCZT-OD//(1P) and
BCZT-OD//, where the positive side displays typical hysteresis,
as highlighted in the enlarged view of the dashed rectangle area
in Fig. S9(a5) and (a6) (ESIt), while the negative side exhibits
significant leakage. To investigate this further, the corres-
ponding J-E curves were measured and are presented in Fig.
S9(b1)-(b6) (ESIt). As observed in Fig. S9(b5) and (b6) (ESIT),
the current density on the negative side of the loops is signifi-
cantly high, particularly for BCZT-OD. According to their
research experience, the authors note that the shape of this
curve resembles the I-V characteristics of semiconductors,
although the loop remains observable on the positive side, as
highlighted in the enlarged view of the dashed rectangle area in
Fig. S9(b6) (ESIt). In light of these observations, we measured
the I-V characteristics of all the films at 3.0 MV cm ™", as shown
in Fig. S9(c1)-(c6) (ESIT). As anticipated, the I-V characteristics
of BCZT-OD closely resemble the shape of its J-E curve;
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meanwhile, the I-V characteristics of BCZT/BCZT-OD//(1P)
also exhibit a similar form. To elucidate the conduction
mechanisms of the films, the relationship between the loga-
rithm of current and the applied electric field is illustrated in
Fig. 4(e1)-(e6). For BCZT-OD and BCZT/BCZT-OD//(1P), the
relationship is expected to be asymmetric, whereas the others
demonstrate symmetry. We subsequently fitted these results
based on the physical descriptions of various conducting
mechanisms, including Ohmic conduction (which encom-
passes the space charge limited current (SCLC) mode), the
Schottky emission mode, the Poole-Frenkel (P-F) mode, and the
Fowler-Nordheim (F-N) tunneling mode. Our analysis revealed
that the positive sides of Fig. 4(e4) and (e5) both align with the
Schottky emission mode, which can be expressed as follows:*®

J = AT exp | 4B = V4E Aixia)

T (6)

Here, A%, k, g, &, and & represent the effective Richardson
constant, Boltzmann’s constant, electronic charge, vacuum
dielectric constant, and relative dielectric constant, respectively,
all of which are held constant. The variables J, @, E, and
T denote the current density, Schottky barrier potential, electric
field across the material, and absolute temperature, respectively.
(Since no reasonable results were obtained when fitting accord-
ing to the other mechanisms, their corresponding physical
expressions will not be discussed here.). The fitting result of
Fig. 4(e4) and (e5) is plotted in Fig. 4(f1) and (f2), with slope
values of 2.1 and 5.8, respectively. For all the multilayers in this
work, the BCZT/BCZT-OD//(1P) shows the highest E;,, which
is considered to be one of the key factors in achieving its
outstanding W,.. the authors would like to use the band theory
to dig out further information.

Based on the results obtained above, it appears that BCZT
and BCZT-OD exhibit characteristics of a typical dielectric and
semiconductor, respectively. To confirm this, we measured the
electric field dependence of the dielectric constant (e-V curve,
also known as the C-V curve), as shown in Fig. S10(a) (ESIT).
As expected, BCZT displays a characteristic butterfly-shaped
C-V curve typical of dielectrics, featuring two broadened peaks.
In contrast, the C-V curve for BCZT-OD is asymmetric, showing
a single sharp peak and a near-zero ¢ value on the negative side,
consistent with typical semiconductor behavior.””*® Conse-
quently, the band diagram of the BCZT/BCZT-OD//(1P) under
forward bias, identified as a metal-semiconductor-dielectric
(MSD) structure, is illustrated in Fig. 4(g). As discussed in the
ESI,} the NSTO/BCZT-OD interface in this MSD structure can
be interpreted as a metal-semiconductor contact. Due to the
formation of a depletion layer (Ry), the resistivity (p) of the
BCZT-OD layer in BCZT/BCZT-OD//(1P) is expected to increase,
making it higher than that in BCZT-OD/BCZT//(1P). As shown
in the equations below:

0 = wepetan o (7)

P:g (8)
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where ¢, is the vacuum permittivity, with a constant value of
8.9 x 107> Fm™ ', and ¢ and p represent the conductivity and
resistivity, respectively.®®®® The ¢ of a dielectric is inversely
proportional to its p. Consequently, the ¢ of the BCZT-OD layer
in BCZT/BCZT-OD(1P) should be lower than that in BCZT-OD/
BCZT(1P). As illustrated in Fig. S10(c) (ESIt), both BCZT/BCZT-
OD(1P) and BCZT-OD/BCZT(1P) structures can be modeled as
double-layer dielectrics, following the equation:

Usczr Epczr  éBczT-0OD ©)

Usczr-op  Esczr-0oD £BCZT

where Upczr and Ugczrop are voltages, Epczr and Epczrop
are the electric fields, and &gczr and égczrop are the ¢ of the
BCZT and BCZT-OD layers in both BCZT/BCZT-OD//(1P) and
BCZT-OD/BCZT//(1P), respectively. Based on the C-V curves, the
¢ values of the pristine BCZT and BCZT-OD layers are approxi-
mately 148.6 and 53.5, respectively. This results in an ¢ ratio
of epczr/émczrop = 1/2.78 and an electric field ratio of Egczy/
Egczr-op = 2.78/1 at an applied voltage. Given that the Ey, ratio of
Ep-sczr/Evsczr-op 1S approximately 2.35/1, as the applied vol-
tage increases, the BCZT layer will ideally reach its breakdown
field before the BCZT-OD layer, leading to an earlier breakdown
in the BCZT layer. This phenomenon is observed in the BCZT-
OD/BCZT//(1P) structure. In the BCZT/BCZT-OD//(1P) structure,
however, the situation differs slightly. As inferred, the ¢ of the
BCZT-OD layer in BCZT/BCZT-OD//(1P) is lower than that in
BCZT-OD/BCZT//(1P), which results in a higher partial voltage
being applied across the BCZT-OD layer. Given that both BCZT-
OD/BCZT//(1P) and BCZT/BCZT-OD//(1P) have the same thick-
ness, the partial voltage across the BCZT layer in BCZT/BCZT-
OD//(1P) is consequently lower than in BCZT-OD/BCZT//(1P).
This indicates that in BCZT/BCZT-OD//(1P), the BCZT layer is
effectively protected, delaying the breakdown behavior of the
entire thin film. This difference in voltage endurance explains
why BCZT/BCZT-OD//(1P) demonstrates superior voltage resis-
tance compared to BCZT-OD/BCZT//(1P), despite having the
same overall thickness. For BCZT/BCZT-OD//(2P) and BCZT-
OD/BCZT//(2P), a similar phenomenon occurs, and the 2nd
observation is Section 3.2 is explained. As to the 3rd observa-
tion, it can be explained as follows: for the enhanced voltage
endurance in multilayers with larger periodicity in previous
work, such an enhancement is attributed to the optimization of
voltage distribution or the blocking behavior of the accumu-
lated charges in the interfaces between adjacent sublayers."***>
Due to a certain amount of oxygen vacancies, in this work, the
behavior of voltage distribution’s optimization and the accumu-
lated charges’ blocking are both weakened, leading to close Ej,
between BCZT-OD/BCZT//(1P) and BCZT-OD/BCZT//(2P), BCZT/
BCZT-OD//(1P) and BCZT/BCZT-OD//(2P). In other words, by
constructing a Schottky contact between the film and the elec-
trode, the ferroelectricity on the negative side of the P-E loop was
sacrificed. However, this trade-off significantly enhanced the E,
on the positive side, a critical factor in calculating Wie.. This
approach mirrors the principle in the story of “Tian Ji’s Strategy
for Horse Racing:” sacrificing a secondary factor to secure the
ultimate victory.
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To validate this observation, the finite element method
(FEM) was applied to simulate the electric breakdown process
of these two structures by linking the COMSOL Multiphysics6.0
and Matlab5.2. Fig. 4(h1)-(h4) depicts the current distribution
across each multilayered structure after a prolonged applica-
tion of a 6.0 MV cm ™! electric field. As shown, current flows
through all thin films except the BCZT/BCZT-OD//(1P) struc-
ture, consistent with the experimental findings. To further
analyze how structure influences breakdown behavior, Fig. S11
(ESIt) presents the current distribution over time after voltage
activation for each multilayer. In the BCZT-OD/BCZT//(1P)
configuration, the current begins at the top BCZT-OD layer,
and notably, the current flow appears in the BCZT layer even
before the BCZT-OD layer undergoes breakdown. This early
breakdown in the BCZT layer is attributed to the applied
electric field exceeding its voltage endurance. Similar behavior
is observed in the BCZT-OD/BCZT//(2P) structure, where the
breakdown occurs first in the BCZT layers. Once these layers
fail, the entire voltage load transfers to the BCZT-OD layers,
resulting in overall structural failure. In contrast, the BCZT/
BCZT-OD//(2P) structure demonstrates a sequential current
spread from top to bottom, with interfaces between adjacent
layers acting as barriers to current propagation. The simulation
parameters, based on experimental data detailed in the ESIL
closely match the experimental results, underscoring the relia-
bility of the simulation.

3.5 Energy storage stability

Instead of solely focusing on maximizing the performance of
energy storage capacitors, enhancing their stability across
diverse environmental conditions is more crucial. Fig. S12(a)
and (b) (ESIt) show the unipolar P-E loops and J-E curves of the
BCZT/BCZT-OD(1P) thin film subjected to polarization fatigue,
measured from the 1st to the 10°th cycle under an applied field
of 5.0 MV cm™'. The corresponding energy storage perfor-
mance of the BCZT/BCZT-OD(1P) ceramic during this process
is summarized in Fig. 5(al), where the changes in W, and
are remarkably low, at only 1.0% and 5.62%, respectively.
To see this change more intuitively, the variation of polariza-
tion and switching current with both electric field and cycling
number were summarized in mappings, as displayed in Fig. 5(a2)
and (a3), respectively. As the cycling number increases, the
current peak decreases, as seen in Fig. 5(a3), while the parallel
stripes can still be observed in Fig. 5(a2), demonstrating its
excellent fatigue endurance. The P-E loops and J-E curves
measured from 20 °C to 250 °C at 5.0 MV cm ™" are shown in
Fig. S13(a) and (b) (ESIt), respectively, and the corresponding
energy storage performance is plotted in Fig. 5(b1). The BCZT/
BCZT-OD(1P) shows quite good energy storage thermal stability
before 140 °C, and both W, and u decrease sharply as the
temperature further increases. From the red area in the top right
corner of Fig. 5(b2), we can infer that the polarization’s huge
increment ocurrs under the combined effect of high temperature
and high electric field, which indicates that the ionic conduc-
tance plays a dominant role. The highest W, in this temperature
range, which was calculated to be 97.38 J cm > with an 5 of
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Fig. 5 (al) The variation between Wic, 1, and cycling number from 1st to 10%th at room temperature and at 5.0 MV cm™* of the BCZT/BCZT-OD//(1P)
thin film; the corresponding mapping of the variation between (a2) polarization; (a3) switching current, electric field and cycling number; (b1) the variation
between W, 1, and temperature from 25 °C to 250 °C at 5.0 MV cm™! of the BCZT/BCZT-OD//(1P) thin film; the corresponding mapping of the
variation between (b2) polarization; (b3) switching current, electric field and temperature; (c1) the variation between W, n, and frequency from 10 Hz to
5000 Hz at 5.0 MV cm™* of the BCZT/BCZT-OD//(1P) thin film; the corresponding mapping of the variation between (c2) polarization; (c3) switching

current, electric field and frequency.

79.75%, is located at 80 °C. In addition, the fading of the
switching current in Fig. 5(b3) indicates the decline of the
ferroelectricity with an increase in temperature. Thus, the energy
storage performance’s decrement of BCZT/BCZT-OD//(1P) after
140 °C is caused by the combined effect of the defect dipoles and
the loss of ferroelectricity. Interestingly, 140 °C is a key tempera-
ture to provide the possibility of application of dielectric capaci-
tors on the hybrid electrical vehicle.”® Fig. S14(a) and (b) (ESI})
show unipolar P-E loops and J-E curves of the BCZT/BCZT-OD//
(1P) measured from 10 Hz to 5000 Hz under 5.0 MV cm™ " at room
temperature, respectively. After integration, the variation between
the energy storage performance and applied frequency is plotted
in Fig. 5(c1), and as expected, both the W,.. and 5 increase with
an increase in f and then decrease. The mappings that are
composed of polarization and switching current with both the
electric field and frequency are displayed in Fig. 5(c2) and (c3),
respectively. In the former, vertical stripes, which indicate the
stability of ferroelectric polarization, can be seen. In the latter,
however, a red area in the top left corner indicates a huge
increment of switching current at f over 1000 Hz, and according

This journal is © The Royal Society of Chemistry 2025

to Fig. 3(g), the domain switching, electrical conductivity, and
dielectric displacement all affect it. Thus, the inferior energy
storage performance of BCZT/BCZT-OD(1P) at low frequency is
thought to be caused by the high leakage current inside the film.

3.6 Charge-discharge properties

For most studies on energy storage capacitors, the charge-
discharge measurement, which reflects their discharge power
in the practical dynamic electric field, is always necessary.”"”*
Regrettably, after many attempts, in this work, no reasonable
data on the charge-discharge property can be obtained in the
BCZT/BCZT-OD//(1P) thin film. The authors are yet to find out
the reason, and it might be caused by the irregular structure.

4. Conclusions

By altering the layer sequence and periodicity in multilayered
structures composed of regular BCZT and oxygen-deficient
BCZT (BCZT-OD), the influence of the Schottky barrier—formed
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at the interface between the BCZT-OD layer and the NSTO
substrate in the BCZT/BCZT-OD//(1P) thin film—on the multi-
layers’ energy storage performance was elucidated. Enhanced
resistivity in the BCZT-OD layer optimized electric field redis-
tribution, resulting in notably high voltage endurance for the
BCZT/BCZT-OD//(1P) thin film. Additionally, the extra electric
field across the BCZT-OD layer in this configuration induced
defect dipoles, especially V& — Ti** and V& — Zr**, to contri-
bute more significantly to dipole polarization, yielding a higher
Prax than the BCZT-OD/BCZT//(1P) thin film, which has an
identical composition but a different starting layer. Conse-
quently, the BCZT/BCZT-OD//(1P) thin film achieved a W,.. of
150.22 J cm~? with an 5 of 83.07%, along with strong energy
storage reliability. Similar to the strategic approach in the tale
of “Tian Ji’s Strategy for Horse Racing”, this work introduces a
novel design strategy for high-performance dielectric capaci-
tors: optimizing the positive side of the P-E loop by adjusting
the configuration, even at the expense of the negative side, to
achieve higher Wi..
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