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Abstract: Ferroelectric thin-film capacitors exhibit significant applications in pulsed power systems
due to their high power density and ultrafast charge/discharge capability. However, the inherent trade-
off between polarization and breakdown strength in ferroelectrics fundamentally imposes challenges
for co-optimization of recoverable energy density (Wr.) and efficiency (7), while also compromising
energy storage stability. To address these challenges, a gradient nano-columnar crystallite engineered
BaTiOs/Ba(Zr0.2Tio.8)O3/BaTiO3 sandwich film was constructed enabled via a low thermal budget
process of 200 °C. This approach facilitates an unique microstructure featured by gradient-distributed
nano-columnar crystallites in the amorphous-dominated matrix via a spatially-separated manner
throughout the sandwich film, thereby effectively modulating polarization behavior, mitigating
dielectric nonlinearity, and consequently boost the energy storage performance remarkably.
Experimental results demonstrate that this sandwiched structure is endowed with an enhanced
maximum polarization (Pmax) while a small remnant one (P;), and a much-delayed polarization
saturation, which are accountable for a Wrec ~ 100.6 J/cm?® with an ultrahigh # ~ 90.9% at 6.1 MV/cm.
Furthermore, these sandwich films displayed broad operating temperature (RT~150°C) and frequency
(100 Hz ~ 10 kHz) stability, and especially robust cycling-reliability (2 x 10° cycles). Through an
innovatively engineered sandwich heterostructure design coupled with a low thermal budget,
simultaneous achievements of low-temperature compatibility and superior energy storage
characteristics lays a foundation for those integrated energy storage devices.

Keywords: Energy storage; Gradient nano-columnar crystallites; Barium titanate; Sandwich thin film;
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1 Introduction

Compared to batteries and electrochemical supercapacitors, ferroelectric dielectric capacitors have
emerged as core components in ultrafast pulsed power systems due to their ultrahigh power density,
demonstrating significant application prospects in smart grids, electromagnetic weapons, and
renewable energy storage systems [1-3]. With the rapid development of IoT and 5G technologies in
recent years, there has been an increasingly urgent demand for miniaturized, highly-reliable energy
storage devices, consequently elevating higher performance requirements for thin-film ferroelectric
capacitors. The energy storage density and efficiency of a ferroelectric capacitor can be calculated

from its characteristic polarization—electric field (P-E) loop using the following equations [4-6]: the

B, . m
stored energy density W, = _[0 ELdP , the recoverable/ recyclable energy density W = I: E[dP, thus

. /4 . .
the energy storage efficiency n = ﬁ , where P and P; are the maximum polarization and remnant

one of the ferroelectrics, respectively, and E is the applied electric field. Consequently, the high
recoverable energy density W and efficiency 77 demand a large Pm, a low P: and a durable applied
field E. However, the inherent trade-off between the electric polarization P and endurable electric field
Ey (that is breakdown electric field) in homogeneous ferroelectric materials fundamentally constrains
the upper limit of recoverable energy density while preventing synergistic co-optimization with energy
efficiency [7-9]. This bottleneck prevents the ferroelectric capacitors from a broader range of
applications, and it is imperative to develop ferroelectric materials with superior energy storage
performance, i.e., higher energy density and efficiency.

Barium titanate (BaTiOs, BTO), as one of the most representative eco-friendly lead-free
perovskite ferroelectric materials, has become a preferred choice for the high-performance
ferroelectric capacitors due to its large dielectric constant g, low dielectric loss, small remnant

polarization Pr, and some BTO-based film capacitors have gained intensive research attention in recent
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years. For example, Cheng et al. [10] constructed polydomain structures (polytwin & heterophase

polydomains) in epitaxial Ba(Zr2Tio.g)O3 films deposited on various non-Si oxide substrates (such as
SrTiOs and LaAlOs) at 650 °C, with which they achieved the largest energy density of ~166 J/cm® in
350 nm-thick film and the highest efficiency of ~96% in 1.8 pm-thickness. Later, Ren ef al. [11]
demonstrated that the bimodal polymorphic nanodomains engineering in Ba(Zro2Tiog)O3 epitaxial
films grown on SrTiOs at 650 °C yielded an enhanced energy density Wrec of ~103 J/cm? coupled with
a high efficiency 7 of ~87%. Chen et al. [12] prepared A/B-site co-doped (Bao.3S10.7)(Zro.18Ti0.82)O3
films sputtered at 550 °C with a post-annealing of 600 °C on Si substrate using an artificial “dead-
layer”, which achieved a large Wie. of 89.4 J/cm? and 5 of 65%. However, achieving precise modulation
over the engineered phase structures in these above reported films evidently presents considerable
challenges, and also the complex multi-element compositional film systems are prone to induce
substantial fluctuations in their electrical properties. A more critical issue is that the prohibitively
processing temperature exceeding 600 °C employed in these above reports, frequently coupled with
the necessity for expensive single-crystal oxide substrates, pose a huge integration barrier for the
mainstream complementary-metal-oxide-semiconductor (CMOS) Si-based compatible electronics
[13,14], and as doing so will introduce irremediable damages or performance degradation in those
large scale-integrated electronic components on Si at an undesirably high processing temperature.

To allow practical applications of these ferroelectric film capacitors, it is crucial to integrate them
on Si at a processing temperature as low as possible, while still maintain superior energy storage
performance. Our previous investigations have demonstrated such a possibility for sputtered BaTiO3
and (Ba,Sr)(Zr,T1)Os films deposited on Si substrates at a reduced thermal budget to be compatible
with the Si process (350~400 °C) [15-18]. The use of a lattice-matching, conductive oxide LaNiOs has
promoted the formation of a (001)-textured columnar nanograin structure in these low-temperature
processed films. Such an engineered nanostructure endows them with commendable overall energy

storage performance for the BaTiOs films (Wiec ~ 130-229 J/em?, 17~ 69%-76% @, 350 °C) [15,16] and
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(Ba,Sr)(Zr,Ti)Os films (Wrec ~ 134-148 J/cm?, 1~ 87%-88% @ 400 °C) [17,18], respectively. Recently,

Liu et al. successfully pushed the deposition temperature of BaTiO3 films down to 200 °C by
engineering the thickness of LaNiOs3 buffer layer, an achievement desirable for the future development
of microelectronics [19]. And, this low-temperature processed BaTiO; film gives an energy density
Wree of 94.7 J/em® and an efficiency 7 of 78.2% @ 4 MV/cm. Nevertheless, the energy storage
properties of ferroelectric films, including energy storage density and efficiency, typically tends to
degrade when processed at a lower temperature. Such the degradation is primarily associated with their
inferior electric polarization under low-temperature processing conditions. So, a critical and practical
challenge remains in achieving further substantial enhancements in energy storage properties of
ferroelectric films under thermal budgets as low as possible (preferably < 300 °C).

To address these challenges, building upon our prior studies on modulating the electrical properties
of BaTiO3/BiFeOs layered film heterostructures [20,21] and incorporating insights from the above
reported works on low-temperature processing for ferroelectric film growth [15-18], this study
successfully constructed the BaTi03/Ba(Zro.2T10.8)O3/BaTiO3 (BTO/BZT/BTO) sandwich films via
radio-frequency magnetron sputtering technique with an ultra-low thermal budget of 200 °C. An
unique microstructure formed in this sandwich film at an ultra-low processing temperature, featured
by gradient-distributed nano-columnar crystallites in an amorphous-dominated matrix via a spatially-
separated manner, effectively tailored its polarization behavior, reduced the dielectric nonlinearity, and
yielded an extremely slim P-E hysteresis loop. Concurrently, the electrical breakdown endurance can
be greatly enhanced. As a result, this approach achieved a synergistic enhancement of high recoverable
energy density (Wi ~ 100.6 J/cm?) and ultrahigh efficiency (y ~ 90.9%), along with an enhanced
breakdown electric field E, of 6.1 MV/cm. What’s more, this low-thermal-budget sandwich film
exhibited good energy storage stability, demonstrated by a broad operating frequency and temperature
ranges (100 Hz ~ 10 kHz, 25~150 °C), and especially, a fatigue endurance up to 2 x 10° cycles.

Therefore, this BTO/BZT/BTO sandwich film processed with a low thermal budget shows a strong
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application potential for high-power pulsed systems and high-energy-density integrated electronic

devices.
2 Experimental

2.1 Deposition of BTO/BZT/BTO sandwich films

In this study, radio-frequency (RF) magnetron sputtering technique was used to prepare
BTO/BZT/BTO sandwich films and the SiO»-coated (100)Si single crystal served as the substrate of
the films. The vacuum chamber was initially evacuated to a base pressure of 2 x 10 Pa, and the
substrate was set to the desired temperature. Subsequently, the sputtering deposition of the Pt layer
was carried out on the substrate as the bottom electrode. Notably, a thin Ti interlayer was deposited
between the Pt electrode and the substrate so as to enhance their interfacial adhesion. Following the
deposition of the Pt electrode layer, a LaNiO3 (LNO) buffer layer was then sputtered onto the Pt layer,
which can be used to reduce the deposition temperature and control the crystallographic orientation of
the film. Finally, the BTO, BZT, and BTO layers were sequentially deposited on the LNO-buffered
Pt/T1/S102/S1 substrate, thus forming the BTO/BZT/BTO sandwich heterostructure. Table 1
summarizes the detailed processing parameters for each layer of the sandwich films. Note that the
single BTO and BZT thin films were also prepared using the same processing conditions to facilitate
the discussions of relevant issues in this study.

Table 1 Deposition parameters of BTO/BZT/BTO films via RF magnetron sputtering.

Parameters Ti Pt LNO BTO/BZT/BTO
Deposition temperature (°C) 300 300 300 200

Sputtering power (W) 55 55 100 100

Sputtering pressure (Pa) 0.3 0.3 0.3 1.2
Target-substrate distance (mm) 50

Deposition time (min) 5 15 25 22.5/45/22.5

Post-deposition cooling rate

(°C/min), atmosphere & pressure (Pa) 5,00&25

2.2 Structural characterizations
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The crystal structure and crystallographic orientation of BTO/BZT/BTO sandwich film was

analyzed using X-ray diffractometer (XRD, Rigaku SmartLab SE 9kW with a Ni-filtered Cu Ka
radiation). The surface and cross-sectional morphologies were characterized by field-emission
scanning electron microscopy (SEM, ZEISS Sigma360, Germany) and the nanoscale microstructures
of the film were investigated via transmission electron microscopy (TEM, Talos F200X G2, Thermo
Scientific). The piezoelectric topography and domain switching behavior of the films were analyzed
via piezoresponse force microscopy (PFM), using a MFP-3D Origin+ Atomic Force Microscope
(AFM, Asylum Research, Oxford Instruments).
2.3 Electrical measurements

To perform the electrical characterizations, circular gold electrodes with a diameter of 200 pm
were deposited on the film surface through a shadow mask. The bipolar/unipolar polarization-electric
field (P-E) hysteresis loops, polarization currents, and leakage current curves of the films were
measured using a Radiant Precision Multiferroic II ferroelectric tester. Moreover, the polarization
responses under varying frequencies and charge-discharge cycling numbers were evaluated. The
electric breakdown strength was analyzed through a two-parameter Weibull distribution model based
on the measured P-E data. The frequency- and electric field-dependent dielectric properties were
characterized using a high-precision impedance analyzer (TH2838H, Tonghui Electronics). The
ferroelectric and dielectric behaviors as function of temperature were measured by integrating the
ferroelectric tester and impedance analyzer with a temperature-controlled probe station (HFS600E-
PB2, Linkam, UK), respectively.
2.4 Finite element simulations

Electric breakdown analyses of the BTO, BZT and BTO/BZT/BTO films were performed using
COMSOL Multiphysics software. The propagation of electric tree channels in these films were
simulated and analyzed using a stochastic breakdown model. The specific simulation details are

provided in Supplementary Materials.
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3 Results and discussion

3.1 Phase structure and fundamental electrical characteristics

The crystallization characteristics of BTO, BZT and BTO/BZT/BTO thin films deposited on LNO-
buffered Pt/Ti/S10,/Si(100) substrate were analyzed by XRD 20-scan patterns. As clearly shown in
Figure 1(a), the XRD patterns reveal that all films exhibit several diffraction peaks with no observable
impurity phases. However, the attenuated peak intensities of these films relative to the Si substrate and
Pt electrode signals may indicate diminished grain size along with a lower degree of crystallization at
this low processing temperature of 200 °C (as will be directly observed by transmission electron
microscopy below). What’s more, the only (/00) diffraction peaks observed in these films reveal a
preferred (100) crystallographic orientation, which is actually a consequence of induced preferential
growth by the conductive LNO buffer layer. Such the LNO buffer-induced (100) preferred orientation
has been demonstrated in our earlier studies on BTO and BFO thin film systems [15,19,20,22].
According to the reported literature [23,24], the conductive LNO thin film with a (100)
crystallographic orientation can be crystallized on platinized Si(100) at a deposition temperature as
low as 200 °C. Meanwhile, as revealed by the XRD pattern and magnified view in Fig. 1(b), the
diffraction peaks of the BTO film, the BTO/BZT/BTO sandwich film, and the BZT film exhibit a
successive shift toward lower 20 angles. This experimental observation may reflect the coexistence of
Zr substitution-induced lattice expansion and interfacial compressive stress effects caused by the
difference of Zr/Ti ion radius and the lattice mismatch of BTO/BZT layer, respectively. As previously
reported in our works [15,22,25], a compressive internal stress can be induced within the film under a
low processing temperature (200 °C in present case), which is dictated by a larger initial lattice misfit
between the BZT film and the platinized Si substrate, compared to that of the BTO film under the same
conditions. Such the combined contribution of Zr substitution-induced local lattice
expansion/distortion and interfacial compressive stress effects would be expected to promote increased

maximum polarization (Pmax) of the BTO/BZT/BTO sandwich film, thereby enhancing the energy
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storage characteristics.

The pole figure analyses can offer a further visualized evaluation of the film’s preferred growth
quality and grain orientation distribution. As depicted clearly in Fig. 1(c) and Note S1&Fig. S1
(Supplementary Materials), the pole figures are measured by using a fixed 26 angle corresponding to
the (200) diffraction peak for the BTO, BZT and BTO/BZT/BTO thin films. During the measurement,
the samples are rotated by changing the tilt angle (y, 0~75°) and the azimuthal angle (¢, 0~360°) with
respect to the scattering vector. All the films exhibit similar pole figure mapping with a concentric ring
located at the origin (y, ¢ = 0°), revealing a (100) preferred orientation that consistent with the XRD
data. As shown in Fig. 1(c) and supplementary Fig. S1, an additional observation of these pole figures
is that, in comparison with the BTO film (y, 0~8°), a narrower tilt angle spread of grains is observed
in the BZT (y, 0~3°) and BTO/BZT/BTO film (y, 0~5°). This phenomenon is likely associated with
the enhanced in-plane compressive stress in both films, facilitating a more concentrated grain

orientation distribution.
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Fig. 1 (a) XRD patterns of the BTO, BZT and BTO/BZT/BTO thin films deposited on LNO-buftfered
Pt/T1/Si02/Si substrates. (b) Magnified view of (100) diffraction peaks at around 26 ~ 22° in (a). (c)
Pole figure of the BTO/BZT/BTO sandwich film recorded at fixed 20 for the (200) diffraction peak.
Following the preliminary crystallographic characterizations of the BTO, BZT, and
BTO/BZT/BTO films by XRD above, we now focus on their various electrical properties to better

understand the energy storage performance presented in the subsequent sections of this work. It should
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be briefly noted in advance here that, as shown in Note S2 & Fig. S2 (Supplementary Materials), the

single BTO and BZT films prepared in this study have approximately the same thickness as the
BTO/BZT/BTO sandwich film (presented in Fig. 5(a) below), with the respective thicknesses being
~600 nm, ~627 nm, and ~632 nm, to facilitate the subsequent comparison and analysis of their
electrical properties. Figure 2(a) presents the P-E hysteresis loops of BTO, BZT, and BTO/BZT/BTO
films under the same applied electric field of 4 MV/cm. It should be pointed out here that, as illustrated
in Note S3,S4 & Fig. S3(b),(d) (Supplementary Materials), this value of ~4 MV/cm represents the
maximum endurable electric field (i.e., breakdown electric field Ev) for the BZT film in this study.
Evidently, at the same applied electric field, the BZT film shows relatively pronounced ferroelectricity
with a high maximum polarization (Pmax), while both the BTO and BTO/BZT/BTO films demonstrate
a predominantly linear polarization response, featuring reduced polarization but a significantly
enhanced breakdown field strength Ey (as illustrated in supplementary Note S3 & Fig. S3(a),(c)).
Another important aspect is presented in Fig. 2(b), which gives the dielectric constant versus measured
electric field (&-F) curves for the three films at the same electric field of 2 MV/cm with a scanning
frequency of 1 MHz. The butterfly-shaped curve of BZT film signifies its dominant ferroelectric
response, while the near-overlapping forward and backward sweeping &-E curves of the BTO and
BTO/BZT/BTO films indicate an attenuated ferroelectric response, i.e., an improved linear dielectric

behavior. The dielectric tunability derived from &-E curve,t= %xloo% [17], shows that the
Er

BTO/BZT/BTO sandwich film exhibits a clearly reduced tunability of 1~14.2% compared to that of
the BZT film (1~18.3%), though it remains slightly higher than that of the BTO film (t ~ 8.9%). As
discussed in some previous reports [17,26,27], the smaller t value validates the existence of a stronger
linear dielectric response in the film corresponding to a linear-like P-E loop, which significantly
contributes to the enhanced energy storage properties with high recoverable energy density Wie. and
efficiency 7, especially guarantees its energy storage stability against changes in various working

conditions including temperature, frequency and charge/discharge cycle.

10
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Fig. 2(c) depicts the leakage current density versus electric field (J-E) curves of the three films

measured at the same electric field of 1.35 MV/cm, apparently in comparison with that of the BZT
film (~107> A/cm?), the BTO/BZT/BTO sandwich film achieves the reduced current density of 2.1x10"
® A/em? approaching that of the BTO film (1.2x107° A/cm?), which surely facilitates the improved
breakdown field strength. With reference to prior pertinent works [28-30], the suppressed leakage
current characteristics of the sandwich BTO/BZT/BTO heterostructure are likely correlating with the
modified internal electric field distribution and interfacial potential barriers enabled by the improved
in-plane compressive stress evidenced by the aforementioned XRD results. Additionally, as
demonstrated in Note S5 & Fig. S4 (Supplementary Materials), a dominant bulk-controlled Ohmic
leakage conduction behavior was revealed in these three films, whether in the positive (POS) or
negative (NEG) electric field, implying a negligible impact of film-electrode contact effects on their
electrical properties. The frequency-dependent dielectric constants (&r) and losses (tand) of these three
films shown in Fig. 2(d) reveal that the BTO/BZT/BTO sandwich film has a dielectric constant &, that
lies between that of BTO and BZT films, being close to that of BTO film but lower than that of BZT
across the measured frequency range (20 Hz ~ 2 MHz). This observation supports that the sandwich

film configuration exhibits the behavior analogous to a series-connected capacitor model

(CLZZCL ), where the voltage-division law of V, =(%)Vt enables the BTO/BZT/BTO

total i i i

otal

sandwich film to withstand a higher applied voltage while delaying the saturation of electric
polarization, thereby deliver an enhanced breakdown electric field Ep. Concurrently, and consistent
with the leakage current results, the BTO/BZT/BTO film also shows the small losses (tand < 0.03)
across the whole frequency range, further corroborating its improved resistance to electric breakdown.
Collectively, these combined dielectric behavior and leakage current characteristic further imply that
the BTO/BZT/BTO sandwich film can be expected to possess the enhanced energy storage

performance, which will be presented in the section below.

11
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Fig. 2 Comprehensive electrical properties of BTO, BZT and BTO/BZT/BTO films: (a) polarization-
electric field (P-E) hysteresis loops under the same applied electric field of 4 MV/cm; (b) electric field
dependent dielectric constant (g-E) curves; (c) leakage current densities; and (d) dielectric constant &,
& loss tangent tand as function of measuring frequency.
3.2 Polarization relaxation response and energy storage performance

The polarization relaxation response of ferroelectric materials, i.e., the temporal evolution of
polarized domain after removal of an applied bias voltage, undoubtedly has an impact on their energy
storage characteristics. This behavior is evaluated for the BTO, BZT and BTO/BZT/BTO films using
piezoresponse force microscopy (PFM). As shown in Figure 3, a preset bias voltage of £30 V is applied
via PFM tip to a specific area on the film surface to “write”” the domain pattern, followed by “reading”
the domain topography in the corresponding area after a relaxation duration of 15 minutes in present

case. Evidently, these three films initially exhibit a specific preset domain topography. Specifically, as

12
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can be seen from the PFM amplitude images given in Fig. 3(a)-(c), a distinguishable domain switching

pattern is observed in the BTO/BZT/BTO sandwich film, despite its pattern intensity being somewhat
weakened relative to that of the BZT film. By contrast, the BTO film shows no observable domain
switching pattern, implying its significantly lower polarization. After the same relaxation duration of
15 minutes, as clearly demonstrated in Fig. 3(d)-(f), the BZT film still retains a detectable yet weak
domain switching pattern, whereas the pattern of the BTO/BZT/BTO sandwich film almost disappear,
leaving no observable domain topography remnants. Correspondingly, as shown in Fig. 3(g)—(i), the
PFM butterfly (amplitude—voltage) curves of the three films are presented under the initial state and
after a relaxation duration of 15 min. These curves exhibit a trend consistent with the topographical
features of the corresponding films described above. The butterfly amplitude decreases from the BZT
film to the BTO/BZT/BTO sandwich film, and is extremely small for the BTO film. Specifically, the
BZT film in the initial state displays a thin and narrow butterfly curve, which is markedly different
from the typical butterfly curves observed in conventional ferroelectrics. Even after a relaxation
duration of 15 min, a certain residual butterfly-shaped amplitude signal remains observable. While the
BTO/BZT/BTO sandwich film, after experiencing the same duration process as the BZT film, almost
no obvious butterfly amplitude signal can be detected. As for the BTO film, regardless of whether in
the initial state or after the relaxation duration process, no distinct butterfly curve is exhibited, instead,
the amplitude—voltage curve remains nearly flat with negligible voltage dependence, indicating a
weakly crystallized or amorphous-dominated structural characteristic. Collectively, the temporal
evolution of domain topography after “writing” indicate a more rapid polarization relaxation in the
BTO/BZT/BTO film before and after poling under the same applied bias voltage. This faster domain
switching and recovery capability contributes to a “linear-like” slim P-E loop with an enhanced
effective polarization (AP, i.e. Pmax — Pr), thereby significantly improving the energy storage density
and efficiency. These results are well agree with the discussions of their P-E loops presented above.

Note that, as shown in Fig. S5 (Supplementary Materials), the above discussions also holds true for

13
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the PFM phase images of these three films, confirming the consistency of our observations.
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Fig. 3 PFM amplitude images of domain configuration initial (top panel) and after a relaxation duration
of 15 min (middle panel) for (a) & (d) BZT, (b) & (e) BTO/BZT/BTO, (c¢) & (f) BTO films. (g) - (i)
show the corresponding PFM butterfly curves (bottom panel) of films under the initial and after a
relaxation duration of 15 min.

Building on the systematic discussions above on the crystal structures and comprehensive
electrical properties of the BTO, BZT and BTO/BZT/BTO thin films, we now turn our attention to
their energy storage performance as evaluated by P-E loop measurements at the maximum applied
electric field Emax, 1.€., approximately the breakdown electric field Ep. According to the P-E loops of

the single BTO and BZT thin films under their respective Emax shown in supplementary Note S3 and

14
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Fig. S3(a) & (b), the BTO film gives an enhanced endurable applied electric field, although its

polarization is reduced compared with that of the BZT film. By integrating these two components, that
is, introducing a BZT film as an intermediate interlayer into the BTO matrix to form a sandwich film
in this study, as shown in Figure 4(a), the BTO/BZT/BTO sandwich film exhibits a maximum
polarization Pmax of 38.0 uC/cm? and an enhanced Emax of 6.1 MV/cm. The notably weak polarization
current peaks indicates its diminished ferroelectric characteristic. It can thus be concluded that the
sandwich BTO/BZT/BTO film achieves a collective enhancement of effective polarization (Pmax—Fr)
and endurable electric field (Emax). This enhancement originates from the modification of polarization
behavior enabled by the unique microstructure in the sandwich BTO/BZT/BTO heterostructure
processed at an ultra-low temperature of 200 °C. As will be deeply discussed in the subsequent TEM
characterizations, this unique microstructure will contribute to superior energy storage properties of
the sandwich film. As a result, the unipolar P-E loop in Fig. 4(b) demonstrates that the BTO/BZT/BTO
sandwich film achieves an outstanding recoverable energy density (Wrec) of 100.6 J/cm?® (marked by
yellow shaded area), along with remarkably high efficiency (#) of 90.9%, which is clearly superior to
those of the single BTO and BZT thin films presented in Fig. S3(c)&(d) (Supplementary Materials).
The inset Weibull model in Fig. 4(b) validates its enhanced breakdown electric field Ep of 6.1 MV/cm,
and a detailed description of the Weibull statistical model of electric breakdown behavior is provided
in Note S4 (Supplementary Materials).

The temperature-dependent dielectric properties can offer further insights into the polarization
behavior, complementing the P-E loop analysis. Fig. 4(c) presents the dielectric constant (&) and loss
(tand) of BTO/BZT/BTO thin film over a temperature range of 20—310 °C. Under various measurement
frequencies of 1 kHz, 10 kHz, 100 kHz and 1 MHz in present case, the dielectric constant shows a
maximum with a broad peak at a certain temperature, accompanied by a slight shift of the peak with
frequency (200 °C to 216 °C, as indicated by the dashed arrow). This observed broad peak is likely

associated with the dispersed nano-sized columnar crystallites embedded in the amorphous matrix of
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the sandwich film (illustrated in detail in the TEM analyses below), which contributes to an

insignificant frequency dispersion phenomenon in the BTO/BZT/BTO sandwich film. Additionally,
Fig. 4(d) presents the fitted results of temperature-dependent dielectric constant (e—7) curves of
BTO/BZT/BTO thin film measured at various frequencies, enabling an analysis of its polarization

response based on the modified Curie-Weiss relationship [31,32]:

1 1 _@-L)

g £, C 1)
where & is the maximum dielectric constant, 7 is the characteristic temperature corresponding to €m,
and C is the Curie constant. The relaxation factors (y) of the BTO/BZT/BTO sandwich film were thus
obtained as 1.30~1.50 at various testing frequencies, which is obviously lower than that of typical
relaxor ferroelectrics (y~2). Combining the observed slight frequency dispersion effect in Fig. 4(c), the
BTO/BZT/BTO sandwich film in this study tends to exhibit a predominantly near-linear polarization
response with weakly relaxor-like component, indicating a suppression of the typical relaxor
characteristics [32,33]. Consequently, a slim P-E loop featured by a substantially reduced remanent
polarization (P;) is observed, which facilitates fast domain switching and recovery, and consequently
yields enhanced energy storage properties. These findings are in good agreement with the PFM
analysis presented above. Additionally note that, the temperature-dependent dielectric properties of the

BTO and BZT films, as well as the corresponding detailed discussions, have been provided in Fig. S6

and Note S6 (Supplementary Materials).
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Fig. 4 (a) P-E loop and polarization current curve measured at an electric field of 6 MV/cm; (b) energy
storage characteristics and inset shows the Weibull distribution plot demonstrating breakdown electric
field Ev; (c) temperature-dependent dielectric constant &, & loss tangent tand; (d) corresponding fitting
lines of &-T curves shown in (c) of the BTO/BZT/BTO sandwich film.
3.3 Microstructure and dielectric breakdown behavior

Synthesizing the systematic discussions of electrical properties of the three thin films presented
above, and to gain a deeper understanding of superior energy storage performance of the
BTO/BZT/BTO sandwich film in this work, we now perform a nanoscale microstructural
characterization and analysis in detail using transmission electron microscopy (TEM). As shown in

Figure 5(a), the cross-sectional TEM image of BTO/BZT/BTO sandwich film heterostructure reveals
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a sharp and clean interface between each layer from the top BTO layer to bottom SiO;-coated Si

substrate. Accordingly, the cross-sectional line-scan profiles of various elements and their
corresponding EDS mapping clearly demonstrated in Fig. S7 (Supplementary Materials) correlate well
with the layered-structure of the BTO/BZT/BTO film with a highly uniform elemental distribution
throughout the whole film system, confirming without any elemental inter-diffusion between each
layer. A closer examination from Fig. 5(a) reveals a more critical observation of structural feature, that
is, there are some elongated, dark-contrast columnar regions distributed diffusely throughout the
sandwich BTO/BZT/BTO film (as denoted by red arrows). These columnar regions are clearly well-
defined and regularly arranged in the bottom BTO layer, and their prevalence decreases in the middle
BZT layer. While in the top BTO layer, the contrast of columnar region diminishes substantially, with
most areas displaying bright contrast instead. This systematic variation demonstrates a progressively
descending gradient in both the abundance and contrast intensity of these columnar regions from the
bottom BTO layer, through the intermediate BZT layer, to the top BTO layer. The high-resolution TEM
(HRTEM) images obtained from different positions inside the BTO/BZT/BTO sandwich film shown
in Fig. 5(b)-(f) provide an evidence that these dark-contrast elongated columnar regions are
crystallized with an estimated average lateral width of 5~10 nm, thereby termed as nano-columnar
crystallites in this study. Conversely, the regions exhibiting bright contrast in Fig. 5(a) are characterized
by an amorphous or poorly-crystalline state. Specifically, as illustrated in Fig. 5(b) and (c¢), the HRTEM
images taken from the two areas marked by the rectangular boxes I & II in Fig. 5(a) provide a detailed
view of the bottom- and top-BTO/BZT interfaces (as marked by blue arrows). It is evident that the
nano-columnar crystallites, identifiable by variably-shaped outlines using green dashed lines, are
distributed at both interfaces. Some of these columnar crystallites extend across the interface into the
adjacent layer, while others are terminated or blocked at the interface, and the large proportion of areas
outside the dashed outlines are predominantly in an amorphous state. Moreover, the HRTEM images

shown in Fig. 5(d)-(f) taken from the areas indicated by the boxes III, IV & V of Fig. 5(a) reveal that
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the film bulk of top/bottom BTO cap layers and BZT intermediate layer share a consistent

microstructural characteristic, wherein some elongated nano-columnar crystallites embedded in an
amorphous-dominated matrix. Fig. 5(g), (h), (i) present the selected area electron diffraction (SAED)
patterns corresponding to the HRTEM images of Fig. 5(d), (e), (f), respectively. It is evident that each
layer of the film system exhibits diffuse and blurred diffraction ring accompanied by a few scattered
diffraction spots. This observation further confirms the presence of nano-sized crystallization regions
distributed spatial-separately in the predominant amorphous matrix. It is hereby noted that Note
S7&Fig. S8 (Supplementary Materials) can intuitively support such the microstructural feature of the
sandwich film at a more microscopic scale. Based on the above detailed microstructure analyses of
BTO/BZT/BTO sandwich film, the volume fraction of nano-columnar crystallization regions in each
layer can be semi-quantitatively estimated by distinguishing the contrast in brightness & darkness
observed in the cross-sectional TEM image of Fig. 5(a). The used calculation method is elucidated in
Note S8 (Supplementary Materials). As depicted in the inset of Fig. 5(a), the volume fractions of the
nano-columnar crystallization regions in the bottom BTO, middle BZT and top BTO layers have been
semi-quantitatively estimated to be ~54.5%, ~36.1% and ~22.9%, respectively. As a result, the
BTO/BZT/BTO sandwich film experienced an ultra-low thermal budget of 200 °C in this study
possesses an unique microstructure featured by a descending gradient of nano-columnar crystallites
distributed in the amorphous-dominated matrix via a spatially-separated manner throughout the
sandwich film system. Such the unique microstrcture of the BTO/BZT/BTO sandwich film is
conducive to modifying its polarization response by mitigating the dielectric nonlinearity associated
with ferroelectric behavior, as illustrated in Fig. 4 above, thereby giving rise to a slim P-E loop. This
contributes to a delayed saturation of electric polarization, yielding a reduced remanent polarization
(smaller Pr) while achieving a significantly improved breakdown electric field (higher Eb).
Additionally, as discussed in the aforementioned XRD results, the in-plane compressive stress existing

in the BTO/BZT/BTO sandwich heterostructure enables it to retain a reasonably high maximum
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polarization Pmax. Consequently, the synergy of these factors endows the BTO/BZT/BTO sandwich

film with superior energy storage characteristics, that is concurrently enhanced energy storage density
Weee and efficiency #. It is worth further noting that the detailed investigation into energy storage

stability of the BTO/BZT/BTO thin film will be provided later.
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Fig. 5 (a) Cross-sectional TEM image of the BTO/BZT/BTO sandwich film. (b)-(f) HRTEM images
corresponding to the box regions marked in (a), respectively. (g), (h), (i) Selected area electron
diffraction (SAED) patterns obtained from (d), (e), (f), respectively.

Since such the unique microstructure featuring gradient nano-columnar crystallites distributed
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separately within an amorphous phase-dominated matrix has been verified by the above TEM

observations, the impact of this microstructural feature on the electric breakdown strength of dielectric
energy storage films warrants further in-depth investigation. Therefore, numerical simulations based
on finite element method (details are given in Note S9 in Supplementary Materials) were performed
to discuss the role of the aforementioned microstructure in determining the propagation path of
electrical trees and the local electric potential distribution in BTO/BZT/BTO sandwich film. Figure 6
gives the finite element simulation results of the sandwich film, where the elongated rectangles within
each layer represent the nano-columnar crystallites possessing a relatively high dielectric constant, and
the surrounding regions outside the elongated rectangles correspond to the amorphous matrix with a
lower dielectric constant compared to these crystalline columnar grains. The number of elongated
rectangles in each layer denotes the volume fraction of the columnar crystalline phase. Apparently, the
crystalline phase ratio in the amorphous matrix exhibits a gradient decrease from the bottom BTO layer
to the top BTO layer, thereby closely matching the observed TEM microstructure. The propagation
path of electrical trees and corresponding local electric potential distributions in the BTO/BZT/BTO
sandwich film at different time duration under an applied electric field were simulated. It can be
observed from Fig. 6 that, as increasing the time duration, the electrical trees initiate from the top BTO
layer and gradually propagate toward the bottom BTO layer. Because the numerous nano-sized
columnar crystallites can store charges, the developing tree channels primarily tend to pass through or
extend along the columnar crystallites and their adjacent regions. Correspondingly, a relatively high
local electric potential is observed inside the columnar grains and at the interfaces between the
columnar crystallites and the amorphous matrix, and such local potential becomes more pronounced
with increasing columnar grain ratio. In contrast, the amorphous matrix exhibits a low potential
distribution without any sign of charge concentration, indicating its high electric breakdown
characteristics. In fact, this enhanced breakdown effect of the BTO/BZT/BTO film is closely

associated with the interfacial barrier blocking effect between the amorphous matrix and the discretely
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distributed columnar crystallites within each layer, as well as the obstruction at the electrically

discontinuous BTO/BZT interfaces (which exhibit different dielectric constants). Similar phenomena
have also been observed in some other thin-film heterostructures [34-36]. Considering the synergistic
balance between the enhanced electric breakdown characteristics of the amorphous matrix and the
polarization response of the dispersed nano-columnar crystallites, such an unique microstructure is
favorable for achieving enhanced energy storage performance.

Additionally, the electric breakdown simulations were also performed for the single BTO and
BZT films. Fig. S9 and S10 (Supplementary Materials) show the electrical tree propagation of the BTO
and BZT films under an applied electric field, respectively. Evidently, compared with the
BTO/BZT/BTO sandwich film, both films display an obvious short time duration of the electrical tree
paths even under a slightly lower applied electric field, indicating an increased probability of electric
breakdown. Collectively, the simulation results demonstrate that the gradient nano-columnar
crystallites and the electrically discontinuous hetero-interfaces between adjacent layers in the
BTO/BZT/BTO sandwich film act as barriers to the propagation of electrical trees, thereby leading to

its enhanced breakdown strength.
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Fig. 6 Finite element simulations of electrical breakdown path propagation and electric potential
distribution for the BTO/BZT/BTO sandwich film.
3.4 Comprehensive stability of energy storage performance

The energy storage stability of ferroelectric capacitors is undeniably crucial for their practical
applications. Typically, the energy storage performance of ferroelectric materials is primarily governed
by three key factors: operating temperature and frequency, as well as charging/discharging cycles.
Figure 7 systematically presents the variations in recovery energy density (W) and efficiency (7) of
the BTO/BZT/BTO sandwich film in terms of frequency response, temperature adaptability, and
cycling durability. Fig. 7(a) gives the room temperature (RT) P-E loops of BTO/BZT/BTO sandwich
film measured at various frequencies under a fixed applied electric field of ~2 MV/cm, these P-E loops
maintain nearly identical shapes across a broad frequency range (100 Hz to 10 kHz), with no
discernible distortion such as loop tilting or widening. As illustrated in the corresponding Fig. 7(b), the

minimal frequency dependence throughout the testing frequency range, evidenced by variations in Wiec
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and 7 below 6% and 5%, respectively, confirms its good frequency stability. The temperature evolution

of P-E loops and energy storage characteristics of the film measured at ~2 MV/cm are shown in Fig.
7(c) and (d), respectively. Throughout the operational temperature from 25 °C (RT) to 150 °C, the
polarization behavior basically maintains a consistency, showing negligible thermally induced disorder
in P-E loops. Despite a somewhat degradation in both energy density (AW:ec < 7%) and efficiency (A
< 8%) with increasing temperature, the film maintains an impressive efficiency exceeding 90% even
at 150 °C, showing its good thermal adaptability for practical applications, such as hybrid electric
vehicles (~140 °C) and pitch control devices in wind-power-generation systems (~125 °C) [37,38].
Furthermore, excellent cycling durability is essential for dielectric capacitors during long-term
charging/ discharging cycling. Therefore, the cycling P-E loops of the film were performed at £ = 2
MV/cm using a sine wave with a frequency of 500 kHz. Fig. 7(e) reveals that the BTO/BZT/BTO
sandwich film preserves remarkable slim P-E loops even following 2 x 10’ cycles, with negligible
polarization degradation. Correspondingly, as given in Fig. 7(f), the ultra-low variations in energy
density (AW:iec < 3%) and efficiency (An < 1%) signify robust cycling endurance against long-term
charging/discharging process. The convergence of these energy storage stability metrics across
multiple operating conditions designates the sandwich BTO/BZT/BTO heterostructure as a great
potential candidate for reliable, high-power-density energy storage devices. As the foregoing detailed
discussions, the superior energy storage properties and stability against various operating conditions
are closely relating with the modified polarization behavior of BTO/BZT/BTO sandwich film enabled
by its unique microstructure of gradient nano-columnar crystallites engineering via an ultra-low

thermal budget.
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Fig. 7 The left panel shows the P-E loops of the BTO/BZT/BTO film as a function of (a) frequency,
(c) temperature, and (e) charging/discharging cycles, respectively. The right panel gives the
corresponding plots of (b) frequency, (d) temperature, (f) cycling dependent recoverable energy density
(W:ee) and efficiency (), which are calculated from their P-E loops. Note that, the Wiec(2kHz), Wrec(RT)
and Wre(initial) in (b), (d), (f) represent the Wi measured at 2 kHz, at room temperature, before
charge/discharge cycling, respectively, and the corresponding # are #(2kHz), #(RT) and #(initial).
Finally, Figure 8 systematically benchmarks the energy storage performance of the
BTO/BZT/BTO sandwich film in this work against those reported representative BTO- and BZT-based

thin films grown on Si substrates, encompassing doping, multilayer and solid solution systems
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[12,27,39-51], with a primary focus on efficiency (#), cycling reliability, and processing temperature

compatibility. This comparative analysis reveals that our sandwich BTO/BZT/BTO sandwich film
demonstrates superior overall energy storage properties, exhibiting not only commendable Wi~ 101
J/em?, but more remarkably, outstanding efficiency (~91%), robust cycling endurance (2 x 10° cycles),
and significantly reduced thermal budget requirements for integration compatibility (<300 °C in our
work). These remarkable attributes underscore its tremendous promise for applications of integrated

energy storage devices.
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Fig. 8 Systematic comparison of energy storage efficiency (7), charge/discharge cycles and processing
temperature compatibility between the BTO/BZT/BTO sandwich film in this work and some reported
representative BTO- and BZT-based thin films, including doping, multilayer and solid solution systems.

4 Conclusions

This work focused on the long-standing technical bottlenecks of ferroelectric thin film capacitors,
including the trade-off between energy storage density and efficiency, and particularly poor integration
compatibility. Through an innovatively engineered design of sandwich BTO/BZT/BTO heterostructure
with a low thermal budget, the polarization behavior was modulated via an unique microstructure
featured by spatially gradient-distributed nano-columnar crystallites in an amorphous-dominated

matrix. Consequently, the BTO/BZT/BTO sandwich film with superior energy storage properties was
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fabricated via radio-frequency magnetron sputtering at a low processing temperature of 200 °C. This

constructed sandwich film effectively delayed saturation of polarization, postponed electric breakdown
process, and reduced dielectric nonlinearity, thereby achieving a remarkable enhancement in overall
energy storage properties, including a substantial recoverable energy density Wrec of 100.6 J/cm?® with
a high efficiency 77 0f 90.9%, an enhanced breakdown electric field £y of 6.1 MV/cm, a broad operating
frequency- and temperature-window, notably a robust cycling reliability (2 x 10° cycle). Critically, this
work successfully integrates semiconductor processing compatibility (low-thermal-budget of <300 °C
in this study) with excellent energy storage properties, showing a great application potential for high-

power pulsed systems and high-energy-density integrated electronic devices.
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