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ABSTRACT

Capacitive energy storage is part of a promising energy harvesting and storage solution to power Internet of Things (IoT) sensors,
overcoming the critical limitations of conventional supercapacitors and micro-batteries. Moreover, achieving high recoverable
energy storage density (ESD) and high efficiency (1) simultaneously is a key goal in energy storage, often requiring hybrid systems
(e.g., combining batteries and supercapacitors) to balance the trade-offs. Here, we demonstrate a ultra-thin film capacitor with
unprecedented high ESD that can be efficiently released at low operating voltage. This is achieved by using a novel heterostructure
design combining ferroelectric La-doped HfO, and a ferroelectric perovskite that is a relaxor induced by polar nanoregions,
which enables a low hysteresis loss in the capacitor, thereby leading to an improved 7. Additionally, the relaxor ferroelectric layer
thickness was optimized to give an optimum voltage drop to allow high maximum polarization and low remnant polarization, the
former to allow an ESD of over 50 J/cm?, and the latter to allow 1 to be maximized at ~95%. Therefore, our fluorite/perovskite
heterostructure design and unique materials strategy have together provided a novel way to achieve unprecedented dielectric
energy storage properties, proving a new route to electrostatic energy storage for autonomous IoT sensors.

1 | Introduction artificial intelligence (AI) introduces a new paradigm in how

sensors collect, interpret, and act on data, with co-design and

The Internet of Things (IoT) refers to a network of devices that
can sense, communicate, and act without human intervention,
transforming traditional systems into intelligent ones. This inter-
connected network of smart devices has fostered a more efficient,
automated, and responsive world. So far, it has transformed our
healthcare, automotive, and agriculture industry [1]. In addition,

benchmarking key to their success [2].

However, modern IoT sensor nodes typically rely on rechargeable
lithium (Li)-ion batteries [1]. The Li-ion batteries have become
the dominant electrochemical energy storage technology due
to their high energy density and well-developed manufacturing
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infrastructure [3, 4]. Despite their technological maturity, funda-
mental scientific challenges still limit further improvements in
performance, safety, and durability [3].

Moreover, modern IoT sensor nodes typically rely on standard
3000 mAh lithium-ion batteries, which offer a lifetime of no
more than 2 years (approximately 2000 charge-discharge cycles)
[1, 5]. Consequently, battery failure or replacement disrupts the
continuous operation of the IoT sensors. Another concern is the
growing dependence on materials that are increasingly scarce
and toxic, particularly lithium (Li). Global Li production is about
100 000 tons per year, and the International Energy Agency (IEA)
anticipates this demand to increase to 240 000-450 000 tons by
2030 [6]. To circumvent this major problem, current research
is shifting toward compact autonomous IoT nodes capable of
powering the electronics behind sensors through an integrated
energy harvesting-energy storage strategy [1]. In particular, the
harvest-storage architecture that can power the electronics cou-
pled to self-powered sensors (operating via phenomena such
as triboelectric, piezotronics, or pyro-phototronic effects [7-9],
mitigates limitations associated with the batteries. Therefore,
investigation of alternative complementary technologies is essen-
tial for the more extended implementation of IoT sensors. For
this purpose, electrochemical supercapacitors and electrostatic
dielectric capacitors are considered promising solutions [10-13].
Commercial electrochemical capacitors suffer from low energy
storage density (<30 J/cm?®) and limited cycling stability (<10°
cycles) [10]. In addition, they face the challenges of compatibility
with complementary metal-oxide-semiconductor (CMOS) for
on-chip integration and reducing device size (electrochemical
capacitors are around 1 pm or thicker), restricting broader appli-
cability [11-13]. Electrostatic dielectric capacitors, on the other
hand, offer smaller size, superior energy storage density, high
efficiency, and long cycling life, and they can enable perpetual
IoT sensor operation.

Recently, dielectric capacitors are attracting significant attention
for ES applications [14, 15]. The ES performance of a dielectric
capacitor is determined by using the polarization-electric field
(P-E) loops, and the parameters used to establish the perfor-
mance matrices are recoverable energy storage density (ESD),
efficiency (1), and applied electric field (E). These parameters are
determined using the following equations [14, 15]:

Wstorcd = ()Pm E dP (1)
ESD = [,"E dP )
ESD
= ©)
7 Wstored

here, W,,.q is the total energy density, P,, is the maximum
polarization, and P, is the remnant polarization. Therefore, the
high ES performance of a dielectric capacitor is shaped by the
combination of a large P,, and a small P,, at a certain E.

Among different dielectric materials, perovskite-structure oxide-
based relaxor ferroelectrics (RFEs) and anti-ferroelectrics (AFEs)

stand out for their superior ESD and 7, surpassing those of
conventional ferroelectrics (FEs) and linear dielectrics [14, 15].
The notable works on top-performing AFE and RFE- based
perovskite oxides possess larger ESD (>150 J/cm?) and 5 (> 90%),
although they require high operating voltages (>100 V) [16, 17].
However, the reliable and safe operation of IoT sensors demand
high-quality dielectric capacitors with superior ES performance
at low applied voltages, comparable to micro-batteries (most
common supply voltage is in the range 1.8-5 V) [18]. Therefore,
fabricating a dielectric capacitor with excellent ES performance
at low voltages is essential [19].

The discovery of ferroelectricity (FE) and AFE in sub-10 nm
Hf,Zr,,0, (HZO)-thin films has attracted interest for the devel-
opment of ES dielectric capacitors due to their high P,, achieved
at low voltages [20]. Furthermore, there are works reporting high
ES using HZO-based dielectric capacitors [21-23]. An AFE HZO
3D capacitor incorporating Al,O; insulation layer via superlattice
engineering reported a large ESD ~ 81 J/cm?® and an 5 ~ 73% at
a high applied voltage of ~40 V [21]. Another work exploited the
formation of polar nanoregions (PNRs) in Al doped AFE HfO,
capacitors and achieved an ESD ~ 100 J/cm?® with an 7 < 85%,
at ~9 V [22]. However, detailed studies on the observed good
performance using this approximation have not been done to
further optimize ES parameters. More recently, an Al,O; inserted
HfO, capacitor reported a large ESD ~ 130 J/cm? and an 7 ~ 80%
in, with a lower applied voltage of ~7.5 V [23]. Even though the
ESD is similar to that achieved in perovskite AFE and RFE-based
capacitors, the efficiency remains limited, not exceeding 85%.

Considering the shortcomings of the aforementioned works
of having both high ESD and high # in the same capacitor,
the development of a highly efficient, eco-friendly dielectric
capacitor material capable of delivering superior ES perfor-
mance at low voltages is imperative for IoT sensors. With
this challenge in mind, in this work a FE/RFE heterostruc-
ture capacitor was designed to leverage the unique prop-
erties of two layers of high P, at low voltage and RFE
behavior for high efficiency. The materials chosen for these
two layers are FE La (5 cat.%)- doped HfO, (La:HfO,) and
RFE (the latter selected owing to its weakly coupled polar
nanoregions (PNRs), which enable potentially high 7) Pb-free
0.85[0.6Ba(Zr, , Ti, s)O; 0.4(Ba,,Ca, ;)TiO5]-0.15SrTiO; (BCZT-
STO) [24], respectively.

In order to optimize the voltage drop across the film stack to
achieve switching at the voltage where P,, achieves its maximum
value, we tuned the BCZT-STO layer thickness and then probed
the FE and ES performance. This enabled us to achieve an
excellent balance between ESD and 7 at a low voltage. A compre-
hensive analysis elucidating the underlying physical mechanisms
by which the RFE introduction enhances the ES performance of
La:HfO,-based dielectric capacitors under low-voltages was also
undertaken.

2 | Experimental Section
Bilayered heterostructures combining La:HfO, (with a thickness

of 10 nm) and BCZT-STO (with different thicknesses of 0, 5,
50, 100, and 200 nm) were grown by PLD on LSMO-buffered
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FIGURE 1 | 26-yXRD maps of the STO/LSMO/La:HfO,/BCZT-STO/Pt samples with BCZT-STO thicknesses of (a) 0 nm, (b) 5 nm, and (c) 100 nm,
respectively. The circular spot marked with an asterisk that appears in some of the 26-y maps is an artifact caused by the 2D detector. The weak peaks
near 41.7° and 44.4° are STO(002) reflections caused by the Kg line of Cu (4 = 1.391 A) and the L line of W (1 = 1.476 A), respectively [34]. (d-f) show

sketches of the thin film device structure corresponding to each XRD map.

STO(001) substrates. The growth parameters for LSMO, La:HfO,,
and BCZT-STO layer are given in ref [24-26]. After BCZT-STO
layer growth, in order to sufficiently oxidize the films, they were
annealed for 20 min at 775°C under 0.1 mbar of O, [24]. For
the electrical characterization, top Pt electrodes (3.14x10™* mm?
and 20 nm thick) were deposited through stencil masks by DC
magnetron sputtering. As a result, a metal-ferroelectric-relaxor
ferroelectric-metal structure, LSMO/La:HfO,/BCZT-STO/Pt is
fabricated. Platinum is considered a chemically inert electrode
used to study the ferroelectric properties of HfO,-based films
because it does not act as an oxygen scavenging layer, unlike the
conventionally used TiN electrodes [27, 28].

The crystal structure was analyzed by X-ray diffraction (XRD)
with Cu Ka radiation using a Bruker D8-Advance diffractometers
equipped with 2D detector [29]. For microstructural characteri-
zation, cross-sectional specimens were prepared using standard
methods involving cutting and polishing, followed by ion milling
using a precision ion polishing system (PIPS). Atomic-resolution
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging and energy-dispersive X-
ray spectroscopy (EDS) mapping were carried out using a
probe-corrected SPECTRA 300 TEM (Thermo Fisher Scientific),
equipped with a Super-X EDS detector and operated at 200 kV.
A convergence semi-angle of 15.7 mrad was used, yielding a
depth of focus of approximately 10 nm, which optimized EDS
signal acquisition. A camera length of 91 mm was employed,
corresponding to HAADF detector collection angles in the range

of 72-200 mrad. Experimental HAADF-STEM images were fur-
ther analyzed using atomic structure models performed with
CrystalKit software (Total Resolution LLC).

Ferroelectric characterization was performed at room temper-
ature by measuring the polarization-voltage (P-V) loops, with
the LSMO electrode grounded and the Pt electrode biased at
1 kHz using the AixACCT TFAnalyser3000 system. The leakage
contribution was compensated using the standard dynamic leak-
age current compensation (DLCC) method [30, 31]. For the ES
performance evaluation, the electric field was estimated by using
the applied voltage divided by the total FE/RFE heterostructure
thicknesses.

3 | Results and Discussion

Figure la-c displays the XRD 26-y maps of the STO/
LSMO/La:HfO,/BCZT-STO/Pt samples, with corresponding
BCZT-STO layer thicknesses of 0, 10, and 100 nm, respectively,
while Figure 1d-f shows the sketches of the corresponding
samples for each map, respectively. The intense spots at y =
0° and 26-23° and 26-46° depict the STO(001) and STO(002)
reflection, with the corresponding LSMO spots overlapped. All
samples show a Bragg spot at y = 0° and 26-30°, confirming
the orthorhombic (o) La:HfO, (111) reflection [29, 32]. The
Bragg spot has a circular shape, in agreement with the epitaxial
growth of La:HfO, layer on LSMO/STO(001) [32]. A low intensity
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FIGURE 2 | (a) HAADF-STEM image and corresponding EDS elemental maps of the STO/LSMO/La:HfO,/BCZT-STO/Pt heterostructure (5 nm
thick BCZT-STO) (b) atomic-resolution STEM image around the La:HfO,/BCZT-STO interface (marked with a yellow arrow), (c) FFT corresponding to
the red box in (b), indexed to the perovskite BCZT structure along the [110] zone axis, and (d) atomic arrangement of the perovskite BCZT-STO along

the [110] zone axis, where Ba/Ca, Ti/Zr, and O atomic columns are indicated.

arc-shaped spot is observed at 26-32° in Figure 1b, corresponding
to the (110) reflection from the BCZT-STO layer [28]. The low
intensity is a consequence of the low thickness (5 nm) of the BCZT
layer. Additionally, the arc shaped spot at 26-40° corresponds to
the (111) reflection of the Pt electrode. The map of the sample
with the thickest film (100 nm) shown in Figure 3c also exhibits
arc-shaped reflections at 26-32° and 26-45°, corresponding to
(110) and (002) reflections of BCZT [24, 33]. The arc-shape along y
indicates the polycrystallinity of the BCZT-STO layer irrespective
of its thickness. In addition, regarding the possible effect of
the BCZT-STO layer on the La:HfO, thin film crystallization
behavior, XRD measurements in all the samples demonstrate
that there is no o-(111) La:HfO, peak change, confirming that this
possible effect is negligible.

Microstructural characterization of the sample with the 5 nm
thick BCZT-STO layer, corresponding to the sketch shown in
Figure le, was undertaken by STEM. The cross-section HAADF-
STEM image in Figure 2a shows the STO substrate, and the
LSMO (50 nm), La:HfO, (10 nm), and BCZT-STO (5 nm) layers.
The elemental mapping images at the right, corresponding to
O, Sr, Ba, Ca, Zr, Ti, and Mn, confirms the sharp interfaces
between BCZT-STO, La:HfO,, LSMO, and STO(001), with negligi-
ble interdiffusion. A more detailed analysis is given in Supporting
Information (Figure SI). Figure S2 shows that the La:HfO, layer
in the STO/LSMO/La:HfO,/BCZT-STO/Pt sample (Figure le)
exhibits well-defined atomic columns, demonstrating a high
degree of crystallinity of the La:HfO, layer. Two representative
regions within the film (labeled 1 and 2 in Figure S2) were
selected for local structural analysis. The Fast Fourier Transform
(FFT) patterns extracted from these regions are indexed to the
o-phase of La:HfO,, confirming the stabilization of the non-
centrosymmetric o-phase structure within the film. The FFT

from region 1 can be indexed along the [-211] zone axis, with
characteristic reflections corresponding to the {111}, {113}, and
{022} planes. In contrast, the FFT from region 2 is indexed
along the [101] zone axis, showing prominent {111} and {020}
reflections. The presence of these reflections is consistent with
o-phase symmetry [35]. The observation of different zone axes
within closely spaced regions signals, the existence of the crystal
variants, which is a consequence of the different {111} orientations
of La:HfO, on LSMO(001) [36]. To analyze the crystallographic
symmetry of the BCZT layer, a FFT pattern was extracted from
the region highlighted with a red square in Figure 2b. The FFT
can be indexed along the [110] zone axis of the perovskite BCZT
structure, with clearly resolved reflections corresponding to the
(001), (—111), and (-110) planes (Figure 2c). These reflections are
consistent with the expected perovskite structure of BCZT. The
experimental atomic-resolution HAADF-STEM images are also
in perfect agreement with the projected atomic model along the
[110] zone axis of the perovskite structure (space group: P4mm
(99)and a =b =4.092 A, c = 4.099 A, a = § = y = 90°), shown
in Figure 2d, where Ba/Ca occupy the A-site positions, Ti/Zr
the B-site positions, and oxygen atoms form the corner-sharing
octahedral framework. Overall, the combined real-space imaging
and reciprocal-space analysis demonstrates that the BCZT-STO
layer in the STO/LSMO/La:HfO,/BCZT-STO/Pt film (Figure 1le)
is structurally coherent, with a well-ordered crystallographic
arrangement within the FE/RFE heterostructure.

Figure 3a displays the P-V loops measured for the
LSMO/La:HfO,/BCZT-STO/Pt dielectric capacitors, at an
applied voltage of 6.5 V. The P-V loop shown in Figure S3a of
the LSMO/La:HfO,/Pt confirms its FE nature. The P, value for
a single La:HfO, film is 16 uC/cm?, in agreement with previous
reports [25, 26].
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FIGURE 3 | (a)P-Vloops for different BCZT-STO layer thicknesses (x) in LSMO/La:HfO,/BCZT-STO/Pt at a constant voltage of 6.5 V, (b) calculated
voltage drop across the La:HfO, and BCZT-STO layers as a function BCZT-STO layer thickness (x). P-E loop at different voltages for different BCZT-STO
layer thicknesses, x. (¢) x = 5 nm, (d) x = 50 nm, (e) x = 100 nm, and (f) x = 200 nm, respectively. The voltage values noted within the plots of (c)-(f)

correspond to the voltage drop across the La:HfO,/BCZT-STO layers.

Figure 3a probes the role of the BCZT-STO layer thick-
ness in combination with a La:HfO, layer, i.e., in studies of
LSMO/La:HfO,/BCZT-STO (x nm)/Pt, where x ranges from 0 to
200 nm. It is found that the increasing presence of BCZT-STO
(higher x) leads to a decrease in the P,, and P, values, making
the hysteresis loops slimmer when compared to the P-V response
of the LSMO/La:HfO,/Pt. This slim nature of the P-V loops, as
well as the monotonous decrease in the P,, and P, with increasing
RFE layer thickness is attributed to the decreasing (increasing)
calculated voltage drop across the FE La:HfO, (RFE BCZT-STO)
layers with increasing x, as shown in Figure 3b. The reason for
this inverse relation in voltage drop is discussed later.

To explore the effect of the BCZT-STO layer on the FE response of
the capacitors, we have studied P-E loops as a function of applied
electric field for LSMO/La:HfO,/BCZT-STO/Pt. The P-E loops for
the LSMO/La:HfO,/BCZT-STO/Pt samples for BCZT-STO layer
thicknesses, x, of 5, 50, 100, and 200 nm show different P-E loops
(Figure 3c-f). The measured V drop values across the BCZT-STO
layers in each film stack are noted in each plot, while the insets
of the same figures show their corresponding I-E curves. Mixed
FE/RFE behavior is observed for 5, 50, and 100 nm, whereas a
RFE response is observed for 200 nm. The breakdown electric
field/voltage increases with increasing the BCZT-STO thickness,
X, because of the different voltage drops across the La:HfO, and
BCZT-STO layers (Figure S4). It is noted that the voltage across
the La:HfO, layer is always below 8 V (Figure S4), which prevents
it from breaking down.

For the 5 nm BCZT-STO, most of the voltage drop (7.85 V) occurs
in the La:HfO, layer, but there is still some voltage drop (0.85 V)
across the BCZT-STO, for an applied voltage of 8 V, to cause mixed
FE/RFE behavior. There could also be an interfacial proximity
effect, as observed for Sm-doped Hf sZr, sO,/Hf, sZr, sO, [35] and
Alj¢Sc,,N/AIN [37] heterostructures, to enable switching of the
BCZT-STO layer at lower applied voltages. This effect would also
produce a mixed FE/RFE behavior.

For the 50 and 100 nm BCZT-STO layers, the voltage drop
across the BCZT-STO layer starts to become dominant (Figure
S4c-e), thereby producing still a mixed FE/RFE behavior. This
hypothesis is supported by the I-E curves shown in the inset
of Figure 3c-e, which show broad peaks related to the mixed
FE/RFE behavior for the 5, 50, and 100 nm BCZT-STO layer. By
further increasing the thickness of the BCZT-STO layer to 200 nm,
the voltage drops across the La:HfO, layer become negligible
compared to the voltage drop across the BCZT-STO layer. Here,
the higher V drop across the BCZT-STO gives rise to a typical
RFE behavior, corroborated by the I-E curves in the inset of
Figure 3f that show sharp switching current peaks at around E ~
0 MV/cm along with a very slim P-E loop, ascribed to the RFE
characteristics [38, 39].

Next, we evaluate the ES characteristics of the different, i.e., ESD
and 7 based on their P-E loops and using Equations (2) and (3).
Figure 4a displays the ESD as a function of the applied voltages for
the LSMO/La:HfO,/BCZT-STO/Pt, with thickness ranging from 5
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to 200 nm. As expected, the ESD value increases with the applied
voltage for all the capacitors. For capacitors containing BCZT-
STO, the ESD is found to be higher for the lowest layer thickness
of 5 nm because of the higher applied electric field. On the
other hand, the ESD value is lower for the LSMO/La:HfO,/BCZT-
STO/Pt capacitor compared to the LSMO/La:HfO,/Pt capacitor
(ESD =133 J/cm® and 7 = 68%) because P,, is reduced when the
BCZT-STO RFE is present.

Figure 4b shows 7 as a function of the applied voltage, for
the different LSMO/La:HfO,/BCZT-STO/Pt. Remarkably, the 7
values are much higher compared to the LSMO/La:HfO,/Pt (y =
68%), where no BCZT-STO layer is present. This is understood
based on the FE/RFE mixed behavior when both La:HfO,
and BCZT-STO layers are present. 7 is as high as 95% in the
LSMO/La:HfO,/BCZT-STO/Pt for the 5 nm BCZT-STO layer
thickness at an applied voltage of 7.5 V (Figure 4b). This is a
remarkable result since most of the HZO based capacitors exhibit
7 below 85% for applied voltages < 10 V [21-23, 40-45]. The
high value is explained by both a high P,, value being obtained
from the switching of the La:HfO, layer and also the very slim
loop obtained from the switching of the relaxor BCZT-STO layer.
This is analysed in more detail later. The fact that BCZT-STO
dominates the loop shape over the La:HfO, is indicative again
of a proximity effect between the layers [35, 37]. Figure 4c shows
ESD/n versus BCZT-STO layer thickness with optimum applied
voltage shown in the plot for the different thicknesses. The 5 nm
BCZT-STO layer thickness shows the best combination of ESD
(51 J/cm?) and 7 (95%), achieved at an applied voltage of only
7.5V.

Now we turn to understanding the ES performance val-
ues of the FE/RFE heterostructures by considering the volt-
age drop across them (for a total applied voltage of 6.5 V
(Figure 3b). The FE La:HfO, layer and the RFE BCZT-STO
layer act as two capacitors in series [46]. Thus, the total
applied voltage (V) is distributed between the two layers as
follows:

V=V + Vreg 4

where Vi and Vygp represent the voltages across the La:HfO,
and BCZT-STO layers, respectively. It should be noted that the

expression for Vi and Vg in the case of an ideal parallel plate
capacitor is given as follows [46]:

-1

€ t
VFE=<E.ﬂ+1> % (5)
Ire  ErrE
and
£ t !
Virep = (_RFE -2+ 1> |4 (6)
IRrE  €FE

where €, €gpp, tpp, and trpp represent the dielectric constants of
La:HfO, (g5 = 30) [47], and BCZT-STO (egg = 125) [22], and the
thickness of La:HfO, and BCZT-STO layers, respectively. Here,
the ty; is constant, while t;; is the variable. As per Equations (5)
and (6), and as shown in Figure 3b, the increase in ftzz; causes
a reduction in Vi and consequently an increase in Vigg. Since
the P,, and P, values for the LSMO/La:HfO,/Pt are higher than
the ones observed in the LSMO/BCZT-STO/Pt with a BCZT-STO
layer thickness of 200 nm (Figure S3b), the inclusion of the BCZT-
STO layer in the capacitor causes a decrease in the P, and P,
values. Interestingly, an improvement in the P,, and P, values was
observed when the BCZT-STO layer thickness increased from 100
to 200 nm, consistent with reports on other perovskite systems
where polarization increases with film thickness. Thus, larger
thicknesses hinder depolarizing fields and interfacial dead layers,
enabling the domains to grow and align more effectively [48, 49].

The physical mechanism behind the ES performance enhance-
ment in the FE/RFE heterostructures is schematically shown
in Figure 5 and can be understood as follows. The FE
LSMO/La:HfO,/Pt provides a large P,, and a moderate P,
attributed to the presence of the switchable macrodomains
(shown in the insets of Figure 5a) and thereby, constituting a
larger ESD (Figure 5a). On the other hand, the RFE LSMO/BCZT-
STO/Pt exhibits a pinched P-E loop due to the presence of
switchable PNRs that cause a reduced P, and also, ultrahigh
from the PNRs (Figure 5b) [14, 24]. The LSMO/La:HfO,/BCZT-
STO/Pt with x = 5 nm has an optimized voltage drop across
the La:HfO, FE and BCZT-STO RFE layers (i.e. high across the
La:HfO, and low across the BCZT-STO). This allows for a high
P,, from the La:HfO, and a low P, from the BCZT-STO, caused
by interaction (proximity effect) between the macrodomains in
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FIGURE 5 | Schematic illustration of the mechanism responsible for the observed P-E loops in (a) LSMO/La:HfO,/Pt, (b) LSMO/BCZT-STO
(200 nm) /Pt, and (c) LSMO/La:HfO,/BCZT-STO (5 nm) /Pt capacitors. The insets show the dipole orientation corresponding to macrodomains and

polar nanoregions in these capacitors.

La:HfO, [35, 37] and PNRs in BCZT-STO [24], as shown in the
insets of Figure 5c. Thus, in this mixed FE/RFE system, the
FE domains in La:HfO, can trigger the PNRs in RFE BCZT-
STO, at low applied voltage [37]. Overall, the loop is narrower
(less hysteretic) than for the LSMO/BCZT-STO/Pt (Figure S3b);
(ESD = 2.6 J/cm® and n = 88%). Thus, 7 is high in the
LSMO/La:HfO,/BCZT-STO (5 nm)/Pt when compared to the
one obtained in the LSMO/La:HfO,/BCZT-STO/Pt, because the
BCZT-STO layer is weakly polarized, induced by a lower voltage
drop in the BCZT-STO layer. In RFE a higher voltage drop
usually induces an higher hysteresis loss causing lower # [50].
The P,, value is intermediate between the LSMO/La:HfO,/Pt
and LSMO/BCZT-STO/Pt capacitors, as expected. The P, value is
significantly suppressed, since the randomly distributed PNRs, at
zero voltage, can make the macrodomains in La:HfO, reduced in
size, which thereby significantly decreases the P, value. A minor
imprint effect is also observed for the LSMO/La:HfO,/BCZT-
STO/Pt system as observed by the left-shifted hysteresis loop in
Figure 5c. Interfacial effects from the presence of a built-in electric
field can explain the origin of this imprint effect [38].

We now turn to understanding what is required for an effective
energy harvesting-energy storage strategy for IoT devices. For this
to be achieved, the ES device needs to efficiently release the stored
energy. The capability of a dielectric capacitor to efficiently store a
high ESD is quantitatively evaluated using the following equation
[19]:

Up=—— ™

where U; quantifies the extent to which ESD can be efficiently
released. The U, values for the STO/LSMO/La:HfO,/BCZT-
STO/Pt capacitors are found to be ~1016 J/cm? at 7.5V, ~124 J/cm?
at 8V, ~375 J/cm? at 25V, and ~183 J/cm? at 27 V, for the BCZT-
STO layer thicknesses of 5, 50, 100, and 200 nm, respectively. The
ES capacitor with a BCZT-STO layer thickness of 5 nm efficiently
recovered a capacitive energy displaying an ultra-high value of Uy
0f 1016 J/cm? at just 7.5 V. Therefore, our FE/RFE heterostructure
design and unique materials combination has together provided
a novel way to undertake domain nanoengineering to achieve
unprecedented dielectric energy storage properties.
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[ Pb- perovskites- based
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FIGURE 6 | Comparison of Uy as a function of voltages with the
other reported best-performed works [19, 21-23, 39-45, 51-59]. The
applied voltage corresponding to the best ES performance in the reported
literature was estimated using the thickness and the breakdown voltage.
The Uy values were also estimated, for the different works, by taking the
energy storage density and efficiency of the capacitors.

Figure 6 displays the variation of U; as a function of the applied
voltage for the capacitors of this work compared to those reported
in the literature for FE, AFE, and RFE systems [19, 21-23, 39-
45, 51-59]. Our heterostructure concept had produced a record
Uy value for a sub- 10 V applied voltage. Our design concept has
therefore charted a new path for replacing the ES components in
the low-voltage high-power microelectronic applications such as
compact autonomous IoT sensor devices. Overall, we have devel-
oped a very promising dielectric alternative system to current
state-of-the-art micro-batteries, electrochemical capacitors, and
hybrid systems, which are limited in terms of high ESD and high
7 simultaneously.

4 | Conclusions

In this work, we propose and demonstrate a novel heterostructure
thin film design approach to achieve unprecedented low-voltage
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high energy storage density that can be efficiently released in a
dielectric thin film capacitor. The heterostructure is composed
on a layered film of a Pb-free ferroelectric (FE)-based material
of La:HfO, and a relaxor ferroelectric (RFE) of BCZT-STO. The
RFE layer thickness is carefully tuned to achieve effective voltages
to optimize the respective functionalities of each layer. A high
ESD of 51 J/cm?® is achieved, and a very high n = 95%. These
parameters enable an ultra-high U; of 1016 J/cm® at a low
operating voltage of 7.5 V. The remarkable performance results
from the synergistic combination of the FE/RFE behavior in one
single electrostatic capacitor, involving also a proximity effect that
allows the switching of the BCZT-STO layer at lower applied
voltages. Overall, the design enables a both a combination of the
beneficial properties of each individual layer as well as a delicate
trade-off of both ESD and 7 at low applied voltage. We have
established a new materials design framework to overcome the
high voltage requirement constraints associated with the current
state of the art thin film electrostatic energy storage, allowing
efficient energy storage for emerging electronic applications such
as compact IoT sensors.
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