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Electrostatic capacitors are foundational components of advanced electronics and high-power electrical
systems owing to their ultrafast charging-discharging capability. Ferroelectric materials offer high
maximum polarization, but high remnant polarization has hindered their effective deployment in energy
storage applications. Previous methodologies have encountered problems because of the deteriorated
crystallinity of the ferroelectric materials. We introduce an approach to control the relaxation time using
two-dimensional (2D) materials while minimizing energy loss by using 2D/3D/2D heterostructures

and preserving the crystallinity of ferroelectric 3D materials. Using this approach, we were able to achieve
an energy density of 191.7 joules per cubic centimeter with an efficiency greater than 90%. This precise

control over relaxation time holds promise for a wide array of applications and has the potential to
accelerate the development of highly efficient energy storage systems.

anaging high energy density has be-

come increasingly important in appli-

cations ranging from electric power

systems to portable electronic devices

(1-3). Electrostatic capacitors have been
widely used for high energy storage and re-
lease owing to their ultrafast charge and dis-
charge rate, but their performance is limited
by the low maximum polarization (P,,) of con-
ventional dielectric materials (4, 5). By con-
trast, ferroelectric materials such as HfO,,
Zr0,, and BaTiO3 (BTO) can achieve higher
maximum polarization because of their higher
electric susceptibilities, which are related to
dielectric constants (6, 7). However, their high
remnant polarization (P,) limits the effective-
ness of energy storage and release during the
discharging process (8). To overcome this lim-
itation, relaxor-ferroelectric materials have
been studied for their ability to achieve high
energy densities with low remnant polariza-
tion. Through compositional and defect design,
nanodomains have been introduced into ferro-
electric materials to realize relaxor ferroelec-
tricity, offering a potential avenue for devel-
oping high-performance electrostatic capaci-
tors (9, 10). These methodologies lead to a

redistribution of domain walls that can serve
as effective relaxor-like defects to suppress the
formation of large polar domains and reduce
the remnant polarization. Although recent ad-
vances have shown great promise in realizing
relaxor ferroelectricity by inducing nano-
domains in ferroelectric materials through
composition and defect engineering, these
approaches result in the loss of crystallinity,
which leads to reduced permittivity and sac-
rifices the maximum polarization. Moreover,
some approaches are restricted from achiev-
ing a high polarization saturation limit, which
results in polarization saturation at a low elec-
tric field and leads to low energy density (U,),
despite substantial breakthroughs otherwise
(11). These limitations highlight the need for a
different approach that can supplement pre-
vious methods and lead to the development
of electrostatic capacitors with extremely high
energy density.

We introduce a strategy for precise control
of the relaxation time of polarization that main-
tains minimal energy loss by using monolayer
two-dimensional (2D) materials produced by
the layer-splitting technique (12). We achieved
this by using artificially designed 2D/single-
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crystalline 3D/2D (2D/C-3D/2D) heterost Check for |
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tures. We used a layer-transfer techniqu. .©
produce freestanding single-crystalline BaTiO5
(C-BTO) in which both interfaces can be ma-
nipulated, and we formed 2D/C-3D/2D hetero-
structures by the addition of various 2D
materials. Unlike previous approaches that
deteriorate ferroelectric materials by involv-
ing structural changes, our approach preserves
the single-crystal nature of the BTO. Instead,
we sandwiched a C-BTO layer with 2D mate-
rials in the form of a freestanding membrane,
such that the Maxwell-Wagner (MW) effect, a
relaxation by charge accumulation at hetero-
geneous interfaces (13, 14), takes place at the
interfaces to change the relaxation time. Atom-
ically precise control of the thickness of 2D
materials by layer-resolved splitting (15, 16)
enables minimal energy loss and tangent delta
(tan d), a dielectric loss due to electrical phase
difference (12, 17), while controlling relaxation
time. Using this strategy, we effectively sup-
pressed the remnant polarization of ferroelec-
tric materials while maintaining maximum
polarization. We show that this allows for an
energy density of 191.7 J/cm?® with an efficiency
greater than 90%. We believe our approach
has the potential to enhance the performance
of dielectric materials and be of use in other
related applications that require high-energy
storage systems.

MW relaxation at 2D/3D interfaces

The Miller model inspired by classic Debye
relaxation provides a theoretical framework
for controlling spontaneous polarization by
manipulating the relaxation time (Fig. 1A). One
approach for regulating the relaxation time
involves the creation of heterostructures com-
prising two distinct materials, typically a fer-
roelectric material and a dielectric material,
owing to their disparities in electrical conduc-
tivity and permittivity (Z8). These heterostruc-
tures enable the accumulation of charge at the
interfaces between the phases when subjected
to an alternating electric field, a phenomenon
known as the MW relaxation effect. This effect
offers a means to influence and modulate the
relaxation time within the heterostructures.
However, effective modulation of the relax-
ation time has been difficult to achieve while
conserving maximum polarization in conven-
tional heterostructures through the MW effect
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Fig. 1. Management of spontaneous polarization using the Miller model inspired from classic Debye relaxation. (A) Polarizability versus et curve of the
Miller model. (B) Summary of the conductivity versus dielectric constant curve of several 2D materials. (C and D) Dielectric Cole-Cole plots (C) and tan & versus
frequency curves (D) of the C-BTO, 2D/C-3D/2D, and 3D/C-3D/3D structures. €', real part of the dielectric constant; €", imaginary part of the dielectric constant.

for two reasons: (i) Previous attempts mainly
led to the deterioration of ferroelectricity, gen-
erating strain or creating multidomain struc-
tures when the additional layers form chemical
bonds with the ferroelectric material (19, 20).
(ii) As the thickness increases because of the
additional layers that are needed for the MW
effect, this inevitably leads to additional en-
ergy loss and a higher tan 8, which is closely
associated with dielectric loss (21-23). We cir-
cumvented these problems by using 2D/C-3D/2D
heterostructures formed using a layer-transfer
technique (24-26). We first produced freestand-
ing C-BTO with a thickness of 30 nm. The film is
sufficiently high quality that we observed only
the (001) orientation in electron back-scattering
diffraction mapping. We used a variety of char-
acterization techniques to show the C-BTO
quality (figs. S1 to S4). A schematic represen-
tation of the 2D/C-BTO/2D fabrication process
is shown in fig. S5. The freestanding nature of
these C-BTO nanomembranes then allows us
to coat both sides with other materials to pro-
duce artificial heterostructures.

We anticipated that choosing a 2D material
for the coating layer would induce an efficient
MW effect while avoiding substantial energy
loss because of both the atomically thin na-

ture of the 2D layers and the lack of strong
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chemical bonding at the heterointerfaces. To
aid in 2D material choice, we summarize the
conductivity versus dielectric constant of rep-
resentative 2D materials in Fig. 2B (27-33). The
higher the dielectric constant and the lower
the conductivity, the stronger the MW relaxa-
tion induced at the interface. From the 2D can-
didates, we chose graphene (a 2D semimetal),
MoS, (a 2D semiconductor), and hexagonal
boron nitride (2-BN) (a 2D insulator). Although
some studies of MoS, have shown ferroelec-
tricity due to structural deformation, our pre-
vious measurements (72) of devices that included
similar MoS, did not show such behavior, so
we do not expect or include any ferroelectric
behavior of the MoS, layer in our analysis. We
selected these materials because we anticipated
the possibility of observing diverse variations
in relaxation time and tan 6 within different
artificial heterostructures. For comparison pur-
poses, we also fabricated two different hetero-
structures of 3-nm-thick Al,05/C-BTO/Al,O3.
One heterostructure was formed by atomic
layer deposition, for which we anticipated strong
chemically bonded BTO/Al,O; interfaces (fig.
S6). We formed the other heterostructure by
layer transfer without an annealing process
and expected that it would lack strong chem-
ically bonded interfaces (fig. S7).

After fabrication of this set of heterostruc-
tures, we measured the dielectric Cole-Cole
plot at a frequency range of 10% to 10° Hz (Fig.
1C) and calculated the relaxation times at
10 kHz (fig. S8) (34, 35). In the bare freestand-
ing C-BTO nanomembranes, we obtained a
value of ~0.09 for wt, which is defined as the
product of angular frequency (w) of 10 kHz
and relaxation time (t). We calculated the ot
values of the Al,05/C-BTO/Al,O5 samples to
be 0.95 and 16.4 for the strongly and weakly
bonded samples, respectively. We expect that
some internal strain in the Al,O3; and C-BTO
may be present, owing to the difference in
thermal expansion coefficients, and any such
effects are included in the relaxation times.
This result indicates that the weakly bonded
and discontinuous interface provides a higher
relaxation time than that of a strongly chemi-
cally bonded interface (36, 37). However, we
measured the tan § values of the strongly
and weakly bonded Al,03/C-BTO/Al,O5 to be
74 x 107 and 31.0 x 107 at 10 kHz, respec-
tively, which are much higher than those of
bare C-BTO (Fig. 1D). We expected substantial
energy loss and a decrease in the maximum
polarization density based on these values
(21, 38, 39). By contrast, the heterostructures
we fabricated using layer-resolved splitting of
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Fig. 2. Polarization of the C-BTO, 3D/3D/3D, and 2D/3D/2D heterostructures. (A) P-E loop of

C-BTO. (B) Comparison of P-E loops of Al,03/C-BTO/Al,03 with strongly and weakly bonded interfaces.
(C) P-E loop of the 2D/3D/2D heterostructure. The P-E loops were measured at 10 kHz. (D and E) P, - P,
(D) and P./P; (E) calculated from the P-E loops.
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Fig. 3. Atomic-scale polarization distribution and additional electrical performance under bias.

(A) STEM-HAADF (left) and iDPC (right) images of 2ML-MoS,/C-BTO/2ML-MoS,. Separation between the
MoS, and BTO and interface roughness of the BTO are visible. (B) P-E loop of C-BTO, 2ML-MoS,/C-BTO/
2ML-MoS,, and 2ML-MoS,/C-BTO/2ML-MoS, after mechanically exfoliating the MoS, layers. (C and

D) Dielectric Cole-Cole plots of C-BTO (C) and 2ML-MoS,/C-BTO/2ML-MoS, (D) under dc bias electric
field from O to 5 MV/cm. The circled values mean the €' and £" measured at 10 kHz. (E) The wr versus
electric field of C-BTO, IML-MoS,/C-BTO/IML-MoS,, and 2ML-MoS,/C-BTO/2ML-MoS..
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2D materials, which enabled thickness control
of 2D materials at atomic precision (15, 26),
yielded lower tan 6 and wt values. One-mono-
layer (ML) ~-BN (IML-4-BN)/C-BTO/IML-h-BN
had a wtof 9.5 and atan & of 3.7 x 10~ at 10 kHz.
More effective control of relaxation time is
clearly achievable using 2-BN compared with
conventional dielectric materials such as Al,Os.
Additionally, the lower tan 6 with ~2-BN sug-
gests the potential for relatively smaller en-
ergy loss using 2D materials. We attribute the
benefits of the 2D material to its atomic thick-
ness, compared with the relatively large Al,O5
layer thickness. To further explore our hypoth-
esis, we repeated the experiment by creating an
artificial heterostructure using MoS,, which
is known for its lower carrier density and di-
electric constant, as well as graphene, which
exhibits much lower values. The one-monolayer
MoS, (IML-MoS,)/C-BTO/IML-MoS, hetero-
structure had a ot value of 1.2 and a tan § of
1.61 x 1072, whereas the one-monolayer gra-
phene (IML-Gr)/C-BTO/IML-Gr heterostructure
had a ot value of 0.2 and an even lower tan 6 of
7.6 x 107°. Unlike the 1IML-A-BN/C-BTO/IML-
h-BN heterostructure, which displayed two dis-
tinct peaks, indicating the presence of MW
relaxation (40, 41), the IML-MoS,/C-BTO/IML-
MoS, heterostructure did not exhibit clear
peak separation, instead displaying an asym-
metric Gaussian distribution. This still proves
the presence of MW relaxation. However, the
IML-Gr/C-BTO/1IML-Gr heterostructure did not
show similar behavior in the tan 8 measure-
ment despite its extremely low tan 8. These
findings highlight the role of the 2D materials
in influencing and modulating relaxation time
and tan & within the heterostructures.

Polarization of artificial heterostructures

We expected that the large wt values that are
caused by the large relaxation time would in-
duce a strong reduction in the remnant polar-
ization. We measured the polarization-electric
field (P-E) loop of the unmodified C-BTO and
the strongly and weakly chemically bonded
Al,03/C-BTO/Al,0O3 heterostructures, all at
10 kHz (Fig. 2, A and B). Thirty-nanometer-
thick BTO was chosen because it has a higher
P, alower P., and lower electrical leakage than
other thicknesses that we tested (fig. S9). The
maximum polarizations of both Al,03/C-BTO/
Al,O; samples were substantially decreased
because of the tan . However, the remnant
polarization of the strongly bonded sample
is much higher than that of the weakly bonded
sample. These results agree with our expec-
tation, driven by the tan & and relaxation
time values. Nevertheless, the Al,05/C-BTO/
Al,03 with weakly bonded interfaces still pro-
vides low maximum polarization and thus
poor energy storage performance because of
the high tan 3 attributed to the thick nature
of Al,Os.
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Based on our understanding that relaxa-
tion time can be controlled effectively while
minimizing tan §, we conducted P-E loop
measurements on the various 2D/C-BTO/2D
heterostructures (Fig. 2C). First, we examined
h-BN/C-BTO/Ah-BN structures and observed a
reduction in remnant polarization. However,
this reduction also led to a decrease in maxi-
mum polarization, resulting in a notable de-
cline in energy storage density and efficiency.
To mitigate the decrease in maximum polari-
zation, we used MoS,, which possesses a higher
conductivity than /2-BN and is thus expected
to minimize the MW relaxation. Indeed, when
C-BTO was coated with 1IML-MoS,, we ob-
served a smaller decrease in maximum polar-
ization. However, we also noted an insufficient
decrease in remnant polarization, leading to
energy loss. This insufficient decrease is at-
tributed to the increase in conductivity of
1ML-MoS,, for which we confirmed, through
density functional theory calculations, the Fermi
level shifts due to the metal contacts (fig. S10).
Meanwhile, the successful suppression of the
remnant polarization was observed in hetero-
structures using bilayer (2ML)-MoS,, formed
by sequentially transferring IML-MoS, twice,
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and C-BTO. We propose that the free electrons
of the electrodes do not affect the MoS, layer
adjacent to the C-BTO, which provides a suf-
ficiently low conductivity to allow for screen-
ing of the dielectric polarization (fig. S11). We
further investigated heterostructures contain-
ing graphene, which has a smaller dielectric
constant. However, because of its high charge
density, we were unable to induce an effective
relaxation time delay. Instead, the P-E loop
slightly decreased because of the small increase
in the dielectric loss at the non-chemically
bonded interface of the graphene/C-BTO (42).
We attribute such performance, with small
remnant polarization and high maximum po-
larization, to several factors: (i) The artificial
heterostructures do not sacrifice the crystal-
linity of single-crystalline ferroelectric mate-
rials, unlike conventional heterostructures that
experience lattice and thermal mismatch issues.
(ii) The atomically thin 2D layers provide ex-
tremely low tan §, preventing a high dielectric
loss and decrease in the dielectric constant.
(iii) The weakly bonded interface facilitates a
substantial increase in dielectric relaxation
even when the layer is atomically thin, effec-
tively decreasing the remnant polarization.

B :\? e S NN

g 80

Q ol trnsinnasinn.
Q ~m--BTO

S gle MLMos,BTONMLMoS,
= - 2ML-MoS /BTO2ML-MoS,
~ 210} -
€ 10| o
S ; -
‘-:.I 70 [ "“t.

S ol eeesetT :

0 2 4 6
Electric field (MV/cm)

E R 1ML-MoS /BTO/1ML-MoS,
E >
O 40t
Q
=
N
c
o Of
- 1
© —10
N ——100
& a0l ——1000
° - 10000
a ——100000
———1000000
-3 0 3

Electric field (MV/cm)

Together, we expect the small remnant polar-
ization and large maximum polarization to
lead to high energy density and high efficiency.
To analyze which of the artificial heterostruc-
tures are most suitable for high energy density
(Fig. 2, D and E), we subtracted the maximum
polarization from the remnant polarization
(P, - Pp), which is related to the energy den-
sity, and divided the maximum polarization by
the remnant polarization (P,,/P,), which is
related to the efficiency, according to the wr.
Up to a ot value of 3.4, the P,,, - P, and P,,/P;
values increased, indicating improved energy
density and efficiency. For ot > 3.4, even though
P,,/P, increased, P,, - P, rapidly decreased.
Considering these results, we therefore antici-
pated that the 2D/C-BTO/2D heterostructures
with ot around 3.4 (IML-MoS,/C-BTO/1IML-
MoS, and 2MI-MoS,/C-BTO/2ML-MoS,) pro-
vide the largest energy storage system in our
samples (Cole-Cole plot of 2ML-MoS,/C-BTO/
2ML-MoS,; fig. S12)

Atomic-scale polarization distribution

To gain a more comprehensive understanding
of polarization behavior in the artificially de-
signed 2D/C-3D/2D structures, we conducted
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Fig. 4. Energy storage performance of C-BTO and MoS,/C-BTO/MoS, with respect to the number of MoS, layers. (A and B) Two-parameter Weibull
distribution analysis of the characteristic breakdown fields (A) and voltage-dependent energy density and efficiency of the C-BTO and MoS,/C-BTO/MoS,
heterostructures (B). (C) Temperature dependence of energy densities and efficiencies at temperatures ranging from 250 to 400 K. (D to F) P-E loops of C-BTO (D),
IML-MoS,/C-BTO/IML-MoS; (E), and 2ML-MoS,/C-BTO/2ML-MoS; (F) at temperatures ranging from 250 to 400 K.
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additional electrical measurements and ob-
tained atomic-scale structural information for
the most effective structure, MoS,/C-BTO/MoS,.
Figure 3A shows high-angle annular dark field
(HAADF) and integrated differential phase con-
trast (iDPC) images of this sample measured
by scanning transmission electron microscopy
(STEM). We characterized the sample after
hysteresis tests for 10 cycles under an electric
field of -5 to 5 MV/cm at 10 kHz. We mea-
sured the lattice spacings of the C-BTO in all
samples to be about 0.409 nm, corresponding
to the (001) lattice plane of the BTO perovskite
structure and indicating preferred growth
along the [001] direction. Our HAADF and
iDPC images clearly show the gap between
the lattice structures of the 2ML-MoS, and
C-BTO as well as some interfacial roughness (fur-
ther example images are shown in fig. S13).
Thus, structural discontinuity at the top and
bottom surfaces of the C-BTO can work as a
screener for dielectric polarization in the
C-BTO crystal (43, 44), leading to a relatively
small remnant polarization. To further con-
firm the role of the 2D layer, we measured
the P-E curve after mechanically exfoliating
both the top and bottom MoS, layers from the
2ML-MoS,/C-BTO/2ML-MoS, heterostructure.
The hysteresis after removing the MoS, layers
is similar to that of bare C-BTO (see the com-
parison in Fig. 3B), indicating that the pseudo-
relaxor ferroelectric behavior exhibited by the
2D/3D/2D heterostructure is driven by charge
compensation rather than relaxor ferroelec-
tricity and that the 2D layers did not directly
affect the dipoles inside the C-BTO crystal,
preserving the high polarization.

Another intriguing aspect of our artificial
2D/3D/2D heterostructure is the observation
that as the dc bias electric field increases, the
polarization correspondingly increases, with the
maximum polarization approaching that of
C-BTO. This phenomenon indicates a strong
correlation between the applied electric field
and the relaxation time within the artificial
heterostructure. We show the dielectric Cole-
Cole plots of the C-BTO and 2ML-MoS,/C-BTO/
2ML-MoS, samples at a dc bias electric field
of 0 to 5 MV/cm (Fig. 3, C and D), where the
frequency-dependent dielectric constants are
described in fig. S14. In the C-BTO sample, the
ot measured at 10 kHz is observed at the right
side of the center of the semicircle regardless
of the electric field. By contrast, the wt of 2ML-
MoS,/C-BTO/2ML-MoS, measured at 10 kHz
was shifted to the right with increased field,
indicating an increase in the relaxation time.
We summarize the wr calculated from the di-
electric Cole-Cole plot as a function of electric
field for the C-BTO, IML-MoS,/C-BTO/IML-MoS,,
and 2ML-MoS,/C-BTO/2ML-MoS, samples in
Fig. 3E. The dc bias electric field-dependent
Cole-Cole plot of MoS,/C-BTO/MoS, is described
in fig. S15. With increasing field, the relaxa-
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tion times of the 2D/C-3D/2D become similar
to those of the bare C-BTO. We attribute this
result to the decrease in the accumulated charge
by MW relaxation due to the electric field. This
interplay between the electric field and relax-
ation time provides useful insights into the
ferroelectric properties of the artificial 2D/3D/
2D heterostructures.

Performance of MoS,/C-BTO/MoS,

To investigate the complete energy storage
performance of the C-BTO and MoS,/C-BTO/
MoS, heterostructures, we measured their sta-
tistical breakdown strengths (£;,) by Weibull
distribution fitting (Fig. 4A and fig. S16). We
calculated the E,, values of the MoS,/C-BTO/
MoS, structures to be 5.62 and 5.61 MV/cm,
which are comparable with that of C-BTO
(5.81 MV/cm) owing to the low thickness of
the C-BTO layer. Furthermore, our result is
consistent with the negligible effective per-
mittivity change arising from the atomically
thin 2D layers (7). We observed nonzero leak-
age currents in the C-BTO and MoS,/C-BTO/
MoS, heterostructures (fig. S17), which are
attributed to the narrow bandgap nature of
BTO and the probability of oxygen vacancies
(45, 46). Nevertheless, the leakage current
values are comparable to those of previously
reported capacitors with high energy capabil-
ity (3, 10, 11), indicating high reliability and E},
under high electric field conditions. From the
P-E loops at 10 kHz, we further calculated the
U, and efficiencies of the samples at an electric
field of ~5.6 MV/cm (close to their E;) (Fig.
4B). As expected, we obtained a higher energy
density from the 2MI1-MoS,/C-BTO/2ML-MoS,
samples (191.7 J/ecm?®) than from the C-BTO
(96.9 J/cm?®) and IML-MoS,/C-BTO/IML-MoS,
(152.4 J/ecm®) samples. The energy density we
observed in the 2MI-MoS,/C-BTO/2ML-MoS,
heterostructure exhibits a high value (fig. S18).
These ultrahigh U, values are the combined re-
sults of high polarization density, low hyster-
esis, and high efficiency (greater than 90%). The
high efficiency is critical to address the energy
dissipation of dielectrics for high-power appli-
cations, facilitating reliable operation. At higher
frequency, smaller P,, and P, were observed
because there is insufficient time to align the
dipoles at the higher frequency (fig. S19). Never-
theless, high energy storage performance is
still achieved. We also conducted stability and
reliability tests, which are crucial for electro-
static energy storage. For a thermal stability
test, we measured the P-E loops of the MoS,/
C-BTO/MoS, structures, which showed good
stability of the polarization (fig. S20) and en-
ergy storage performance (Fig. 4C) under a wide
temperature range (250 to 400 K) with a small
degradation in U, (<6%) and efficiency (<6%).
We attribute this U, and efficiency reduction
to the complex thermal scattering of charges
accumulated at the non-chemically bonded

interfaces (47). Nevertheless, the degradation
rates are similar to previously reported results,
indicating good thermal stability (9, 48, 49).
They survived over 10° cycles during an ac-
celerated charge-and-discharge test, as shown
in Fig. 4, D to F. Moreover, the degradation
rate of 2ML-MoS,/C-BTO/2ML-MoS, is <5%
after 10® cycles, indicating that our samples
are stable during the cycling test. To assess the
practical feasibility of our approach, we fab-
ricated a 2ML-MoS,/C-BTO/2ML-MoS, array
(fig. S21). The average Py, is 36.3 + 9.3 uC/ cm? at
2.7 MV/cm with suppressed P, indicating the
potential for practical application.

Conclusions

Our findings highlight the complex interplay
between different materials in artificially de-
signed 2D/C-3D/2D heterostructures and their
impact on remnant polarization, maximum po-
larization, energy loss, and efficiency. These
insights contribute to the understanding of
how to optimize the design and performance
of high-energy electrostatic capacitors using
ferroelectric materials. By using this approach,
we anticipate that future advances can be
achieved in the development of more efficient
and giant energy storage systems.
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