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Abstract 
Electrostatic capacitors are foundational components in advanced electronics and high-power 

electrical systems due 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 

due to the deteriorated crystallinity of the ferroelectric materials. We introduce an approach to 

control the relaxation time using 2D materials while minimizing energy loss by 2D/3D/2D 

heterostructures, while preserving the crystallinity of ferroelectric 3D materials. This approach has 

led to the achievement of an energy density of 191.7 J/cm3 with an efficiency over 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. 
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Managing high energy density has become increasingly important in applications ranging from electric 

power systems to portable electronic devices (1-3). Electrostatic capacitors have been widely used for high-

energy storage and release due to their ultrafast charge and discharge rate, but their performance is 

limited by the low maximum polarization (Pm) of conventional dielectric materials (4, 5). In 

contrast, ferroelectric materials such as HfO2, ZrO2, and BaTiO3 (BTO) can achieve higher 

maximum polarization due to their higher electric susceptibilities related to dielectric constants (6, 

7). However, their high remnant polarization (Pr) limits the effectiveness of energy storage and 

release during the discharging process (8). To overcome this limitation, relaxor-ferroelectric 

materials have been studied for their ability to achieve high energy densities with low remnant 

polarization. Through compositional and defect design, nanodomains have been introduced into 

ferroelectric materials to realize relaxor ferroelectricity, offering a potential avenue for developing 

high-performance electrostatic capacitors (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 advances have shown great 

promise in realizing relaxor ferroelectricity by inducing nanodomains in ferroelectric materials 

through composition and defect engineering, these approaches result in the loss of crystallinity, 

leading to reduced permittivity and sacrificing the maximum polarization. Moreover, some 

approaches have shown a restriction in achieving a high polarization saturation limit, resulting in 

polarization saturation at a low electric field and leading to low energy density (Ue), despite 

substantial breakthrough otherwise (11). These limitations highlight the need for a different 

approach that can supplement previous 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 maintains 

minimal energy loss by using monolayer 2D materials produced by the layer splitting technique 

(12). We achieve this by using artificially designed 2D/single-crystalline 3D/2D (2D/C-3D/2D) 

heterostructures. We use a layer transfer technique to produce freestanding single-crystalline 

BaTiO3 (C-BTO) where both interfaces can be manipulated, and we form 2D/C-3D/2D 

heterostructures by addition of various 2D materials. Unlike previous approaches that deteriorate 

ferroelectric materials by involving structural changes, our approach preserves the single-crystal 

nature of the BTO. Instead, we sandwich a C-BTO layer with 2D materials in the form of a 

freestanding membrane, such that the Maxwell-Wagner (MW) effect, a relaxation by charge 
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accumulation at heterogeneous interfaces (13, 14), takes place at the interfaces to change the 

relaxation time. Thickness control of 2D materials with atomic precision by the layer-resolved 

splitting technique (15, 16) enables minimal energy loss and tangent delta (tan δ), a dielectric loss 

due to electrical phase difference (12, 17), while controlling relaxation time. Using this strategy, 

we can effectively suppress the remnant polarization of ferroelectric materials while maintaining 

the maximum polarization. We show this allows for an energy density of 191.7 J/cm3 with an 

efficiency of over 90%. We believe our approach has the potential to enhance the performance of 

dielectric materials and 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 comprising two distinct 

materials, typically a ferroelectric material and a dielectric material, due to their disparities in 

electrical conductivity and permittivity (18). These heterostructures 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 

relaxation time has been difficult while conserving maximum polarization in conventional 

heterostructures through the MW effect for two reasons: (i) Previous attempts mainly led to the 

deterioration of ferroelectricity, generating strain or creating multi-domain structures by the 

additional layers forming chemical bonds with the ferroelectric material (19, 20). (ii) As the 

thickness increases due to the additional layers needed for the MW effect, this inevitably leads to 

additional energy loss and higher tan δ, which is closely associated with dielectric loss (21-23). 

We circumvent these problems through the use of 2D/C-3D/2D heterostructures, formed using a 

layer transfer technique (24-26). We first produce freestanding C-BTO of 30 nm thickness. The 

film is sufficiently high quality that we observed only the (001) orientation in electron back-

scattering diffraction mapping. We use a variety of characterization techniques to show the C-BTO 

quality (Fig. S1-S4). A schematic representation 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 produce artificial heterostructures.  

We anticipated that the choice of 2D materials for the coating layer will induce an efficient MW 
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effect while avoiding substantial energy loss, because of both the atomically thin nature of the 2D 

layers and the lack of strong chemical bonding at the heterointerfaces. To aid in 2D materials 

choice, we show a summary of the conductivity vs. dielectric constant of representative 2D 

materials (Fig. 1B) (27-33). The higher the dielectric constant and the lower the conductivity, the 

stronger MW relaxation induced at the interface. From the 2D candidates, we choose graphene (a 

2D semimetal), MoS2 (a 2D semiconductor), and h-BN (a 2D insulator). Although some studies of 

MoS2 have shown ferroelectricity due to structural deformation, our previous measurements (12) 

of devices that included similar MoS2 did not show such behavior, so we do not expect or include 

any ferroelectric behavior of the MoS2 layer in our analysis. Selecting these materials is because 

we anticipate the possibility of observing diverse variations in relaxation time and tan δ within 

different artificial heterostructures. For comparison purposes, we also fabricated two different 

heterostructures of 3 nm Al2O3/C-BTO/Al2O3. One heterostructure was formed by atomic layer 

deposition, for which we anticipate strong chemically bonded BTO/Al2O3 interfaces (Fig. S6). We 

formed the other heterostructure by layer transfer without an annealing process that we anticipated 

lacking strong chemically bonded interfaces (Fig. S7).  

After fabrication of this set of heterostructures, we measured the dielectric Cole-Cole plot at the 

frequency range 102 - 106 Hz (Fig. 1C) and calculated the relaxation times at 10 kHz (Fig. S8) (31, 

32). In the bare freestanding C-BTO nanomembranes, we obtained a value of ~0.09 for ωτ, which 

is defined as the product of angular frequency (ω) of 10 kHz and relaxation time (τ). We calculated 

the ωτ values of Al2O3/C-BTO/Al2O3 samples to be 0.95 and 16.4 for the strongly bonded and 

weakly bonded samples, respectively. We expect that some internal strain in the Al2O3 and C-BTO 

may be present, due 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 chemically bonded interface (36, 

37). However, we measured the tan δ values of the strongly and weakly bonded Al2O3/C-

BTO/Al2O3 to be 7.4 x 10-3 and 31.0 x 10-3 at 10 kHz, which are much higher than those of bare 

C-BTO (Fig. 1D). We expect substantial energy loss and decrease in the maximum polarization 

density based on these values (21, 38, 39). In contrast, the heterostructures we fabricated using 

layer-resolved splitting of 2D materials, enabling thickness control of 2D materials at atomic 

precision (15, 26), yielded lower tan δ and ωτ values. One monolayer h-BN (1ML-h-BN)/C-

BTO/1ML-h-BN had a ωτ = 9.5 and tan δ = 3.7 x 10-3 at 10 kHz. More effective control of 
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relaxation time is clearly achievable using h-BN compared to conventional dielectric materials 

such as Al2O3. Additionally, the lower tan δ with h-BN suggests the potential for relatively smaller 

energy loss using 2D materials. We attribute the benefits of the 2D material to be its atomic 

thickness, compared to the relatively large Al2O3 layer thickness. To further explore our hypothesis, 

we repeated the experiment by creating an artificial heterostructure using MoS2, known for its 

lower carrier density and dielectric constant, as well as graphene, which exhibits much lower 

values. The one monolayer MoS2 (1ML-MoS2)/C-BTO/1ML-MoS2 heterostructure had a ωτ value 

of 1.2 and a tan δ of 1.61 x 10-3, while the one monolayer graphene (1ML-Gr)/C-BTO/1ML-Gr 

heterostructure had a ωτ value of 0.2 and an even lower tan δ of 7.6 x 10-5. Unlike the 1ML-h-

BN/C-BTO/1ML-h-BN heterostructure, which displayed two distinct peaks indicating the 

presence of MW relaxation (40, 41), the 1ML-MoS2/C-BTO/1ML-MoS2 heterostructure did not 

exhibit clear peak separation, instead displaying an asymmetric Gaussian distribution. This still 

proves the presence of MW relaxation. However, the 1ML-Gr/C-BTO/1ML-Gr heterostructure did 

not show similar behavior in the tan δ measurement despite its extremely low tan δ. These findings 

highlight the role of the 2D materials in influencing and modulating relaxation time and tan δ 

within the heterostructures.  

Polarization of artificial heterostructures 

We expect the large ωτ values caused by the large relaxation time induce a strong reduction in the 

remnant polarization. We measured the polarization-electric field (P-E) loop of the unmodified C-

BTO and the strongly and weakly chemically bonded Al2O3/C-BTO/Al2O3 heterostructures, all at 

10 kHz (Fig. 2A-B). 30-nm thick BTO was chosen because it has higher Pm, lower Pr, and lower 

electrical leakage than other thicknesses tested (Fig. S9). The maximum polarizations of both 

Al2O3/C-BTO/Al2O3 samples were dramatically decreased because of the tan δ. However, the 

remnant polarization of the strongly bonded sample is much higher than the weakly bonded sample. 

These results agree with our expectation, driven by the tan δ and relaxation time values. 

Nevertheless, the Al2O3/C-BTO/Al2O3 with weakly bonded interfaces still provide low maximum 

polarization and thus poor energy storage performance, because of the high tan δ attributed to the 

thick nature of Al2O3.  

Based on our understanding that relaxation time can be effectively controlled while minimizing 

tan δ, we conducted P-E loop measurements on the various 2D/C-BTO/2D heterostructures (Fig. 

2C). First, we examined h-BN/C-BTO/h-BN structures and observed a reduction in remnant 
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polarization. However, this reduction also led to a decrease in maximum polarization, resulting in 

a notable decline in energy storage density and efficiency. To mitigate the decrease in maximum 

polarization, we employed MoS2, which possesses a higher conductivity than h-BN and is thus 

expected to minimize the MW relaxation. Indeed, when C-BTO was coated with 1ML-MoS2, we 

observed a smaller decrease in maximum polarization. However, we also noted an insufficient 

decrease in remnant polarization, leading to energy loss. This insufficient decrease is attributed to 

the increase in conductivity of 1ML-MoS2, in which we confirmed the Fermi level shift due to the 

metal contact through density functional theory calculations (Fig. S10). Meanwhile, the successful 

suppression of the remnant polarization is observed in heterostructures using bilayer (2ML)-MoS2, 

formed by sequentially transferring 1ML-MoS2 twice, and C-BTO. We propose that the free 

electrons of the electrodes do not affect the MoS2 layer adjacent to the C-BTO, providing a 

sufficiently low conductivity to allow for screening of the dielectric polarization (Fig. S11). We 

further investigated heterostructures containing graphene, which has a smaller dielectric constant. 

However, due to 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 polarization, to several factors: 

(i) The artificial heterostructures do not sacrifice the crystallinity of single crystalline ferroelectric 

materials, unlike conventional heterostructures that experience lattice and thermal mismatch issues. 

(ii) The atomically thin 2D layers provide extremely low tan δ, 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, effectively decreasing the 

remnant polarization. Together, we expect the small remnant polarization and large maximum 

polarization to lead to high energy density and high efficiency. To analyze which of the artificial 

heterostructures are most suitable for high energy density (Fig. 2D-E), we subtract the maximum 

polarization from the remnant polarization (Pm – Pr) - related to the energy density - and divide 

the maximum polarization by the remnant polarization (Pm/Pr) - related to the efficiency, according 

to the ωτ. Up to a ωτ value of 3.4, the Pm – Pr and Pm/Pr values increased, indicating improved 

energy density and efficiency. For ωτ > 3.4, even though Pm/Pr increased, Pm – Pr rapidly decreased. 

Considering these results, we therefore anticipate that the 2D/C-BTO/2D heterostructures with ωτ 

around 3.4 (1ML-MoS2/C-BTO/1ML-MoS2 and 2ML-MoS2/C-BTO/2ML-MoS2) provide the 
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largest energy storage system in our samples (Cole-Cole plot of 2ML-MoS2/C-BTO/2ML-MoS2; 

Fig. S12) 

 

Atomic scale polarization distribution 

To gain a more comprehensive understanding of polarization behavior in the artificially designed 

2D/C-3D/2D structures, we conducted additional electrical measurements and obtained atomic-

scale structural information for the most effective structure, MoS2/C-BTO/MoS2. Fig. 3A shows 

high-angle annular dark field (HAADF) and integrated differential phase contrast (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 measured 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-MoS2 and C-BTO and some interfacial roughness (further 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 confirm the role of the 2D layer, we measured the 

P-E curve after mechanically exfoliating both the top and bottom MoS2 layers from the 2ML-

MoS2/C-BTO/2ML-MoS2 heterostructure. The hysteresis after removing the MoS2 layers is 

similar to that of bare C-BTO (see the comparison 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 ferroelectricity, 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 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-MoS2/C-BTO/2ML-MoS2 samples at a DC 

electric field of 0 - 5 MV/cm (Fig. 3C-D), where the frequency-dependent dielectric constants are 

described in Fig. S14. In the C-BTO sample, the ωτ measured at 10 kHz is observed at the right 
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side of the center of the semicircle regardless of the electric field. In contrast, the ωτ of 2ML-

MoS2/C-BTO/2ML-MoS2 measured at 10 kHz were shifted to the right with increased field, 

indicating the increase in the relaxation time. We summarize the ωτ calculated from dielectric 

Cole-Cole plot as a function of electric field for the C-BTO, 1ML-MoS2/C-BTO/1ML-MoS2, and 

2ML-MoS2/C-BTO/2ML-MoS2 samples in Fig. 3E. The DC field-dependent Cole-Cole plot of 

MoS2/C-BTO/MoS2 is described in Fig. S15. With increasing field, the relaxation times of the 

2D/C-3D/2D become similar to that 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 relaxation time provides useful insights into the ferroelectric properties of the 

artificial 2D/3D/2D heterostructures.  

Performance MoS2/C-BTO/MoS2 

To investigate the complete energy storage performance of the C-BTO and MoS2/C-BTO/MoS2 

heterostructures, we measured their statistical breakdown strengths (Eb) via Weibull distribution 

fitting (Fig. 4A and Fig. S16). We calculated the Eb values of the MoS2/C-BTO/MoS2 structures to 

be 5.62 and 5.61 MV/cm, which are comparable with that of C-BTO (5.81 MV/cm) due to the low 

thicknesses of the C-BTO. Furthermore, our result is consistent with the negligible effective 

permittivity change arising from the atomically thin 2D layers (1). We observed non-zero leakage 

currents in the C-BTO and MoS2/C-BTO/MoS2 heterostructures (Fig. S17), attributed to the 

narrow band gap nature of BTO and probability of oxygen vacancies (45, 46). Nevertheless, the 

leakage current values are comparable to that of previously reported capacitors with high energy 

capability (3, 10, 11), indicating high reliability and Eb under high electric field conditions. We 

further calculated from the P-E loops at 10 kHz the Ue and efficiencies of the samples at an electric 

field of ~ 5.6 MV/cm (close to their Eb) (Fig. 4B). As expected, we obtained a higher energy density 

from the 2ML-MoS2/C-BTO/2ML-MoS2 samples (191.7 J/cm3) than those of the C-BTO (96.9 

J/cm3) and 1ML-MoS2/C-BTO/1ML-MoS2 (152.4 J/cm3) samples. The energy density we 

observed in the 2ML-MoS2/C-BTO/2ML-MoS2 heterostructure exhibits a high value (Fig. S18). 

These ultrahigh Ue values are the combined results of high polarization density, low hysteresis, 

and high efficiency (over 90%). The high efficiency is critical to address the energy dissipation of 

dielectrics for high-power applications, facilitating reliable operation. At higher frequency, smaller 

Pm and Pr were observed because there is insufficient time to align the dipoles at the higher 

frequency (Fig. S19). Nevertheless, high energy storage performance is still achieved. We also 
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conducted stability and reliability tests, crucial for electrostatic energy storage. For a thermal 

stability test, we measured the P-E loops of the MoS2/C-BTO/MoS2 structures, which showed 

good stability of the polarization (Fig. S20) and energy storage performance (Fig. 4C) under a 

wide temperature range (250 to 400 K) with a small degradation in Ue (< 6%) and efficiency (< 

6%). We attribute this Ue 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). During an 

accelerated charge-and-discharge test shown in Fig. 4D-F, they survived over 108 cycles. Moreover, 

the degradation rate of 2ML-MoS2/C-BTO/2ML-MoS2 is < 5% after 108 cycles, indicating that 

our samples are stable during the cycling test. To assess the practical feasibility of our approach, 

we fabricated a 2ML-MoS2/C-BTO/2ML-MoS2 array (Fig. S21). The average Pm has 36.3 ± 9.3 

µC/cm2 at 2.7 MV/cm with suppressed Pr, indicating the potential for practical application.  

In conclusion, our findings highlight the complex interplay between different materials in 

artificially designed 2D/C-3D/2D heterostructures and their impact on remnant polarization, 

maximum polarization, 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 utilizing this approach, we anticipate that future advances in the 

development of more efficient and giant energy storage systems can be achieved.  
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Fig. 1. Management of spontaneous polarization via Miller model inspired from classic Debye 
relaxation. (A) Polarizability vs. ωτ curve of the Miller model. (B) Summary of the conductivity vs. 
dielectric constant curve of several 2D materials. (C) Dielectric Cole-Cole plots and (D) Tan δ vs. frequency 
curves of the C-BTO, 2D/C-3D/2D, and 3D/C-3D/3D structures. 
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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 Al2O3/C-BTO/Al2O3 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) Pm – Pr and (E) 
Pm/Pr 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 and iDPC images of 2ML-MoS2/C-BTO/2ML-MoS2. Separation between the MoS2 and 
BTO and interface roughness of the BTO are visible. (B) P-E loop of the C-BTO, 2ML-MoS2/C-BTO/2ML-
MoS2, and 2ML-MoS2/C-BTO/2ML-MoS2 after mechanically exfoliating the MoS2 layers. Dielectric Cole-
Cole plots of (C) C-BTO and (D) 2ML-MoS2/C-BTO/2ML-MoS2 under DC bias from 0 to 5 MV/cm. (E) 
The ωτ under electric field of C-BTO, 1ML-MoS2/C-BTO/1ML-MoS2, and 2ML-MoS2/C-BTO/2ML-
MoS2.  
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Fig. 4. Energy storage performance of C-BTO and MoS2/C-BTO/MoS2 with respect to the number of 
MoS2 layers. (A) Two-parameter Weibull distribution analysis of the characteristic breakdown fields and 
(B) Voltage-dependent energy density and efficiency of the C-BTO and MoS2/C-BTO/MoS2 
heterostructures. (C) Temperature-dependence of energy densities and efficiencies at the temperature range 
from 250 to 400K. P-E loops of (D) C-BTO, (E) 1ML-MoS2/C-BTO/1ML-MoS2, and (F) 2ML-MoS2/C-
BTO/2ML-MoS2 at temperatures ranging from 250 to 400K. 
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Supplementary information 

Materials and Methods 

 

Single-crystalline BaTiO3 (BTO) growth 

Before the growth of the single-crystalline BTO, the native oxide on the SrTiO3(100) (STO) 

substrate with a size of 10 x 10 x 0.5 mm was removed by chemical wet etching into buffered 

oxide etchant (6:1; Sigma-Aldrich) for 30 seconds and rinsed into deionized (DI) water for 5 

minutes. Thereafter, subsequent thermal annealing was conducted at 900oC by using pulsed-laser 

deposition for 90 minutes. We grew the Sr3Al2O6 (SAO) water-soluble sacrificial layer by using a 

KrF excimer laser (248 nm, COMPex 205F, Coherent) at 780oC for 40 min. The laser power and 

frequency are 2 W and 2 Hz, respectively. Afterward, single-crystalline BTO with a thickness of 

30 nm was grown on the SAO surface at 100 mTorr. The laser power and frequency are 2 W and 

10 Hz, respectively. Due to the small lattice mismatch (less than 0.5%), single-crystalline BTO 

could be grown with a smooth surface and narrow full width at half maximum of X-ray diffraction 

(XRD) (Fig. S1–S3), demonstrating low defect density. Moreover, we observed the high 

capacitance (Fig. S4) and dielectric constant (Fig. S4 and S14) in our single-crystalline BTO, 

demonstrating the possibility of a high polarization density. 

 

Synthesis of MoS2 

We used customized hot-wall asymmetric three-zone metal-organic chemical vapor 

deposition (MOCVD) system to synthesize monolayer MoS2 continuous films. After cleaning with 

acetone, isopropanol, and deionized water, thermally grown 300-nm-thick SiO2 on 4-inch Si wafer 

was placed in a quartz tube. 60 mg of Molybdenum hexacarbonyl (MHC, Sigma Aldrich, purity ≥ 

99.9%) and 12.5 mL of dimethyl sulfide anhydrous (DMS, Sigma Aldrich, purity ≥ 99.0%) were 

used as precursors for Mo and S respectively and introduced into the quartz tube using 5.0 sccm 

for H2 and 310 sccm for Ar as carrier gases. The amounts of precursors injected into chamber are 

precisely controlled with mass flow controllers (MFCs), with NaCl plates placed in front of the 

substrate where the upstream of the furnace. The optimized conditions for synthesizing the 

continuous films for monolayer MoS2 included pressure of 12.5 Torr, growth temperature of 

580 °C, growth time of 23 hours, MHC flow of 1.0 sccm, and DMS flow of 0.6 sccm with 

optimized the reacting zone positions. 
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Synthesis of h-BN 

The growth of h-BN was performed in a metal-organic vapor phase epitaxy (Aixtron) 

close-coupled showerhead (CCS) reactor on the 2-inch sapphire substrate at 1280 °C and 90 mbar 

pressure. Triethylboron (TEB) and ammonia (NH3) were used as B and N precursors, respectively. 

The hydrogen was used as carrier gas. The growth rate is 15 nm/hour.  

 

Characterization 

To evaluate the structural performance of as-grown BTO, an environmental scanning 

electron microscopy (SEM) measurement was conducted with a Thermo Fisher Scientific Quottro, 

operated at an accelerating voltage 10 kV. XRD and atomic force microscopy (AFM) 

measurements were conducted to measure the 3D material quality. XRD rocking curves of the 

samples were obtained using a Rigaku D-Max-B with Cu Kα radiation. The AFM images were 

obtained using a VEECO Nanoscope IIIA AFM. Transmission electron microscopy (TEM) using 

a Thermo Fisher Scientific Themis Z at 200kV was used to investigate the crystallinity and record 

integrated differential phase contrast (iDPC) data from the BTO and 2D/3D/2D heterostructures. 

For analysis of the electrical performance, we fabricated capacitor structures using the C-

BTO, 2D/ C-BTO/2D, 3D/ C-BTO/3D with chemically bonded interfaces, and 3D/ C-BTO/3D 

without chemically bonded interface, using symmetric 30 nm Au top and bottom electrodes with 

a width of 5 µm. These electrodes were formed using conventional photolithography with 

LOR10B resist, S1805 positive photoresist, developer 319 and remover PG with the fabrication 

processes described in Figs. S4, S6, and S7. Frequency-dependent dielectric constant 

measurements were performed using a potentiostat (Biologic, SP-300). Polarization versus vs. 

electric field loops were measured at a frequency of 10 kHz using a high-voltage dielectric & 

ferroelectric test system (PolyK) with a probe station. 
 

Density-functional theory calculations 

Density-functional theory (DFT) calculations were performed using the Vienna Ab initio 

Simulation Package (VASP) (50, 51). We used projector augmented wave (PAW) potentials and 

the spin-polarized generalized gradient approximation (GGA) within the Perdew-Burke-Ernzerhof 

(PBE) functional for the exchange-correlation energy (52, 53). The PAW potentials explicitly 

included the valence electrons as follows: 5d106s1 for Au, 4p64d55s1 for Mo, 3s23p4 for S, 5s25p66s2 
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for Ba, 3p63d24s2 for Ti, 2s22p4 for O, respectively. The plane-wave cutoff energy was set to 600 

eV. The Brillouin zone was sampled with -centered 4× 1× 1 k-point meshes. To obtain more 

accurate layer spacing in the slab models, we employed the Grimme-D3 dispersion correction (54), 

as implemented in the VASP. In addition, dipole correction with a large vacuum thickness (~20 Å) 

along the c-axis was employed in the slab calculations to remove any fictitious dipole interactions 

between the periodic images. The convergence criteria were set to 10-7 eV for energy and 0.01 

eV/Å2 for forces, respectively.  

Using this approach, we constructed a sandwich-type heterostructure 

(‘Au/MoS2/BTO/MoS2/Au’), consisting of the following materials: √3 × 7 × 1 supercell of 2H-

MoS2, √2 × 4√2 × 1 supercell of P4mm-BTO (001), and √2 × 4√2 × 1 supercell of Au (001), 

respectively. This gives less than 1% of lattice mismatch for BTO and MoS2 layers along the ab-

plane. To find the optimal lattice spacing between MoS2 and ferroelectric BTO layers, we kept the 

atomic positions of the BTO at its bulk configuration of tetragonal phase (P4mm), and the MoS2 

layers were fully relaxed using the conjugated gradient algorithm. We fixed the interlayer distance 

between Au and MoS2 as 3 Å, which is comparable to other reported metal-MoS2 contact distances 

(55).  

 

Weibull distribution analysis 

The dielectric breakdown behavior of the samples was statistically analyzed with a two-

parameter Weibull distribution function: 𝑃(𝐸𝑖) = 1 − e−(𝐸𝑖𝐸𝑏)𝛽 ⁡ 
Here 𝐸𝑖  is the measured breakdown field, 𝑃(𝐸𝑖)  is the cumulative probability of electric 

breakdown at 𝐸𝑖, 𝐸𝑏 is the statistical breakdown strength at which 𝑃(𝐸𝑖) equals 63.2%, and the 

Weibull parameter 𝛽 evaluates the distribution of 𝐸𝑖. Ten different samples were investigated for 

each composition for the analysis. 
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Supplementary Text 
 

Miller model 

The Miller model can be derived from the classical damping theory for ferroelectric 

capacitors (56). From the damping theory, the damping response of the spontaneous polarization 

can be effectively modeled by Debye’s dielectric relaxation model (57). Due to the lagging 

response of the spontaneous dipole moment, the rate at which the dipole moment change is as 

follows: 

 𝑑𝑝𝑠𝑑𝑡 = − 𝑝𝑠−𝛼𝑓(0)𝐸(𝑡)𝜏                                                         (S1) 

 

Here, ps is an instantaneous spontaneous dipole moment, 𝛼𝑓(0)  is the direct current (DC) 

polarizability for spontaneous polarization in ferroelectric materials, 𝐸(𝑡) is an external electric 

field, and 𝜏  is the relaxation time of the dipole. For an alternating current (AC) condition, the 

external field can be expressed by an exponential representation as follows: 

 𝐸(𝑡) = 𝐸0exp⁡(𝑗𝜔𝜏)                                                     (S2) 

 

Here 𝐸0 is the amplitude of the field, j is an imaginary number, and 𝜔 is the angular frequency of 

the AC condition. If the field is substituted into Equation (S1.1), an ordinary differential equation 

that describes the lagging response is obtained as follows: 

 𝑑𝑝𝑠𝑑𝑡 = − 𝑝𝑠𝜏 + 𝛼𝑓(0)𝜏 𝐸0exp⁡(𝑗𝜔𝜏)                                          (S3) 

 

Solving the differential equation for the ps, the Equation (S3) is expressed as follows: 

 𝑝𝑠 = 𝛼𝑓(𝜔)𝐸0exp⁡(𝑗𝜔𝜏)                                                 (S4) 

  

where 𝛼𝑓(𝜔) is the AC polarizability of the ps, and 𝛼𝑓(𝜔) can be described as follows: 
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𝛼𝑓(𝜔) = 𝛼𝑓(0)1+𝑗𝜔𝜏                                                           (S5) 

 

According to Equation (S5), 𝛼𝑓(𝜔) at low 𝜏 is nearly equal to 𝛼𝑓(0) at a certain frequency. 

This result indicates that the ps closely follows the external field. At the high 𝜏, the 𝜏 is larger than 

the AC period of the field and the ps does not follow the field. That is, the large 𝜏 suppresses the 

AC polarizability depending on the external AC bias, providing relatively low remnant 

polarization.  

 

Maxwell-Wagner (MW) relaxation 

MW relaxation (or Maxwell-Wagner-Sillars relaxation) is the phenomenon of charge 

accumulation at the heterogeneous interfaces of the dielectric materials with different permittivity 

and conductivity. This relaxation is equivalent to the charging two series capacitors when the 

current flows across the heterogeneous interface. The conduction current through each material is 

given by 

 𝑗1 = 𝜎1𝐸1⁡𝑎𝑛𝑑⁡⁡𝑗2 = 𝜎2𝐸2                                              (S6) 

 

where E represents the electric field and σ is the conductivity of the two different materials. Before 

reaching the steady state, the conduction currents in each material are not equal. The electric field 

can be expressed as follows: 

 𝐸1 = 𝜎2𝑑1𝜎1+𝑑2𝜎2 𝑈 + ( 𝜀𝑟2𝑑1𝜀𝑟2+𝑑2𝜀𝑟1 − 𝜎2𝑑1𝜎2+𝑑2𝜎1) 𝑈𝑒−𝑡𝜏                        (S7) 𝐸2 = 𝜎1𝑑1𝜎1+𝑑2𝜎2 𝑈 + ( 𝜀𝑟1𝑑1𝜀𝑟2+𝑑2𝜀𝑟1 − 𝜎1𝑑1𝜎2+𝑑2𝜎1) 𝑈𝑒−𝑡𝜏                        (S8) 

 

where U is the polarization voltage applied on the heterostructure, d is thickness, εr is the relative 

permittivity, and t is time.  

 

Electronic structure of MoS2/C-BTO/MoS2 heterostructures 

To gain a comprehensive understanding of the polarization behavior within the 2D/3D/2D 

heterostructures, we calculated their electronic structure using DFT. We created a series of 
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sandwich-type heterostructures (‘Au/MoS2/BTO/MoS2/Au’) consisting of either 1 or 2 

monolayers (ML) of MoS2, 3-unit cells-thick BTO, and 3 layers of Au as contacts (details in the 

‘Materials and Methods’ section). Fig. S10 and S11 show the layer-projected density of states for 

the heterostructures with one monolayer (1ML)- and two monolayer (2ML)-MoS2, respectively. 

In both cases, the intrinsic electric field within the ferroelectric BTO layers induces a potential 

gradient and band bending indicated by the red lines. This leads to a charge transfer, from the 

valence band of the top BTO layer to the conduction band of the bottom BTO layer. We note that 

the middle BTO layer, corresponding to the bulk region, remained insulating. These polarization-

induced charges impact the adjacent MoS2 layer, transitioning it to a metallic state, as shown in 

Fig. S10 and S11. However, with 2ML-MoS2, the MoS2 layers away from BTO (i.e., in contact 

with the Au electrode) show only a small density of states at the Fermi energy due to transfer of 

electrons from the Au contact (and do not follow the trend in band shift observed in BTO), 

indicating that the polarization-induced charges can be screened completely by 1ML-MoS2. These 

results are in excellent agreement with the experimental PE measurements wherein a significant 

reduction in the remnant polarization of 2ML-MoS2/C-BTO/2ML-MoS2 is observed.  

We also investigated the laterally averaged charge density difference along the c-axis () 

for the heterostructures (Fig. S10 and S11), which is defined as the difference of charge density of 

the heterostructure (‘MoS2/BTO/Au’) after subtracting the superposed charge density of two 

isolated systems (‘MoS2/Au’ and ‘BTO’). In common, the spontaneous polarization within the 

BTO layers results in the charge accumulation at the interface between BTO and adjacent MoS2 

layers (blue shaded area). Meanwhile, the charge transfer into the non-adjacent MoS2 layer is 

negligible (orange shaded area). Consequently, the aggregated electrons and holes are confined 

within the adjacent MoS2 layers to the interface, which suggests that 1 ML-MoS2 can effectively 

screen the negative or positive polarization bound charges.  
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Fig. S1 

Atomic-force microscopy (AFM) images of the as-grown BTO. (A) Plan-view and (B) three-

dimensional AFM image of the as-grown BTO. 
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Fig. S2 

XRD rocking curve of the as-grown BTO. Theta-2theta XRD rocking curve of the as-grown 

BTO. The full width at half maximum value of BTO was calculated to be ~0.2o.  
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Fig. S3 

Electron back-scattering diffraction (EBSD) mapping of the as-grown BTO. Plan-view EBSD 

mapping of the as-grown C-BTO. Only (001) plane is observed at the surface, indicating the C-

BTO was grown with single-crystalline. 
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Fig. S4 

Capacitance vs. voltage (CV) curve of the C-BTO. CV curve and dielectric constant calculated 

from capacitance of the Au/C-BTO/Au structure at 10 kHz.  
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Fig. S5 

2D/C-BTO/2D fabrication process. Schematic illustration of the fabrication process for 2D/C-

BTO/2D structure. In this process, we used 1ML-MoS2 as an example. (Step 1) We grew the single-

domain MoS2 onto the SiO2/Si substrate via chemical vapor deposition. (Step 2) Poly(methyl 

methacrylate) (PMMA) was placed on the MoS2 layer as a handling layer. (Step 3) SiO2 sacrificial 

layer has been etched using buffered oxide etchant (BOE). (Step 4) We rinsed the PMMA/MoS2 

layer by using DI water. (Step 5) To prepare the freestanding BTO nanomembrane, we grew the 

BTO/SAO onto STO and (Step 6) deposited the Ni handling layer by using DC plasma for 12 

minutes in physical vapor deposition (PVD). (Step 7) The sample is left to float onto DI water for 

6 hours to etch the SAO sacrificial layer. (Step 8) We scooped the freestanding Ni/BTO layer onto 

the Polydimethylsiloxane (PDMS) and dried overnight. (Step 9) By using standard wet transfer, 

PMMA/MoS2 layers were formed on the BTO surface. (Step 10) We etched the PMMA layer into 

acetone at 40oC for 30 minutes. The PDMS handling layer is automatically detached from Ni/BTO. 

(Step 11) For the 2ML-MoS2/C-BTO/2ML-MoS2, we repeatedly performed steps 2 to 4, then 

employed the layer transfer method (12, 15, 26) to transfer another PMMA/MoS2 layer onto the 

MoS2/BTO/Ni/PDMA surface. We scooped the freestanding Ni/BTO/MoS2 layer onto the target 

substrate and dried overnight. (Step 12). To etch the Ni handling layer, we dipped the sample into 

FeCl3 solution for 1 minute. (Step 13) For the 2D/C-BTO/2D sandwich structure, we transferred 

the PMMA/MoS2 layer onto the BTO surface. (Step 14) PMMA layer has been etched as in Step 

10.  
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Fig. S6 

Strongly chemically-bonded 3D/C-BTO/3D fabrication process. (A) Schematic illustration of 

the fabrication process for 3D/C-BTO/3D structure with a strongly chemically bonded interface. 

(Step 1) To prepare the freestanding BTO nanomembrane, we grew the BTO/SAO onto STO and 

(Step 2) deposited the 3-nm thick Al2O3 by using atomic layer deposition (ALD) to form the 

chemical bonded interface (58). (Step 3) Ni handling layer was deposited using DC plasma for 12 

minutes in PVD. (Step 4) The sample has been left to float onto DI water for 6 hours to etch the 

SAO sacrificial layer. (Step 5) We scooped the freestanding Ni/Al2O3/BTO layer onto the cover 

glass and dried overnight. Thereafter, we deposited the Al2O3 with a thickness of 3 nm using ALD 

at 175oC. (Step 6) We exfoliated the Al2O3/BTO/Al2O3/Ni layer from the glass into acetone. (Step 

7) We scooped the freestanding layer onto the target substrate and dried overnight. (Step 8) To etch 

the Ni handling layer, we dipped the sample into FeCl3 solution for 1 minute. (Step 9) For cleaning, 

we rinsed the sample in acetone at 40 oC for 30 minutes. 
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Fig. S7 

Weakly bonded 3D/C-BTO/3D fabrication process. Schematic illustration of the fabrication 

process for 3D/C-BTO/3D structure without strong chemical bonds at the interface. (Step 1) We 

deposited the 3-nm thick Al2O3 on SiO2/Si substrate by ALD. (Step 2) Ni handling layer was 

deposited using DC plasma for 12 minutes in PVD on the top of the Al2O3. To prepare the 

freestanding Al2O3 nanomembrane, we etched the SiO2 layer onto BOE and (Step 4) immediately 

rinsed the Ni/Al2O3 freestanding layer in DI water. (Step 5) We transferred the freestanding layer 

onto the target substrate and dried it overnight. (Step 6) To etch the Ni handling layer, the sample 

was dipped into FeCl3 solution for 1 minute. (Step 7) We rinsed the sample in acetone at 40oC for 

30 minutes. (Step 8) To prepare the freestanding BTO nanomembrane, we deposited Ni on the 

surface of the BTO for 12 minutes. (Step 9) We etched the SAO sacrificial layer in DI water for 6 

hours and (Step 10) transferred it to the surface of the Al2O3. (Step 11) Thereafter, we etched the 

Ni and (Step 12) rinse the sample. The formation process of top Al2O3 (Step 13 – Step 15) used 

the same method as the bottom Al2O3. (Step 5 – Step 7). During the process, we avoid any 

additional thermal annealing process, which would lead to stronger chemical bonds at the interface 

(59, 60). 
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Fig. S8 

Cole-Cole plot illustration. Schematic illustration of the Cole-Cole plot where the relaxation time 

is calculated as follows: 𝑢𝑣 = (𝜔𝜏⁡)1−𝛼. u is the distance from a particular data point in the Cole-

Cole plot from point ε∞, v is the distance of the same data point from point εs, and α is the 

distribution parameter that ranges from 0 to 1. For calculations, we calculated the relaxation time 

at 10 kHz. 
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Fig. S9.  
P-E loops of C-BTO with different thicknesses. P-E loop of BTO according to the thickness. 

For the 10 nm C-BTO sample, a round shape indicates high electrical leakage, while 50 nm thick 

C-BTO exhibits substantial energy loss attributed to its large Pr. Considering these results, we 

selected C-BTO with a thickness of 30 nm for all other measurements.  

 



30 

 

 

Fig. S10 

Electronic structure of the 1ML-MoS2/C-BTO/1ML-MoS2 heterostructure from DFT. (A) 

Atomic configuration (top) and layer-projected density of states (bottom) across the ‘Au/1ML-

MoS2/BaTiO3/1ML-MoS2/Au’ heterostructure. Color legends: Au – orange, Mo – light purple, S 

– yellow, O – red, Ti – sky blue, Ba – dark blue. Red line shows the polarization-induced band 

bending within the BaTiO3 layer. (B) Laterally averaged charge density difference along the c-axis 

of the ‘Au/1ML-MoS2/BaTiO3/1ML-MoS2/Au’ heterostructure. The shaded blue and green areas 

represent the interface regions of MoS2/BaTiO3 and MoS2/Au contacts, respectively. 
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Fig. S11 

Electronic structure of the 2ML-MoS2/C-BTO/2ML-MoS2 heterostructure. (A) Atomic 

configuration (top) and layer-projected density of states (bottom) across the ‘Au/2ML-

MoS2/BaTiO3/2ML-MoS2/Au’ heterostructure. Color legends: Au – orange, Mo – light purple, S 

– yellow, O – red, Ti – sky blue, Ba – dark blue. Red line shows the polarization-induced band 

bending within the BaTiO3 layer. (B) Laterally averaged charge density difference along the c-axis 

(bottom) of the ‘Au/2ML-MoS2/BaTiO3/2ML-MoS2/Au’ heterostructure. The shaded blue, orange, 

and green areas represent the interface regions of MoS2/BaTiO3, MoS2/MoS2, and MoS2/Au 

contacts, respectively. 
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Fig. S12 

Dielectric Cole-Cole plot. Dielectric Cole-Cole plots of the of the 2ML-MoS2/C-BTO/2ML-

MoS2 over the frequency range from 102 to 106. The ωτ and relaxation time are calculated to be 

3.7 and 59.5 µs.  
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Fig. S13 

High-angle annular dark field (HAADF) images of the 2ML-MoS2/C-BTO/2ML-MoS2. 

HAADF images of the 2ML-MoS2/C-BTO/2ML-MoS2 obtained from several different regions of 

the sample. The average gap between BTO and MoS2 in the images is calculated to be 0.8 +/- 0.08 

nm with a standard deviation of 0.45 in nine samples. This variability is related to the roughness 

visible at the BTO surface. 
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Fig. S14 

Frequency dependent dielectric constant curves. Frequency dependent real dielectric constant 

and imaginary dielectric constant curves of the (A) C-BTO, (B) 1ML-MoS2/C-BTO/1ML-MoS2, 

and (C) 2ML-MoS2/C-BTO/2ML-MoS2. Gaussian curves in 1ML-MoS2/C-BTO/1ML-MoS2 and 

2ML-MoS2/C-BTO/2ML-MoS2 are shifted with increasing the DC electric field, indicating the 

point shift in dielectric Cole-Cole plots. 
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Fig. S15 

DC electric field dependent Cole-Cole plot. Dielectric Cole-Cole plot of the MoS2/C-BTO/MoS2 

with respect to the DC electric field at the AC field of 100 mV at 10 kHz.   
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Fig. S16 

Two-parameter Weibull distribution analysis of breakdown strengths. Two-parameter Weibull 

distribution analysis of breakdown strengths of the C-BTO, 1ML-MoS2/C-BTO/1ML-MoS2, and 

2ML-MoS2/C-BTO/2ML MoS2. Ten different samples were investigated for each composition for 

the analysis. 
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Fig. S17 

Leakage current densities of the C-BTO and MoS2/C-BTO/ MoS2. The leakage current density 

vs. electric field is shown for (A) C-BTO, (B) 1ML-MoS2/C-BTO/1ML-MoS2, and (C) 2ML- 

MoS2/C-BTO/2ML-MoS2.  
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Fig. S18 

Comparative energy densities of different structural configurations. Comparison of the energy 

densities of representative electrostatic capacitors in previous studies with the 2D/C-3D/2D 

heterostructure-based capacitor described here. 
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Fig. S19.  
Frequency dependent energy storage performance of the 2ML-MoS2/BTO/2ML-MoS2. P-E 

loop of the 2ML-MoS2/BTO/2ML-MoS2 sample with frequencies of 10, 5, 3, and 1 kHz. 
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Fig. S20 

Temperature-dependent P-E loops of the C-BTO and MoS2/C-BTO/ MoS2 samples. P-E loops 

of (A) C-BTO, (B) 1ML-MoS2/C-BTO/1ML-MoS2, and (C) 2ML-MoS2/C-BTO/2ML-MoS2 at 

temperatures ranging from 250 to 400K. 
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Fig. S21 

2ML-MoS2/C-BTO/2ML-MoS2 array. (A) Photograph (left) and light microscope image (right), 

and (B) P-E loops of 2ML-MoS2/C-BTO/2ML-MoS2 heterostructures in an array. (C) Pm 

histogram of the 2ML-MoS2/BTO/2ML-MoS2 heterostructures in the array, where the Pm values 

are calculated rounded to the nearest whole number. 
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