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Supplementary Table 1. Benchmark to BEOL-compatible planar electrostatic capacitors.

To restrict the literature to just those relevant for on-chip energy storage capacitors, only BEOL-

compatible capacitors – namely ALD-grown dielectrics – are considered in this comparison ta-

ble. Approaches to scale thickness without a multilayer approach15 demonstrate degraded vol-

umetric ESD, e.g. ZrO2
18 and HZO6,20. ∗Note: Reference12 examining Ta2O5-HZO employs

a non-ALD (sputtered) dielectric layer. Furthermore, the loss due hysteresis is not reported in

this work for both Ta2O5-HZO and Al2O3-HZO; therefore, one cannot directly compare recover-

able ESD and efficiency. ∗∗Note: References15 and16 examining ZrO2-TiO2 multilayers employ

non-CMOS-compatible Pt electrodes. Even considering some non-BEOL-compatible HfO2- and

ZrO2-based results, this work still boast the largest volumetric ESD (at the ∼ 10 nm range) and

largest areal ESD (due to persistence of AFE NC behavior to ∼ 100 nm regime in HZO-Al2O3

superlattices) for potential BEOL-compatible dielectrics. Abbreviations: energy storage density

(ESD); thickness (t); efficiency (Eff); dielectric (DE); antiferroelectric (AFE); ferroelectric (FE);

superlattice (SL); negative capacitance (NC). The comparison data points in Fig. 2i are taken from

BEOL-compatible MIM capacitor results, namely fluorite-structure HfO2-ZrO2-based antiferro-

electrics2–9,13–15,18,19,21,22, and thicker ALD-grown dielectric oxides1.
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Dielectric t Order ESD Eff Ref.
(nm) (J/cm3)/(µJ/cm2) (%)

Al2O3 5 DE 50 / 25 n/a 1

Al2O3-ZrO2 15-15 DE 40 / 120 n/a 1

Al2O3-TiO2 15-7.8 DE 60 / 137 n/a 1

Zr:HfO2 (70%) 9 AFE 46 / 41 52 2

Si:HfO2 (5.6%) 9 AFE 40 / 36 80 3

ZrO2 12 AFE 37 / 44 51 4

Si:HfO2 10 AFE 61 / 61 65 5

Zr:HfO2 (50%) 5.8 AFE 46 / 27 59 6

Zr:HfO2 (50%) 7.1 AFE 55 / 39 57 6

Zr:HfO2 (50%) 8.8 AFE 45 / 40 50 6

Zr:HfO2 (50%) 10.2 AFE 44 / 45 51 6

Zr:HfO2 (50%) 10.0 AFE 43 / 43 62 6

Zr:HfO2 (50%) 20.2 AFE 42 / 85 62 6

Zr:HfO2 (50%) 30 AFE 41 / 123 64 6

Zr:HfO2 (50%) 40 AFE 34 / 136 63 6

Zr:HfO2 (70%) 8 AFE 47 / 38 46 6

Zr:HfO2 (70%) 9.2 AFE 46 / 42 48 6

Zr:HfO2 (70%) 12 AFE 32 / 38 36 6

Zr:HfO2 (70%) 19.0 AFE 21 / 40 42 6

Zr:HfO2 (70%) 29.0 AFE 24 / 70 45 6

Al:HfO2 (5.7%) 10 FE-AFE 33 / 33 45 7

Al:HfO2 (6.9%) 10 AFE 42 / 42 58 7

Al:HfO2 (8.8%) 10 DE 33 / 33 90 7

Al:HZO 10 AFE 52 / 52 80 8

Si:HZO 10 AFE 53 / 53 82 8

La:HZO 10 AFE 50 / 50 70 9

HfO2 10 FE 10.6 / 10.6 91 10

Zr:HfO2 (25%) 10 FE 14.6 / 14.6 90 10

Zr:HfO2 (50%) 10 FE-AFE 20.2 / 20.2 78 10

Zr:HfO2 (75%) 10 AFE 34 / 34 49 10

ZrO2 10 AFE 37.6 / 37.6 58 10

Si:HfO2 (5.8%) 10 AFE 40 / 40 75 11

Al2O3-Zr:HfO2 4-7.7 NC DE-FE n/a / n/a n/a 12*
Ta2O5-Zr:HfO2 13.5-11.5 NC DE-FE n/a / n/a n/a 12*

ZrO2-HfO2:Al2O3 5-2 FE-DE 54 / 38 51 13

Zr:HfO2-Al2O3-Zr:HfO2 10 AFE-DE-AFE 70 / 70 50 14

ZrO2 8.7 AFE 94 / 82 80 15

TiO2-ZrO2-TiO2 8.7 DE-AFE-DE 94 / 82 81 15∗∗

TiO2-ZrO2 SL 48 DE-AFE 80 / 384 82 15∗∗

TiO2-ZrO2-TiO2 1-6-1 DE-AFE-DE 114.5 / 92 76 16∗∗

Al:HfO2 6.5 AFE 64 / 42 64 17

ZrO2 4.3 AFE 45 / 19 60 18

ZrO2 5.3 AFE 58 / 31 40 18

ZrO2 6.5 AFE 48 / 31 53 18

ZrO2 10.6 AFE 22 / 23 48 18

ZrO2 14.7 AFE 18 / 26 44 18

HfO2-ZrO2 8.8 AFE 50 / 44 55-62 19

Zr:HfO2 (70%) 5 AFE 22 / 11 75 20

Zr:HfO2 (70%) 6 AFE 35 / 21 67 20

Zr:HfO2 (70%) 7 AFE 32 / 22 66 20

Zr:HfO2 (70%) 8 AFE 42 / 34 45 20

Zr:HfO2 (70%) 10 AFE 30 / 30 39 20

Zr:HfO2 (80%) 9 NC AFE 115 / 104 83 this work
Zr:HfO2-Al2O3 SL 94 NC AFE-DE 81 / 761 73 this work
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Supplementary Table 2. Benchmark to electrostatic microcapacitors. Electrostatic microsu-

percapacitors in various 3D geometries are considered. In this table, areal power density (W/cm2)

is defined by the reported areal ESD (J/cm2) multiplied by the frequency of the measurement

(capacitance-frequency impedance measurements in the case of normal dielectrics or P-V loops

in the case of antiferroelectrics). For this work, areal power density is extracted from discharge

measurements (Extended Data Fig. 9). Works on Si trenches reporting lower ESD than those listed

in the table are not included. Abbreviations: areal energy storage density (EA); frequency (f); areal

power density (PA); superlattice (SL); dielectric (DE); ferroelectric (FE); antiferroelectric (AFE);

negative capacitance (NC); anodized aluminum oxide (AAO); carbon nanotubes (CNT); thickness

(t).

4



Geometry Dielectric t (nm) Order Method EA (J/cm2) f (Hz) PA (W/cm2) Ref.
Nanowire Cu2O 30-50 DE 1/2CV2 1.75e-3 1e6 1.75e3 23

Nanowire Cu2O 30-50 DE 1/2CV2 1.25e-3 1e6 1.25e3 23

Nanowire Cu2O 30-50 DE 1/2CV2 1.125e-3 1e6 1.125e3 23

Nanowire Cu2O 30-50 DE 1/2CV2 6.25e-4 1e6 6.25e2 23

Nanowire Cu2O 30-50 DE 1/2CV2 5.0e-4 1e6 5.0e2 23

Nanowire Cu2O 30-50 DE 1/2CV2 3.75e-4 1e6 3.75e2 23

Self-rolled Al2O3 6.7 DE 1/2CV2 2.81e-5 1e3 2.81e-2 24

Self-rolled Al2O3-HfO2-TiO2 7 DE 1/2CV2 2.02e-5 1e3 2.02e-2 25

AAO Al2O3 6.7 DE 1/2CV2 4.75e-4 20 9.50e-3 26

AAO Al2O3 6.7 DE 1/2CV2 8.8e-5 20 1.76e-3 26

AAO Al2O3 8 DE 1/2CV2 3.71e-4 20 7.42e-3 27

AAO Al2O3 8 DE 1/2CV2 6.59e-4 20 1.32e-2 27

AAO Al2O3 8 DE 1/2CV2 8.38e-4 20 1.68e-2 27

AAO+CNT Al2O3 10 DE 1/2CV2 8.67e-3 1e2 8.67e-1 28

Si trench Al2O3 10 DE 1/2CV2 7.92e-4 1e4 7.92 29

Si trench SiO2-Si3N4 15 DE 1/2CV2 2.24e-3 1e5 2.24e2 30

Si trench Al2O3 55 DE 1/2CV2 1.23e-3 1e3 1.23 31

Si trench HfAlOx 40 DE 1/2CV2 6.12e-3 n/a 5.66e2 32

Si trench ZrO2-Al2O3-ZrO2 7.5 AFE
∫

V·dP 6.98e-4 1e5 6.98e2 4

Si trench Si:HfO2 10 AFE
∫

V·dP 4.5e-4 1e2 4.5e-2 11

Si trench Si:HfO2 10 AFE
∫

V·dP 4.06e-4 1e3 4.06e-1 33

Si trench Si:HfO2-Al2O3-Si:HfO2 20 AFE
∫

V·dP 7.18e-4 1e3 7.18e-1 33

Si trench HZO-Al2O3 SL 90 NC AFE
∫

V·dQ 8.00e-2 1e6 3.0e5 this work
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Supplementary Table 3. Benchmark to electrochemical microsupercapacitors. The values

in this table are taken from summary tables reporting both areal power density (W/cm2) and areal

ESD (J/cm2) in the following recent reviews benchmarking state-of-the-art energy storage micro-

capacitors64,65. The benchmark plot of electrochemical microsupercapacitors in Figure 3 considers

activated carbon (AC)34,55, onion-like carbon34, carbide-derived carbon35, graphene63, AC and

Zn-ion36, RuO2
57,58, which are detailed in this table. Works demonstrating below 10 mJ/cm2

are not included in the table. For 3D electrochemical microsupercapacitors (as opposed to thin

film microsupercapacitors), the 3D scaffold depth is provided (rather than the electrode thick-

ness). Abbreviations: areal energy storage density (EA); areal power density (PA); activated carbon

(AC); acetonitrile (AN); carbide-derived carbon (CDC); sodium carboxymethylcellulose (CMC);

carbon nanotube (CNT); 1-ethyl-3-methylimidazolium tetrafluoroborate (EMI, BF4); 1-ethyl-3-

methylimidazolium (EMIM); 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM,

TFSI); graphene and vanadium nitride quantum dots (G–VNQD); layer double hydroxides (LDH);

laser-scribed graphene (LSG); multiwall carbon nanotubes (MWCNT); nanowires (NW); onion-

like carbon (OLC); polyanline (PANI); propylene carbonate (PC); poly(3,4-ethylenedioxythiophene)

(PEDOT); poly(pyrrole) (PPy); poly(vinyl alcohol) (PVA); thickness/depth (t/d).
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Electrode t/d Electrolyte Potential EA PA Ref.
(µm) (V) (mJ/cm2) (mW/cm2)

AC 5 1M Et4NBF4 in PC 3.0 12 20 34

CDC 4.1 2M EMI, BF4 in AN 3.0 54 30 35

Zn nanosheet / AC 50/80 ZnSO4/CMC 1.5 415 0.16 36

Ti3C2 / Co-Al-LDH n/a 6M KOH 0.4-1.45 39 8.8 37

AC 2 1M NEt4-BF4 in PC 2.5 26 44.9 38

MWCNT / MnO2 0.5 / 0.6 0.5 M Na2SO4 1.8 16 675 39

TiC-CDC 4.1 2M EMIM-BF4 in AN 3V 311 100 35

TiC-CDC 3.2 1M H2SO4 0.9 42 100 40

VN 3.4 1M KOH 0.6 40 10 41

OLC 7 ionic liquid 3.7 30 240 42

Graphene 7.6 iongel 2.5 22 152 ?

TiC-CDC 7 2M EMIM-BF4 in ACN 3 324 5.3 43

Graphene-FeOOH / graphene-MnO2 41 PVA LiCL 1.8 143 11.8 44

AC / MnO2 10 0.2M K2SO4 1.5 135 7 45

Graphene / RuO2 7.6 1M H2SO4 1 80 6 46

PANI nanowires 10.1 PVA H2SO4 1 73 4.5 47

Graphene-PANI 4.5 PVA H2SO4 1 163 4.5 48

AC 70 1M NaNO3 1 180 51.5 49

V2O5 / G-VNQD 100 PVA LiCL 1.6 165 3.8 50

(3D) MnO2 / MnO2 in 68/68 0.5M Na2SO4 0.8 36 20 51

Si microtubes
(3D) MnO2 in 50 Ionic liquid 2.2 33 0.05 52

Si NW
(3D) RuO2 in 10-80 0.1M Na2SO4 1.0 12 5 53

Si-SiO2-Ai pillars
(3D) PPy in 140 0.1M KCl 0.8 43 1 54

C rods
(3D) AC in 215 1M Et4NBF4 in PC 2.5 257 34 55

etched cavities
(3D) AC in 90 1M NaNO3 0.5 11 52 49

etched channels
(3D) AC in 250 PVA-based 0.8 43 1 56

SU-8 photoresist walls
(3D) RuO2 in 12 PVA-based 0.9 176 28 57

C nanowall
(3D) RuO2 in 80 PVA-based 0.9 454 8 58

porous Au
(3D) Ppy in 50 ionic liquid 1.5 15 0.8 59

3D Si nanotrees
(3D) MnO2 & AC in 2 iongel 2.5 2 0.3 60

Ni nanocone
(3D) PANI nanofiber in 15 PVA H2SO4 0.8 21 3 61

polymer microcavity
(3D) Carbon 120 EMIM-TFSI 2.7 2 8 62

in Si NWs
(3D) MnO2 in 68 0.5M Na2SO4 0.8 13 20 51

Si micro-tubes
(3D) Graphene & MnO2 in 15 1M Na2SO4 0.9 162 1 63

3D LSG
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Supplementary Fig. 1. Wide field-of-view TEM image of HZOx10 continuous film. (a) Wide

field-of-view TEM for the Si/TiN/HZOx10 continuous/TiN/W MIM structure. (b) Zoomed-in

TEM demonstrating the presence of vertical columnar-like grains in the HZO layer; the constrained

grain growth can help maintain the ferroelectric o-phase in the ultrathick regime (Extended Data

Fig. 5).
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Supplementary Fig. 2. Wide field-of-view TEM image of HZOx10 superlattice film. (a)

Wide field-of-view TEM for the HZOx10 superlattice (HZO-Al2O3 structure) grown on TiN-

buffered Si. (b) Zoomed-in TEM demonstrating well-separated Al2O3 and HZO layers despite

ultrathin (5 Å) Al2O3 interlayers, consistent with XRR analysis indicating 5 Å Al2O3 serves as a

sufficient barrier layer (Extended Data Fig. 3). The wavy morphology in the superlattice likely

derives from the polycrystalline nature of the HZO layers; the domains in various orientations re-

sult in a topology that varies over wide distances, although the films are atomically-smooth over

small distances (Extended Data Fig. 3). As the ALD Al2O3 layers conformally coats the HZO

surfaces, the rumpled morphology becomes more pronounced with increasing superlattice layers.

Despite this topology, the conformal nature of ALD enables the t-phase to persist across the entire

thickness, as identified from oxygen imaging analysis of various HZO superlattice layers (Fig. 2c,

Extended Data Fig. 4).
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Supplementary Fig. 3. Energy landscape evolution for antiferroelectric and antiferroelectric-

dielectric superlattices. (a, b) Energy landscape evolution of antiferroelectric HZO (a) and

antiferroelectric-dielectric (HZO - Al2O3) superlattices (b) as the HZO transforms from the native

antiferroelectric t-phase (left, Regime I) to mixed antiferroelectric-ferroelectric t-o phase (cen-

ter, Regime II) to fully ferroelectric o-phase (right, Regime III) with increasing electric field.

For the antiferroelectric picture (a), pink, purple, and black colors correspond to the t-phase, o-

phase, and mixed t-o phase energy landscapes, respectively. For antiferroelectric HZO (a), the

flattened energy landscape in Regime II due to antiferroelectric-ferroelectric phase competition

(center) stabilizes NC and enhances permittivity, leading to the charge-boost behavior (Fig. 1). For

the antiferroelectric-dielectric HZO-Al2O3 superlattices ((b), beyond the NC stabilization due to

antiferroelectric-ferroelectric phase competition in the HZO layers, the additional dielectric Al2O3

layers (energy landscape in blue) can also help stabilize NC by depolarizing the ferroelectric phase

fractions in Regimes II and III. The dielectric layers do not aid NC stabilization in steady-state

(Regime I) as both dielectric Al2O3 and the native antiferroelectric t-phase have energy landscapes

with only positive curvatures. This energy landscape picture is consistent with the observation of
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NC (experimentally identified as negative curvature in hysteretic Q-E loops) for both antiferroelec-

tric HZO (Fig. 1f) and antiferroelectric HZO-Al2O3 superlattices (Fig. 2g) only at intermediate

fields (not low fields).
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Supplementary Fig. 4. EDS of sidewall of 3D Si trench capacitor. (a) HAADF-STEM image

of the TiN - HZOx10 superlattice (Al2O3-HZO) - TiN MIM structure deposited at the sidewall

of the 3D Si trench capacitor. The superlattice Al2O3-HZO structure can be more clearly distin-

guished by eye based on the alternating light and dark regions in Fig. 3a. (b-g) Corresponding EDS

elemental mapping of Ti (b), Hf (c), Zr (d), N (e), O (f) and Si (g). The relative atomic percentages

of Hf and Zr match the expected 20:80 Hf:Zr composition in the HZO films, which indicates the

composition profile is maintained in the superlattice structure and the trench. (h) Corresponding

elemental profile as a function of position matching with the expected MIM structure.
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Supplementary Fig. 5. Determining oxygen imaging conditions from HR-TEM simulations.

The simulation and experimental conditions used for t-phase analysis in HZOx10 superlattices

(Extended Data Fig. 4) are provided in the Methods section. Further details on this analysis can be

found in our previous work66.
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Supplementary Fig. 6. Comparison of ESD extracted from pulsed I-V measurements and

conventional P-E measurements (a) Measured polarization-electric field (P-E) curves obtained

from bipolar triangular waveforms at 10 kHz (Methods) for a HZOx10 superlattice trench capaci-

tor. The ESD is calculated by
∫ Pmax

Prem
EdQ (Methods), which is equivalent the purple shaded area.

(b) Comparison of ESD extracted from pulsed I-V and conventional P-V measurements for the

same sample. The ESD extracted from P-V measurements is shifted slightly to the left as P-V

measurements occur at substantially slower time scales (100 µs) compared to the 1.5 µs pulses

applied in the pulsed I-V measurement, which allows for more charge to be stored at lower fields.

Overall, both methods yield similar areal energy storage density values.
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Supplementary text

Thickness scaling considerations

Scaling up fluorite-structure antiferroelectricity Fluorite-structure superlattices is an

emerging engineering strategy67 for enhanced ferroelectric performance, particularly for com-

puting applications68–72. Here, we look to employ fluorite-structure superlattices for enhanced

performance in energy storage, namely scaling up the total energy density.

Increasing the net energy stored requires increasing the film thickness while maintaining the

antiferroelectric negative capacitance behavior. This is an issue for fluorite-structure (anti)ferroelectrics,

since their critical thickness is limited to the 10-nm regime73. The first case of Al2O3 interlayers

showed it can effectively control the HZO grain size and thereby maintain the stability range for

HZO ferroelectricity to 40 nm thickness74. Later attempts to increase fluorite-structure ferroelec-

tricity got up to the 50-nm regime using nanolaminates with Al2O3
75–77. And more recent works

examined the effect of Al2O3 interlayers on the ferroelectric microstructure78,79.

Scaling up the antiferroelectric thickness is more difficult than the ferroelectric thickness; the

t-phase is stable for ultrasmall grain sizes in HZO80 before it transforms to the o-phase and subse-

quently the m-phase with increasing grain size, which scales with film thickness80. Previous work

on HZO thin films found increasing thickness monotonically increases (decreases) the amount of

monoclinic (tetragonal) phase, particularly in the thick (20 nm and above) regime81. Antiferro-

electricity has been scaled to 48 nm in TiO2-ZrO2 heterostructures15 and 20 nm in Al2O3-Si:HfO2

heterostructures33 to improve total energy storage. Other attempts to increase the thickness beyond

100 nm did not employ conformal ALD82–86, so they cannot be considered for scaled 3D-integrated

devices.

In this work, through HZO(80% Zr)-Al2O3 superlattices, we demonstrate antiferroelectricity

to 100 nm. The Al2O3 interlayers interrupt the continual growth of HZO films, and the resulting

decrease of grain size prevented the formation of the monoclinic phase. Additionally, Zr-rich HZO

is expected to be a better candidate for pushing t-phase stability to thicker regime considering the

larger critical grain size for t-phase stability in ZrO2
87,88 compared to HfO2

89.

15



Breakdown strength thickness scaling Thick dielectric ceramic films are expected to

have lower breakdown fields with increasing thickness90,91, consistent with the drop in breakdown

field in the thicker HZO-based films (Fig. 2) to the baseline 9 nm HZO films (Fig. 1). Now just fo-

cusing on the ultra-thick case (Fig. 2), we observe the HZO-Al2O3 superlattice films demonstrate

higher breakdown strength compared to the continuous HZO films (Extended Data Fig. 8d). Vari-

ous reasons can explain the higher breakdown strength in the superlattices compared to continuous

ultra-thick HZO (Extended Data Fig. 8d), including (i) the presence of interfaces i.e. electrical tree

effect, or (ii) incorporation of a larger breakdown field system, which should increase the overall

breakdown field approximately according to a weighted volume fraction in a Vegard’s law-like

manner, or (iii) finer grain size, which should increase the volume fraction of high-resistivity grain

boundaries92. All of the above mechanisms are consistent with the significantly lower leakage

current present in the superlattices (Extended Data Fig. 8a), consistent with previous reports on

HZO-based superlattices with very thin Al2O3 interlayers93,94.

Therefore, it is likely the finer grain size via the amorphous layer templating not only main-

tains the desirable antiferroelectric structure (Fig. 2), but also helps increase the breakdown field,

thereby improving both charge and voltage ingredients that contribute to electrostatic energy stor-

age.

Negative capacitance energy storage considerations

Ferroic phase transitions Regime II demonstrating NC coincides with the uptick in per-

mittivity, charge storage, and the field-driven nonpolar-to-polar phase transition (t-o phase co-

existence) (Fig. 1), underlying the role of NC in these macroscopic quantities and microscopic

phenomena. Indeed, one origin of NC in ferroelectric materials stems from the stored energy of

a phase transition; NC effects were previously transiently measured during the switching of a fer-

roelectric capacitor95. Here, instead of a ferroelectric polarization switch, the mechanism of NC

is due to the field-driven ferroelectric transition in antiferroelectric HZO, which gives rise to en-

hanced charge storage. Proximity to ferroelectric phase transitions have been identified as the key

microscopic origin of NC in seminal works on perovskites96 and fluorites68. We experimentally
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find this antiferroelectric phase transition is inextricably linked to the NC effect (Fig. 1), as has

been recently demonstrated in fluorite-structure antiferroelectric ZrO2
97 and canonical perovskite-

structure antiferroelectric PbZrO3
98. Therefore, the NC effect and field-driven ferroelectric tran-

sition are intimately tied, and the associate charge-boost from such phenomena may be a generic

feature across a wide class of antiferroelectrics. However, this antiferroelectric mechanism of NC

had yet to be leveraged to enhance charge storage in energy storage capacitors before this work.

Due to the different nature of the forward (t-to-o, nonpolar-to-polar) and reverse (o-to-t,

polar-to-nonpolar) phase transitions associated with antiferroelectricity, charging (forward) and

discharging (reverse) branches of pulsed hysteretic charge-voltage measurements may not demon-

strate the same degree of NC (manifested as a negative dQ/dE slope). For example, the HZOx10

superlattice in the 3D trench capacitor structure does not demonstrate as clear behavior in the dis-

charging branch as it does in the charging branch (Fig. 3e inset), while, the HZOx10 superlattice

in the 2D planar capacitor structure does demonstrate clear NC behavior in both charging and dis-

charging loops (Fig. 2g). This indicates if the antiferroelectric phase stabilization and NC behavior

in the 3D trench capacitor can be further optimized (as it is in the 2D planar capacitors) during the

discharge branch, an even larger recoverable energy storage can be achieved, due to diminished

hysteresis loss. Also, note the negative slope from hystereticQ-V measurements during the dis-

charge branch will become more pronounced if the charge contribution from the dielectric portion

of the superlattice (Al2O3) were subtracted away to leave behind just the HZO portion, as is done

in typical NC analysis to isolate the NC effect in the ferroic component68. In this work, this anal-

ysis is not performed to simply report the Q-V data and enhanced energy storage corresponding to

the superlattice as a whole, as the NC behavior is evident even without the dielectric component

subtraction.

Overcoming breakdown-permittivity trade-off Enhanced charge storage via the NC ef-

fect sets a paradigm of new materials design for electrostatic capacitors by overcoming a funda-

mental material properties trade-off: dielectric permittivity (κ) versus breakdown strength (EBD)

(Extended Data Fig. 10). In particular, dielectric materials tend to follow an empirical κ-EBD

trend92, in which an approximate EBD ∼ k−1/2 relation exists empirically over a very wide-range
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of dielectric materials (over nearly 2–3 decades of dielectric constant)92, explained by thermo-

chemical breakdown models99–101. This is a critical relationship for ESD materials design since

energy density can be approximately expressed as proportional to the permittivity of the dielectric

and the square of the applied electric field92. Note this relation assumes a linear dielectric with

a permittivity that is independent of the electric field, although dielectric permittivities usually

exhibits nonlinearity under very high electric field; nonetheless, most dielectric materials tend to

follow the general κ-EBD trend92 which prevents breakthrough ESD values. Therefore, strate-

gies to enhance energy storage in dielectrics generally follow one of two strategies92: improving

breakdown strength in high dielectric constant systems, e.g. via defect engineering in relaxor

ferroelectrics102, or improving dielectric constant in high breakdown strength systems, e.g. via

antiferroelectric NC as in this work.

Overcoming speed-capacity trade-off The antiferroelectric order and its associated field-

driven phase transition is especially key for energy storage. In particular, the NC phenomena

stabilized at intermediate fields within the bulk of the antiferroelectric material opens access a sec-

ond "super-linear" electrostatic regime (Regime II) contributing to higher charge storage, which

is not present in just any nonlinear dielectric, e.g. conventional ferroelectric materials (Fig. 1).

In that sense, this antiferroelectric NC approach can be considered as an electrostatic analog to

electrochemical pseduocapacitors (PCs)103, which leverage additional chemical reaction charges

via surface redox reactions, in addition to physical surface charges, like standard electrochemical

electric double layer capacitors (EDLCs). Here, the charge-boosting NC ferroic phase transitions

serve as structural analogs to the charge-boosting chemical reactions that enhance energy storage

in electrochemical PCs. However, unlike relying on slow chemical reactions like PCs which re-

duce power density relative to EDLCs103, ferroic phase transitions do not slow down the energy

storage operation. Therefore, the NC effect at ferroic phase transitions can foster enhanced charge

storage without sacrificing speed. Accordingly, the 3D-integrated NC superlattices simultaneously

demonstrate record energy density and power density across all electrostatic systems and overcome

the traditional speed-capacity trade-off across the energy storage hierarchy (Fig. 3b).
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On-chip energy storage considerations

Benchmarks: BEOL Capacitors Supplementary Table 1 benchmarks the areal energy

storage density for ALD-grown dielectric electrostatic capacitors, including Al2O3-based dielectrics,

ZrO2 antiferroelectrics, and doped-HfO2 (anti)ferroelectrics, including Zr:HfO2, Si:HfO2, Al:HfO2,

and La:HfO2. Directionally-grown dielectrics (e.g. perovskites) are not shown in this compari-

son since they currently cannot be conformally grown into such 3D structures and therefore are

not as relevant for on-chip area-confined application spaces, in which energy storage per area is

the most relevant metrics; therefore, only conformally-grown dielectrics via ALD are considered.

In our simple binary oxides grown by ALD, (anti)ferroelectric order and the corresponding en-

hanced energy storage behavior can be stabilized at low thermal budget, in particular below the

400°C requirement for back-end-of-the-line (BEOL) compatibility, consistent with previous work

on ALD-grown HfO2-ZrO2 films on silicon80,104.

Benchmarks: Microcapacitors Supplementary Table 2 benchmarks dielectric electro-

static capacitors in 3D-integrated structures, including anodized aluminum oxide (AAO)26–28,105,106,

self-rolled structures24,25, and Si pores and trenches29–32,107. Recently, even antiferroelectric ZrO2-

based dielectrics have been integrated into Si trenches4,11,33. Relevant energy storage values are

reported normalized to per square centimeter considering capacitance-, power- and energy-density

per footprint area are more important indicators than volumetric or gravimetric metrics for practi-

cal miniaturized devices due to the limited integration area into ultrasmall systems64,108. Notably,

nanostructured storage devices109 with 3D metal-insulator-metal (MIM) architectures – spanning

ALD-filled porous Si templates110, ALD-filled anodic aluminium oxide (AAO) self-assembled

templates26, self-assembled rolled metallic structures24, and ALD-filled trenched nanostructures

(the modern VLSI technique)29 – have successfully increased capacitance density, and therefore

energy stored, per unit planar area111 to help significantly reduce footprint and aid in integration.

These templates require deposition techniques capable of conformal metal and insulator deposi-

tion inside the porous nanostructures, namely ALD. Additionally, HfO2-based ferroelectric thin

films have been vertically integrated into 3D trenches to amplify the polarization per footprint for
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nonvolatile memory applications112 and ZrO2-based antiferroelectric thin films were later demon-

strated in DRAM capacitors4.

Supplementary Table 3 benchmarks ESD and PD values for electrochemical microsuperca-

pacitors taken from tabulated values listed in reviews on microsupercapacitors64,65. The values

plotted in the benchmark Ragone plot (Fig. 3b) are from these works. This benchmark figure also

considers commercial solid-state thin film Li microbatteries113. Again, relevant energy storage and

power metrics are reported normalized to per footprint area (square centimeter) considering this

work’s focus on miniaturized energy storage devices for electronic microsystems64,108.

3D geometries and dielectric behavior C-V results indicate the antiferroelectric behavior

is maintained for the Al2O3-HZO superlattice in the 3D trench capacitor (Fig. 3d), which is not a

trivial assumption due to the complications introduced from 3D deposition11,33,114. For example,

stresses and composition variations from trench deposition may affect ferroic phase stabilization,

as previously observed in Si:HfO2
11,33. One possible explanation is the HfO2-ZrO2 ferroic phase

space is not as sensitive to composition variations as Si:HfO2
73, as the HZO system has a much

wider composition range for (anti)ferroelectric stabilization. If there were slight variations in fer-

roic phase stabilization derived from the nature of 3D deposition, the ESD boost in the trench may

exhibit increased hysteresis loss from non-ideal ferroic phase fractions and/or inhomogeneities,

which would diminish the recoverable ESD.

Regarding reliability, the HZOx10 superlattice in 3D trench capacitors breakdown at lower

applied electric fields than the HZOx10 superlattice in 2D planar capacitors. One potential ex-

planation is the trench capacitors suffer from more surface inhomogeneities e.g. pores, uneven

and rougher surface (caused by the etching process), and bends; local electric fields around these

non-ideal regions can exceed the applied electric field, thereby compromising the dielectric break-

down strength92. Lower breakdown fields have also been previously reported in trench capacitor

structures and anodized aluminum oxide (AAO) nanocapacitors. For example, Al2O3-based MIM

structures in AAO nanostructures report breakdown fields below 5 MV/cm26, much below the ex-

pected value for Al2O3; passivisation techniques can help improve the breakdown field27, which

has been shown to significantly improve the energy density27.
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3D geometries and integration considerations Integrating electrostatic capacitors into

trenches has advantages to other 3D electrostatic structures (Fig. 3b), specifically regarding scaling

up areal ESD. Alternative 3D geometries – such as bottom-up self-assembled nanopores based

on anodized aluminum oxide (AAO) and top-down self-assembled nanocapacitor structures via

rolled-up technologies – are limited by their nanopore diameter and dense windings respectively,

which both greatly limits the dielectric thickness and thereby limits scaling of the total amount of

energy stored per footprint (Fig. 3b). This leaves trench structures conformally coated by ALD

MIM layers, which has no such thickness limitations considering the trench width can be on the

micron-scale (Fig. 3b).

Electrochemical microsupercapacitors and microbatteries This 3D electrostatic strat-

egy also offers distinct on-chip microelectronics integration benefits compared to miniaturized

electrochemical energy storage units. Electrochemical microsupercapacitors are considered promis-

ing for on-chip energy storage due to faster charge/discharge capability, i.e. higher power density,

than their microbattery counterparts, stemming from different charge storage mechanisms, namely

surface-mediated ion diffusion as opposed to bulk redox reactions. Still, electrochemical microsu-

percapacitors are many orders of magnitude lower in power density than the electrostatic micro-

capacitors reported here (Fig. 3b), due to the inherently faster mechanism of electrostatic charg-

ing/discharging. Beyond slow charge/discharge rates, both electrochemical microsupercapacitors

and microbatteries face challenges due to poor technological readiness115,116 derived from robust-

ness of operation64,103, low operation voltage, reliance on advanced 2D microelectrode materials

(e.g. MXenes, carbon nanotubes, graphene)117, packaging complexities (e.g. multi-component

systems of collectors, electrolytes, separators, binders, connectors, electrodes)108, complex micro-

fabrication incompatible with silicon-based electronics (e.g. hydrothermal lithiation, laser struc-

ture patterning, 3D printing, template-assisted methods)64, among other concerns, all of which

prevent the realization of Si-integrated on-chip energy storage units118.

To improve integration compatibility and safety concerns affiliated with miniaturized electro-

chemical energy storage systems, all solid-state thin-film lithium-ion microbatteries have recently

garnered significant interest119,120. However, improvements in key performance metrics – e.g. ionic
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conductivity, energy density, specific power, energy efficiency, energy retention, cycling stability

– and manufacturing still remain before full-scale realization116,121–126.

In stark contrast, the 3D electrostatic microsupercapacitors reported here involve both BEOL-

compatible materials – ALD-grown HZO – and standard very-large-scale-integration (VLSI) mi-

crofabrication processes – Si-etched trenches – used into today’s state-of-the-art microelectronics.

On-chip microsupercapacitor applications These integrated microsupercapacitors are

ideal partners to work in tandem with on-chip energy harvesting units, e.g. for self-powered au-

tonomous on-chip nanosystems64,118 and microelectronics waste heat recovery via pyroelectric-

ity. Indeed, BEOL pyroelectric energy harvesting in the same HZO thin film system has been

recently demonstrated127. And just as the total energy harvested via pyroelectricity has been re-

cently scaled up in oxide ferroelectrics128, a corresponding scale-up for energy storage will be

required, as the first steps were taken here. Furthermore, fluorite-structure binary oxides based on

CeO2-Gd2O3 have recently reported record piezoelectric and electrostrictive response129,130 rele-

vant for electromechanical energy harvesting; this, in tandem with the record electrostatic energy

storage reported here in the HfO2-ZrO2 family, offer promise for co-integrated self-powered energy

microsystems based on simple fluorite-structure binary oxides.

Besides providing ideal on-chip power sources for Internet-of-Things-enabled microelec-

tronic devices64,115,118,131, artificial intelligence agents132, and microrobotics133–135, these microsu-

percapacitors can serve as ultrafast batteries for mobile devices, ultrafast power delivery sources

for display applications, and ultrafast battery backups for volatile memory units, e.g. SRAM and

DRAM. In addition, high density capacitors may contribute to the dramatic miniaturization and

full integration of switched mode power supplies, whose volume is largely comprised of energy

storage elements136.
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