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Dielectric electrostatic capacitors!, due to their ultrafast charge-discharge capability, are
attractive for high power energy storage applications. Along with ultrafast operation, on-
chip integration can enable miniaturized energy storage devices for emerging autonomous
microelectronics and microsystems>°. Additionally, state-of-the-art miniaturized electro-
chemical energy storage systems — microsupercapacitors and microbatteries — currently face
safety, packaging, materials, and microfabrication challenges preventing on-chip techno-
logical readiness*>78, leaving an opportunity for electrostatic microcapacitors. Here we
report record-high energy storage density (ESD) and power density (PD) across all elec-
trostatic systems in HfO,-ZrO, (HZO)-based thin film microcapacitors integrated directly
on silicon, through a three-pronged approach. First, to increase intrinsic energy storage,
atomic-layer-deposited antiferroelectric HZO films are engineered near a field-driven fer-
roelectric phase transition to exhibit amplified charge storage via the negative capacitance
(NC) effect®'S, which enhances volumetric-ESD beyond the best-known back-end-of-the-

line (BEOL) compatible dielectrics (115 J-cm—3)!®, Second, to increase overall stored en-

ergy, antiferroelectric superlattice engineering'”-'® of amorphous-templated HZO-ALO: het-
erostruetures scales-up the high-storage-antiferroeleetrie-NC-hehavior energy storage per-

formance to the 100-nm regime, which overcomes the conventional thickness limitations of
HZO-based (anti)ferroelectricity (10-nmregime)'®. Third, to increase storage-per-footprint,
the superlattices are conformally integrated into three-dimensional (3D) capacitors, which
boosts areal-ESD (areal-PD) 9-times (170-times) the best-known 3D electrostatic capacitors:
80 mJ-cm~2 (300 kW-cm~2). This simultaneous demonstration of ultrahigh ESD and PD
overcomes the traditional capacity-speed trade-off across the electrostatic-electrochemical
energy storage hierarchy!. Furthermore, integration of ultrahigh-density and ultrafast-
charging thin films within a BEOL-compatible process enables monolithic integration?’ of
on-chip microcapacitors, which opens the door for substantial energy storage and power

delivery for electronic microsystems.
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Main Dielectric electrostatic capacitors have emerged as ultrafast charge-discharge sources boast-
ing ultrahigh power densities relative to their electrochemical counterparts !. However, electrostatic
capacitors lag behind in energy storage density (ESD) compared to electrochemical paradigms !,
To close this gap, dielectrics could amplify their energy storage per unit planar area if packed into
scaled three-dimensional (3D) structures?. Such 3D microcapacitor integration on silicon would
mark a breakthrough for realizing miniaturized on-chip energy storage towards more sustainable
and autonomous electronic microsystems>=.

Thus far, the highest energy storage dielectrics are complex oxide nonlinear dielectrics, par-
ticularly epitaxial relaxor-like ferroelectrics?->*. These systems have negligible remnant polariza-
tion (P,) — leading to low energy loss — and ultrahigh polarizability relative to other prototypical
ferroelectric material systems — leading to large dielectric response under electric fields. However,
the need for epitaxial substrates and high temperature synthesis pose major challenges for scaling
and integrating these material systems '°.

The discovery of ferroelectricity and antiferroelectricity in simple HfO,- and ZrO,-based
thin films'® overcomes many of the thickness scaling?> and compatibility?® challenges facing its
complex oxide nonlinear dielectric counterparts. In these simple binary oxides, (anti)ferroelectric
order can be stabilized at low thermal budget®’ — below the 400°C requirement for BEOL com-

28,29

patibility — down to the ultrathin limit on Si via atomic layer deposition (ALD)3°. Critically,

ALD fosters wafer-scale conformal growth into highly-scaled 3D structures not possible with other

functional oxide thin film deposition techniques*’. Indeed, HfO,- and ZrO,-based thin films have

1

replaced SiO, as the dielectric layer in mass production microelectronic devices®'. Until now,

the promise of ultrathin (anti)ferroelectricity on Si has mostly motivated low-power computing
applications*>*. Due to shared underlying traits, the same features which make HfO,-ZrO, so
promising for computing — (anti)ferroelectric order down to the ultrathin regime '+?%2%3537 high

39,40

permittivity (k) via ferroic phase engineering '*8, ferroic phase transitions***’ and polymorphs*!,

inherently large breakdown field and bandgap?!, conformal growth by ALD?3® — are also appealing
for energy storage applications 94243,

Despite these attractive materials- and integration-level characteristics, HfO,- and ZrOs-
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based binary oxides historically lag behind their complex oxide dielectric counterparts in two key
energy storage metrics. First, the top-performing complex perovskite-structure oxides boast much
larger volumetric ESD (> 100 J/cm?®)?27?* than fluorite-structure binary oxides (~ 40-70 J/cm?3) !¢
(Supplementary Table 1). Second, fluorite-structure thin films struggle to maintain their highly-
polarizable (anti)ferroelectric crystal structures past the 10 nm thickness regime; this size-effect
restriction prevents scaling up their total energy storage linearly with thickness** (Supplementary
Table 1).

To address these limitations, this work not only overcomes both intrinsic issues plaguing
fluorite-structure binary oxides — energy storage capability and thickness scaling — but also inte-
grates the optimized HfO,-ZrO, (HZO) system into 3D Si capacitors to further enhance its total
energy storage, through a three step approach (Extended Data Fig. 1). First, the intrinsic charge
storage ability in the HZO system is optimized through ferroic phase engineering and the antiferro-
eleetrie field-driven negative capacitance (NC) effect, resulting in larger ESD than the best-known
BEOL-compatible dielectrics (> 100 J/cm?®). Next, amorphous-templated superlattices help the
high-x HZO antiferroelectrie field-driven NC behavior to persist to two-times the thickest value
reported for ALD-grown HfO,- or ZrO,-based (anti)ferroelectrics (~ 100 nm), enabling the ideal
antiferroelectric NC energy storage behavior to scale up. Finally, we leverage the microelectronics
maturity of the HZO system — integration into 3D Si trench structures used in current semicon-
ductor technology — to increase the energy storage per footprint (> 100x boost). Ultimately, the
ferroic-engineered NC HZO superlattice films integrated into 3D Si capacitors demonstrate record
energy storage (80 mJ/cm?) and power density (300 kW/cm?) across all dielectric electrostatic ca-
pacitors. These results mark a breakthrough towards realizing on-chip energy storage with both

ultrahigh capacity and ultrafast operation.

Ultrahigh energy storage via antiferroelectric negative capacitance To first optimize the in-
trinsic energy storage capability in the fluorite-structure family, the HfO,-ZrO, (HZO) dielec-
tric phase space is considered for ALD-grown 9-nm HZO films on TiN-buffered Si (Methods).
Capacitance-voltage (C-V) measurements across the composition phase space (Fig. 1a,b) illustrate

the expected evolution from the ferroelectric orthorhombic phase (o-phase: Pca2;) at intermediate
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Zr-content to the antiferroelectric tetragonal phase (t-phase; P4, /nmc) at large Zr-content'. In
particular, our approach looks to engineer the fluorite-structure antiferroelectric phase, in which
the parent non-polar t-phase transforms into the polar o-phase upon the application of an electric
field*’. At this field-driven ferroic phase transition, there exists a super-linear charge response (de-
noted Regime II) identified from pulsed charge-voltage (Q-V) measurements (Fig. lc, Extended
Data Fig. 2). This super-linear Regime II increases the energy storage capacity, calculated from
integrating hysteretic charge-discharge Q-V loops (Fig. 1d, Extended Data Fig. 2, Methods).

Investigation of the energy density as a function of composition (Fig. le) shows that there
is a peak in the volumetric energy storage (115 J/cm?®) at 80% Zr content, which corresponds to
the squeezed antiferroelectric state from C-V loops (Fig. 1b). The squeezed antiferroelectric state
refers to a lower critical field for the antiferroelectric-to-ferroelectric phase transition in compar-
ison to the normal antiferroelectric state observed for 100% Zr content, as previously observed
for doped ZrO,**®. In the normal antiferroelectric state, the onset of the desirable super-linear
Regime II (Fig 1c,d) is delayed, so the film cannot reap the enhanced energy storage benefits across
as wide a voltage window as the squeezed antiferroelectric state before breakdown. Upon further
lowering the ZrO, content below the optimal composition (80%), the ESD decreases because the
starting phase fraction is partially ferroelectric i.e. a mixed ferroelectric-antiferroelectric state. In
the mixed ferroic state, the initial ferroelectric phase fraction decreases the electric field window
of the super-linear Regime II, in which the antiferroelectric t-phase converts to the ferroelectric
o-phase, thereby lowering the total possible charge stored upon integration. Thus, to obtain high
energy density, the width of the super-linear Regime II was maximized to take advantage of the
enhanced charge response present in Regime II.

To further understand the origin of this super-linear Regime II leading to ultrahigh energy
density, examination of the hysteretic Q-V loop demonstrates the presence of a negative dQ/dV
slope, i.e. negative capacitance (NC), at intermediate fields (Fig. 1f, Methods), which was first
observed during polarization switching in perovskite ferroelectrics*’. NC was first proposed® and
demonstrated'® in ferroelectric-dielectric systems to benefit low-power computing applications,

but the same underlying principle — enhanced capacitance i.e. charge storage at a given voltage —
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is also promising for energy storage. Indeed, the traditional ferroelectric-dielectric picture of NC
was previously explored for enhancing electrostatic energy storage in HZO*®. Here, we consider
exploiting a different mechanism of NC — antiferroeleetrie field-driven NC — to generate boosted
charge for enhanced energy storage. NC has been recently demonstrated in fluorite-structure an-
tiferroelectric ZrO,* and canonical perovskite-structure antiferroelectric PbZrO3;. In particular,
the structural origin of NC in both fluorite-structure and perovskite-structure antiferroelectrics has
been linked to a field-induced phase transition from a nonpolar antiferroelectric phase to a polar
ferroelectric phase*>*°.

The antiferroeleetrie field-driven NC picture can be understood through the energy land-
scape evolution for antiferroelectric HZO at different electric fields (Eig—tg Supplementary Fig.
la). Spanning low-field Regime I (native antiferroelectric t-phase), intermediate-field Regime II
(mixed antiferroelectric-ferroelectric co-existence), and high-field Regime III (fully converted fer-
roelectric o-phase), we observe the net system is stabilized in its negative curvature portion of
the energy landscape — i.e. negative capacitance state — during Regime II. Engineering compet-

10.12 or antiferroelectric-ferroelectric '4 — un-

ing nonpolar-polar structures — dielectric-ferroelectric
derlies NC stabilization as depolarizing fields from the nonpolar region can counteract the polar
ferroelectric region and help stabilize the negative curvature portion of the energy landscape (Sup-
plementary Fig. la) as demonstrated in original NC experimental demonstrations '°!>!4, While
the external electric field may overcome the depolarization fields originating from electrostatic
coupling of the nonpolar antiferroelectric and polar ferroelectric phases, the enhanced prevalence

11,12

of domain walls and local heterogeneity>! due to the coexistence of nonpolar and polar grains

in Regime 1II can still induce effective depolarization fields and flatten the energy landscape !!:!25!,
For example, heterogeneous elastic energies in structurally inhomogeneous systems have been
shown to destabilize long-range polarization, suppress polarization, and thereby flatten energy
landscapes®'. Moreover, competing antiferroelectric-ferroelectric phases in HfO,-ZrO, have led
to NC and enhanced charge response in its ground state 4. In-this-case; field-induced NC-stabiliza-
tion-from-competing-antiferroelectricferroelectriestruetures In contrast to past NC work stabiliz-

ing the mixed antiferroelectric-ferroelectric phases in HfO5-ZrO, without an applied field 4, here
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we stabilize the same competing antiferroelectric-ferroelectric phases under the application of an
applied field to stabilize NC, leading to amplified charge and energy storage in Regime II rather
than its ground state, resulting in record-setting volumetric energy density for a BEOL-compatible
dielectric (115 J/cm?, Supplementary Table 1). Ultimately, the antiferroelectric field-driven phase
transition and the resulting highly polarizable dielectric medium serves as the underlying origin
of the change in slope and enhanced energy storage performance in Regime II; furthermore, the
correlation between the -d()/dV region and the enhanced energy density slope region in Regime 11

strongly indicates the presence of NC during the phase transition.

Scaling up total energy storage via antiferroelectric superlattices Although the 9 nm HZO
films demonstrate record recoverable ESD after ferroic engineering and optimizing antiferroelee-
trie field-driven NC, the overall stored energy is still small from an application perspective. In-
creasing total stored energy requires increasing film thickness while still maintaining the antiferro-
eleetrie field-driven NC behavior that underlies the high-ESD performance. This is a challenge for
fluorite-structure (anti)ferroelectrics, since its critical thickness is typically limited to the 10-nm
regime before the bulk nonpolar monoclinic phase (m-phase, P2, /c) becomes favored'® (Supple-
mentary Text). Furthermore, scaling up the antiferroelectric thickness is more difficult than the
ferroelectric thickness: the t-phase is stable for ultrasmall grain sizes in HZO?’ before it trans-
forms to the o-phase (and subsequently the m-phase) with increasing grain size, which scales with
film thickness?’. ALD nanolaminates i.e. superlattices, can overcome this obstacle, as ferroelec-
tricity and antiferroelectricity persist to the 50-nm regime in ALD-grown fluorite-structure oxides
nanolaminated with Al,O3°? and TiO,>?, respectively.

Learning from these nanolaminate approaches, here we synthesized Al,O3-HZO superlat-
tices to scale the desired t-phase symmetry for energy storage applications. For the ALD superlat-
tices, the Al,O3 layer was limited to 5 A thickness, and the HZO layer contains 80% Zr-content
based on the baseline 9-nm studies (Fig. 1). Compared to the continuous HZO approach, the
superlattice approach aims to maintain the ideal energy storage properties upon increasing thick-
ness, namely (i) antiferreeleetrie field-induced NC charge boost and (ii) enhanced permittivity

during the antiferroelectric to ferroelectric phase transition, and (iii) high breakdown field (Fig.
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2j). The Al;Os layer thickness should be thick enough to reset the HZO grain growth to main-
tain the desired antiferroelectric t-phase while not being too thick to limit the volume fraction of
lower-permittivity Al;O3 layers. To provide an atomic-scale picture, high-resolution transmission
electron microscopy (HR-TEM) compares a continuous ultrathick HZO film (HZOx10 continuous,
Fig. 2a, Supplementary Fig. 2) versus the Al,O3-HZO superlattice (HZOx10 superlattice, Fig. 2b,
Supplementary Fig. 3), both scaled to the 100 nm regime. Cross-sectional TEM for the superlat-
tice highlights well-separated Al;O3 and HZO layers despite the ultrathin Al;Os interlayers (Fig.
2b), consistent with X-ray reflectivity analysis indicating 5 A Al,Oj serves as a sufficient barrier
layer, demonstrating clear superlattice reflections (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 result in a topology that varies over wide distances, although the films are
atomically-smooth over small distances (Extended Data Fig. 3). Therefore, as the ALD Al,O4
layers conformally coat 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
individual HZO superlattice layers (Fig. 2b, Extended Data Fig. 4) and selected area electron
diffraction (SAED) indexing analysis of the entire superlattice (Extended Data Fig. 4), while also
underscoring the important role of amorphous templating in HZO antiferroelectric-ferroelectric
phase stability>**°. Furthermore, the superlattice shows similar dyo; 7 lattice spacing as prior work
of ~ 9 nm ZrO, (Extended Data Fig. 4), demonstrating that the superlattice approach maintains a
similar strain state across the entire thickness.

The continuous ~ 100 nm HZO film is indexed to the ferroelectric o-phase from both local
HR-TEM imaging (Fig. 2b, Extended Data Fig. 5) and electron diffraction (Extended Data Fig. 5),
consistent with electrical behavior (Fig. 2c,d). Additionally, the continuous ~ 100 nm HZO film
demonstrates similar d;;; o lattice spacing as bulk o-phase ZrO, (Extended Data Fig. 5), suggest-
ing the presence of minimal strain contributions from small size effects.In particular, C-V loops
indicate a thickness-dependent phase evolution from antiferroelectric (10-20 nm) to mixed-ferroic

(30-40 nm) to ferroelectric (50-100 nm) behavior (Fig. 2d, Extended Data Fig. 6), in agreement
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with the decrease in small-signal permittivity (Fig. 2d, Supplementary Table 2) from ~ 45 (antifer-
roelectric t-phase) to ~ 30 (ferroelectric o-phase) with increasing thickness. This antiferroelectric-
to-ferroelectric transition is consistent with the expected t- to o-phase evolution in HZO, although
the o-phase regime extends to higher thicknesses than typically observed (Supplementary Text). In
contrast, the C-V loops indicate the antiferroelectric electrical behavior persists in the amorphous
Al;,O3-templated HZO superlattices across the thickness space to the 100 nm regime (Fig. 2e),
consistent with the structural t-phase indexing (Fig. 2b). Additionally, the small-signal permit-
tivity of the HZO layers, with the Al,O3 contribution de-embedded (Methods), is consistent with
the antiferroelectric t-phase (~ 41-48, Fig. 2e, Supplementary Table 2). Furthermore, hysteretic
Q-V measurements show clear signs of NC (negative dQ/dV') for the HZOx10 superlattice (Fig.
2f). Meanwhile the HZOx10 continuous film does not show such NC features (Fig. 2c) — positive
dQ/dV throughout its entire field space — due to its ferroelectric o-phase structure and thereby no
field-driven antiferroelectric-to-ferroelectric phase transition.

To summarize conventional thickness scaling (continuous HZO) versus superlattice thickness
scaling (Al,O3-HZO) approaches (Fig. 2g,1), the areal ESD is plotted as a function of dielectric
thickness (Fig. 2h, Extended Data Fig. 7) and compared against BEOL-compatible capacitors
(Supplementary Table 1). The baseline 9-nm antiferroelectric HZO stands above all other BEOL
capacitors due to its NC-enhanced energy storage, and the Al,Os-templated HZO superlattices
approximately linearly scale the areal ESD to the 100 nm regime due to the sustained antierro-
eleetrie field-driven NC behavior (Fig. 2h). Meanwhile, the continuous HZO films begin to saturate
with increasing thickness due to the antiferroelectric-to-ferroelectric crossover and corresponding
loss of NC and the super-linear Regime II (Fig. 2d, g, Extended Data Fig. 6). The superior
energy storage performance of the superlattices is not only due to its maintained antiferroeleetrie
field-driven NC behavior to the ultra-thick regime, but also due to its maintained high breakdown
strength relative to the continuous HZO layers (Extended Data Fig. 8d, Supplementary Text),
consistent with the significantly lower leakage current present in the superlattices (Extended Data
Fig. 8a) and a lower dissipation factor (Supplementary Fig. 4). The conduction mechanism at

high fields for both superlattice and continuous HZO films is ascribed to a combination of in-
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terface-based Schottky emission and bulk-based Poole-Frenkel emission (Supplementary Fig. 5,
Methods). The improved breakdown in the superlattices can be attributed to the Al,O3 interlay-
ers better suppressing these emissions, resulting in 2 orders of magnitude lower leakage current
(Extended Data Fig. 8a).

Overall, these results indicate oxide superlattices not only offer a practical route towards
achieving large ferroic thicknesses for scaling areal ESD (Fig. 2h), but also present a model sys-

=13 and fluorite'* su-

tem to stabilize NC, as demonstrated in ferroelectric-dielectric perovskite
perlattices. In those cases, the additional dielectric layers help depolarize the ferroelectric layer to
stabilize steady-state NC. Meanwhile, in this antiferroelectric case, the extra dielectric component
from Al;O3 does not aid in NC stabilization in the HZO layer at steady-state (Regime I), but rather
can contribute to NC stabilization at intermediate electric fields (Regime II) during capacitor charg-
ing/discharging (Fig. 2g, Supplementary Fig. 1). Therefore, these demonstrations of NC charge
enhancement, including this work, establishes oxide superlattices as a promising materials plat-

form for energy storage. particularly In particular, engineered antiferroelectric superlattices %7,

as
well as classic morphotropic phase boundary systems>®, which-demenstrate demonstrating field-
driven ferroic phase transitions between antiferroelectric and ferroelectric phases offer new sys-
tems to explore for NC realization and can broaden the NC materials space beyond conventional

ferroelectrics.

3D-integrated energy storage capacitors The superlattice thickness approach successfully scales
the areal ESD (Fig. 2h), and next, to further boost the areal ESD without further increasing thick-
ness, we can implement geometric scaling strategies. In particular, nanostructured storage devices
with 3D metal-insulator-metal (MIM) architectures — which require conformal metal and insula-
tor deposition inside porous nanostructures — have successfully increased capacitance density, and
therefore energy stored, per unit planar area (Fig. 3b, Supplementary Table 3). Here, we integrated
the HZOx 10 superlattice into 3D Si trench capacitors with roughly a 100:1 aspect ratio (Methods),
facilitated by the conformal nature of ALD. Indeed, TEM imaging and elemental analysis con-
firms the coverage of the films and the maintenance of the superlattice structure along the trench

side-walls down to the trench bottom (Fig. 3a).

10
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Due to the increased volume of material per unit area in 3D trench capacitors (Fig. 3c),
the areal capacitance is greatly amplified compared to the 2D planar capacitor case (Fig. 3d).
Importantly, the C-V results indicate the antiferroelectric behavior is maintained for the Al,Os-
HZO superlattice in the trench, which is not a trivial assumption due to potential ferroic phase
variations introduced by 3D deposition*%° (Supplementary Text). Along with the antiferroelectric
behavior, the NC behavior also translates to the 3D capacitors (Fig. 3e). The presence of negative
dQ-dV i.e. NC, is present from the hysteretic Q-V loop, and accordingly, the super-linear Regime
II derived from this NC behavior is present from the extracted reversible Q-V plot (Fig. 3e). Due to
the persistence of these key traits, the 3D trench capacitors demonstrate over a 100x boost in areal
ESD at 4 MV/cm, with the trench capacitors displaying a recoverable areal ESD of 80 mJ/cm?
(Fig. 3f). The maximum recoverable areal ESD in the trench has potential to be even higher if
it were not for the smeared onset for the super-linear Regime II (Fig. 3e) in conjunction with the
reduced breakdown field in the trench (Extended Data Fig. 8). Despite the degraded breakdown
strength, reliability is not degraded from an endurance perspective, as the energy density for the
HZOx10 superlattice in both planar and trench capacitors survive to-10%-unipelar-eyeles-(Extended
Data-Fig—8) beyond 10® unipolar cycles after the onset of Regime II and beyond 10° cycles at
even higher field cycling (Extended Data Fig. 8), which exceeds that of electrochemical microsu-
percapacitors and microbatteries (Supplementary Table 4). Moreover, these ultrahigh-ESD trench
capacitors take just ~ 250 ns to discharge, leading to 300 kW/cm? PD (Fig. 3f, Extended Data Fig.
9).

The NC superlattice integrated into 3D trench capacitors establish record-high ESD (80
mJ/cm?) and PD (300 kW/cm?) for electrostatic capacitors by 9x and 170x, respectively (Fig.
3b). The benchmark scatter plot (Fig. 3b) considers areal ESD for the best-performing dielec-
tric electrostatic microcapacitors in 3D-integrated structures, including anodized aluminum ox-
ide, self-rolled structures, nanowires, and Si trenches (Supplementary Table 3). Some of the Si
trench results have already integrated antiferroelectric ZrO,-based dielectrics®*-%!, but conven-
tional fluorite-structure antiferroelectric thickness limitations restricted the films to at most 20

nm®. Also included are state-of-the-art electrochemical results, including microsupercapacitors

11



203 and commercial Li-ion microbatteries (Supplementary Table 4). Due to the inherently slower
20« mechanism of electrochemical energy storage compared to electrostatic, the electrostatic bench-
205 marks display much higher PD (Fig. 3b). And due to the higher capacity mechanism of elec-
206 trochemical charge storage, electrochemical results display much higher ESD than all of the pre-
207 vious electrostatic benchmarks (Fig. 3b). To overcome this trade-off, through the three-pronged
208 approach of NC ferroic phase engineering, superlattice thickness scaling, and 3D Si trench inte-
209 gration (Extended Data Fig. 1), the 3D NC antiferroelectric capacitors in this work exceed that
a0 of many state-of-the-art electrochemical microsupercapacitors (Fig. 3b). Furthermore, the ESD
st is only ~ 1 order of magnitude away from commercial Li-ion microbatteries (~ 1 J/cm?) despite
a2 boasting over 8 orders of magnitude larger power density. Therefore, this work overcomes the tra-
sos ditional capacity-speed (ESD-PD) trade-off in energy storage systems (Fig. 3b), which establishes

s+ anew paradigm for ultrafast-operation and ultrahigh-density energy storage.

s0s Discussion From a materials perspective, the versatile HfO,-ZrQO, system %1734

is atomically-
as engineered to demonstrate enhanced charge storage via NC superlattices; this establishes a new
s7 framework for solid-state supercapacitor materials design which overcomes the conventional permittivity-
s0s breakdown trade-off in dielectrics that has previously limited electrostatic energy storage?! (Ex-
a9 tended Data Fig. 10, Supplementary Text). Additionally, the ability to synthesize engineered NC

sio superlattices =1

conformally into 3D structure by ALD (Fig. 3a), a well-established large area
s11 deposition technique®, provides unprecedented energy and power density that substantially ad-
sz vances the state-of-the-art in electrostatic capacitors (Fig. 3b) and overcomes the conventional
a3 capacity-speed trade-off across the electrostatic-to-electrochemical energy storage hierarchy (Fig.
s+ 3b). Furthermore, going beyond traditional energy storage applications, this work accelerates
s15  the realization of monolithically-integrated?® on-chip microcapacitors?>? for energy storage and
sie  power delivery in emerging electronic applications, e.g. Internet of Things devices, advanced edge
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Fig. 1. | Ultrahigh energy storage via ferroic phase engineering and negative capacitance
in HfFOQ,-ZrQO,. (a) Dielectric-ferroelectric-antiferroelectric (DE-FE-AFE) ferroic phase space
in fluorite-structure HfO,-ZrO, binary oxide thin films. (b, ¢, d) Capacitance (b), reversible stored
charge (c), and electrostatic energy storage density (ESD, d) as a function of electric field spanning
the ferroic phase space (left to right: DE, FE, mixed FE-AFE, squeezed AFE, and AFE). Inset to
D: hysteretic charge-field curves used to extract ESD. Capacitance-electric field was measured via
small-signal electrical measurements (Methods), while the reversible stored charge-electric field
and electrostatic energy storage density-electric field were extracted from pulsed I-V measure-
ments (Methods, Extended Data Fig. 2). (e) Electrostatic ESD and efficiency as a function of Zr

composition. The largest ESD is reported for the squeezed AFE HZO (80% Zr), in which the onset
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Fig. 2. | Scaling up total energy storage via HZ0O-Al,O; antiferroelectric negative capaci-
tance superlattices. Maintaining the antiferroelectric phase and large breakdown field at large
thicknesses enhances the scaling of the total energy stored. (a, b) Cross-sectional HR-TEM im-
ages of a ~ 100 nm thick HZO film (continuous HZOx10) (a, right) and HZO-Al,O3 superlattice
film (superlattice HZOx10) (b, left). Zoomed-in regions HR-TEM images (a center, b center) are
indexed to the o-phase (a, left) and t-phase (b, right) for the continuous thick HZO and the HZO-
Al;O3 superlattice, respectively (Extended Data Fig. 4, 5). For inverted contrast images (a left,
b right), light (dark) atoms represent O (Hf, Zr) atoms. (c-f) Thickness evolution of ferroic and
NC behavior via continuous (c, d) and superlattice (e, f) approaches. (c, f) Reversible charge (top)
and hysteretic charge (bottom) as a function of field for continuous HZOx10 (c) and superlattice
HZOx10 (f). (d, e) Capacitance-electric field (C-E) behavior as a function of thickness for con-
tinuous (d) and superlattice approaches (e). For each thickness, the small-signal permittivity is
annotated; for the superlattice approach, the permittivity is reported with the Al,O3 contribution
de-embeded (Methods, Supplementary Table 2). The superlattice approach maintains antiferroelec-
tric behavior and expected small-signal permittivity (~ 41-48, Supplementary Table 2) across the
entire thickness range (e) while the continuous approach shows an antiferroelectric-ferroelectric
phase evolution past 40 nm (d), in agreement with the decrease in small-signal permittivity (Sup-
plementary Table 2) from ~ 45 (antiferroelectric t-phase) to ~ 30 (ferroelectric o-phase). Addi-
tionally, the superlattice approach maintains the super-linear Regime II and NC behavior (indicated
by the negative slope in the hysteretic Q-F curve) to the 100 nm regime (f), while the continuous
approach does not (c) due to its evolution to the ferroelectric phase. (g, i) Schematic of con-
tinuous HZO (g) and superlattice HZO-Al,O3 superlattice structure (i) and corresponding ferroic
phase evolution with increasing thickness. (h) Areal ESD as a function of dielectric thickness
for the continuous and superlattice HZO thickness series to the 100-nm regime. The results are
compared against BEOL-compatible MIM capacitors, namely fluorite-structure HfO5-ZrO,-based
antiferroelectrics (green) and thicker ALD-grown dielectric oxides (grey) (Supplementary Table
1). (j) Fluorite-structure antiferroelectric-ferroelectric phase evolution as a function of increasing

thickness via continuous (left) and superlattice (right) approaches.
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Fig. 3. | 3D-integrated antiferroelectric negative capacitance microcapacitors on Si. (a)
TEM mapping of the ~ 100-nm HZO-Al,Oj3 superlattice conformally filling a 3D trench capac-
itor (~100 pum depth) on Si. Zoomed-in images of the trench sidewalls and trench indicate the
HZO-Al,O3 superlattice structure is maintained (upper right, lower right), and elemental anal-
ysis confirms the expected HZO composition is also maintained in the trench (Supplementary
Fig. 8). (b) Power density versus energy storage density for the highest-reported microcapacitors.
The benchmark includes various 3D-integrated electrostatic structures: nanowires (light purple,
hexagons), top-down-assembled self-rolled structures (pink, triangles), bottom-up-assembled an-
odized aluminum oxide (AAO) structures (purple, circles), and Si trenches (dark purple, squares)
(Supplementary Table 3). Si trenches results include fluorite-structure antiferroelectrics integrated

into trenches %!

, denoted by “AFE”. State-of-the-art electrochemical microsupercapacitors (blue)
and commercial Li-ion microbatteries (black) are also included (Supplementary Table 4). (c)

Schematic of 3D trench (top) and 2D planar (bottom) capacitors filled with the ~ 100-nm HZO-
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Al,O3 superlattice (right). (d) Capacitance-electric field behavior for planar and trench capacitors,
illustrating enhanced capacitance per projected area and the persistence of the antiferroelectric be-
havior in the trenches. (e) Reversible charge as function of electric field for planar and trench
capacitors. Inset: Hysteretic charge as a function of electric field indicating the NC behavior
(Regime II) persists in the trench capacitor. (f) Recoverable energy storage density as function of
electric field for planar and trench capacitors. The trench capacitor shows over 100x ESD enhance-
ment compared to planar capacitor due to the antiferreeleetrie field-driven NC behavior translating
from planar to trench structures. Inset: Discharge measurements for planar and trench capacitors
demonstrating ~ 250 ns discharge time (Extended Data Fig. 9, Methods), from which the trench

capacitor power density is determined in (b).
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Methods
Synthesis and Processing All thin film synthesis was performed at U.C. Berkeley; device pro-
cessing was performed at the U.C. Berkeley Marvell Nanofabrication Laboratory and MIT Lincoln

Laboratory.

Dielectric film deposition Thin films of HfO,-ZrO, (HZO) and Al;O3-HZO superlattices
were grown by atomic layer deposition (ALD) in a Fiji Ultratech/Cambridge Nanotech tool at
270°C. Tetrakis (ethylmethylamido) hafnium (IV) [TEMAH; Hf(NCH3C;H5),], Tetrakis (ethyl-
methylamido) zirconium (IV) [TEMAZ; Zr(NCH35C5H5),], Trimethylaluminum [TMA; Al(CHjs)s]
and water (H,O) were used as Hf, Zr, Al, and oxygen sources, respectively. The ALD growth tech-
nique facilitates atomic-level thickness control required for superlattices and conformal deposition
required for 3D trench capacitors®. Further ALD details on HZO (anti)ferroelectric phase stabi-

28,29

lization and ALD nanolaminates® to scale HZO-based ferroelectricity®’ can be found in the

referenced works.

2D planar capacitor fabrication Si wafers were cleaned in Piranha (120°C for 10 min-
utes) to remove organics and HF (50:1 HoO:HF at room temperature for 30 s) to remove any native
oxide. For the bottom metal, ~ 20 nm of TiN was deposited by plasma-enhanced ALD at 400°C
with tetrakis (dimethylamido) titanium (IV) [TDMAT; [(CHj3)2N]4Ti] precursor and N5 plasma.
Subsequently, the HZO or Al,O3-HZO superlattices is deposited at 270°C by ALD. For the top
metal, ~ 20 nm of TiN was deposited by plasma-enhanced ALD at 400°C followed by ~ 60 nm of
sputtered W at room temperature. Finally, the top electrodes are defined by photolithography and

selective etching of the top metal electrode.

3D Si trench capacitor fabrication Si trenches (areal footprint of approximately 50 ym
x 1 pm, Supplementary Fig. 6) are first formed by photolithographic patterning of a Si wafer,
followed by etching ~ 100 pm deep with a time-multiplexed deep reactive ion etch process. The
etch process consists of rapidly alternating between an isotropic Si etch step and a deposition step

for sidewall passivation, repeated until the desired depth is reached. This process enables the for-
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mation of high aspect ratio features using a simple photoresist mask. Afterward, the trenches are
cleaned in Piranha (120°C for 10 minutes) to remove organics and HF (50:1 H,O:HF at room tem-
perature for 30 s) to remove any native oxide. Then, the TiN/Al,O3-HZO/TiN MIM is deposited
via ALD followed by ~ 60 nm of sputtered W at room temperature. Finally, top electrodes are

defined by photolithography and selective etching of the top metal electrodes.

Thin film characterization

Transmission electron microscopy High resolution TEM/STEM experiments were per-
formed with an aberration-corrected FEI Themis 60-300 TEM/STEM microscope equipped with
a Ceta2 camera operated in electron-counting mode operated at 300 kV at the National Center
for Electron Microscopy (NCEM) facility of the Molecular Foundry at Lawrence Berkeley Na-
tional Laboratory (LBNL). Cross-sectional samples of both planar and 3D Si trench capacitors
were fabricated by the FEI Helios G4 UX dual beam Focused Ion Beam (FIB) with final milling
at 0.5 keV and mechanical polishing using an Allied High Tech Multiprep at a 0.5° with a Gatan
Precision Ion Milling System to an electron-transparent specimen with final milling at 200 eV.
For accurate phase identification of the continuous and superlattice HZOx10 samples, oxygen-
sensitive negative spherical aberration imaging (NCSI)%-7" was used to probe both the cation and
anion sublattices. In particular, local oxygen atomic imaging is important to distinguish between
the nearly identical polar o-phase and nonpolar t-phases?®>%: 77! HR-TEM simulations (Supple-
mentary Fig. 7) were calculated approximately close to the experimental conditions using the
Prismatic method’"*. The high-contrast morphology of 3D Si trench capacitors were acquired
using a FEI Titan TEM/STEM microscope operated at 300 kV to confirm the conformal deposi-
tion, and energy dispersive X-ray spectroscopy (EDS) was used for elemental mapping (Fig. 3a,
Supplementary Fig. 8). For the EDS mapping, the microscope is equipped with four windowless
silicon drift detectors with a total solid angle of 0.7 steradians and 140 eV energy resolution. The
EDS mappings were acquired at 300 kV with a probe current of ~ 400 pA, 40 ym C, aperture,
0.46 nm step size, and a total acquisition time of approximately 10 minutes with a dwell time of

0.83 ms.
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NCSI & HR-TEM simulations As a function of defocus (C;) and specimen thickness,
the simulations of ferroelectric Pca2; and antiferroelectric P4;/nmc phases were calculated under
the following experimental conditions: C; = -16 ym, C; = 6.8 mm, slice thickness = 2 nm, and
accelerating voltage = 300 kV. The P4,/nmc simulations indicate that the oxygen atoms become
visible at appropriate defocus values (~ 2 to 4 nm) and reasonable specimen thicknesses (below
12.25 nm), which is similar to the experimental oxygen imaging conditions as expected to be
visible for specimen thicknesses around 10 nm” (Supplementary Fig. 7). Therefore, the HR-
TEM simulations for the tetragonal P4,/nmc [021] (specimen thickness = 10.8 nm, defocus = 4
nm), [001] (specimen thickness = 9.8 nm, defocus = 4 nm), and [101] (specimen thickness =
12.7 nm, defocus = 2 nm) zone axes were found to match well with the Al,O3-HZO superlattices
experimental data (Extended Data Fig. 4-5, Supplementary Fig. 7). As for the orthorhombic
Pca?2, phase, the HR-TEM simulations of [100] (specimen thickness = 31.81 nm, Defocus: 8 nm)
and [001] (specimen thickness = 36.45 nm, Defocus: 8 nm) were found to match closely with the
cation sublattices of thick HZO cation sublattice (Extended Data Fig. 5, Supplementary Fig. 9),
ruling out the presence of monoclinic P2, /c phase. Further information about NCSI analysis for

fluorite-structure ferroic phase identification is provided in our previous work?.

Selected area electron diffraction Selected area electron diffraction (SAED) was per-
formed on a FEI ThemIS microscope operating voltage at 300 kV, and the data was acquired with
an integration time of 500 ms at a camera length of 770 mm on a Ceta2 4k x 4k camera to form
final 2k x 2k images. The SAED patterns of HZOx10 continuous and HZOx10 superlattice struc-
tures exhibit bright single crystal spot patterns coming from silicon substrate and polycrystalline
concentric diffuse ring patterns originating from HfO,-ZrO, and TiN. Indexing the radial profile
integration spectra, the HZOx10 superlattice film indexes to the t-phase (Extended Data Fig. 4)
and the HZOx10 continuous film indexes primarily to the o-phase (Extended Data Fig. 5). The
HZOx10 continuous film also shows the presence of some m-phase (Extended Data Fig. 5), which
is consistent with the expected phase evolution with increasing thickness in which larger grain

sizes favor m-phase stabilization !°.
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668 X-ray reflectivity X-ray reflectivity (XRR) was measured with the Panalytical X’Pert Pro
es9 system, and thickness fitting was performed with Panalytical software (Extended Data Fig. 3)
e70 to determine the thickness of ~ 9 nm HZO films of varying composition (Fig. 1), ultrathick
e71 continuous HZO films (Fig. 2), and HZO-Al,Oj3 superlattice films (Fig. 2, Extended Data Fig. 3).
e72 The growth rate — 0.9-1.0 A/cycle — is consistent with ALD-grown HfO,-ZrO, as demonstrated in

673 our previous work 142829,

674 Atomic force microscopy The roughness of the 9 nm HZO (80% Zr), HZOx10 super-
e7s lattice, and HZOx10 continuous films (Extended Data Fig. 3) were extracted from atomic force
e76 microscopy (AFM) measurements using a commercial scanning probe microscope (MFP-3D, Asy-
e77 lum Research). All topography measurements were carried out using silicon AFM probe tips
s (Tap300AIl-G BudgetSensor) with a force constant of 40 (Nm~!) at a resonance frequency of ~300

e7o kHz using the AC Air Topography mode (non-contact tapping mode).
sso Dielectric and electrical measurements

681 Metal-insulator-metal (MIM) capacitance and leakage current Capacitance-voltage (C-
es2 V) measurements (Fig. 1b, Fig. 2e.f, Fig. 3d, Extended Data Fig. 6) were performed using a
sss commercial Semiconductor Device Analyzer (Agilent B1500) with a multi-frequency capacitance
es4 Mmeasuring unit at frequencies ranging from 1-100 kHz. Electrical contact was made using 19 ym
ess (DCP-HTR 154-001, FormFactor) tips within a commercial probe station (Cascade Microtech);

sss voltage was applied to the top electrode and the bottom electrode was grounded.

687 MIM impedance measurements Frequency-dependent impedance measurements (Ex-
sss tended Data Fig. 2, Supplementary Fig. 4) were performed using a HP4194A Impedance/Gain-
sss Phase Analyzer. A short-open calibration was performed before impedance measurements. Impedance
s0 (amplitude-phase) measurements were then carried out ranging from 1-1000 kHz with voltage ap-

o1 plied to the top electrode and the bottom electrode was grounded.
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Permittivity extraction of Al,O3 from Al;O; thickness series The permittivity of Al,O3
was extracted from thickness-dependent (4.5 nm, 6 nm, 8§ nm) Al,O3 MIM with TiN electrodes
measurements (Supplementary Fig. 10). Since inverse capacitance is a linear function of the film
thickness, the permittivity can be extracted from the slope. A permittivity of 9 (Supplementary Fig.

10) was extracted for Al,Os, consistent with the Al,O5 permittivity extracted in prior works '4.

Permittivity extraction of HZO layers in HZO-Al,O; superlattices For the HZOxN su-
perlattice samples, the permittivity of just the HZO layers can be calculated by de-embedding out

the contribution of the Al;Oj3 layers via the relation:

11 1
C’HZO Ctotal CAlgOg

Each Al,Oj3 layer was assumed to have 5 A thickness and a permittivity of 9 (Supplementary
Fig. 10).

Polarization-voltage measurements Polarization-voltage (P-V) measurements (Supple-
mentary Fig. 11) were performed using a Radiant ferroelectric tester. The Radiant ferroelectric
tester allowed for the application of higher voltages needed to measure thicker films. A triangular

waveform was applied at 10 kHz to obtain the extracted P-V loops.

Series resistance extraction from impedance measurements To reliably extract the ESD
from fast pulsed /-V measurements, the parasitic series resistance (R) must be reliably extracted
so that the voltage across across the capacitor can be reliably determined. The series resistance is
the sum of parasitic resistances of the setup and the resistance of the sample electrodes. Without
accounting for R, larger hysteresis will be observed, which will lead to underestimated ESD
values. Series resistance considerations are not critical in conventional P-V measurements as the
capacitor charging current (I. = C‘fi—‘t/) is not large enough to have a considerable voltage drop
across the series resistance as 2~ is not large and therefore the voltage drop across the capacitor

dt

can be assumed to be equal to the applied voltage pulse. To extract Ry, frequency-dependent

impedance measurements were performed. using—aHP4HI94A Impedance/GainPhase-Analyzer
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nded- A three-component circuit (Extended Data
Fig. 2k) consisting of R, in series to a parallel combination of a capacitor, C, and R, (which models
the leakage flow across the capacitor) was used to fit the measured impedance versus frequency

data. The complex impedance of the three-component circuit is given by,

R
Z=Ry+ — L. 1
T 1+ jwR,C )
where w is the angular frequency. Taking the real and imaginary parts, we have
R
Re(Z)= R4+ — 2 2
—wR,C
Im(Z)= ——2 . 3
A e ©)
Therefore, the series resistance can be extracted by,
Rs = lim Re(Z). 4

w—r00

An example Ry extraction for 9 nm HZO (80% Zr) is show in Extended Data Fig. 2g-j. The real
(Extended Data Fig. 2i) and imaginary (Extended Data Fig. 2j) parts of the complex impedance fit
well to the 3 component circuit model. From the real part at high frequencies, R was extracted to

be 155€2 and is bias independent, as expected.

Pulsed I-V measurements Pulsed current—voltage (/-V) measurements were performed
on both 2D and 3D MIM capacitor structures to extract the charge-electric field (Q-E) and ESD-E
characteristics, following similar measurements detailed in our previous work . Electrical contact
was made using 19 ym (DCP-HTR 154-001, FormFactor) tips within a commercial probe sta-
tion (Cascade Microtech); voltage was applied to the top electrode, and the bottom electrode was
grounded. For voltage pulses below 40 V, the capacitor structures were connected to a LabView-
controlled B1525A high voltage semiconductor pulse generator unit (HV-SPGU) and the current

and voltage was measured through an InfiniiVision DSOX3024A oscilloscope with 50 €2 and 1
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M input impedances, respectively. In particular, the voltage was measured with N2843A passive
probes with a 500 MHz bandwidth, 10:1 attenuation ratio, and input resistance of 10 Mf2, while
the current was calculated from the voltage drop across the 50 €2 input impedance by terminating
the circuit with a co-axial BNC cable to the oscilloscope’s 50 €2 input impedance. For voltage
pulses above 40 V, the voltage pulses were generated via a half bridge inverter circuit, where two
complementary switches (EPC2218 GaN transistors) convert a DC voltage generated from an Ag-
ilent E3649A power supply into a pulsed voltage waveform. The pulsed waveform is generated
by first turning on (off) switch 1 (2) during the rise time, where switch 1 is connected to the DC
supply’s positive output and switch 2 is connected to a common ground. Subsequently, switch 2
(1) is turned on (off) to ramp the output voltage down to ground during the fall time of the pulse.
A microcontroller (Arduino Leonardo) was programmed to provide the clock signals to turn the
switches on/off.

Furthermore, since energy storage devices are unipolar devices, for practical application we
must look at the non-switching /-V transients, as there will be no voltage of the opposite polarity to
switch any ferroelectric polarization that may be present. Thus, first a “pre-poling” pulse (Extended
Data Fig. 2c inset) corresponding to the maximum voltage is applied to the capacitor to remove any
ferroelectric switching contributions to the subsequent voltage pulses. Then voltage pulses (500-
2000 ns with 50-200 ns rise/fall times) with increasing amplitudes were applied to the capacitor
and the current was measured. This measurement scheme has been previously used to characterize

antiferroelectric HZO capacitors for DRAM applications’.

Pulsed charge-voltage extraction From the pulsed /-V measurements, the current is in-
tegrated to obtain the charge vs time (Q-f) curve and is normalized by the areal footprint of the
device. From the charge transients, three parameters are extracted for each voltage pulse: the max-
imum charge stored in the capacitor during charging, Q,,..; the residual charge on the capacitor
after the capacitor is discharged, Q,.,; and their difference, Q,¢y, = Quaz - Qres. Of these three
parameters, Q,., is the most important from an application standpoint as it is the charge can be
reversibly stored and released®® 7. Q,., can be interpreted as the charge that was stored through

leakage current of the capacitor.
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max (V—Ieqr (Rs+Rosc))

To construct the pulsed Q-F curves, the electric field was calculated as &/ = -
where [, is the leakage current which can be found as the current after the capacitive charg-
ing current transient, Ry is the extracted series resistance, and R, is the oscilloscope’s input
impedance, which was set to 50 €. [jqx(Rosc + Rs) can be interpreted as the voltage drop across

the series parasitic and oscilloscope resistances due to the leakage current flowing through the

capacitor. The charge is equal to Q,,.

ESD extraction from pulsed I-V measurements The ESD extraction methodology is
summarized in Extended Data Fig. 2. From the pulsed /-V measurements, the current is inte-
grated to obtain the charge vs time (Q-f) curve and is normalized by the areal footprint of the
device. Without any R, correction, when Q-V is plotted directly (Extended Data Fig. 21), a large

hysteresis is observed that is inflated due to R,.

V—I(Rosct+Rs)

To construct the hysteretic O-E curves, the electric field is calculated as &/ = iy

where R; is the series resistance and R ;.. is the oscilloscope input resistance (50 €2) and the charge
is (). From the series resistance corrected Q-F curves, the energy storage density for each voltage

is calculated as,

Qr
ESD = — / EdQ (discharging branch) 5)

where Q.. s the maximum charge and Q, is the remnant charge on the capacitor. The efficiency,

7, is calculated as:

— Jo... EdQ (discharging branch)

fOQW” EdQ (charging branch)

(6)

ESD from conventional P-V measurements From the P-V measurements, the energy

storage density and efficiency () were extracted by:
P,

ESD = — / EdP (discharging branch) @)

— 5 EdP (discharging branch)

’]7 =
fOP’"” EdP (charging branch)

®)

Comparison of ESD extraction procedures The main difference between the ESD ex-

traction from conventional P-V measurements and pulsed /-V measurements is the measurement
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speed. The P-V measurements were measured at low frequencies (~1-10 kHz), where the dis-
charging process is on the order of 100 s, in contrast to the pulsed /-V measurements where the
capacitors are discharged in 50-200 ns, three orders of magnitude faster. Due to this difference
in time scales, ESD extraction from conventional P-V loops tend to show larger ESD compared
to faster ESD measurement protoc01321. In this work, a similar difference was observed; the con-
ventional P-V measurements show larger ESD at slightly lower fields compared to the pulsed I-V
measurements, although the overall ESD calculated from both methods are similar (Supplementary
Fig. 11). Additionally, the faster measurement speeds of the pulsed I-V measurements allows for
evaluation of the maximum power density of these energy storage capacitors. For all of the figures

and benchmarks, the ESD extracted from pulsed /-V measurements are considered.

Power Density Extraction The power densities for the HZOx10 superlattice integrated
in both planar (Extended Data Fig. 9a-d) and trench (Extended Data Fig. 9e-h) was extracted
from the discharging branch of the voltage pulse. From the discharge current (Extended Data Fig.
9b,f), the power dissipated (Extended Data Fig. 9c, g) was calculated by P = IV, where [ is the
discharge current and V is the R,-corrected voltage across the capacitor. To extract the average
power density, the discharge time was calculated by the amount of time it took to release 90% of
the stored energy?! (Extended Data Fig. 9d,h) and the average power density was calculated by
P = ESD /tgischarge-

Reliability characterization Leakage current-voltage (I-V) measurements (Extended Data
Fig. 8a) were performed using a commercial Semiconductor Device Analyzer (Agilent B1500).
Endurance was characterized by applying unipolar pulses (1 ps pulsewidth and 100 ns rise/fall
times) with an B1525A HV-SPGU at 2-5-MV/em two electric fields (1 us pulses) — one near the
onset of Regime II (3.0 MV/cm and 2.5 MV/cm for planar and trench, respectively) and another at
0.5 MV/cm higher field — and measuring the ESD with pulsed /-V measurements (Extended Data

Fig. 8b, c). Breakdown strength (Extended Data Fig. 8e, f) was evaluated by testing 15 devices
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so4 until failure and fitting their distribution to a two-parameter Weibull distribution?!, given by:

P(E;) =1 —exp (— (%)3 )

sos  where F; is the breakdown field of device i, P(F;) is the cumulative probability, F is the char-

sos acteristic breakdown strength corresponding to a cumulative probability of 63.2% of the tested

o

so7 devices, and [ is the Weibull parameter which describes the variation of breakdown field.

808 Leakage current modelling The leakage current of HZOx10 continuous and superlattice
soo films were fit to different conduction mechanisms commonly found in oxide dielectric thin films

s1o  (Supplementary Fig. 5)’8. These include bulk-limited mechanisms, such as Ohmic conduction,

o

s11 space-charge limited conduction (SCLC), and Poole-Frenkel (P-F) emission, and interface-limited

sz mechanisms, such as Fowler-Nordheim (F-N) tunneling and Schottky emission.
For the above conduction mechanisms, the current density (/) and electric field (£) are pro-

portional to each other via the following relationships 7%7:

Ohmic: log;y(J) o log,o(F)

SCLC: log;(J) x 2log,(E)

P-F emission: In J oci q_3 EL/2
' E kT \ meg K

1 3
Schottky emission: In(.J) o< T (47527) EV?
1
E

J
F-N tunneling: In <ﬁ> o

s1s Where q, kg, T, ¢g and K are the electronic charge, Boltzmann constant, temperature, vacuum per-
s14 mittivity, and optical permittivity, respectively. Note that the optical permittivity (/) is given by

s1s n2, where n is the index of refraction. For HfO,-ZrO,, the index of refraction is ~ 1.95-2.15%.
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sz Extended Data Fig. 1. Energy storage engineering strategy. The energy storage density in
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Extended Data Fig. 2. Dielectric energy storage measurement and methodology (a) Ex-
perimental setup for pulsed /-V measurements. The pulsed voltage is applied with a pulse gen-
erator unit (PGU, Methods), while the current is measured through the oscilloscope’s 50 €2 input
impedance. (b, ¢, d) The applied voltage pulses (b), measured current response (c), and integrated
charge (d) as a function of time for a 9 nm HZO (80% Zr) film. (e) The maximum charge Q4.
residual charge (),.s, and their difference (),.,, derived from the charge versus time curve for each
voltage pulse (Methods). (), is the charge that is reversibly stored and released from the capac-
itor. (f) Experimental setup for impedance analyzer measurements. (g, h) Measured magnitude
(|Z], g) and phase (0, h) of the complex impedance at different biases as a function of frequency.
(i, j) Fitted real (i) and imaginary (j) parts of the complex impedance assuming a three-component
circuit model (k). The series resistance can be found from real part at high frequency (Methods)
and should be bias-independent as shown in (i). The series resistance was found to be 155 €. (k)
The three-component circuit model used to correct for the series resistance, where Ry is the series
resistance and [?,, is the parallel resistance which models the leakage through the capacitor, C'. (1)

The measured hysteretic charge-voltage curve from pulsed /-V measurements without any series
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937
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939

resistance correction. (m) The R;-corrected hysteretic Q-V curves corresponding to each voltage
pulse applied. Note that 50 €2 was added to R, extracted in (i) due to the additional 50 2 from
the oscilloscope’s input impedance. (n) The extracted energy storage density (ESD) is taken to be
the shaded green area, which can be calculated by | gm;z Ed() (Methods). The shaded blue area

represents the hysteretic energy loss during the charging-discharging cycle. (o) The extracted ESD
as a function of electric field for 9 nm HZO (80% Zr).
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Extended Data Fig. 3. Superlattice Structure and Morphology Characterization (a, b, ¢)
AFM topography for the 9 nm HZO film (80% Zr, a), HZOx10 superlattice (b), and HZOx10 con-
tinuous (c) films. (d) Extracted rms roughness values for each film, demonstrating the persistence
of smooth films for the HZO-Al;Oj3 superlattice. (e, f, g) Schematic of 9 nm HZO (e), HZOx10
superlattice (f), and HZOx10 continuous (g) films. (h) X-ray reflectivity (XRR) of HZOx2-10
superlattice films. Clear superlattice reflections are observed, which indicate that the thin (0.5
nm) Al,Oj3 layers serve as a sufficient barrier to separate the HZO layers, consistent with TEM
(Extended Data Fig. 4) and recent HfO,-based superlattice engineering studies®> ¢781-83 In fact,
ALD of binary oxide superlattices have demonstrated the absence of chemical intermixing down

to atomic layer periodicity 3.
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Extended Data Fig. 4. Ferroic phase identification in HZOx10 superlattice. (a) Cross-
sectional HR-TEM image for the HZOx10 superlattice demonstrating separated Al,O3 and HZO
layers. (b, ¢, d) HR-TEM (left) and zoom-in HR-TEM (right) images for the top (b), middle (c),
and bottom HZO (d) layers in the superlattice. (e-j) Top (e, h), middle (f, i), and bottom (g, j) HZO
layers are indexed to the t-phase by oxygen-sensitive negative spherical aberration, demonstrating
that the superlattice approach maintains the t-phase to the 100 nm thickness regime. For inverted
contrast images (e, f, g), the light (dark) atoms represent O (Hf, Zr). For the top HZO layer (e,
h), the cation atomic arrangements match to the t-phase [021] zone axis. Along this zone axis,
the oxygen atoms overlap with the cations, so only the cations can be matched. Presence of the
o-phase and m-phase can be ruled out as they do not have a hexagonal-shaped cation arrangement

along a zone axis. For the middle (f, i) and bottom HZO layers (g, j), the cation and anion atomic
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arrangements match to the t-phase [001] and [101] zone axes, respectively. Overall, the structural
identification of the t-phase in the superlattice film is consistent with electrical measurements in-
dicating antiferroelectric behavior (Fig. 2, Extended Data Fig. 6). (k-m) Wide field-of-view TEM
(k), selected area diffraction pattern (1), and corresponding radial profile integration of diffraction
pattern (m) for the HZOx 10 superlattice film, which indexes to the t-phase, consistent with the oxy-
gen imaging analysis. Additionally, the HZOx10 superlattice shows similar do; 7 lattice spacing
as prior work of ~ 9 nm ZrO, %, demonstrating that the superlattice approach maintains a similar

strain state across the entire thickness.
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Extended Data Fig. 5. Ferroic phase identification of continuous HZOx10 film from cation
analysis. (a) Cross-sectional HR-TEM image for the continuous HZOx10 film integrated in an
TiN-HZO-TiN MIM capacitor. (b-g) HR-TEM imaging of two HZO regions (b, e), inverted con-
trast images zoomed-in on single grains (c, f), and corresponding HR-TEM simulations (d, g). The
cation arrangement corresponds to the fluorite-structure o-phase (Pca2;) [100] and [001] zone axes
for region 1 (b-d) and 2 (e-g), respectively (Supplementary Fig. 9). (h-j) Wide field-of-view TEM
(h), selected area diffraction pattern (i), and corresponding radial profile integration of diffraction
pattern (j) for the HZOx10 continuous film, which primarily indexes to the o-phase, consistent
with the cation analysis. The HZOx10 continuous film also shows the presence of some m-phase,
which is consistent with the expected phase evolution with increasing thickness'®. Additionally,

the continuous ~ 100 nm HZO film demonstrates similar d;;; o lattice spacing as bulk o-phase
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s Zr0, 5, suggesting the presence of minimal strain contributions from small size effects. (h-6)

985

986

o7 region-t-and-2-respeetively— Overall, the structural identification of the o-phase in the continuous
sss thick HZO film is consistent with electrical measurements indicating ferroelectric behavior (Fig.

s 2, Extended Data Fig. 6).
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Extended Data Fig. 6. Thickness-dependent evolution of ferroic behavior for continuous
and superlattice HZO films (a-i) Pulsed Q-FE behavior for both continuous (top) and super-
lattice (bottom) HZO thickness series to the 100 nm thickness regime. Inset: corresponding
C-V loops. For the continuous HZO thickness series, an antiferroelectric (HZOx2, a) to mixed
antiferroelectric-ferroelectric (HZOx3-4, b,c) to ferroelectric (HZOx5-10, d-i) is observed from
the pulsed Q-E curve as regime II (and III) eventually disappear for the HZOx5-10 samples, corre-
sponding to the loss of an antiferroelectric-to-ferroelectric field-dependent phase transition. This is
additionally confirmed by the emergence of ferroelectric-like hysteresis in the C-V characteristics.
Meanwhile, for the superlattice HZO thickness series, the antiferroelectric behavior is maintained
throughout, as regimes I-III are present for each thickness and antiferroelectric-like C-V charac-
teristics are observed. This confirms the ultrathin Al,Oj5 interlayers reset the HZO grain growth ad
maintains the desired antiferroelectric behavior. For all figures, the enhanced slope in Regime II is

highlighted in gray.
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Extended Data Fig. 7. Thickness-dependent energy storage density evolution (a-i) Thickness-
dependent areal ESD versus electric field for both continuous (top) and superlattice (bottom) thick-
ness series, extracted from hysteretic charge-field measurements (insets). For the continuous HZO
thickness series, ESD saturates with increasing thickness (~ 250 pJ/cm?) as the continuous HZO
films become fully ferroelectric with increasing thickness (Extended Data Fig. 6). Meanwhile for
the superlattice HZO thickness series, the areal ESD scales approximately linearly with thickness

due to the persistence of the desired antiferroelectric behavior (Extended Data Fig. 6).
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Extended Data Fig. 8. Reliability characterization (a) Leakage current versus electric field
for continuous (blue) and superlattice (purple) HZO thickness series films. For all thicknesses, the
superlattice approach shows 2-3 orders of magnitude of lower leakage current, derived from the
presence of the high-bandgap Al,O3 interlayer and increased number of interfaces. (b, ¢) Energy
storage and efficiency for 2D planar (b) and 3D trench (c) capacitors integrating the HZOx10
superlattice after cycling at two electric fields (1 us pulses): one near the onset of Regime II (3.0

MV/cm and 2.5 MV/cm for planar and trench, respectively) and another at 0.5 MV/cm higher
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field. Near the onset of Regime II, the endurance of both planar and trench capacitors show en-
durance larger than 10® cycles. At 0.5 MV/cm higher electric field, the endurance is beyond 10°
cycles. after2.5-MV/em-eyeling-(11s-pulses)—Both-samples-survive-to10%eyeles- (d, e) Weibull
distribution of the breakdown field, comparing the HZOx10 continuous and HZOx10 superlattice
films in 2D planar capacitors (d) and the HZOx10 superlattice films integrated into 2D planar and
3D trench capacitors (e). The 3D trench capacitors shows a 24% lower breakdown field compared
to the 2D planar capacitors, likely derived from surface inhomogeneities, which lead to an uneven

distribution of electric fields.
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Extended Data Fig. 9. Power Density Extraction (a, e) Schematic of 2D (a) and 3D trench
(e) capacitor structures. (b, f) Measured discharged current versus time during 200 ns fall time
of voltage pulse for both 2D planar (f) and 3D trench (f) capacitors. (¢, g) Power density as a
function of time for both 2D (c) and 3D (g) capacitors. The power was calculated by multiplying
the measured voltage and current during the discharging stage of the voltage pulse (Methods). (d,
h) Energy storage density as a function of time for for both 2D (d) and 3D (h) capacitors. The
characteristic discharging time was taken to be when 90% of the stored energy had discharged

(Methods).
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Extended Data Fig. 10. Permittivity breakdown trade-off Permittivity-breakdown strength
(k-Epp) relationship for various dielectric materials, which tend to follow an empirical k-Egp

trend of Egp ~ k0921,

In this work, we engineer the field-induced nonpolar-to-polar phase
transition and its associated NC effect to enhances permittivity during the charging-discharging
process (the maximum permittivity extracted from pulsed /-V measurements during Regime II is
reported). This approach enables us to overcome the conventional xk-Egp trend which limits energy

storage in dielectric capacitors (Supplementary Text), ultimately leading to the largest volumetric

ESD value reported for a BEOL-compatible dielectric (Supplementary Table 1).
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