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The ever-shrinking electrostatic capacitor, which is capable of storing sub-

stantial quantities of electrical charge, has found widespread applications in
high-storage-density dynamic random access memory and energy-efficient
complementary metal-oxide-semiconductor devices. Despite the high energy
storage densities (133-152J/cm?) and efficiencies (75-90%) that have been
realized using relaxor ferroelectric thick films, low-permittivity interfacial
layers in the ultrathin films have caused the overall permittivity to be one to
two orders of magnitude lower than expected. However, innovative use of
complementary metal-oxide-semiconductor-compatible HfO,-based materials
with high permittivities (-52) could enable integration of these capacitors into
few-nanometre-scale devices. This study reports an ultrahigh dielectric per-
mittivity of 921, stored charge density of 349 pC/cm?, and energy density of
584 J/cm?® with nearly 100% efficiency within near-edge plasma-treated

Hfy sZro 50, thin-film capacitors when the Hf-based material’s ferroelectricity
disappears suddenly after polarization fatigue. The ultrahigh dielectric per-
mittivity originates from a distorted orthorhombic phase with ordered oxygen
vacancies that enables high-density integration of extremely scaled logic and
memory devices for low-voltage applications.

M Check for updates

As the lateral dimensions of advanced transistors continue to be scaled  energy storage densities (133-152)/cm?) and efficiencies (75-90%)>*,

down, increased gate capacitance becomes an essential requirement
to maintain gate control over the channel and reduce operating vol-
tages for low energy consumption'. Traditional scaling methods
involve reducing the SiO, gate thickness but lead to undesirable
leakage, mobility degradation, and reliability issues. Consequently, the
efforts to scale complementary metal-oxide-semiconductor (CMOS)
devices down to sub-10-nm technologies are focused on the use of
high-dielectric-permittivity gate materials to replace SiO, and thus
realize higher equivalent oxide thicknesses and capacitances (pro-
portional to the dielectric permittivity) to mitigate short-channel
effects’. Although relaxor ferroelectrics have demonstrated high

the presence of low-permittivity interfacial layers close to electrodes in
thin films could destabilize their ferroelectric states®, causing the
overall permittivity to be one to two orders of magnitude lower than
expected”*'°,

Atomic-layer deposition (ALD) of HfO,-based thin films, which have
high permittivities of 16-70 and ferroelectric polarizations of 17-50 uC/
cm?* 2, can provide a viable solution to these challenges. The ALD
technique offers the advantages of low-temperature synthesis and
conformal growth in three-dimensional structures on silicon surfaces,
thereby circumventing the high temperature requirements for deposi-
tion of ferroelectric perovskite oxides. This has led to applications in
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volatile/nonvolatile high-storage-density memories and extremely size-
scaled CMOS devices for use at low operating voltages">***,

Various approaches have been found to improve the dielectric and
ferroelectric properties of HfO,-based thin films*%. He ion implanta-
tion with doses of 5x10"-10" ions/cm?* can increase the remanent
piezoresponse and polarization significantly®®. HfO,-ZrO, thin films
with compositions engineered to be near the antiferroelectric phase
transition exhibit a high storage density of 115 J/cm?3 upon nonlinear and
hysteretic changes in their dielectric permittivity from 35 to 140 during
polar-to-nonpolar phase transitions”. These approaches to defect
engineering and the antiferroelectric phase transition have driven
major efforts to minimize the voltage-dependent dielectric nonlinearity
and hysteresis, in addition to increasing the dielectric permittivity***.
This is essential because dielectric nonlinearity and hysteresis can result
in the hysteretic field-effect currents in CMOS devices with respect to
the rising/falling of gate voltages and also increase the energy con-
sumption of storage devices.

Here we report an oxygen-vacancy-implanted Hf sZro 50, (HZO)
thin-film capacitor that shows a dramatic increase in dielectric per-
mittivity of € = &'~ i¢”, where &’ and ¢” are the real and imaginary parts,
respectively. Advanced structural characterization shows that an
oxygen vacancy-ordered structure is introduced into the polar Pca2,
phase during bipolar high electric-field cycling that enhances the
ferroelectric-to-paraelectric transition and results in an ultrahigh
dielectric permittivity (-921) that is independent of the applied vol-
tage. This discovery represents a significant advancement for the high-
density integration of memory, logic and energy storage devices with
low energy consumption.

Results

Ultrahigh dielectric permittivity

The p-Si/TiN (40 nm)/HZO (10 nm)/TiN (5nm)/W (50 nm) thin-film
capacitors were prepared using low-temperature ALD on silicon sub-
strates (Methods and Supplementary Fig. Sla-c). Subsequent O, and
SF¢ plasma treatments were performed beyond the top electrode areas
before and after crystallization of the amorphous HZO, giving samples
that were numbered 1 and 2, respectively (Supplementary Fig. Sla, b).
X-ray reflection (XRR) analysis indicated an HZO film thickness of
10 nm (Supplementary Fig. S2a, b). Synchrotron grazing-incidence X-
ray diffraction (XRD) patterns revealed a mixture of orthorhombic (O,
Pca2,), tetragonal (T, P4,/nmc), and monoclinic (M, P2;/c) phases
within the crystallized HZO with area ratios of 0.70:0.21:0.09 for O
(111), T (011), and M (111) reflections (Supplementary Fig. S2c). The
measured energy dispersive spectrum (EDS) of the film shows a strict
Zr:Hf ratio of 1:1 (Supplementary Fig. S3). X-ray photoelectron spec-
troscopy (XPS) spectra indicate the coexistence of lattice oxygen and
non-lattice oxygen in both the ion-implanted amorphous and crystal-
lized HZO, with the former exhibiting a 16% higher content of non-
lattice oxygen (Supplementary Fig. S4a-f), suggesting a greater pre-
sence of oxygen vacancies near the edge region of the capacitor
(Sample 1). The planar capacitor length (/) was determined for each
single device from scanning electron microscopy (SEM) images of the
top electrodes (Supplementary Fig. S5). Characteristic current density-
electric field curves show that all capacitors are insulating (Supple-
mentary Fig. S6a). A stopping and range of ions in matter (SRIM)
simulation showed that ~42% more oxygen vacancies were generated
within Sample 1 than within Sample 2 after the near-edge plasma
treatment outside the top electrode areas (Supplementary Fig. Sic).
These oxygen vacancies (Vo) could then diffuse into the inner regions
beneath the top electrode areas during final thermal annealing at
550 °C for 30 s (Supplementary Fig. Sla, b)*®. This penetration region is
anticipated to have a characteristic length denoted by ry, as depicted
in the inset of Fig. 1a; this length is postulated to exert a considerable
influence on the dielectric properties, and this effect will be explored
in subsequent discussions.

Figure 1a displays the electrode area (S) dependences of the small-
signal capacitance (C) of Samples 1 and 2 at 1 MHz after near-edge ion
implantations. The C-S dependence is linear for Sample 2, as demon-
strated by solid-line data fitting when & =32, but it is nonlinear for
Sample 1 because of the presence of higher oxygen vacancies within
the edging areas. After solid-line fitting of the nonlinear C-S plot, we
derived ro =150 nm (see Methods). Consequently, the ensuing elec-
trical characterization and the analytical discourse will concentrate
primarily on the nonlinear size-scaling effect in Sample 1, except where
noted otherwise.

Figure 1b, c illustrates the frequency (f) dependences of ¢’ and the
loss tangent (tand) for Sample 1. & shows a step-like enhancement
when f<10 kHz but increases nonlinearly from 32 to 75 at 1 MHz upon
reduction of [ from 32.3 to 439 um in Fig. 1b. Correspondingly,
increasing dielectric loss peaks appear between 10 and 20kHz in
Fig. 1c. Subsequent measurements of the dielectric displacement
—electric field (D-E) hysteresis loops in Fig. 1d (Supplementary
Fig. S6b-e) show progressive reduction of the remanent polarization
(P,) from 16 to 6.5 pC/cm? during shrinkage of [ from 9.05 to 4.35 pum.
However, this size-dependent effect is negligible in Sample 2, apart
from the disappearance of the dielectric loss peak (Supplementary
Fig. S7a, b). The enhanced dielectric permittivity observed alongside
the reduction of P, in Sample 1 appears to originate from the increased
volume fraction of near-edge implanted areas in the downscaled
capacitors, where numerous superparaelectric regions exist’. Dipole
orientations within these regions can follow an oscillating electric field
(Eosc) reversibly during the periods above their relaxation times,
enhancing ¢’ at frequencies below 20 kHz during the generation of the
resonant dielectric loss peaks in Fig. 1c.

Following application of square pulses with bipolar voltages/
durations of +4 V/500 ns to the capacitors when 4.35 pm < /< 5.42 um,
the ferroelectricity disappears abruptly (with P, approaching 0) after
fatigue numbers of 2.07 x107-6.62 x 107, as illustrated in Fig. le. This
disappearance is accompanied by the emergence of linear D-£ loops in
Fig. 1f. From the slopes of these linear loops, we estimated ultrahigh
dielectric permittivities of 642-921 at 1 MHz. The subtle study of the
D-E loops near the transitional switching cycles shows that the ultra-
high ¢’ transition occurs earlier before the ferroelectric-to-paraelectric
phase transition (Supplementary Fig. S6c-e). Otherwise, dielectric
breakdown occurs before the ultrahigh & transition for capacitors
where [>9.05 um (Fig. le).

After fatigue, we calculated ¢’ at different frequencies separately
based on independent measurements of the small-signal capacitance
at various [, as depicted in Fig. 2a, revealing the disappearance of the
dielectric loss peaks between 10 and 20 kHz. At 1 MHz, ¢ increases to
921 when [=4.39 um, showing precise agreement with the value
estimated from the slope of the linear D-E loop in Fig. 1f and yielding
a substantial storage charge density of 295 uC/cm? and energy sto-
rage density of 566 J/cm?* with nearly 100% efficiency under a high
applied electric field of 4 MV/cm (Supplementary Fig. S8a, b). The
ultrahigh-¢’ phase remains stable over a laboratory time of more than
two years, even after cooling/heating of Sample 1 between 85 and
300K. Figure 2b, c illustrates the temperature (7) evolutions of the
dielectric response and D-E hysteresis loop, respectively. *decreases
almost linearly versus T during cooling in Fig. 2b, thus approximately
matching the estimates based on the slopes of the linear D-£ loops in
Fig. 2c (Supplementary Fig. S9a-d). Both ¢ and tané remain
unchanged versus amplitudes of Eys. from 20 kV/cm to 0.8 MV/cm
and £ from -2 to 2 MV/cm (Supplementary Fig. S10a-c). The stored
charge density after fatigue increases by 10 times at both low and
high frequencies (Supplementary Fig. S8c, d), enabling 100 pC/cm?
to be stored at an operating voltage/time of 1.2V/50ns in the
dynamic random access memory (DRAM) at cycle numbers of more
than 10? without inducing dielectric breakdown (Fig. 2d). The
shortest operation time here is limited by the circuit RC time of 14 ns,
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Fig. 1| Dielectric permittivities of size-scaled capacitors. a Area dependences of
the capacitance at 1 MHz for Samples 1 and 2. The solid lines represent the best fit
for the data when considering the edging-area contribution under the top elec-
trodes in the geometries illustrated in the inset based on the assumptions of
ro=150 nm and O nm, respectively. The large deviation of data from the red-line fit
is due to the variation of ion implantation across different areas of the film.

b, c Frequency dependences of ¢” and tané for virgin HZO capacitors of various

sizes (Sample 1). The solid lines represent data fittings according to Eq. (4). d D-E
hysteresis loops for the size-scaled virgin capacitors when characterized at 1 MHz.
e Cycling number dependences of the remanent polarization values of the size-
scaled capacitors when using square pulses of +4 V/500 ns at a repeat frequency of
1MHz. f D-E hysteresis loops at 1 MHz for the size-scaled capacitors after fatigue,
where the parenthetic values of ¢ are estimated from the slopes of the loops.

which is hopefully shortened again in the future through the
improvement of the TiN electrode conduction (Supplementary
Fig. Slla-c). This record-breaking & value is the highest reported
among pure and doped HfO, thin films (Fig. 2e), thus making it
extremely attractive for high-density DRAM and CMOS
applications"®. In contrast, Sample 2, which underwent plasma
treatment after HZO crystallization, exhibits no such ultrahigh-¢’
transition (Supplementary Fig. S12a, b).

The synchrotron Laue micro-diffraction measurements of the
size-scaled capacitors (Sample 1) indicate continuous weakening in the
intensity of the O (111) reflection as the lateral dimension of the
capacitor decreases, particularly when the illuminated light spot cov-
ers an increasing edge area (Supplementary Fig. S13a-c). Figure 2f
shows the Laue micro-diffractions of both virgin and fatigued areas,
derived from Gauss functional fittings of the nearby O (111) /T (011)
reflections from the 4.35 um-long fatigued capacitor (Supplementary
Fig. S13a, ¢). The O (111) peak diminishes further after fatigue and shifts
slightly towards a lower angle (indicative of lattice expansion), with a
significant increase in width from 0.089° to 0.52°. The peak broad-
ening implies the presence of defect structures and alterations in the
polar regions within the O-phase after fatigue® .

Phase structure

To understand the structural origins of the ultrahigh-¢’ transition,
atomic-scale microstructural characterizations of Sample 1 before and
after fatigue were conducted using scanning transmission electron
microscopy (STEM)—high angle annular dark-field (HAADF) and STEM-
integrated differential phase contrast (iDPC) imaging techniques.
Although both STEM-HAADF and STEM-iDPC image contrasts are
sensitive to atomic numbers, STEM-iDPC images offer better contrast
for lighter elements, e.g., oxygen in HZO, thus making it easy to
identify oxygen vacancies by differentiating the contrast change
across the different oxygen columns within the ferroelectric O-phase
grains. Figure 3a shows a low-magnification STEM-HAADF image of the
virgin Sample 1. In the central region when ro>150 nm (Fig. 3b), all
oxygen columns exhibit similar intensities (Fig. 3d), demonstrating
zero oxygen vacancies across these areas. In stark contrast, within the
near-edge regions when ro <150 nm (Fig. 3c¢), significant contrast var-
iations were found across the oxygen columns (Fig. 3e), indicating the
existence of large numbers of oxygen vacancies within these areas.
This observation confirms the presence of a near-edge oxygen vacancy
penetration zone (ro) caused by the pre-crystallization plasma
treatment.
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Fig. 2 | Ultrahigh dielectric permittivities. a Frequency dependences of ¢ and
tand when £, = 50 kV/cm for the size-scaled capacitors after the occurrence of
polarization fatigue. Larger capacitor sizes generally result in smaller values of €.
The solid lines represent data fittings according to Egs. (5) and (6). b Frequency
dependences of the dielectric permittivity and loss tangent at various temperatures
for the 4.39-um-long fatigued capacitor. The solid lines represent data fittings
according to Egs. (5) and (6). ¢ D-E hysteresis loops at 252 kHz for the 4.39-pm-long
fatigued capacitor at different temperatures. d Cycling number dependences of the
stored charge density within the 4.39-pm-long virgin/fatigued capacitors under

application of unipolar square pulses with voltage/width characteristics of 1.2 V/
50 ns with a repetition frequency of 10 MHz at room temperature. The charge
density increases by 10 times after fatigue. e Comparison of the ultrahigh dielectric
permittivity realized in this work with the corresponding values for the pure ZrO,
and Hf0,*?, Al-doped HfO, (HAO)*>*°, Si-doped HfO, (HSO)", Y-doped HfO,
(HYO)'¢, Zr-doped HfO, (HZO)*’*%, and HfO,-ZrO, superlattices”*~’ reported pre-
viously in the literature. f Synchrotron Laue micro-diffractions of the O (111)
reflections extracted from the virgin and fatigued areas nearby a 4.35 um-long
capacitor at a wavelength of 0.6209 A (Supplementary Fig. S13a-c).

The ferroelectricity of HZO originates from the Pca2, phase™ %
The atomic structure of HZO changes substantially after fatigue.
Figure 3f shows a typical atomic structure for the [010]-Pca2; phase
after fatigue, with a corresponding atomic model shown in the top-
left corner. In contrast to the perfect structure before fatigue, where
two consecutive oxygen columns along the [101] and [101] directions
should contain the same number of oxygen atoms with identical
contrasts, the new structure after fatigue interestingly exhibits reg-
ularly alternating intensity fluctuations within the oxygen columns.
Figure 3g, h show the profiles of two intensity lines when scanned
along the [101] and [101] directions indicated in Fig. 3f, respectively.
The regularly modulated intensities of the O columns, which are
lower than the reference full-O intensity (represented by the dashed
lines), imply the periodic appearance of oxygen vacancies at the O,,
04, and Os sites. Therefore, all oxygen vacancies were ordered at
either the O, and Os sites in Fig. 3g or the Oy, sites in Fig. 3h during
formation of the new structure, denoted by Pca2;, unlike the ran-
domly distributed oxygen vacancies in the virgin Sample 1 (Fig. 3e).
To exclude microstructural contingencies, we scanned seven more
continuous atom column lines in the fatigued capacitor, verifying
that all vacancies were located in an orderly manner at the O,, Oy, Os
and Oy sites (Supplementary Fig. S14a-c). In addition, we imaged the
O columns in another [001] orientation of the Pca2, phase and

confirmed the presence of the same ordered Vq~ structure along a
different viewing direction (Supplementary Figs. S15a-c and S16).

The presence of ordered oxygen vacancies significantly enhances
the number of polar regions in the O phase. The STEM-DPC imaging
technique was employed to observe these polar regions, as illustrated
in Supplementary Fig. S17. Different colors in the color wheel represent
the directions of the internal electric fields in the examined areas. In
contrast to the virgin sample, where the bulk domain has a uniform
internal electric field, the fatigued sample exhibits highly segmented
polar regions with random directions of internal electric fields. These
segmented polar regions could corroborate our observation of the
broadening in the O-phase peak of the Laue micro-diffraction patterns
(Fig. 2f), which are believed to play a critical role in determining
dielectric properties of the fatigued samples.

Discussion

The dielectric responses of the dipoles within the Vo -implanted near-
edge areas in Sample 1 can be described using the classical Debye
equation®. After solid-line fitting of the data in Fig. 1b, c (see Methods),
we derived a Debye relaxation time of 7 that decreases from 18 to 7.8 pis
with the lateral shrinkage of [ from 32.3 to 4.39 um in Fig. 1c. Similar
dielectric dispersion has been observed in etched lead zirconate tita-
nate (PZT) capacitors, where the relaxation time 7 exhibits an
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Fig. 3 | Phase structures (before and after fatigue). a Low-magnification cross-
sectional STEM-HAADF image of virgin HZO thin film (left panel). The framed yel-
low dashed rectangle is the oxygen vacancy penetration zone (-150 nm). The right-
hand panel shows the simulated atomic structure for the [010]-Pca2; phase.

b, ¢ STEM-iDPC images of the O phases beyond and within the penetration zone
framed in a, respectively. d, e Line scans over the rows of the oxygen columns
framed in b, c, respectively. The dashed lines represent the intensities of the
reference fully O-occupied columns, and the peak intensities that are lower than the

Distance .(nm)

reference line in e indicate the appearance of random oxygen vacancies at the Os
and Og sites. f STEM-iDPC image of the [010]-oriented Pca2,’ phase after fatigue.
The inset in the top-left corner shows the simulation of this phase. g, h Two line
scans of the atomic columns within the dashed rectangles framed in (f). Periodic
changes in the oxygen intensities that deviate from the reference full-O dashed
lines at the O,, O4 and O sites consistently implies the appearance of ordered
oxygen vacancies when measured along two different ([101]and[101]) directions.

exponential relationship with the perimeter**”’. According to the
model proposed by Dawber et al.*, inhomogeneous domain nuclea-
tion occurs at imperfections near the edges of the etched PZT capa-
citors, with domain-wall motion being restricted by viscous drag
resulting from the coupling of the domain wall to acoustic phonons.
Consequently, 7 represents the time required for domain walls to
propagate from the perimeter to the center of the capacitor. Given that
our HZO filmis continuous, we propose that similar domain nucleation
could occur near the edge regions of each capacitor, which are enri-
ched with oxygen vacancies. After polarization fatigue, the Debye
relaxation was absent from Fig. 2a. Instead, a universal law can be used

to describe the dielectric dispersion (see Methods)®, as evidenced by
solid-line fitting of the data in Fig. 2a, b. This could reflect the redis-
tribution of the oxygen vacancies.

Generally, the ferroelectric-to-paraelectric phase transition is
associated with the emergence of a giant dielectric constant &’ at the
Curie point, a phenomenon resulting from the collapse of ferroelectric
macrodomains and the formation of multiple transitional polar
regions prior to the complete loss of ferroelectricity”™** 570,
Domain nucleation within the polar regions, hindered by viscous
drag’, is characterized by low energy, allowing dipole polarizations
within these regions to reversibly follow the £, thereby significantly
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the dipole orientation (thick arrows). d Minimum energy paths for the O-anion
movement within the (001) crystal plane in a 96-atom supercell for Cases i-iv. The
dotted balls represent oxygen vacancies, the red balls represent the displaced
oxygen anions, and the arrows indicate the movement directions. € Minimum
energy paths for bipolar polarization switching with different numbers of three-
coordinated oxygen vacancies within a 96-atom supercell. The arrows indicate the
polarization (P) orientations in the initial and final states.

enhancing £********°, To examine these polar regions in the virgin
Sample 1, we extracted the dielectric permittivities &, and &4,
near the central and near-edge regions, respectively, from measure-
ments of the £-E,sc dependences at various [, and found that ¢, ..., o
BE f,sc (8> 0, power law) and Eogge ¢ A osc (a <0, Rayleigh law), where a
and B are constants representing irreversible dielectric contributions
stemming from domain-wall pinning and depinning, respectively
(Supplementary Fig. S18a-c). These phenomena are attributed to the
presence of homogeneously and inhomogeneously distributed oxy-
gen vacancies in the two cases®®*’. The negative « value indicates the
superparaelectricity of the near-edge polar regions®, where the
dipoles can follow the Es. oscillation when f< 77,

To explore the Vo~ ordering process during fatigue, we inspected
the D-E hysteresis loops at various fatigue numbers (N) (Fig. 4a, Sup-
plementary Fig. S19a-f). From these measurements, we extracted the
logN dependence of the imprint field (E;), i.e., the shift in an asym-
metric D-E hysteresis loop along the E-axis (Fig. 4b, Supplementary
Fig. S19a, c). |Ej| strengthens versus logN in a wave-like manner to obey

the following equation:

2n(logN — logNy)

1 @

E;=Eq+E4log* N - sin

until the ultrahigh-¢’ transition occurs; here, Eg and E, are the initial
value and amplitude of the oscillating imprint field, respectively, Ny is
the initial number, and A is the periodicity. Analysis of the solid-line
fitting to the capacitor data when /=5.42um in Fig. 4b reveals that
A=1.3 increases to 3.0 upon reduction of [ to 4.39 um (Supplementary
Fig. S19a). This is distinct from most other ferroelectric thin films and
Sample 2, where no E; oscillations occur (Supplementary Fig. S12a)*..
The intrinsic ; oscillation physics could be correlated with the Vg~
ordering process within HZO (Fig. 4c). Given the oxygen vacancies and
the structural disorder introduced via plasma treatment of the amor-
phous HZO?%, the near-edge regions in virgin Sample 1 contain rich
polar regions. When the dipoles within the near-edge polar regions are
presumed to be polarized and pointing towards the top electrode
(upper panel, Fig. 4c), it can generate an opposite depolarization field
E;*. When the fatigue periodicity (1 ps) falls below the Debye relaxation
time (7.8-18 pis), these dipole orientations cannot synchronize with the
cycling fatigue fields, unless a preferential accumulation of oxygen
vacancies occurs near the bottom electrode, leaving uncompensated
reduced metal ions (Hf}y/Zr5,) behind near the top electrode®. The
preferential Vo~ accumulation builds up an opposing electric field to
contradict E;. When the opposing field is strong enough, the dipoles
are reversed and point towards the bottom electrode (lower panel,
Fig. 4c), changing the F; direction to promote Vo' accumulation
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towards the top electrode. Throughout the fatigue cycling process,
this behavior was repeated periodically as a function of logN within the
ferroelectric O-phase grains until the Pca2;’ phase transition occurred,
which resulted in collapse of the ferroelectric domains and a sig-
nificant increase in the polar regions. In this sense, the Vo~ accumula-
tion process accelerates with increasing |E;—Eo|. When |Ei—E| is larger
than a threshold field, for example, 0.72MV/cm in Fig. 4b, the
Pca2;~>Pca2;’ phase transition occurs, and 2P, drops abruptly in Fig. le.
The oscillating Vo™ accumulation process toward top/bottom electro-
des seem to be a collective behavior, and is intrigued by the near-edge
implanted Vo". For a larger capacitor, the ratio of near-edge implanting
area is lower, and the Vo~ accumulation process is slow (Supplemen-
tary Fig. S19a, d). Therefore, dielectric breakdown occurs earlier before
the ultrahigh ¢ transition. For a smaller capacitor, the ratio of near-
edge implanting area increases, which accelerates the Vo~ accumula-
tion process and thus ultrahigh &’ transition before the occurrence of
dielectric breakdown in Fig. le. Once the ferroelectric polarization
disappears within the HZO, there is no dielectric breakdown with the
fatigue number higher than 10" (Supplementary Fig. S19e-g).

To gain further understanding of the periodic arrangement of the
oxygen vacancies located at the O,, 04, Os, and O sites within the
defective Pca2;’ phase, we performed first-principles calculations of the
state-transformation energy barrier in a 96-atom supercell (Supple-
mentary Fig. S16a, b). Figure 4d shows the minimum energy path (MEP)
of the O-anion movement from a three-coordinated O site to Vos. On
the introduction of one Vs in Case I, the O moving energy barrier is as
low as 0.51eV because of partial nonstoichiometry in the lattice and
dangling bonds at cation atoms. On the input of another Vo, in Case Il or
another Vg7 in Case I, the MEP barrier decreases further to 0.35eV in
the former case but completely disappears in the latter case. During
oxygen vacancy ordering at the O,, O4, and Os sites observed in
Fig. 3g, h, the O moving MEP barrier from a three-coordinated Os site to
Voe disappears on the input of additional Vo, and Vo, in Case IV, where
the transformation-state energy is the lowest. This vanished energy
barrier energetically favors spontaneous and directional O movement
during Vo™ ordering, thus resulting in a large dielectric response under
an applied Es.. The decreasing energy barrier can be understood based
on the lattice strain relaxation caused by the missing O atoms. In the
absence of the four-coordinated O, atom, the Hf; and Hf, atoms distort
slightly toward the O, site, which expands the movement path and
weakens the interaction with the three-coordinated O anions. Further-
more, the Hf; atom has a stronger tendency to bind with the O atom than
Hf, because it loses one more bound O atom, leading to much lower
total energy after the state transformation.

Because the calculated transition level for all oxygen vacancies is
quite close to the conduction band minimum*!, we assumed that all
oxygen vacancies were charged in a +2 state. Note that the sponta-
neous polarization of HZO originates from O displacements at the
three-coordinated Os and Oy sites. The calculated state-transformation
energy barrier between the two opposite polarization states at these
sites is also sensitive to the number of oxygen vacancies®, as illustrated
in Fig. 4e. In the virgin state without Vo', the energy barrier reaches as
high as 2.57 eV. On the introduction of 1-8 three-coordinated oxygen
vacancies into the 96-atom supercell, the energy barrier decreases
progressively to 1.03 eV, i.e., a loss of 12.5% of the O atoms leads to an
~60% reduction in the coercive field. During Vo~ ordering, more oxygen
vacancies would be involved, thus lowering the energy barrier further
and causing the formation of multiple polar regions, where the dipolar
orientations can follow the Es oscillation reversibly.

In summary, we observed enhanced dielectric permittivity after
near-edge ion implantation in amorphous HZO thin-film capacitors.
After bipolar high electric-field cycling of a few micron-sized capa-
citors, the ferroelectricity disappears suddenly between fatigue
numbers of 2.02x107 and 6.62x10” during the generation of a
voltage-independent and hysteresis-free ultrahigh & (598-921 at

1MHz). High-resolution STEM-iDPC images reveal ordered oxygen
vacancies within the principal O-phase grains, forming a new Pca2,
phase that results in the formation of multiple polar regions and
contributes to the ultrahigh dielectric permittivity. First-principles
calculations consistently demonstrated progressive reduction of the
energy barriers for spontaneous and directional O movements and
ferroelectric displacements with the involvement of increasing
numbers of oxygen vacancies during ordering. The ultrahigh-¢’
transition enables realization of high charge- and energy storage
devices and energy-efficient transistors>'¢?%,

Methods

HZO fabrication

Continuous Hfg sZrq 50, thin films were grown by ALD (TFS 200, Beneq)
at 200 °C on a Si substrate coated with 10-nm-thick TiN bottom elec-
trodes, where hafnium tetrachloride (HfCl,) and zirconium tetrachloride
(ZrCl,) precursors were used, with water (H,0) as the oxidizing reactant
and argon (Ar) acting as a purging gas. A 1:1 ratio between the alternately
laminated HfO, and ZrO, atomic layers (-1nm) was used to set the
desired stoichiometry for a deposited film with a total thickness of
10 nm. The film thickness can be determined from XRR using a Cu Ky
source (D2, Bruker) and HAADF-STEM (Fig. 3a and Supplementary
Fig. S2a, b), and the film compositions can be determined from EDS
mapping of alternative Hf and Zr stacking layers (Supplementary
Fig. S2¢). TiN and W electrode layers were deposited by sputtering (PVD-
75, Kurt J. Lesker) at room temperature. The thermal annealing process
for Samples 1 and 2 was performed at 550 °C for 30s in an N, atmo-
sphere to enable crystallization of the HZO before and after etching of
the top electrodes, respectively (Supplementary Fig. Sla, b). After pho-
toresist layer patterning of the top electrodes using ultraviolet photo-
lithography (NQX4006, Neutronix-Quintel), the top electrodes were
etched into square/circular shapes with side lengths/diameters of [/,
respectively, via ion milling using SF¢ and O, plasmas with gas flows of 15
and 5 sccm, respectively, at an output power of 50 W for 30s in a
reactive ion etching system (RIE-IONR, Samco, Japan). Near-edge
implantation of the oxygen vacancies occurs during etching (Supple-
mentary Fig. Sic). The capacitor dimensions were verified using planar-
view SEM (Sigma HD, Zeiss) images (Supplementary Fig. S4). Leakage
current-voltage curves were measured using an Agilent BIS00A semi-
conductor analyzer operating in voltage-sweep mode (Supplementary
Fig. S5a). The valence states analysis of Zr, O, and Hf within the HZO was
performed on an XPS (Thermo Fisher ESCALAB 250Xi) using Al K«
emission in an energy of 1486.6 eV. After the deconvolution of the XPS
spectra (Supplementary Fig. 4Sa-f), it is found that the lattice oxygen
and non-lattice oxygen coexist at binding energies of 529.9 eV and
531.2 eV within the ion-implanted crystallized HZO, respectively. Their
energies shift by 0.65eV within the ion-implanted amorphous HZO.
From the area integrations of these peaks, we conclude that the non-
lattice oxygen content in the latter film increases by 16%.

X-ray diffraction

Synchrotron XRD (Supplementary Fig. S2¢c) measurements were per-
formed using a grazing-incidence synchrotron radiation source (~1°) at
a wavelength of 0.6887 A located at the Shanghai Synchrotron Radia-
tion Facility. After integration of the O (111), T (011) and M (111)
reflections using Gaussian function fitting of their three peaks at
20=13.51°, 13.60°, and 13.98°, respectively*®, we calculated their area
ratio of 0.70:0.21:0.09 for the TiN-capped HZO thin films, in line with
the prediction of the principal O phases within both Samples 1 and 2.
However, the partial O phase transformed into T after the removal of
the top TiN capping layer”***°, For understanding of the size-scaling
effect on the dielectric permittivities and phase structures, we per-
formed synchrotron Laue micro-diffractions using an ellipsoidal light
spot in major and minor axes of 5 and 10 um at a wavelength of
0.6209 A, respectively. In consideration of the normally incident light
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spot larger than the fatigued capacitor, the Laue diffraction from the
fatigued area can be obtained in Fig. 2f after the subtraction of the
diffraction contributed by the peripheral virgin area when the fatigued
area was cutoff after the measurement using a FIB technology (Sup-
plementary Fig. S13a-c).

HAADF-STEM characterization

After electrical characterization, cross-sectional TiN/HZO/TiN speci-
mens were prepared for the HAADF-STEM observations using a FIB
technique in the FEI Helios G4 system, including low-pressure polishing
processes that were performed at 5 and 2 keV. The samples were then
treated in a Gatan 691 precision ion polishing system at energies of
1-0.5keV to remove any residual contamination and damage from the
sample surfaces. STEM experiments were then conducted using a
Thermo Fisher Spectra 300 microscope operating at 300 kV with double
spherical-aberration (Cs) correctors. HAADF-STEM images were
acquired using an annular dark-field image detector that had an inner
semi-angle of more than 58 mrad and iDPC images were acquired using a
segmented DF detector that had a semi-angle range of 5-23 mrad. The
probe convergence semi-angle for the microscope was -25 mrad. The O-
phase symmetry seems to be unchanged after fatigue (Figs. 2f and 3f).

Size-scaling effect and dielectric relaxation
The small-signal capacitance and the loss tangent characteristics were
measured using a Precision LCR Meter (Agilent E4980A) operating at
an AC amplitude of 0.05 V (Eosc = 50 kV/cm) within the frequency range
from 100 Hz to 1 MHz without the application of the DC bias; these
characteristics comprised the capacitances measured from the edging
area 4(Iro — ro?) and the central area (I - 2r,)* for a square capacitor, as
illustrated in the inset in Fig. 1a. After solid-line fitting of the C-S plot for
Sample 1in Fig. 1a when the dielectric permittivities of the central area
Eqentrqr = 921 and the edge area &, =24 1321 the penetration length ro
was derived to be 150 nm.

The dielectric relaxation of the defect dipoles within the near-
edge areas can be described using the classical Debye equation given
by ref. 35

EO_goo
1+iwt’

2

fw)=¢g,+

where 7 is relaxation time for the dipoles, and ¢.. and &, are the
dielectric permittivities at the highest and lowest frequencies (w = 21tf),
respectively.

The partial oxidation of the TiN top electrode that occurs during
thermal crystallization of the HZO thin film leads to the presence of an
interfacial layer within the resistance of R;*. After data fitting of the
capacitor charging current transients versus time under different
applied voltages, we estimated that R;=0.85kQ (Supplementary
Fig. Sl1a); alternatively, we estimated that R; = 0.98 kQ from the linear
current-voltage curve after the occurrence of the dielectric break-
down (Supplementary Fig. S11b, c). When considering a Debye-like
capacitor in series with R;, Eq. (2) should be modified to read:

& HiwTE
(1 - w2TR,Cye,) +iwT

&(w)= (T>>R,Co), 3

where Cp=¢,5/d, d is the film thickness, and &, is the vacuum permit-
tivity. Based on the consideration that £ =&~ i¢”, we calculated

_ £0(1-0’TRCoe, ) + 0128,

8/
(1-@?R,Cote,, )’ +a? 12
s _ 0T RiCo+(g9—¢, ) 0T “4)
(I—DZTR[COSw)Z + %72
tané==£

After determining the best solid-line fits for the data in Fig. 1b, c,
we derived 7=7.8-18 pus and R;=0.76 kQ. After the occurrence of the
polarization fatigue shown in Fig. 1e, the Debye relaxation disappears
from Fig. 2a, and a universal law can then be used to describe the
dielectric dispersion in the following form of ref.

&) o« (iw)" 7, )

where 0 <n<1. Based on consideration of R; in series with a universal
capacitor>®, we obtain®

tan6=wr/+ctann7” (6)

with the assumption that n > 1, where 7 = CR;. The solid lines shown in
Fig. 2a, c represent the best fits for the data according to Egs. (5) and
(6), from which we derived n=0.984-0.994 and R;=760-958Q
(Supplementary Fig. S9b).

D-E hysteresis loops

The high-frequency D-E hysteresis loops were transformed from the
measurements of the domain switching current transients versus
time’’. After the application of negative/positive poling voltages to the
top electrode of the HZO capacitor, with the bottom electrode
remaining grounded, the domain switching/nonswitching currents
through an in-series resistor R under applied positive switching vol-
tages were observed using an 8 GHz High Definition Oscilloscope
(WavePro 804HD, LeCroy, USA) with 12-bit voltage resolution.
Through time integration of the current transient, we calculated the
charge density and/or the polarization. Square switching pulses were
supplied using a two-channel Agilent 81110 A pulse generator with
adjustable rise/fall times (2 ns-10 ms). The circuit’s resistor-capacitor
(RC) time constant can be adjusted using an in-series resistance of
R =100 Q-1MQ. For fatigue testing, bipolar square pulses with iden-
tical rise/fall times of 2 ns were supplied by the pulse generator with
voltage/duration characteristics of +4V/500ns at a repetition fre-
quency of 1 MHz.

First-principles calculations

The distributions of the oxygen vacancies over the thicknesses of the
amorphous and crystalline HZO structures after ion implantation were
obtained through an SRIM simulation using the parameters that are
listed in Supplementary Table S1. In general, the light F and O ions that
are present during dry etching using SF¢ and O, gases can collide
effectively with the elements of HZO and create defects (e.g., oxygen,
hafnium, and/or zirconium vacancies) (see Supplementary Fig. Slc)*.
The oxygen moving and ferroelectric displacement barriers for spe-
cific distributions of the oxygen vacancies within the O-phase grains
were calculated from the MEP using the nudged elastic band (NEB)
method™. A series of intermediate states were generated between the
initial and final state structures by linear interpolation, and the MEP
was obtained when the joint action of the potential energy and the
spring force for all intermediate state structures converged. The entire
NEB process relies on the Vienna Ab initio Simulation Package.
Throughout the calculations, the Perdew-Burke-Ernzerhof for Solid
function functional was used, and the energy cutoff was set at 520 eV**.
To ensure computational precision, a 2 x 2 x 2 Monkhorst-Pack k-point
grid was implemented in the calculations.

Data availability

Source data are provided in this paper.

Code availability
Supplementary code is provided with this paper.
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