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Hafnia-based ferroelectrics have emerged as promising materials for next-generation nanoelectronics owing to
their robust nanoscale properties and compatibility with metal-oxide-semiconductor technology. However, their
metastable nature remains a key challenge for practical implementation. Utilizing scanning transmission electron
microscopy, we investigated the atomic-scale mechanisms governing ferroelectric transitions and the metastability
of polar phases in 10-nm-thick Hfy 5Zr9 502 thin films. Our results demonstrate that oxygen vacancies, coupled
with rhombohedral distortions of the cation lattice, facilitate ferroelectric phase transitions and enable robust
polar switching through adaptive processes, including cell-by-cell oxygen displacement and domain-wall-mediated
nucleation and growth. These findings underscore the pivotal role of oxygen vacancies and lattice distortions in
stabilizing polar phases and provide detailed insights into the atomic structures and transition dynamics of
polymorphic Hfy 5Zro.502—4, thereby advancing its potential for practical device applications.

DOI: 10.1088,/0256-307X/43/3/030702

Hafnia-based ferroelectric thin films have attracted sig-
nificant research interest since the discovery of their uncon-
ventional ferroelectricity in 2011.1" Unlike conventional
perovskite ferroelectrics, [2-5] these materials exhibit ro-
bust ferroelectricity at the nanoscale and are compatible
with complementary metal-oxide—semiconductor (CMOS)
compatibility, making them promising candidates for next-
generation low-power nonvolatile memories.®” Despite
extensive investigation, several fundamental questions re-
main unresolved, including the origin of ferroelectricity,
phase transition mechanisms, ferroelectric fatigue, and
These chal-
lenges largely stem from the polymorphic nature of the

fluorite-like material class. The thermodynamically stable

the factors governing device performance.

phase of hafnium oxide (HfO2) is the monoclinic phase
(M phase, P21/c),
its polymorphs, the metastable orthorhombic (O phase,
Pca2,) and the rhombohedral phase (R phase, R3m) are

which is non-ferroelectric. ~Among

TThese authors contributed equally to this work.

CSTR: 32039.14.0256-307X.43.3.030702

widely regarded as the primary sources of ferroelectric-
ity in HfO3-based thin films.!® ' The kinetic stability of
these phases remains under active debate, governed by
a complex interplay of extrinsic factors such as doping,
strain, electrode interfaces, and oxygen vacancies. 127171
Phase transitions between polar and non-polar structures
play a critical role in ferroelectric activation and degrada-
tion; however, thermodynamic constraints impede the sta-
bilization of metastable polar phases.**72°! Consequently,
the metastability of these polar phases, their ferroelectric
switching behavior, and the underlying transition mecha-
nisms remain elusive.

The polymorphic nature and nanoscale dimensions
of hafnium-based ferroelectrics complicate high-precision
structural analysis using conventional crystallographic
characterization methods, such as X-ray diffraction and
neutron scattering, which are typically optimized for bulk
crystals.[21’22] Although scanning transmission electron
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microscopy (STEM) with high-angle annular dark-field
(HAADF) imaging enables atomic-level identification of
cation arrangements in oxides,[n] it provides limited in-
formation on oxygen positions owing to their lower scat-
tering cross-section. Nevertheless, accurate determination
of atomic positions in this complex binary system is crucial
for understanding its unconventional polarization proper-
ties and associated phase transitions. ?* To overcome this
challenge and achieve deeper insight into the lattice dy-
namics of hafnia-based ferroelectrics, we employed the re-
cently developed differentiated differential phase contrast
(dDPC)-STEM technique, which enables simultaneous vi-
sualization of both light and heavy elements at atomic
resolution. 242 Compared with other light-element imag-
ing methods, 2 {DPC-STEM has demonstrated supe-
rior precision in determining atomic positions. [33]

In this study, we investigate the polymorphic behav-
ior and transition dynamics of 10-nm-thick Hfy 5Zro.502
(HZO) thin films, with particular emphasis on the
metastable T- and O-phases and their stability relative
to the thermodynamically stable M-phase. By employing
dDPC-STEM imaging to determine the full atomic struc-
ture of the HZO thin films, we reveal a critical interplay
between oxygen vacancy concentration and rhombohedral
distortion of the cation lattice in the metastable phases.
Specifically, T and O lattices containing oxygen vacancy
concentrations of up to 4.7% exhibit rhombohedral distor-
tion angles approaching 5°. In situ observations indicate
that oxygen vacancies do not affect the polarization ac-
tivation process during the transition from the nonpolar
T-phase to the polar O-phase. However, they significantly
enhance the stability of the distorted O phase while im-
peding the transition to the nonpolar M phase during fer-
roelectric switching.

We directly visualized the successive martensitic phase
transitions from the T phase to the O phase and from
the O phase to the M phase at atomic resolution in fully
oxygen-stoichiometric HZO. In striking contrast, oxygen-
deficient HZO exhibits a robust ferroelectric switching
state characterized by adaptive mechanisms that integrate
cell-by-cell oxygen displacement during the antiferroelec-
tric transition with domain-wall-mediated nucleation and
growth during polarization flipping in lattice-distorted O
phases. This state appears kinetically trapped within
oxygen-deficient regions. Supported by the density func-
tional theory (DFT) calculations, charged oxygen vacan-
cies are shown to stabilize the O phase. Our findings
elucidate the atomic structure and dynamic evolution of
polar HZO phases and their associated transitions, pro-
viding clear evidence for the coupled roles of oxygen va-
cancies and cationic lattice deformation in stabilizing the
ferroelectric phase of hafnia-based films. These insights
advance the fundamental understanding and technological
development of hafnia-based ferroelectric devices.

Atomic Structure of Rhombohedrally Distorted Orthor-
hombic-HZO. Freestanding HZO thin films with a thick-
ness of approximately 10 nm were synthesized using pulsed
laser deposition, B4 followed by exfoliation and trans-
fer onto a transmission electron microscopy (TEM) grid

for plan-view imaging (Fig.S1 in Supplementary Materi-
als). Energy-dispersive X-ray (EDX) mapping of the free-
standing HZO samples demonstrates a uniform distribu-
tion of Hf and Zr, without detectable elemental segre-
gation (Fig.S2). STEM imaging revealed that the syn-
thesized HZO films consist of polycrystalline polymorphic
nanograins, predominantly in the polar O-phase, consis-
tent with previously reported HZO thin films. *° As il-
lustrated in Fig.1(a), oxygen ions in O-phase HZO can
be categorized into two types according to their displace-
ments from the centers of the nearest Hf/Zr ion positions:
threefold-coordinated off-center Ol-type ions and fourfold-
coordinated center-positioned OII-type ions. The polariza-
tion in HZO primarily arises from off-center displacements
of 58 pm along the [001] crystallographic direction of the
Ol-type oxygen atoms, forming ferroelectric layers with a
polarization vector of approximately 36 uC/ cm?, separated
by non-polar OIl-type layers within the O-phase HZO.
To examine the atomic structure and ferroelectric be-
havior of individual nanograins in HZO thin films, we em-
ployed aberration-corrected STEM equipped with HAADF
imaging, segmented detectors for DPC imaging, and elec-
tron energy-loss spectroscopy (EELS). Atomic-resolution
HAADF and dDPC images were obtained simultaneously,
as schematically illustrated in Fig.1(b).
graphs reveal nanograins exhibiting lattice deviations from
the ideal O-phase structure, where the vertical Hf/Zr lat-
tice axis angle («) tilts from the 90° characteristic of the
O-phase to a minimum of 85.5°, indicating a rhombohe-
dral distortion (denoted O4). This distortion is further il-
lustrated in the lattice mapping shown in Fig. 1(c), where
an angle map overlaid on the HAADF image highlights
the spatial distribution of lattice deformation within O-
phase nanograins of the HZO thin film. Additionally, the
HZO films display polymorphic nanograins, comprising
a small fraction of monoclinic (M-[111]), predominantly
orthorhombic (O-[111], O-[001]), and minor amounts of
tetragonal (T-[111], T-[100]) phases (see also Fig. S3).
The atomic structure of polar HZO deviating from the
O-phase has previously been reported in epitaxially grown
HZO as either the R phase*°l or the oIV (Pmn2;) phase
with a lattice angle o = 84°,17 as well as a polar mon-
oclinic phase with an angle 8 ~ 100°,%! configurations

These micro-

commonly attributed to epitaxial shear strain. In con-
trast, our investigation of 10-nm-thick HZO thin films re-
veals that intrinsic lattice deformation varies locally across
nanograins, thereby ruling out a uniform residual epitax-
ial strain effect originating from the exfoliated substrate.
Furthermore, EELS analysis of the Oq phases, as shown
in Fig.1(d), suggests that the observed lattice deforma-
tion correlates with the presence of oxygen vacancies. The
O K-edge energy-loss near-edge structure (ELNES) ex-
hibits a characteristic double-peak profile, with peak A
(~534€eV) and peak B (~537¢€V) attributed to hybridiza-
tion between the O 2p orbital and the Hf (or Zr) d-eg
and d-t2, orbitals, respectively. [39:40] previous studies have
shown that the sharpness and relative intensity of peak A
compared with peak B, as well as the energy position of
peak B, vary with oxygen vacancy concentration in HZO
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Fig. 1. Rhombohedrally distorted-orthorhombic Hfg 5Zrp.502—5 (0 < 2 < 0.094) in 10-nm thick films. (a) Atomic structure
model of the orthorhombic Hfp.5Zrg.502 (HZO) unit cell; gray spheres represent Hf/Zr cations, blue spheres denote oxygen
in unpolarized layers, and cyan spheres indicate oxygen atoms in polar layers. Off-center oxygen displacement (D) generates
polarization within the unit cell. (b) Schematic illustration of the differential phase-contrast (DPC)-STEM configuration for
real-space, atomic-resolution imaging of HZO thin films. (c) HAADF overview image of a freestanding HZO film displaying
lattice distortion, with the lattice angle o mapped across individual nanograins. (d) O K-edge EELS spectra acquired from
the distorted orthorhombic regions, indicating a reduced A/B peak intensity ratio and energy shifts in highly distorted
nanograins. (e¢) dDPC images of distorted orthorhombic structures along the [001], direction, with oxygen vacancy sites

highlighted by dashed circles. Scale bar: 1 nm.

films.#!l In the highly distorted Oq HZO, peak A is sup-
pressed while peak B shifts toward lower energy, indicating
an increased concentration of oxygen vacancies.
Simultaneous dDPC imaging further corroborates the
presence of oxygen vacancies and identifies their precise
locations within individual Ogq nanograins. Figure 1(e)
shows representative dDPC images of O-phase grains ori-
ented along the [100] crystallographic axis, revealing vari-
ations in both oxygen vacancy concentrations and lat-
tice deformation angle.
marked and highlighted in the corresponding images.
High-magnification dDPC micrographs and corresponding
atomic structure models, shown in Fig.S4, respectively,
clearly resolve all atomic columns, including those associ-
ated with oxygen vacancies. Notably, an increase in Hf/Zr
lattice distortion is accompanied by a higher density of

Oxygen vacancy sites (Vo) are

oxygen vacancies, suggesting a strong correlation between
the two. Intriguingly, the oxygen sublattice retains or-
thorhombic characteristics, alternating between non-polar
and polar layers, with oxygen vacancies predominantly lo-
cated within the asymmetric polar layers (OI-type) of Og-
HZO (see also Fig.S5). This observation indicates a sig-
nificant structural distinction between the Og4-phase and
the previously reported R-phase of HZO.

Polarization Activation During the T-to-O Transition.
Similar lattice deformations were also observed in the T-
phases (Fig.S6a). Unlike the O phases, in which oxy-
gen columns exhibit distinct crystallographic environments
with alternating polar and non-polar layers, the T phase
features isotropically coordinated oxygen atoms. As shown
in Fig. 2(a), the lattice parameters of the ideal T-phase are
consistent with previous reports. (2] In both the pristine T

structure and the rhombohedrally distorted T' (Tq4) struc-
ture, all oxygen columns remain approximately centered
within the surrounding Hf/Zr columns. This configuration
implies negligible polarization, in contrast to the ferroelec-
tric behavior typically associated with HZO. To examine
the metastability of T-phase nanograins and their contri-
bution to the ferroelectric properties of HZO films, we em-
ployed electron-beam illumination in STEM mode. [26:43:44]
The electron-beam-induced charging effect generates lo-
calized electric fields,*®! which can trigger phase transi-
tions or polarization switching in dielectric materials, [46]
while thermal effect and knock-on damage can be ignored
(Methods).

HAADF images in Fig. S6b initially show (001)-orien-
ted T-phase HZO nanograins exhibiting varying degrees
of rhombohedral distortion within the projected rectan-
gle lattice. The corresponding high-magnification dDPC
images in Fig.2(b) reveal the atomic structure of these
T-phase grains, in which crystallographically equivalent
oxygen columns remain centered within the surrounding
cations, consistent with their non-polar character. After
several minutes of electron-beam illumination, the (001)-
oriented T-phase grains transform into [100]-oriented O-
phase nanograins, a process occurring beyond the tem-
poral resolution of the present experiment. The result-
ing O-phase nanograins display a single ferroelectric do-
main with a polarization vector aligned along the [001],
crystallographic direction, as confirmed by the atomic-
resolution micrographs in Fig. 2(b). This observation sug-
gests a feasible polarization “wake-up” process in the T
phase under applied electrical fields, consistent with pre-

vious studies. [*247]
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Fig. 2. Polarization wake-up in tetragonal (T) and rhombohedrally distorted tetragonal (Tq) HZO. (a) Atomic struc-
ture model and high-magnification dDPC images of pristine T-phase HZO nanograins viewed along the [001] zone axis,
highlighting the non-ferroelectric tetragonal structure. Scale bar: 0.5 nm. (b) Atomic structural model and correspond-
ing magnified dDPC images of the same domains after prolonged electron-beam exposure, showing polarization aligned
along the [001] crystallographic direction and indicating oxygen vacancy sites within the distorted nanograins. Scale

bar: 0.5 nm.

During this transition, the oxygen columns differenti-
ate into two distinct types, while the Hf/Zr planes undergo
slight shifts to accommodate expanded spacing within the
polarized layers and decreased spacing within the non-
polar layers. This configuration produces a striped lat-
tice pattern aligned along the [001] polarization direc-
tion, as evidenced by integrated differential phase-contrast
(IDPC) micrograph comparisons between the initial and
final states (Fig.S7).
vation occurs in both [001]- and [111]-oriented T-phase
nanograins, each undergoing a martensitic displacive phase
transition into the polar O structure (Fig. S8). Serial TEM
imaging, which offers a higher frame rate than STEM, fur-
ther confirms that the wake-up process is rapid, occur-
ring on the microsecond timescale and lacking reaction-

Notably, this ferroelectric acti-

front boundaries, thereby supporting a displacive transi-
tion mechanism (Fig. S9).

Oxygen vacancies, though undetectable in the initial
T-phase structures, become apparent within the polar lay-
ers of the resulting [100]-oriented Og4 phases. The ini-
tial rhombohedral distortion angles observed in Tg-phase
nanograins persist and now exhibit a clear dependence on
oxygen vacancy concentration, consistent with the behav-
ior of pristine oxygen-deficient Oq phases. In contrast,
O-phase structures transformed from undistorted T-phase
grains display an ideal lattice devoid of detectable oxygen
vacancies. This strong correlation between oxygen vacan-
cies and rhombohedral deformation of the cation lattice in
both T- and O-phase structures rules out the possibility
of extrinsic vacancy formation induced by electron-beam
radiolysis and instead highlights the remarkable lattice
adaptability of this binary system in governing its com-
plex polymorphism. Furthermore, the uniform lattice dis-
tortion may be associated with a homogeneous distribution
of Jahn—Teller centers arising from uniform Zr** doping in
conjunction with oxygen vacancies. This interaction splits
the degenerate d orbitals, [4%4° thereby lowering lattice
symmetry and reducing the system energy.

The lattice transitions from stoichiometric T-phase

and off-stoichiometric Tq4-phase into the polar O- or Og4-
phase proceed via a martensitic displacive mechanism.
These observations reveal the metastable relationship be-
tween the T and O phases, largely independent of oxygen
vacancy presence, and emphasize the necessity of a “wake-
up” process to attain a polar state in T-phase HZO.
Polarization Switching in the O and Oaq Phase HZO.
The O-phases in HZO thin films, whether pristine or form-
ed via spontaneous transition from the T-to-O phase, ex-
hibit instantaneous polarization switching under electron-
beam illumination and the associated electric field. This
behavior is captured in atomic-resolution in-situ dDPC
micrographs (Fig.3). Polarization switching induced by
the transmitted electron beam can be categorized into
three categories based on the initial state of the O-phase
nanograins (Fig. S10): (i) a transition from a ferroelectric
state to an incomplete antiferroelectric state in fully sto-
ichiometric O-phase HZO observed along the [100] crys-
tallographic direction [Fig.3(a)]; (ii) a transition from
a ferroelectric to a fully antiferroelectric state in oxy-
gen off-stoichiometric Og4-phase viewed along the [100] di-
rection [Fig.3(b)]; and (iii) a 90° domain reorientation
from in-plane to out-of-plane polarization in nanograins
containing both out-of-plane polarized, off-stoichiometric
[001]-oriented O4 domains and in-plane-polarized, oxygen-
deficient [100]-oriented Oq domains [Figs. 3(c)-3(e)].
Given that the electric field associated with the illumi-
nating electron beam is oriented out-of-plane, the in-plane
polarization is expected to diminish in favor of out-of-plane
polarization, consistent with our observations. In situ re-
sults [Figs.3(a) and 3(b)] indicate that this reduction in
in-plane polarization primarily proceeds through the cell-
by-cell emergence of anti-ferroelectric ordering. Initially,
the [100]-oriented O-phases exhibit uniform polarization
along the [001] direction, with threefold-coordinated OI-
type oxygen atoms displaced from the cation center along
[001]. Subsequently, in alternating unit cells, these OI-
type oxygen atoms shift to a non-centrosymmetric posi-
tion, symmetrically opposite to the initial site, thereby
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Fig. 3. Polarization switching in O and O4 HZO. (a) dDPC
images comparing the pristine and final states of the same
[100] zone axis-oriented O-phase HZO region under electron-
beam illumination, illustrating polarization switching within
two unit cells via oxygen displacement. Arrows indicate
the polarization direction of individual cells. (b) dDPC im-
ages comparing the pristine and final states of [100] zone-
axis-oriented distorted O4-phase HZO under the transmit-
ted electric field, revealing polarization switching in half cells
via oxygen displacement, characteristic of an antiferroelec-
tric configuration. Arrows denote polarization directions.
(¢)—(e) dDPC images comparing the pristine and final states
of an Oq HZO containing a 90° domain wall between [001]-
and [100]-oriented domains. The in-plane polarized [100]
domain recedes plane by plane, while the out-of-plane polar-
ized [001] domain expands with the advancing domain wall,
ultimately forming a single out-of-plane polarized domain
aligned with the electric field. Domain walls are marked by
dashed lines.

triggering polarization flipping. This process generates an
alternating up—down polarization pattern across portions
of the O-phase lattice [Fig.3(a)] and throughout the en-
tire Og-phase lattice [Fig.3(b)], characteristic of an anti-
ferroelectric state. Such an oxygen-shift-driven displacive
transition is consistent with prior theoretical findings of
scale-free, cell-by-cell polarization flipping. (]

Intriguingly, in nanograin containing a 90° domain
wall between [001]-oriented and [100]-oriented Oq phases,
the reduction of in-plane polarization within the [100]-
oriented Og4q domain exhibits a distinct behavior. The OI-
type oxygen atoms within the ferroelectric layers [Fig. 3(c)]
progressively adopt in-plane non-polar configurations as
the domain boundary advances during the growth of the
[001]-oriented Oq domain [Fig.3(d)]. This process ulti-
mately facilitates a transition to out-of-plane polarization
[Fig. 3(e)], revealing a domain-wall-mediated nucleation-
and-growth switching mechanism akin to the nucleation-
limited switching behavior reported in Y-doped HfO2 thin

films. [17-50]

The transition from ferroelectric to antiferroelectric or-
dering involves only a cell-by-cell shift of Ol-type oxygen
atoms within the Hf/Zr lattice, whereas 90° domain flip-
ping requires nucleation followed by growth through pro-
This dependence on the
initial structural state, together with the coexistence of

gressive lattice rearrangement.

two distinct switching pathways, highlights the versatile
lattice dynamics of Hfy 5Zrp.502_, in enabling robust fer-
roelectric behavior. Notably, the Oq-phase exhibits signif-
icantly higher switching efficiency than the ideal O-phase
lattice, suggesting fundamentally different lattice dynam-
ics during polarization switching.

Lattice Dynamics Competitions in O-phase HZO. Fur-
ther observations of polarization switching processes in-
dicate that oxygen vacancies, coupled with cation-lattice
deformation, stabilize the polar O4 state and elevate the
kinetic energy barrier against the thermodynamically fa-
vored transition to the monoclinic phase. This effect is
evidenced by the partial conversion of stoichiometric O-
phase HZO into the M-phase, a transformation that is ab-
sent in Og-phases. As shown in Fig. 4, under comparable
electron-beam illumination conditions, the [100]-oriented
O phase [Fig. 4(a)] does not exhibit oxygen shifting asso-
ciated with polarization switching; instead, it undergoes
layer-by-layer gliding of Hf/Zr planes along the polariza-
tion direction [Figs.4(b)—4(e)]. This process induces a
partial transformation from [100]-oriented O-phase (010)
planes to [010]-oriented M-phase (100) planes, resulting
in a non-polar M-phase structure. Detailed analysis of
the dynamic evolution shows that the O-M phase transi-
tion proceeds through the propagation of a coherent O/M
boundary (Figs.S11 and S12). These observations high-
light a detrimental competitive interplay between polar-to-
non-polar structural transformation and oxygen-sublattice
switching in stoichiometric O-phase HZO, which may con-
tribute to ferroelectric fatigue during device operation.
Furthermore, the metastable nature of the stoichiomet-
ric O-phase relative to the M-phase is confirmed by the
absence of any reverse M-phase transition throughout the
experiment.

In stark contrast, the oxygen-deficient Og-phase
strongly favors polar switching over transition into the
thermodynamically stable, non-ferroelectric M phase.
The kinetically stabilized ferroelectric lattice of off-
stoichiometric Op-phases HZO highlights the advantages
of its low-symmetry, distorted structure, which resists the
symmetry-driven transition from the high-symmetry O-
phase to the low-symmetry M-phase observed in stoichio-
metric O-phases.
sistence of ferroelectricity in HZO at reduced dimensions,

This resistance may explain the per-

overcoming the surface-energy-driven size limitations com-
monly observed in conventional perovskite ferroelectrics,
where small-scale systems tend to favor the high-symmetry
paraelectric (cubic) phase over the low-symmetry ferro-
electric phase (tetragonal). 11 The robust polar switching
and efficient polarization activation observed in nanoscale,
oxygen-off-stoichiometric, fluorite-structured binary ox-
ides provide valuable insights for enhancing the perfor-
mance and reliability of HZO-based devices.
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Fig. 4. Competing lattice dynamics in O-phase HZO. (a)—(c) IDPC images of an O-[100]-oriented nanograin, showing lattice
defect formation near the edge under electron-beam illumination. (d)—(f) IDPC images of the final state corresponding to
the region in (a), revealing the emergence of a monoclinic structure at the edge through sliding of Hf/Zr planes, indicative
of polarization fatigue. (g) Minimum-energy pathway for the structural phase transition from the nonpolar monoclinic (M)
phase to the polar orthorhombic (PO) phase. Insets display atomic configurations along the minimum-energy pathway,
where the yellow, red, and blue spheres represent Hf, O, and oxygen vacancy (Vg), respectively.

To clarify the role of oxygen vacancies in phase tran-
sition, we performed DFT calculations (Methods). The
effect of oxygen vacancies was examined by modeling a sin-
gle vacancy within a 2 x 2 x 1 supercell, corresponding to
a vacancy concentration of 3.125% [Fig. 4(g)]. While neu-
tral oxygen vacancies exert only a minor influence on the
phase transition energy barriers, charged oxygen vacancies
markedly reduce the energy barrier for the M—PO phase
transition, decreasing it from 0.20 to 0.03 eV /f.u, in agree-
ment with previous reports. [42] Furthermore, the O phase
containing charged oxygen vacancies becomes more sta-
ble compared to the non-ferroelectric M phase, consistent
with our experimental observations. These results indicate
that charged oxygen vacancies play a critical role in stabi-
lizing the polar O phase. It should also be noted that the
relative stability of various phases in HZO is effectively
modulated by mechanical strain. 2] Tn our experiments,
freestanding films exhibit a greater tendency toward phase
transitions compared with electrode-clamped films, as me-
chanical constraint from electrode structures can elevate
the energy barrier for transformation from the Og-phase
to the monoclinic (M) phase, thereby enhancing its stabil-
ity. Further studies, particularly involving in situ biasing
experiments within well-defined constrained heterostruc-
tures, are essential to elucidate these effects and represent
a promising direction for future research.

Compelling evidence thus supports the role of oxygen
vacancies in enhancing ferroelectricity in HfO2-based thin
films. Atomic-scale mapping of polymorphic transition
pathways demonstrates that oxygen vacancies, in conjunc-
tion with lattice distortions, kinetically constrain cationic
lattice dynamics and stabilize polar HZO, consistent with
the DFT results. These findings provide a foundation for
the rational structural design and optimization of HZO-
based ferroelectric devices.
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