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A stable monoclinic variant and resultant
robust ferroelectricity in single-crystalline
hafnia-based films

Wan-Rong Geng1,8, Yu-Jia Wang 2,8, Yin-Lian Zhu 1,3, Sirui Zhang4, Huiqin Ma5,
Yun-Long Tang 2, Shi Tuo 5 & Xiu-Liang Ma 1,6,7

The ferroelectricity in nanoscale HfO2-based films enables their applications
more promising than that of the perovskite oxides, taking into account the
easy compatibility with the modern silicon-based semiconductor technology.
However, the well-known polar orthorhombic phase is thermodynamically
metastable, making the applications of HfO2-based ferroelectrics challenging
in terms of uncontrollability and consequently instability of the physical per-
formance in electronic devices. Here we report the robust ferroelectricity in
stable monoclinic Hf0.5Zr0.5O2 single-crystalline films, which was known as
non-polar before. The as-prepared films display high endurance performance
ofwake-up free and non-fatigue behavior up to 1012 cycles.Multimode imaging
under aberration-corrected scanning transmission electron microscopy
reveals that such an unexpected ferroelectric behavior is resultant from an
antiphase boundaries-derived monoclinic polar variant (space group, Pc)
intergrown with the nonpolar monoclinic phase (P21/c). The switching barrier
for the stable polar variant is only 20~50% of that for the metastable orthor-
hombic phase according to the calculation by the nudged elastic band
method. These findings provide a practical approach for designing robust
ferroelectricity in hafnia-based materials and would be helpful for the devel-
opment of lower energy-cost and long-life memory devices compatible with
integrated circuit technology.

Ferroelectric materials have a wide range of applications in next-
generation switching, logical, and memory devices. However, the
widely-studied perovskite-type ferroelectrics are getting limited in
practical applications owing to the scaling effects1 and a low compat-
ibility with the existing Si technology2. The emergent ferroelectricity in
doped HfO2 films3 has broken the traditional paradigm and inspired a
renewed interest in ferroelectric devices due to the wealth of advan-
tages, including the simple binary structure, robust nanoscale

ferroelectricity4, high compatibility with the metal-oxide semi-
conductor (CMOS) technology5,6 and desirable physical
properties4,5,7–10.

Nevertheless, HfO2-based ferroelectric films are usually in the
form of polycrystalline and multiphase structures11,12. Despite the
prevalent polar orthorhombic phase13 and a complementary rhom-
bohedral ferroelectric phase14 in polycrystalline films, the polymorphic
nature of HfO2 definitely blur the crucial structural origins of the
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ferroelectricity and the mechanism of polarization switching. Great
efforts have been made to fabricate high-quality, epitaxial, single-
crystalline films15–18, stabilize the polar phases19,20, and improve the
ferroelectricity4,21, however, these efforts are still challenging at the
present stage. These challenges are because of the fact that the
orthorhombic phase (space group, Pca21), which is known to result in
the ferroelectricity, is thermodynamically metastable4,7,22,23. So far,
various strategies, such as volumetric confinement7,9, dopant
concentration24,25, strain26, defect concentration21,27, and surface elec-
trochemical state20, have been adopted to try stabilizing the polar
phase in HfO2-based films. Especially, the constructed nanocrystal
grains, whether in ultrathin films or in superlattices, characterized by
the high surface-to-volume ratio in these forms, are widely accepted to
stabilize the polar orthorhombic phase, based on the fact of its lower
surface energy than that of the monoclinic phase28,29. However, the
metastable nature of the orthorhombic ferroelectric phase and the
inevitable existence of the nonpolar monoclinic phase12 heavily inhibit
the development of HfO2-based films with facile controllability and
endurance performance, thereby hindering the applications at the
state-of-the-art technology node30.

Herein, we find robust ferroelectricity in stable monoclinic
Hf0.5Zr0.5O2 (HZO) single-crystalline films, which feature wake-up free
and high cycles of non-fatigue property. Such an unexpected ferro-
electric behavior is clarified to result from a polar variant intergrown
with thenonpolarmonoclinic phase. Atomic imaging togetherwith the
first-principles calculations indicate that the ferroelectric variant ori-
ginates a polar state at the antiphase boundaries (APBs), which feature
a translation vector of half of the diagonal along [101] direction of the
nonpolar monoclinic phase in the HZO films. The constraint of the
lattice distortion at the APBs makes the symmetry breaking from the
centrosymmetric to the polar variant. More importantly, repeated
antiphase boundaries at the unit-cell level in the non-polar monoclinic
phase are found to result in the formation of a stable polar phase in the

single-crystalline films with much lower switching barrier (0.102 eV/
u.c.), and consequently makes the as-received film display higher
endurance behavior compared with that of the metastable orthor-
hombic phase.

Results
A series of HZO films with the thickness of 10 nm, 15 nm, and 65 nm,
respectively, were deposited on a (001)-oriented Y2O3:ZrO2 (YSZ)
substrate using the pulsed laser deposition (PLD) method. In these
HZO films, the stoichiometric ratio of Hf and Zr is calculated as about
1:1 based on the atomic-resolved EDS elemental maps (Supplementary
Fig. 1), which is consistent with the Hf05Zr0.5O2 target used. All the as-
grown films are single-crystallized, as seen in the spectrum of a
representative XRD θ−2θ scan of the 65 nm HZO film (Fig. 1a and
Supplementary Fig. 2). Only (001) reflection of the monoclinic phase
(m-HZO) at ~17° is identified together with the (001) reflection of the
YSZ substrate (Fig. 1a), no reflection of other phases being observed
(Supplementary Fig. 2). The clear Laue oscillations near the m-HZO
(001) diffraction peak suggest a high quality of the crystallization and a
smooth interface between the YSZ substrate and the HZO film. The
crystallinity of the film is further confirmed according to the XRD
rocking curves, which measure the lateral coherence length and the
crystallite tilt. As shown in Fig. 1b, the rocking curve is dominated by a
sharp peak with the full width at half maximum (FWHM) of 0.013°,
indicating the high crystallinity. In the symmetric (001) reciprocal
space map (RSM) shown in Fig. 1c, the two reflections of the YSZ
substrate and the HZO film have the same in-plane component (Qx)
which indicates that the single crystal HZO film is coherently strained
and its in-plane lattice parameter matches with that of the YSZ sub-
strate. The broadening of them-HZO (001) peakmight result from the
thickness effect, the crystal lattice distortion or even the variation in
crystallite domain sizes31. The surface topography of the HZO film is
further characterized by the atomic force microscopy (AFM), and the

Fig. 1 | Single-crystal of the monoclinic phase in HZO film grown on YSZ (001)
substrate. aXRD θ−2θ scan of a 65 nmHZO filmwith themonoclinic (m) structure.
bRocking curve of them-HZO (001) peak showing the high crystallinity of the film.
c RSM analysis, indicating the coherence of the HZO film on the YSZ substrate and

its in-plane lattice parameter of the filmmatches with that of the substrate. d AFM
image showing the surface topography of theHZOfilmwith the average roughness
of 762 pm. e A cross-sectional BF TEM image of the HZO film. f, g SAED patterns of
the HZO film along [100] and [010] zone axis, respectively.
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average roughness (Ra) is 762 pm for the region shown in Fig. 1d. The
filmswith thicknessof 10 nmand 15 nmare also single-crystallizedwith
the monoclinic structure (Supplementary Fig. 3 and Supplementary
Fig. 4, 5). The largest FWMH for the 15 nm HZO film attributes to the
defect clusters in this film (Supplementary Fig. 6), which could be
induced by the accidental fluctuations in laser power during the film
deposition. To directly visualize the epitaxial system in real space,
cross-sections of the HZO/YSZ (001) sample with a film thickness of
65 nm are prepared for transmission electron microscopic (TEM)
observations. The diffraction contrast in the HZO film is comparable
with that of the YSZ substrate, as seen in the bright field (BF) TEM
image (Fig. 1e),which indicates that the orientationof the film crystal is
basically the same as that of the substrate. The high-quality epitaxial
growth is further supported by the elemental mapping, shown in
Supplementary Fig. 7, where all the elements are distributed in a
homogeneous manner. Selected area electron diffraction (SAED) pat-
terns along [100] and [010] zone axis, respectively, are obtained in the
cross-sectional specimens which are prepared in two perpendicular
directions. A primitive monoclinic lattice with β ≈ 100° can be derived
according to the SAEDs. In addition, in the [010] electron diffraction
pattern (EDP), the h00 reflections with h = odd are extinctions, which
indicates the presence of c glide on the (010) plane and therefore a
space group of P21/c with the lattice parameter of a = 5.1 Å, b = 5.2 Å,
c = 5.3 Å, β = 99°. As a result, the single-crystalline HZO films with the
structure being monoclinic phase are epitaxially grown using the PLD
method, which is different from the polar orthorhombic HZO films
fabricated by atomic layer deposition32.

It is known that the stable monoclinic phase with space group of
P21/c is nonpolar in HfO2-based materials. However, it is of great
interest to find that the above monoclinic HZO single-crystalline film
displays an unexpected robust ferroelectric property. The vertical and
lateral PFM images in Supplementary Figs. 8, 9 suggest the robust out-
of-plane polarization component and a weak in-plane polarization
component. As shown in Fig. 2a, b, the local PFM amplitude and phase

hysteresis loops acquired using piezoresponse force microscopy
(PFM) suggest the ferroelectric switching behavior. The local ampli-
tude hysteresis loop in Fig. 2a shows a characteristic butterfly loop.
Also, the 180° phase change is reflected in the local phase hysteresis
loop under external electric field (Fig. 2b). Besides, the HZO film dis-
plays the high enduranceperformanceofwake-up free and shows non-
fatigue up to 1012 cycles at the test condition of 10 V and 10MHz
(Fig. 2c) using in-plane interdigitated Ti/Au (10 nm/100nm) electrodes
(Supplementary Fig. 10), which is much more remarkable (Fig. 2d)
compared with those reported in the literature14,33–41. The asymmetric
enduranceproperty in Fig. 2c is expected to be due to the non-uniform
electric field and strain distribution at the inter-digitized electrodes
and the structural clamping in theHZOfilms. The ferroelectricity of the
HZO film is further qualitatively confirmed by the polarization-electric
field curves, endurance tests at varying electric voltages and varying
frequencies (Supplementary Figs. 11–16) and the polarization current
responses (Supplementary Fig. 17), despite the faint polarization
switching current signals. It is noted that the constant polarization
values in endurance tests at varying frequencies (Supplementary
Figs. 14–16) attribute to the fixed reading frequency of 5 kHz. Despite
this, it is seen that the present HZO film with the stable polar mono-
clinic phase displays the highest endurance behavior in the form of
single-crystalline film fabricated by PLD method, compared with the
prevalent polycrystal HfO2-based films.

To illuminate the structure origin of the macroscopical ferroe-
lectricity, extensive investigation on the detailed microstructures in
the HZO films is further performed, benefiting from the single crystal
epitaxially grown on a YSZ substrate. In addition to the cross-sectional
TEM observation as that in Fig. 1e–g, planar-view imaging is also per-
formed, as exampled in the dark-field TEM image and low-
magnification HAADF-STEM image in Fig. 3a. It is of interest to find
that the HZO film features high-density domain boundaries with the
line-shaped contrasts approximately perpendicular to the [010] and
[100] directions. The growth of the HZO film is likely in the columnar

Fig. 2 | Ferroelectric property of the monoclinic HZO single-crystalline film
with high endurance. a, b Local PFM amplitude and phase hysteresis loops. The
intergrowth of the polar variantwith the non-polarmonoclinicmatrixmakes the as-
grownfilmsdisplays local ferroelectric switchingbehavior.c Enduranceproperty of

the polar phase, displaying the non-fatigue feature up to 1012
field cycles at 10 V and

10MHz. d The endurance performance of the present monoclinic HZO single-
crystalline film, comparing to other reported HfO2-based ferroelectric films with
polycrystalline structure14,32–40.
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manner (inset in Fig. 3a), and the high-density domain boundaries in
the single-crystalline HZO films might be derived from the column
coalescence during the film growth42–44. The monoclinic lattice of the
films is further supported by [001] EDP (Fig. 3b) acquired by slightly
tilting the film normal. In order to figure out the lattice distortions
particularly at the domain boundary, multimode imaging techniques
which include integrated differential phase contrast (iDPC)-STEM and
differential phase contrast (DPC)-STEM are alternatively applied
together with the high angle angular dark-field (HAADF)-STEM to dis-
play all the elements at the atomic scale. The contrast in the iDPC-
STEM image is approximately linear to the atomic number, which is
helpful for simultaneously imaging heavy and light elements. Besides,
theDPC-STEM technique could directly provide the electric field at the
atomic scale45,46. Accordingly, the projections of Hf/Zr and O atomic
columns along [001] direction of the monoclinic phase are clearly
imaged at the atomic scale (Fig. 3c), and alternatively, atomic-resolved
Hf/Zr arrays are visualized in the HAADF image and compositionmaps
with single element (Fig. 3d–f). Although the domain boundaries in the
monoclinic HZO phase are hard to be discernible in the HAADF-STEM
image (Fig. 3g), they emphasize themselves as the antiphase domain
boundary (APB) in the iDPC-STEM image (Fig. 3h). Contrast resultant
from the structural distortion at the APB is also remarkable in the DPC-
STEM image (Fig. 3i).

Thehigh-density APBs inHZOfilms are schematically illustrated in
Fig. 4a. Two manually orthogonal directions namely [001] and [100],
both of which are parallel to the boundary plane, are selected for

imaging the Hf/Zr and O atomic distribution at the domain boundary.
According to the zoom-in HAADF-STEM (Fig. 4b) and iDPC-STEM
(Fig. 4c) images along the [001] direction, the projection of the
structural unit features the trapezoid-like (marked in yellow) and
inverted trapezoid-like (marked in green), and they are alternately
stacked along [010] direction. However, the periodic stacking is
interrupted at the domain boundary (highlighted by the yellow arrow
pair). Furthermore, the O-atomic columns marked with small balls are
clearly seen in the iDPC-STEM image, and the O-ionic displacements
feature an alternative upward and downward array in the monoclinic
phase, highlighted with green and red arrows (Fig. 4c). It is of interest
to find that, at the domain boundary, the periodicity of O-ionic dis-
placements is broken, leaving a paired O ions within the Hf/Zr sub-
lattice. It is noted that the paired O ions are located at the non-central
position of the four surroundingHf/Zr ions. Similar imagingmodes are
also performed to focus on the antiphase boundary along the [100]
zone axis (Fig. 4d-g). According to the experimental images, the atomic
model of the antiphase boundary is constructed and the projections of
theoptimized atomic structure along the [001] and [100] zone axes are
displayed in Fig. 4h and 4i, respectively. The domain boundary is
characterized by a crystal translation of (1/2)d100 in (010) plane pro-
jected along [001] zone axis (Figs. 4h) and (1/2)d001 in (010) plane
projected along [100] zone axis (Fig. 4i), respectively. As a result, in
three dimensions the antiphase domain boundary is located in (010)
plane with a crystal translation of half of the diagonal along [101]
direction, which might induce structure modulation and even phase

Fig. 3 | Antiphase domain boundaries in single-crystal HZO film. a Dark-field
TEM imagewith the high-density domain boundaries. Inset is the low-magnification
HAADF-STEM image, suggesting the manner of columnar-like growth. b SAED
pattern of the HZO film along the [001] zone axis. c Atomic-resolved HAADF-STEM
(left panel) and iDPC-STEM (right panel) images of the monoclinic HZO. Insets are
the zoom-in HAADF-STEM and iDPC-STEM images displaying the detailed

distribution of Hf/Zr- and O- atomic columns. d–f HAADF-STEM image and corre-
sponding EDXS elemental maps of Hf- and Zr- atomic columns. g Atomic-resolved
HAADF-STEM image in which an antiphase domain boundary is marked with a pair
of arrows. h iDPC-STEM image corresponding to the area in (g), oxygen ions are
visualized. i DPC-STEM image, showing electric field modulation at the antiphase
domain boundary.
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transitions47. Based on the HAADF-STEM image (Supplementary
Fig. 18a) and geometric phase analysis (GPA)48–50, remarkable shear
strain is revealed at the APB (Supplementary Fig. 18b). Furthermore,
based on the atomic-resolved HAADF-STEM image, the position of
each atomic column can bemeasured by fitting the atomic columns as
2D Gaussian peaks51–53. By doing so, the lattice rotations along both in-
plane and out-of-plane directions are acquired as shown in Fig. 4j–l. In
aword, despite the non-polar nature of themonoclinic HZOphase, it is
the formation of APB that leads to local lattice distortion and the
symmetry breaking from the centrosymmetric to a polar variant.

In addition to the single APB as discussed in Fig. 4, repeated (010)
APBs at the unit-cell level are frequently observed in the present study,
showing a lamella structure embedded in the non-polar monoclinic
phase. The thickness of the lamella corresponds to 2, 3, 4, 5, and 8 unit
cells as seen in Fig. 5a–e. The localized structures in the lamella are
modulated because of the APB-induced atomic displacement, as

revealed in the RXmaps in Fig. 5f–j. Thus, theHf/Zr andO sublattices in
the lamella are different from their counterparts in the monoclinic
matrix, as highlighted in Fig. 5k, l. According to the polar character at
the single APB, the expansion of APBs with the step of unit cell is
expected to result in a polar variant (APB phase) with a specific sym-
metry. Taking a lamellawith thickness of 8 unit cells as an example, the
APB-stabilizedphase is shown in the iDPC-STEM image (Fig. 5m),which
displays the different Hf/Zr sublattice characters from the polar
orthorhombic phase (Supplementary Figs. 19, 20). The reversed
O-displacement vector map (Fig. 5n), extracted from the iDPC-STEM
image in Fig. 5m, clearly exhibit the polar state along the [00�1] direc-
tion. To illuminate the symmetry of this polar variant, imaging along
the [010] zone axis is carried out, as shown in Supplementary Fig. 21a.
The intergrowth of the polar variant and monoclinic matrix is dis-
played in the atomic-resolved iDPC-STEM images, as shown in Sup-
plementary Fig. 21b. Region 1 and 2 marked in Supplementary Fig. 21b

Fig. 4 | Atomic structure of the APBs in the HZO film. a Schematic illustration of
the APBs in HZO film. b, c Planar-view atomic-resolved HAADF-STEM and iDPC-
STEM images in which an APB is arrowed in yellow. Green and red arrows in (c)
denoting the O-ionic displacements. d, e Cross-sectional atomic-resolved HAADF-
STEM and iDPC-STEM images, an APB is located in the central area of this image.
f, g Zoom-in HAADF-STEM and iDPC-STEM images of the yellow rectangles in (d)
and (e). Atomic structure of the APB derived from the first-principles calculations,
along the [001] and [100] zone axis, respectively. Blue dashed lines across the APB

in (h, i) highlight the APB-induced atomic displacement; Green, blue and red balls
indicate the O- atomic columns in left domain, right domain and antiphase
boundary, respectively; Grey, purple and yellow balls denote the Hf/Zr atomic
columns in left domain, right domain and antiphase boundary, respectively.
j, Cross-sectional atomic-resolved iDPC-STEM image of the antiphase boundary.
k, l In-plane lattice rotation (RX) and out-of-plane lattice rotation (RY) corre-
sponding to the area in (j). Lattice modulation is revealed based on the RX and
RY maps.
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correspond to the monoclinic phase (P21/c) of the matrix and the new
polar variant, respectively. It is noted that the new polar variant fea-
tures the sameβ anglewith theP21/cphase (Supplementary Fig. 21c, d),
suggesting that it is a monoclinic phase as well.

According to the atomic mapping, the difference of Hf atomic
chains in the APB phase and those in monoclinic phase is remarkable.
In addition, the zigzag characteristic of the Hf atomic chains parallel to
the APB in the APB phase is similar to that in the monoclinic phase.
Thus, a new structural variant of HfO2 is built by setting the coordi-
nates of Hf atoms in the [010] direction to be y =0.25 and y =0.75, as
shown in Supplementary Fig. 22a. By fixing the y coordinates of Hf
atoms and optimizing the positions of O atoms, the resultant structure
is still non-polar monoclinic, as shown in Supplementary Fig. 22b. It is
seen that there are two O columns inside a parallelogram of four Hf
atomic columns (see the shaded parallelogram in Supplementary
Fig. 22b), while the experimental images suggest that there is only one
O atomic column, as shown in Fig. 5l, m. Inspired by the experimental
observations, O vacancies are introduced in this structure sequentially
and themost stable structures at different vacancy concentrations are
presented in Supplementary Fig. 22c–f. The atomic configurations
shown in Supplementary Fig. 22f could be assigned a polar phase with
the space group of Pc. This is consistent with the monoclinic nature of
the polar variant revealed in Supplementary Fig. 21. The role of oxygen
vacancies on stabilizing the APB-derived monoclinic polar variant is
also confirmed by the increased volume of APBs by growing and
annealing the HZO films at the low oxygen partial pressure of 10-6Torr
(Supplementary Fig. 23). This strategic manipulation of APB propor-
tion would not only enhance the remanent polarization in ferroelec-
tricity measurement but also demonstrate promising technological
implications for non-volatile memory applications. It is worthwhile to
add that repeated stacking faults in (100) plane of a monoclinic
phase, instead of the (010) in the present study, at the unit-cell level

could result in the formation of an orthorhombic variant in an
AlCo alloy47.

A series of interface models between this polar phase and the
nonpolar monoclinic phase are constructed. The orientation rela-
tionship between the two phases is (010)P//(010)M, [100]P//[100]M and
[001]P//[001]M, where the subscripts P and M represent the polar and
monoclinic phases. As shown in Supplementary Fig. 24, the thickness
of the nonpolar monoclinic phase is fixed and the thickness of the
polar phase varies from 2 u.c. to 8 u.c. By calculating the formation
energy of the interface model, it is found that with the increase of the
APBwidth, the interfacial energy decreases, whichmeans the influence
of the interfaceon theAPBphasedecrease, as shown in Supplementary
Fig. 25. In other words, the stability of the APB phase increase with the
increase of the APB width. We also studied the stability of the APB
phase from the perspective of clamping. By optimizing all lattice
parameters of the APB phase, it is found the structure becomes a non-
polar phase (a = b = 4.858Å, c = 5.062 Å, P42/mmc), which indicates
that the clamping of the monoclinic phase is important for the stabi-
lization of the APB phase. The optimized atomic structures are shown
in Fig. 6 and Supplementary Fig. 26. Based on these atomic structural
models, high resolution images under the HAADF-STEM (Fig. 6d–f and
Supplementary Fig. 26c, d) and ABF-STEM mode (Fig. 6g–i and Sup-
plementary Fig. 26e, f) are simulated using the software of Dr. probe54.
As shown in Fig. 6g-i and Supplementary Fig. 26e, f, the images high-
lighted in yellow correspond to O-displacement vector maps in the
APB phase. Furthermore, in addition to the experimental investiga-
tions in Fig. 2a, b, the switching of the stabilized polar monoclinic
phase (Fig. 7a) is also studied by the nudged elastic band (NEB)
method. The switching barrier is approximately 0.077 eV/u.c. (Fig. 7b),
which is only 23% of that of the metastable polar orthorhombic phase
(about 0.338 eV/u.c.). We also calculated the switching barrier of the
interface model, taking the case of the APB width of 2 u.c. as an

Fig. 5 | Expansion of antiphase boundaries in the HZO film. a–e Cross-sectional
atomic-resolved iDPC-STEM images showing the intergrowth of the polar variant
with the m-HZO phase. The polar variants feature lamella with thickness of 2 u.c.,
3 u.c., 4 u.c., 5 u.c. and 8 u.c., respectively. f–j The RX maps corresponding to (a–e).
k, l EnlargedHAADF-STEMand iDPC-STEM images of the 3 u.c. antiphase boundary,

giving the detailed distribution of Hf/Zr- and O- atomic columns. m, n Enlarged
iDPC-STEM image of the FE-HZO phase (black rectangle in (e)) and corresponding
reversedO-displacement vectormap, suggesting the ferroelectric displacements in
FE-HZO.
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example. As shown in Fig. 7c, the switching barrier is 0.170 eV/u.c.,
which is about 50% of that of the orthorhombic phase. Thus, the polar
variant at the extended APB regions could be switched under a smaller
coercive field, which is promising for the application in lower energy-
cost memory devices.

In summary, we find the robust ferroelectricity in the monoclinic
Hf0.5Zr0.5O2 single-crystalline films, which is derived from the new
polar monoclinic variant with the space group of Pc intergrown with
the stable non-polarmonoclinic phase (P21/c). The structural nature of
the polar state is resultant from the lattice distortion at the antiphase
boundary, which features a translation vector of half of the diagonal
along [101] direction on the (010) plane of the nonpolar monoclinic
phase. The constraint of the lattice distortion at the APBs makes the
symmetry breaking from the centrosymmetric to the polar variant, in
which oxygen vacancies play critical roles. The new polar phase is
derived by introducing repeated antiphase boundaries at the unit-cell
level in the monoclinic phase, which features robust polarization dis-
placement. The intergrowth of the polar and non-polar phase makes
the as-grown films feature the ferroelectric switching under an

external electric field with the high endurance of wake-up free and
non-fatigue up to 1012 cycles. The switching barrier for the stable polar
variant is only 20% ~ 50%of that for themetastablepolar orthorhombic
phase. Development of future electronic devices requires thin film
with single-crystalline structure for the need of controllability and
stability of the physical performance in the functional units, conse-
quently, this study provides a new approach for obtaining robust fer-
roelectricity via engineering planar APBs in single-crystalline hafnium
oxide, which would be helpful for developing silicon-compatible fer-
roelectric electronic devices such as ultra-dense and nonvolatile fer-
roelectric random-access memory.

Methods
Film deposition details
Using aCoherentComPexPRO201 FKrFexcimer laser (λ = 248 nm) for
pulsed laser deposition, a set of epitaxial Hf0.5Zr0.5O2 thin films were
grown on YSZ (001) substrates. The YSZ (001) substrates employed
were commercially sourced without additional chemical or thermal
processing. Prior to the deposition of Hf0.5Zr0.5O2 thin films, the

Fig. 7 | DFT calculations of the ferroelectricity for the polar phase at APBs.
a Enlarged atomic structure models of the yellow rectangle in Fig. 6c (left panel)
and simulated ABF image (right panel), red arrows suggesting the O-displacement
vectors. b Switching barrier of the unit cell of the APB phase determined by DFT

calculations. c Switching barrier of the APB phase in the interface model with the
APB width of 2 u.c. determined by DFT calculations. The red and green arrows
denoting the upward and downward polarization, respectively.

Fig. 6 | DFT calculations and STEM simulations revealing the stabilization of
thepolarphase at theAPBs inm-HfO2. a–cAtomic structuremodels of theAPB in
HfO2 obtained by DFT structural relaxation, with the APBwidth of 2 u.c., 4 u.c., and

8 u.c., respectively. d–f HAADF images simulated by using the atomic structure
models in (a–c). g-i ABF images simulated by using the atomic structuremodels in
(a–c) and corresponding O-displacement vector maps at the APBs.
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