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ABSTRACT: The stabilization of intermediate polar phases in fluorite-structured oxides is
critical for advancing ferroelectric and antiferroelectric applications. Here, we report the
stabilization of epitaxial polar tetragonal (T) ZrO,. Epitaxial Hf,Zr,_,O, thin films (x = 1, 0.75,
0.5, 0.25, and 0) are synthesized on (001) yttria-stabilized zirconia substrates via atomic layer
deposition. The emergence of the unprecedented polar T-ZrO, phase deviates from the expected
phase transition from nonpolar HfO, through ferroelectric Hf,Zr,sO, to antiferroelectric Zr-
rich Hf Zr, ,O,. Second harmonic generation measurements reveal unexpected inversion
symmetry breaking in T-phase ZrO,. High-resolution 4D-scanning transmission electron
microscopy further confirms the presence of electric dipoles originating from off-centered oxygen
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displacements. These findings establish a pathway for the low-temperature epitaxial synthesis of
HfO,—ZrO,-based materials and provide critical insight into the polar nature of T-phase ZrO,.
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he discovery of (anti)ferroelectricity in fluorite structure
[Hf/Zr]O,-based thin films has attracted significant
interest due to their compatibility with complementary
metal-oxide semiconductor (CMOS) technology.'™ In
particular, the robust scalability of ferroelectricity in 1 nm-
thick HfO, has been attributed to the presence of flat phonon
band.” These properties have enabled the integration of [Hf/
Zr]O,-based materials into next-generation devices such as
ferroelectric field-effect transistor (FeFETs) and artificial
synapses.” Antiferroelectric phases, on the other hand, have
been widely studied for energy storage applications due to their
large energy density and high breakdown strength.” Epitaxial
HfO,-based thin films have provided a model platform to
investigate phase stabilization mechanisms, where strain
engineering have been effectively used to induce non-
centrosymmetric phases such as rhombohedral (R-, R3m)
and orthorhombic (O-, Pca2,), enhancing ferroelectric
performance.”"" While significant progress has been made
in understanding and controlling the ferroelectric properties of
HfO,, comparatively fewer studies have focused on pure ZrO,,
despite its structural similarity within the fluorite family."*
Unlike HfO,, ZrO, thin films predominantly stabilize into
the tetragonal phase (T-, P4,/nmc) at similar thickness scales
(~10 nm).">"™ In this T-phase, ZrO, typically exhibits
antiferroelectric behavior."> Polycrystalline ZrO, films depos-
ited by atomic layer deposition (ALD) generally crystallize into
the T-phase and display antiferroelectric characteristics.'®"”
However, recent studies have demonstrated that ferroelectric
O-phase can be induced even in ultrathin ZrO, films down to a
few unit-cell thickness, as confirmed by second harmonic
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generation (SHG) measurements and transmission electron
microscopy (TEM) oxygen imaging.'® In addition, pulsed laser
deposition (PLD) has enabled the growth of epitaxial ZrO,
thin films, where ferroelectricity has been observed not only in
the conventionally reported R- and O- phase, but also in the T-
phase.'”™*" These findings highlight the possibility of accessing
terroelectricity in pure ZrO, through careful phase engineering,
emphasizing the crucial role of deposition conditions and
strain in stabilizing polar phases.

Recently, epitaxial growth of Hfy;Zr, 0, (HZO) thin films
by ALD has been demonstrated, enabling the synthesis of high
quality epitaxial films with precise compositional control.””
Building upon this achievement, in this study, epitaxial
Hf Zr,_,O, thin films were fabricated across the various Zr
concentrations to systematically investigate the phase evolution
from HfO, to ZrO,. The structure of Hf,Zr,_,O, thin films
was investigated by X-ray diffraction (XRD) and scanning
transmission electron microscopy (STEM). In particular, polar
T-phase was demonstrated in pure ZrO, thin films, beyond the
conventionally reported nonpolar T-phase. Oxygen sublattice
distortion enables the stabilization of a polar T-phase in ZrO,
revealing a novel phase for realizing ferroelectricity beyond the
conventional O-, and R-phases.
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Epitaxial HfZr, O, thin films with varying Zr concen-
trations were fabricated on YSZ (001) substrates via ALD. YSZ
single-crystalline substrates were employed for thin film growth
due to their excellent lattice matching with HfO,-based
polymorphs, introducing a biaxial strain ranging from -
3.03% to +1.79% (Table S1). Figure 1a shows the XRD 6 — 20
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Figure 1. Epitaxial growth of HfZr, O, thin films on YSZ
substrate. (a) 0 - 20 XRD patterns of epitaxial Hf, Zr,_,O, thin films
with various Zr concentration (x = 0, 0.25, 0.5, 0.75, and 1) on the
YSZ (001) substrate. (b-d) X-ray reciprocal space mapping (RSM) of
Hf,Zr,_,0, films with x values (b) 1, (c) 0.5, and (d) 0 at (204)
reflections, respectively.

patterns of the Hf, Zr,_,O, films with Hf/Zr compositions of x
=1,0.75, 0.5, 0.25, and 0 to confirm the epitaxial growth. The
broad, rounded peaks observed at 26 values between 35°—36°
and 74°—76°, adjacent to the YSZ (002) and (004) diffraction
peaks, were identified as the {002} and {004} planes of
Hf,Zr,_,0O,, respectively. Notably, the diffraction peaks for the
Hf,Zr,_,O, layer were only obtained within the 26 ranges of
35°—=36° and 74°—76°, which indicates the formation of a
single-phase structure. Cross-sectional high-angle annular dark-
field scanning transmission electron microscopy (HAADEF-
STEM) images of the Hf,Zr,_,O, thin films also show uniform
deposition on the YSZ substrate with a clear interface and
surface, which is consistent with the atomic force microscopy
(AFM) results (Figures S1 and S2). Compositional analysis
using TEM-energy dispersive spectroscopy (EDS) confirmed
that the Hf/Zr ratios of the films were systematically controlled
in five increments, from HfO, (x = 1) to ZrO, (x = 0) and
closely matched the target compositions (Figure S1).

A strong lattice coherence between the Hf,Zr, O, thin film
and the YSZ substrate was conserved during the low-
temperature growth. X-ray reciprocal space mapping (RSM)
was performed to verify the in-plane structural coherence
between the Hf Zr, O, films and the YSZ substrate. Figure
1b—d presents the RSMs around the YSZ (204) diffraction
peak for the Hf,Zr, O, thin films with x values of 1, 0.5, and
0, respectively. Across all the compositions, distinct
Hf,Zr, O, peaks were observed at Q, ~ 0.390 and Q, ~
0.795, which indicates strong in-plane crystallinity and
coherent alignment of the HfZr, O, films with the YSZ
substrate. The white and red cross symbols represent the
expected diffraction peaks corresponding to the T- and O-
phases of the fully strained cases, respectively. In particular, for
the O-phase, out-of-plane diffraction peaks of b- and c-
oriented films can be obtained at Q, ~ 0.793 and 0.791,
respectively. For the T-phase, the out-of-plane diffraction peaks
of a- and ¢- oriented films can appear at Q, ~ 0.798 and 0.791,
respectively. The monoclinic (M)-phase (a, b, and ¢ = 5.11,
5.18, and 5.28, respectively; # = 100.09° in bulk)" typically
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Figure 2. Cross-section TEM images of the Hf,Zr, O, samples. (a-c) HAADF-STEM images for varying Zr concentrations, along with high-
magnification images corresponding to the solid boxes in each image and the simulated crystal structures: (a) HfO, (x = 1), (b) HfysZr 50, (x =
0.5), (c) ZrO, (x = 0). (d-g) SAED patterns of the YSZ substrate and Hf,Zr,_,O, thin films with x values of (e) x =1, (f) x=0. 5, and (g) x = 0.
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Figure 3. SHG measurement for investigating inversion symmetry breaking in epitaxial Hf,Zr, O, thin films on the YSZ (001) substrate. (a)
This setup illustrates the measurement of the azimuth (@) dependency. The polarization states are identified as P;, and S;, for the fundamental
wave, and P, and S, for the second-harmonic wave. (b) Representative azimuth (¢)—dependent SHG polar pattern in the P;-P,, of the
substrate and Hf,Zr,_,O, (x = 0, 0.25, 0.5, 0.7, and 1) thin films. (c) Average intensity of the Hf,Zr,_ O, thin films with P,;-P, and S;,-S,

configuration.

exhibits a c-oriented peak near 20 =~ 34.3° which was absence
in our XRD 6 — 26 scan data and the RSM data with lower Q,
values. However, for a-oriented M-phase, Ce-doped HfO, was
previously reported on the YSZ (001) substrate, exhibiting a
diffraction peak near 260 ~ 35.8°, which can be obtained near
Q. ~ 0.798.% Owing to the overlapping diffraction peaks
resulting from the fully strained state of the films, distinguish-
ing individual phases in both XRD @ — 260 scans and RSM data
remains challenging. Despite the difficulty in resolving
individual diffraction peaks due to structural similarities
among the HfZr, O, polymorphs, the RSM analysis
demonstrated that high-quality epitaxial growth of the
Hf Zr, O, films was obtained through ALD.

The epitaxial growth and systematic phase evolution from
M-, O-, and finally to T-phase were directly observed in the
HfZr,_,O, thin films with increasing Zr concentration.
HAADEF-STEM was performed to investigate the structural
phase transitions in the Hf Zr,_,O, thin films with increasing
Zr content. STEM images of Hf,Zr,_,O, (x = 1, 0.5, and 0) are
presented in Figure 2a—c, along with magnified images of the
regions highlighted by the red, orange, and yellow solid-line
boxes. The inverse fast Fourier transform (iFFT) images in
Figure S3 show no additional planes (vertical lines) for all
compositions, thereby indicating the absence of dislocations at
the interface. The Hf atom arrangement in HfO, (x = 1) is in
excellent agreement with the centrosymmetric M-phase, as
indicated by the magnified red solid box region in Figure 2a.
Similarly, a clear atom arrangement of the noncentrosymmetric
O-phase along the (100) direction for the HZO (x = 0.5) thin
film is seen in Figure 2b. In particular, for the HfO, (x = 1)
thin film, HAADF-STEM analysis (Figure S4b) revealed that
the film initially grows in a T-like structure due to epitaxial
growth on the YSZ substrate. As the film becomes thicker,
strain relaxation induces a phase transition into the more stable
M-phase. Similarly, for the HZO (x = 0.5) thin film, a
multiphase structure with partial coexistence of a T-like phase
was also observed, as shown in Figure S4a. Lastly, in the case of
the ZrO, (x = 0) thin films, the T-phase along the (110)
direction is identified as shown in Figure 2c.

Phase formation in HfZr,_ O, thin films was further
validated by selected area electron diffraction (SAED) patterns.
For comparison, the SAED pattern of the pure YSZ substrate
of the cubic crystal structure was confirmed with reflections
corresponding to (002)ys; and (020)yg; as shown in Figure
2d. Figure 2e—g show the SAED patterns obtained from
regions that encompass the areas shown in the high-resolution
STEM images in Figure 2a—c, respectively. As indicated by the

arrows in Figure 2e and 2f for the interplanar diffraction peaks,
the distinct structural diffraction patterns of the M- and O-
phases were observed for the HfO, (x = 1) and HZO film (x =
0.5), respectively. Furthermore, for the HfO, film (x = 1), the
diffraction peak associated with the M-phase with a f-angle of
99° was distinctly observed as shown in the magnified
diffraction pattern with a large circle in Figure 2e, which
confirms that the HfO, (x = 1) film was formed in the M-
phase. For the HZO film (x = 0.5) as shown in Figure 2f, the
(010) reflection of the O-phase was identified. On the other
hand, Figure 2g (x = 0) shows the recovery of clear high
symmetry diffraction patterns without interplanar diffraction
peaks. Owing to the highly symmetric structure of the T-phase,
the large interplanar spacings observed in the SAED patterns of
the HfO, (x = 1) and HZO (x = 0.5) thin films were not
observed.

Anomalous inversion symmetry breaking of ZrO, was
observed in the optical second harmonic response. To further
investigate the structural symmetry of the HfZr, O, films,
nonlinear optical second harmonic generation (SHG) experi-
ments were performed, which sensitively revealed information
about local inversion symmetry breaking. As illustrated in
Figure 3a, the polarization of the fundamental wave was set to
out-of-plane (P) or in-plane (S), denoted as P, and S,
respectively, with the corresponding second harmonic waves
measured as P, and S, Figure 3b presents the azimuth-(¢-
)dependent SHG polar patterns of the substrate and
Hf,Zr, O, films in the P, -P, configuration, measured across
different Zr concentrations (x = 1, 0.75, 0.5, 0.25, and 0).
Figure 3c shows the SHG signals for both P;-P,, and S-S,
in various Zr concentration. A strong SHG signal is detected in
the P,-P., configuration, while the S-S, configuration
exhibits negligible intensity. This result suggests the absence of
significant in-plane directional inversion symmetry breaking.
However, the Py -P,, signal intensity shows a clear dependence
of Zr composition. For the HfO, (x = 1) film, the SHG
intensity was nearly identical to that of the substrate, which
indicates that the SHG signal from the film is negligible. This
demonstrates that the HfO, (x = 1) film exhibited a
centrosymmetric M-phase without any inversion symmetry
breaking, which is consistent with our XRD results. However,
films incorporating Zr up to x = 0.5 exhibited an increase in
SHG intensity and reached the highest intensity in the HZO (x
= 0.5) film as shown in Figure 3b. To our knowledge, in
HfO,—-7Zr0O, systems, the SHG signals of HfZr,_ O, films
cannot be obtained in the centrosymmetric T- and M- phases,
but can emerge in the noncentrosymmetric O-phase.”* As the
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Figure 4. Investigating residual electric field in tetragonal ZrO, unit cell through 4D-STEM measurement. (a) 4D-STEM scheme for
measuring electric field at epitaxial ZrO, thin film. The diffraction pattern at each position of the scanning electron beam is recorded using a
pixelated detector, allowing for the measurement of the electric field within the thin films by calculating the center of mass (COM). (b) HAADF-
STEM image of the ZrO, thin films epitaxially grown on a YSZ substrate. (c) 4D-STEM COM image corresponding to the region in (b), showing
the direction and relative magnitude of electric field within the unit cell. The electric field directions are color-coded, with pixels of the same color
indicating identical electric field direction.

(a) (b) HAADF- STEM

o

s
=)
N

T A
CRE N B
AR A
AAwAp
A E SRR RR
TR EEEEE.
TR EREERD
&« s A eS
SIEEEEE IS
e a R R AR

B »
L

s =
.
LR

e

et leie

00 05 10 15 2000 05 10 15 20

Figure S. The observation of oxygen displacement in tetragonal ZrO, thin films. (a) HAADF-STEM image of the ZrO, (x = 0) thin film. (b)
High-resolution STEM images of the yellow and red regions highlighted in (a), with their corresponding atomic distances indicated as green
arrows. (c) iDPC-STEM images of the areas marked by the solid yellow and red lines in (a). The yellow and red dashed line region shows a
magnified image of the ZrO, unit cell. Zr is marked in the gray circle, and oxygen in the red circle. (d) The polarization map at red solid box region
in (a). The dipole moment is polarized toward the top, as shown by the orange arrows. The arrow lengths are scaled by a factor of 3 to enhance the
visibility of the displacement directions.

Zr ratio increases up to x = 0.75, the SHG intensity decreased
asymptotically, suggesting that the noncentrosymmetric
structure partially recovered to the centrosymmetric structure.
However, a pronounced re-enhancement of the SHG intensity
was observed in the ZrO, (x = 0) film, while the crystal
structure was confirmed to be in the T-phase through STEM
analysis (Figure 2¢ and g).

Despite the global centrosymmetric nature of the T-phase
ZrO,, the presence of local broken inversion symmetry can be
attributed to the potential appearance of additional local polar
order of the ZrO, film. Similar SHG responses in structurally
symmetric systems have been reported in other oxides and van
der Waals materials, where subtle lattice distortions or
interface-induced symmetry breaking give rise to non-
centrosymmetric polar structures. For instance, Fe;GeTe,, a
van der Waals topological ferromagnet, exhibits a robust SHG
signal due to the transition from random defects to ordered Fe
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vacancies.” Likewise, in compressively strained SrRuOj; thin
films, the asymmetric relaxation of the oxygen octahedral
network was shown to induce a polar metallic phase with
triclinic C, symmetry.”® These findings suggest that even in
high-symmetry phases like tetragonal ZrO,, inversion
symmetry breaking may emerge from local structural
distortions, strain related oxygen distortion, or interfacial
effects with the YSZ substrate. Furthermore, recent studies on
oxide superlattices demonstrated that polar distortions can be
stabilized and tuned by the coherently engineered layer
thickness and strain,”” implying that the observed SHG signal
in our ZrO, thin films may similarly originate from hidden
polar distortions at the atomic scale as discussed below.

The inhomogeneous distribution of electric field in the ZrO,
thin films strengthened from the YSZ interface toward the
surface. Figure 4a shows a schematic of the 4D-STEM
technique and representative diffraction patterns. As the
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nanoprobe beam scans across the specimen, it is scattered at
various angles depending on the local electric field, and the
resulting diffraction patterns are recorded by a pixelated
detector. The electric field at each scan point is then extracted
by analyzing the center of mass (COM) of the diffraction
pattern. Due to the high sensitivity of this technique, 4D-
STEM measurements can be affected by artifacts, particularly
near the edges of TEM lamellae, where diffraction asymmetry
may arise from thickness gradients, surface bending, or
contamination.”* ™" These factors can distort the COM
position and reduce the accuracy of electric field mapping.
To mitigate such effects, specimens were carefully prepared
using an optimized FIB milling protocol (Supporting
Information, Experimental Methods), with uniform-thickness
regions verified by STEM-EELS and diffraction analysis. As
shown in Figure SS, these procedures effectively minimized
preparation-induced artifacts. Figure 4b shows a cross-sectional
HAADF-STEM image of the ZrO, film. By analyzing the
COM of the scattered electron beam from the HAADF-STEM,
the inhomogeneous local electric field is estimated as shown in
Figure 4c. As depicted by the relatively small arrows in the YSZ
substrate in Figure 4c, the cubic crystal structure of the YSZ
substrate does not induce a residual electric field within its unit
cell, resulting in no clear COM direction within the atomic
resolution in the 4D-STEM analysis. Similarly, the ZrO, thin
film just above the YSZ substrate exhibited negligible COM
distortion with little arrows indicating a nonpolar phase in the
fully strained film. However, a gradual increase of the electric
field of the ZrO, layer aligned perpendicularly to the YSZ
substrate was observed with large arrows near the film surface,
as shown in Figure 4c. Notably, the Zr atom alignment
maintained a fully strained T-phase throughout the thin film, as
indicated by the geometrical phase analysis results shown in
Figure S6, which suggests that oxygen played a crucial role in
the inversion symmetry breaking.

The enhanced electric field across the film can be attributed
to the gradual increase in oxygen displacement within the Zr
metal—oxygen framework. To elucidate the origin of the SHG
signal and electric fields observed in the 4D-STEM results,
detailed structural analyses of the ZrO, film were conducted
using HR-STEM and integrated differential phase contrast
STEM (iDPC-STEM). Figure Sa and b shows the HR-STEM
image of the ZrO, and the magnified image of the near-
interface and surface regions, highlighted with yellow and red
solid boxes, respectively. Figure Sb shows that all the atomic
columns in the boxed region along the (110) zone axis of the
T-phase were arranged at uniform intervals (green arrow).
Additionally, the out-of-plane directional spacing of the near
interface and surface region was also maintained as shown in
Figure S7. The lattice parameters in both the in-plane and out-
of-plane directions, measured from the Zr atomic distances, are
presented in Figure S8. Considering the spatial resolution limit
of STEM analysis—on the order of several tens of
picometers—the average values and standard deviations are
reported. However, for the oxygen sublattice, the positions of
oxygen atoms are noticeably displaced, providing key insight
into the origin of the SHG signal in ZrO, thin films. The
iDPC-STEM image in Figure Sc reveals that while the oxygen
atom positions remain centered near the interface, they
become shifted in the surface region. Consistent with the
4D-STEM results, the oxygen atoms become increasingly
displaced toward the upper layers. The polarization map at
region 2 (solid red box) is shown in Figure Sd, where the
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arrows indicate the dipole moments associated with the
displacement of oxygen atoms. Additionally, in the O-phase
Hf/ZrO, films, repeating nonpolar and polar layers are
observed, as shown in Figure S9. However, considering the
shift of the oxygen atoms, ZrO, exhibits only polar layer
regions. These findings demonstrate that the polar nature of
the T-phase originates from the breaking of oxygen centro-
symmetry, thereby providing an explanation for the SHG signal
observed in the ZrO, thin films.

The emergence of the polar T-phase can be attributed to
strain relaxation, with its reversible thermal stability further
supporting its robust nature. Thickness and temperature
dependent studies further corroborate the stability of the
polar T-phase in ZrO, thin films. A series of epitaxial ZrO,
films with varying thickness (7, 11, 15, 18, and 22 nm) were
synthesized on YSZ (001) substrates under identical growth
conditions. X-ray diffraction @ - 26 scans confirmed epitaxial
growth across all thicknesses, as indicated by the presence of
sharp diffraction peaks adjacent to the YSZ (002) substrate
reflection (Figure S10). SHG measurements revealed negli-
gible signal from the 7 nm film, suggesting minimal polar
distortion at this thickness. In contrast, SHG intensity
increased progressively with thickness, reaching a maximum
at 22 nm. This trend is consistent with previous 4D-STEM and
iDPC-STEM analyses, which showed enhanced oxygen
displacement away from the interface. Furthermore, temper-
ature-dependent STEM studies revealed a reversible phase
transition from the polar T-phase to M-phase upon heating to
573 K, and re-emergence of the T-phase upon cooling to room
temperature, as shown in Figure SI11. These findings
collectively underscore the robust nature of the polar T-
phase in epitaxial ZrO, thin films. The origin of oxygen
displacement and associated robust polar ordering require
further investigation.

In summary, an unprecedented polar phase was observed in
epitaxial T-phase ZrO, thin films grown on YSZ (001)
substrates via atomic layer deposition. Epitaxial Hf Zr, O,
films with varying Zr content exhibited a systematic phase
transition from M- and O-phase to T-phase, as confirmed by
XRD and STEM. SHG measurements revealed structural
inversion symmetry breaking, with a notable SHG response
even in the nominally centrosymmetric T-phase. 4D-STEM
further revealed an internal electric field that strengthens from
the interface toward the surface, attributed to oxygen
displacement within the lattice. These findings underscore
the critical role of composition in controlling phase structure
and symmetry, offering pathways for integrating functional
oxides into next-generation electronic devices.
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