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Ultrathin freestanding membranes of Zr(Q, with metastable structures
and strain-dependent electrical properties
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Fabricating and investigating freestanding membranes of materials are key approaches for exploring the
intrinsic properties of those materials, even in their metastable phases stabilized by external factors. In this
study, we fabricated freestanding ZrO, membranes with metastable crystal structures by exfoliating ZrO, (ZO)
epitaxial layers from ZrO, /Lag 7Sty 3MnO3 /SrTiO; heterostructures. By combining the results of first-principles
calculations, we found that with increasing thickness up to 15 nm, ZO membranes undergo structural relaxation
from the metastable tetragonal structure to a metastable orthorhombic one. In addition, the dielectric constant of
the tetragonal ZO is susceptible to the out-of-plane lattice constant of the ZO layer. The change in out-of-plane
interplanar distance, which primarily stems from the strain release associated with the exfoliation of ZO layers,
leads to an increase in the dielectric constant (to ~ 25). ZO membranes with high dielectric constants could be

utilized in energy storage capacitors.
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I. INTRODUCTION

Recent demonstrations of the fabrication of complex ox-
ides into freestanding ultrathin crystalline membranes have
revealed their potential to be a promising platform for ex-
ploring materials’ intrinsic properties and device applications
[1-6]. Significantly, membranes fabricated by exfoliating epi-
taxial films of metal oxides from the substrates can be stacked
on various materials that structurally differ from the exfo-
liated ones, enabling the fabrications of stacking structures
and heterostructures that cannot be made by conventional film
growth techniques. This feature of freestanding membrane
specimens has led to the discovery of intriguing physical
properties not seen in epitaxial films, such as superelasticity
and twisted-angle-dependent vortex patterns of ferroelectric
polarization [7,8].

Another important characteristic of membrane specimens
is that they are free of substrate-induced and interfacial ef-
fects, such as strain effects that often impact thin films’
structural and physical properties, especially when the films
are only a few nanometers thick. Fabricating and investi-
gating freestanding membranes, therefore, offer approaches
to get insight into the intrinsic properties of materials
even in their metastable phases. Recently, the fabrications
of crystalline membranes of metastable and ferroelectric
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hafnia (Hf 5sZry50,, HZO) with spontaneous polarizations of
10 to 20 uC/cm? have been demonstrated [9—11]. Interest-
ingly, hafnia membranes with thicknesses down to 1 nm can
maintain the crystal structure of metastable and ferroelectric
rhombohedral phases. As the thickness increases to 5 nm, the
rhombohedral phase transforms into another metastable or-
thorhombic phase without deteriorating ferroelectricity [10].
These results reveal the significance of the metastable rhom-
bohedral phase in the scale-free ferroelectricity of hafnia and
provide critical insights into the formation mechanism and
phase stability of the metastable hafnia.

Like hafnia, the fluorite zirconia ZrO, (ZO) also displays
various polymorphs whose properties depend on their crys-
tal structures and external factors like strain and interfacial
layer [12—-14]. The most stable phase of ZO is monoclinic,
which is regarded as a nonpolar dielectric. Among metastable
polymorphs, the orthorhombic phase could be (anti-)polar, as
shown from both experimental and theoretical investigations
[12,14,15], and recent investigations have also shown that the
metastable ferroelectric rhombohedral phase of ZO could be
epitaxially stabilized [16—18]. Moreover, ZO in the form of
films and freestanding membranes have been shown to un-
dergo structural transformation from nonpolar to polar phases
and vice versa under electric fields, for example, from the
nonpolar tetragonal phase to the orthorhombic one [19,20] and
from the orthorhombic phase to the monoclinic one [21,22].
Given the potential of ZO for various device applications
[19,23,24], it is crucial to delineate the phase stability of

©2025 American Physical Society
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metastable phases of ZO and the influence of external factors
on their properties, especially for ultrathin ZO films whose
structures and properties are often influenced by extrinsic
effects like substrate-induced strain and interfacial structural
mismatches.

In this study, we fabricated freestanding ZO membranes
with metastable crystal structures by exfoliating ZO lay-
ers from ZO/Lag7S1p3MnO;(LSMO)/SrTiO3(STO) epitax-
ial heterostructures. We found that with increasing thickness
up to 15 nm-thick, ZO membranes undergo structural relax-
ation from the metastable tetragonal structure to a metastable
orthorhombic one. In addition, we also found the dielectric
constant of the tetragonal ZO to be susceptible to the out-
of-plane lattice constant in the ZO layer. The out-of-plane
lattice constant changes, which are mainly due to strain re-
lease associated with the exfoliation of ZO layers, are related
to an increase in the dielectric constant (to ~25), and ZO
membranes with high dielectric constants could be utilized in
energy storage capacitors.

II. EXPERIMENTAL SECTION

A. Epitaxial heterostructures and freestanding
membranes fabrication

The epitaxial ZO/LSMO heterostructures were fabricated
by pulsed laser deposition (PLD) system on TiO,-terminated
(100) STO substrates (Shinkosya Co., Japan).

LSMO layers were first deposited by ablating a ceramic
target with a nominal cation composition of LSMO with the
excimer laser (Coherent COMPex Pro 205 KrF, A = 248 nm)
with an energy density of 1.2 J/cm? and a repetition of 5 Hz.
During the deposition of LSMO layers, the substrate temper-
ature was kept at 700 °C, and the oxygen partial pressure was
maintained at 100 mTorr. Subsequently, without breaking the
vacuum of the PLD chamber, ZO layers were deposited at the
substrate temperature of 800 °C and under the oxygen partial
pressure of 75 mTorr, respectively. A ZrO, target was ablated
with the laser with an energy density of 1.4 J/cm” and a
repetition of 2 Hz. Prior to the LSMO and ZO depositions,
the targets were pre-ablated for 30 seconds. After ZO and
LSMO layer depositions, all samples were cooled to room
temperature under the oxygen partial pressure of 75 mTorr.
Freestanding ZO membranes were fabricated using essentially
the same approach as those used for previously fabricating
HZO membranes [10].

B. Structural characterization

X-ray 26 /0 diffraction measurements were performed with
a lab-source four-circle diffractometer (X’Pert MRD, PANa-
lytical) using the Cu K, radiation. For the top-view STEM
observations of freestanding ZO membranes, membrane sam-
ples were transferred on a holey carbon film supported by a
Cu grid. (S)TEM measurements were performed at 300 kV
on an FEI Titan® 80-300 FEG-TEM equipped with probe
and imaging aberration correctors. For the HAADF STEM
imaging, the probe forming semi-angle was set to be 15 mrad,
and the HAADF detector collection angle was 20 to 200 mrad.
To minimize image distortion due to sample-stage drift and
improve the signal-to-noise ratio, ~30 HAADF images were

sequentially acquired with a fast dwell time of 500 ns/pixel
with the same field-of-view. They were then spatially stacked
and averaged.

We also performed plan-view observations of ZO epitaxial
films. Thin foils for STEM observations were prepared us-
ing a wedge polishing technique. STEM observations were
conducted on a plan-view of the ZO (5 nm)/LSMO film
grown on an STO substrate using an aberration-corrected
(CEOSGmbH) scanning transmission electron microscope
(JEM-2400FCS, JEOL Ltd.). The electron energy loss (EEL)
spectra were obtained using an EELspectrometer (GIF Con-
tinuum ER, Gatan, Inc.) attached to an aberration-corrected
scanning transmission electron microscope (JEM-2400FCS,
JEOL Ltd.), operating at 200 kV.

C. Electrical characterization

For characterizing epitaxial ZO films, the 45-nm-thick
LSMO layer served as the bottom electrode, and the top
electrodes of 50-nm-thick Au pads in diameters from 30 to
50 um were thermally evaporated and patterned by a con-
ventional lift-off process. For characterizing ZO membranes,
metal-insulator-metal (MIM) capacitors whose junction area
ranged from 10 to 100 um? were fabricated by transferring
Z0 membranes on 3-nm-thick Pt as the bottom metal and
by depositing 50-nm-thick Au top electrodes on top of the
transferred membranes. Details of fabrication processes were
provided in our previous report [10]. The P-E loops were
obtained with ferroelectric testers (FCE-10 TOYO Corp and
Precision multiferroic II ferroelectric tester Radiant Corp.).
The capacitance was measured using the LCR meter (Agilent)
with a measurement frequency of 10 kHz and an a.c. bias of
0.1 V. The energy storage density (ESD) was estimated using
P-E curves in the first quadrant and based on ESD = [5" EdP
in which P,, and P, stand for maximum and remanent polar-
ization, respectively, and E stands for the electrical field. The
efficiency (n) is calculated based on n = EDS/ [ g’" EdP with
the hysteresis area responsible for the 7 loss (hysteresis loss).

D. First-principles calculations

First-principles calculations were performed to evaluate
structural energy as a function of thickness for the tetragonal
and orthorhombic ZO. At first, tetragonal and orthorhombic
bulk ZO crystals were calculated. Ultrathin film models of
tetragonal-(001), tetragonal-(101), orthorhombic-(001), and
orthorhombic-(111) are created by orienting ZO crystals
along each direction. The vacuum layers whose thickness
was set to 50 A were introduced, and energy variations due
to the thickness of the vacuum layer were confirmed to be
less than 1 meV (Fig. S5 [25]). There are several candidate
surface atomic layers, and we computed ~1 nm (10 A)-thick
slab models with identical possible surface structures at the
top and bottom. Figure S6 shows the most stable models
with about 1 nm, and these models were used to evaluate
the thickness dependence of structural energy [25]. First-
principles calculations based on density functional theory
(DFT) were conducted using the projector augmented-wave
(PAW) method implemented in the VASP code [26-28]. The
exchange-correlation term was treated with GGA-PBE for
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FIG. 1. Fabrication and structural characterization of ZO mem-
branes. (a) Fabrication process of freestanding ZO membranes. (b)
Optical image of fabricated 10-nm-thick ZO membrane. The scale
bar denotes 0.5 mm. (c) Surface topography of 10-nm-thick ZO
membrane characterized by AFM. The scale bars correspond to
1 um.

solids [29]. The plane-wave cutoff energy was set to 550 eV.
Integration in reciprocal spaces was performed with 0.3 A~!
grids. Dipole correction as implemented in VASP code, was
used to cancel the dipole-dipole interaction between unit cells
[30]. Structure optimization was conducted until all residual
forces acting on each atom were less than 0.1eV A", Lattice
constants and atomic positions were relaxed for the crystal
models, while internal coordinates of atoms were relaxed for
slab models.

III. FABRICATION OF ZrO, MEMBRANES

Figure 1(a) schematically shows the fabrication processes
of ZO membranes. ZO epitaxial films were exfoliated from
(100) STO substrates by selectively etching LSMO sacrificing
layers in ZO/LSMO/STO heterostructures deposited by PLD.
After fully etching LSMO sacrificing layers in hydrochloric
acid solutions with potassium iodide as an antioxidant [31,32],
Z0 membranes are transferred to foreign substrates, such
as SiO,-coated Si wafers, using a conventional dry transfer
method [33]. The optical image of the 10-nm-thick ZO mem-
brane transferred on a SiO, /Si substrate is shown in Fig. 1(b).
The transferred membranes maintain almost the same contour
as the square one of the STO substrate. The boundary between
the transferred membrane and SiO,/Si substrate is obvious
and no apparent cracks are seen in the membranes. Figure 1(c)
shows the typical surface topography of the 10-nm-thick ZO
membrane characterized by atomic force microscopy (AFM),
confirming that the membrane has a smooth surface whose
root mean square (RMS) roughness is as low as 0.3 nm. It
should be also mentioned that the 1-nm-thick membrane has a
smooth surface with RMS roughness as low as 0.38 nm (Fig.
S1 [25]), validating our transfer method.

IV. CRYSTAL STRUCTURES AND THEIR DISTRIBUTION
IN ZrO, MEMBRANES

To identify crystal structures and delineate correlations
between their distribution and strain relaxation in ZO mem-
branes, we employed top-view HAADF imaging in STEM
for ZO membranes transferred on TEM grids. We focused
on ZO membranes thinner than 10 nm. We found that ZO
membranes consist of grains with tetragonal and orthorhom-
bic structures. Figure 2 shows the HAADF-STEM images and
corresponding simulated diffraction patterns of grains with
identified structures, which can be sorted as (101)- and (001)-
oriented tetragonal ones (t-(101) and t-(001)) and (111)- and
(001)-oriented orthorhombic (o-(111)) and 0-(001)). While
the grains in Fig. 2(a) apparently have a hexagonal Zr ar-
rangement, their simulated diffraction patterns differ from
those expected from the (111)-oriented cubic and rhombohe-
dral structures that have the ideal hexagonal Zr arrangement
(Fig. S2 [25]). Some weak reflections, such as -102 and 10-2
spots (Fig. S2 [25]), can be reproduced only by a structural
model of the t-(101), not by structural models of cubic and
rhombohedral structures (Fig. S2 [25]). Therefore grains with
the (quasi-) hexagonal Zr lattice in Fig. 2(a) can be identified
as t-(101). The Zr arrangement in Fig. 2(b) and the corre-
sponding simulated diffraction pattern match well with those
expected from the t-(001) structures. On the other hand, the
HAADF-STEM images in Figs. 2(c) and 2(d) show periodic
modulations in Zr-Zr distances, which match well with those
expected from the (111)- and (001)-oriented orthorhombic
structures. The simulated diffraction patterns obtained from
the HAADF-STEM images in Figs. 2(c) and 2(d) are also well
reproduced from the o-(111) and 0-(001) structural models,
ensuring our phase identification.

Interestingly, the distribution of the identified phases in
Fig. 2 strongly depends on the thickness of the ZO mem-
branes. Figures 3 and S3 show the results of phase distribution
analysis of 1-, 5-, and 10-nm-thick membranes, which were
obtained from grains (circled ones in the figures) whose Zr
arrangements can be atomically resolved and structural phases
can be identified. As shown in Figs. 3(a)-3(c) and Fig. S3
[25], more than 90% of the grains (whose structures can be
identified) in the 1-nm and 5-nm-thick membranes have a
tetragonal structure. The majority of them are oriented along
the [101] direction, while a minority are oriented along the
[001] direction. The selected area electron diffraction (SAED)
patterns of these membranes can be regarded as a combination
of diffraction patterns of the t-(101) and t-(001) structures,
confirming our structural phase identification and distribu-
tion analysis [Fig. 3(b)]. We also note that some t-(101)
grains in the 1-nm-thick membranes exhibit no superstruc-
ture spots characteristic of the tetragonal structure in their
simulated diffraction patterns [Fig. S3(a)], implying a pos-
sible coexistence of either (111)-oriented rhombohedral or
cubic phase and the tetragonal one (Fig. S3 [25]). Although
precisely identifying structural phases in the ultrathin ZO
membranes requires further investigation, our results indi-
cate that grains having (quasi-) hexagonal Zr lattices form
on LSMO layers at the initial stage of epitaxial growth of
Z0 layers through interfacial structural matching. Similar in-
terfacial structural matching is seen for epitaxial growth of
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FIG. 2. Crystal structure identification in ZO membranes. Top-view HAADF-STEM images, crystal structure models, and diffraction
patterns transformed/simulated from HAADF-STEM images and structural models of (a) (101)-oriented tetragonal structure, (b) (001)-oriented
tetragonal one, (c) (111)-oriented orthorhombic one, and (d) (001)-oriented orthorhombic one. In the HAADF-STEM images, the scale bars
correspond to 1 nm. Corresponding reflections in the diffraction patterns transformed/simulated from HAADF-STEM images and structural

models are circled.

Hfy5ZrysO, on LSMO layers [10,34,35]. Interestingly, the
top-view HAADF-STEM observation for the 5-nm-thick ZO
epitaxial film ensures the existence of grains having the t-
(101) structure (Fig. S4 [25]). This implies that the metastable
polymorphs of ZO are grown through the interfacial structural
matching and that once they formed, they should be stable
enough that the metastable polymorphs remain in membrane
forms after ZO epitaxial films are exfoliated.

With further increasing thickness, the tetragonal struc-
ture transforms to another metastable orthorhombic phase.
Figures 3(d)-3(f) show the top-view HAADF-STEM image

and phase identification results for the 10-nm-thick ZO mem-
branes. The membranes are found to consist of a mixture
of grains having the t-(101), t-(001), o-(111) and o0-(001).
The coexistence of the tetragonal and orthorhombic grains is
further confirmed by the SAED pattern in Fig. 3(e). In contrast
to the thinner membranes, the percentage of the tetragonal
grains in the 10-nm-thick membranes is reduced to 50%,
indicating that the metastable tetragonal phase transforms into
another metastable orthorhombic one through structural en-
ergy relaxation. It should also be noted that no grains with the
most stable monoclinic phase are detected in the membranes
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FIG. 3. Structural phase distribution in ZO membranes. (a) Top-
view HAADF-STEM image, (b) SAED pattern, and (c) structural
phase distribution for the 5-nm-thick ZO membrane. (d) Top-view
HAADEF-STEM image, (e) SAED pattern, and (f) structural phase
distribution for the 10-nm-thick ZO membrane. The red, pink, blue,
and beige colors, respectively, correspond to t-(101), t-(001), 0-(001),
and o-(111). The scale bars in (a) and (d) denote 10 nm. In (a) and
(d), the grains not circled are ones whose Zr arrangements were not
atomically resolved, and structural phases could not be identified,
possibly due to slight misalignment between the incident electron
beam and grain surfaces. Insets in (b) and (e) are the high-contrasted
parts of the SAED.

thinner than 10 nm, which is in agreement with the XRD
results in Fig. 1(d).
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We also carried out first-principles calculations to get in-
sight into the stability of the tetragonal and orthorhombic
phases and their transformation in ZO membranes. First, our
calculations confirmed that the orthorhombic bulk model of
Z0 is more stable by 26 meV per the ZO formula unit cell
than the tetragonal one, which agrees well with the previous
computational report [36]. Then, we constructed structural
models of 0-(001), o-(111), t-(001), and t-(101) membranes
with vacuum layers installed (Figs. S5 and S6), and calcu-
lated their structural energies. Figure 4 shows the relative
energies of these membrane models as a function of their
thicknesses. Because the thicknesses of a single layer of the
structural models differ depending on their structures and
orientations (Fig. S6 [25]), the total thicknesses of the com-
puted models are discrete and different between the computed
models. The energies of all models decrease with increasing
thickness because of the larger contribution of the surface
for the thinner models. The t-(101) model is the most stable
among the models we computed in the thickness region up to
~5 nm, in contrast to the bulk model, whose orthorhombic
structure is stable against the tetragonal one. In the thickness
region of about 10 A (corresponding to the one or two unit
cells of the membrane models), the energy increases in the
order t—(101) < o—(111) < t—(001) = 0—(001), as shown
in Fig. 4(c). Interestingly, the energy difference between the
t-(101) and other models decreases with increasing thickness.
When the thickness reaches around 50 A, the energies of the
t-(101) and o0-(001) models become very close, with t-(101)
being slightly lower than the t-(001) model [Fig. 4(b)]. The
computed energy diagram supports our structural phase distri-
bution results that the metastable tetragonal phase transforms
into another metastable orthorhombic one through structural
energy relaxation. We also point out that while the o-(111) has
the second lowest energy, it was not experimentally detected
even in the 1 nm-thick membranes, implying that the LSMO
layer stabilizes the hexagonal Zr lattices of ZO layers.

Figure 5 compares X-ray 20/6 diffraction patterns for
epitaxial films and freestanding membranes of ZO with thick-
nesses of 5, 10, and 15 nm. For the epitaxial films, in addition
to the (001) reflections from the LSMO sacrificing layers
and STO substrates, clear reflections at 260 to 30°, which
can be indexed as either o-(111) or t-(101) [37,38] accord-
ing to the STEM-based phase identification results, are seen
regardless of the films’ thickness. We note that the (111)
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function of the thickness. (b), (c) Magnified views in the thickness region around (b) 50 A and (c) 10A.
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FIG. 5. X-ray 20 /6 patterns for epitaxial ZO films and exfoliated
Z0 membranes. The dashed line marks the positions of the promi-
nent diffraction peaks at 26 to 30° for the freestanding membranes.

reflection of the tetragonal phase should appear at 26 ~ 40°,
but no reflections are seen in such 26 region. Also, no Zr
arrangement corresponding to the rhombohedral structure is
observed from the HAADF-STEM images. Therefore, the
(111)-oriented tetragonal and rhombohedral structures are ex-
cluded from the candidates for peak assignment. Although
additional reflection at 26 to 34°, which can be indexed as
(002) of the orthorhombic or tetragonal phase [38,39], is seen
for the 15-nm-thick films, no reflections originating from the
most stable monoclinic phase, whose (-111) reflection would
appear at 26 to 28° [39], are seen for any of the ZO films
studied here. It should be noted that the main reflections (at
26 to 30°) of the epitaxial ZO films shift toward the higher 26
region as thickness increases, implying that substrate-induced
compressive strain is possibly relaxed more in the thicker
films and, as a result, the films’ lattice (d,y,) shrinkages along
the out-of-plane direction decrease from 2.99 A for the 5-nm-
thick film to 2.96 A for the 15-nm-thick one.

Freestanding ZO membranes transferred on SiO;-coated Si
wafers exhibit essentially the same diffraction profiles as those
of ZO epitaxial films, as shown in Fig. 5. The observations
indicate that ZO membranes can maintain their metastable
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FIG. 6. Dielectric and ferroelectric properties of epitaxial ZO
films and freestanding ZO membranes. (a), (b): ¢-E curves for 5,
10, and 15-nm-thick (a) epitaxial ZO films and (b) freestanding ZO
membranes. The inset in (b) shows the ratio of membrane’ ¢ (&) to
film’ ¢ (¢¢) as a function of the changes in the out-of-plane distance
between the membrane and epitaxial film (Adoy = di11_membranes —
di11_fim)- (¢), (d) P-E loops for 5, 10, and 15 nm-thick (c) epitaxial
Z0 films and (d) freestanding ZO membranes. (e), (f) PUND results
for 5, 10 and 15-nm-thick (e) epitaxial ZO films and (d) freestanding
Z0 membranes. P-E and PUND results are obtained with the mea-
surement frequency of 1 kHz.

polymorph structures without external strain, which is in
close agreement with previous reports that HZO crystalline
membranes can sustain their metastable polymorphs [9-11].
Interestingly, the reflection positions of ZO membranes (26
to 30°) are thickness-independent (marked by a dashed line),
giving a dy, of 2.95 A, in contrast to those of the ZO epitaxial
films, whose d,,; depends on their thickness. The shrinkage
in doy for the freestanding membranes might be attributed
to the strain relaxation associated with the exfoliation of ZO
epitaxial layers.

V. DIELECTRIC AND FERROELECTRIC PROPERTIES
OF ZrO, MEMBRANES

Figure 6 summarizes the electric-field dependence of the
dielectric constant ¢ and polarization of ZO epitaxial films
and membranes. Figures 6(a) and 6(b) show the electric-field
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dependence of the dielectric constant ¢ for epitaxial () and
freestanding samples (ey,). The &¢ is thickness-dependent and
increases from 13 for the 5-nm-thick film to 25 for the 15-nm-
thick one. In contrast, the &, is almost thickness-independent
and as large as 25. The electric-field dependence of the di-
electric loss for the epitaxial (¢f) and freestanding samples
(em) are shown in Fig. S7 [25], ensuring that the contribution
of leakage currents to the measured ¢ is tiny. The inset in
Fig. 6(b) plots the ratio of &y, to & as a function of the changes
in the out-of-plane distance between the membrane and
epitaXial film (Adout = dlll_membranes - dlll_ﬁlm)~ The £m/8f
increases monotonically with the increase of Ad,. Given that
thinner ZO epitaxial films accumulate more substrate-induced
strain, our observations in &-E indicate that the substrate-
induced strain strongly influences the dielectric properties of
Z0 layers. It should be mentioned that, as shown in Fig. S8
[25], the dielectric constants measured for capacitor structures
consisting of 10-nm-thick membranes and various bottom
electrodes such as Au, LSMO, and SrRuO; are around 25,
independent of the type of the bottom electrode (Fig. S8 [25]),
indicating that the measured & (capacitance) is contributed
mainly from ZO layer and interfacial contribution is small.
The increased ¢ of the ZO membranes can be attributed to the
change of d,, which is considered to stem from the relaxation
of substrate-induced epitaxial strain and clamping effects.
Similar increases in dielectric constants after the release of
strain and clamping effects are reported for ferroelectric and
antiferroelectric films [40,41].

The P-E loops in Figs. 6(c) and 6(d) and PUND loops ob-
tained with triangular pulses of electric fields in Figs. 6(e) and
6(f) show that the 5-nm-thick film and membrane have no po-
larization while the 10- and 15-nm-thick films and membranes
have a switchable polarization of around 5~ 7uC/cm?,
which are further confirmed from I-E curves shown in Fig. S9
[25]. These observations indicate that the 5-nm-thick samples
consisting of the nonpolar tetragonal structure are paraelec-
tric and hardly undergo field-induced structural changes to a
polar structural phase like the orthorhombic one. On the other
hand, for samples thicker than 10 nm, in which the tetragonal
and orthorhombic phases coexist, the observed polarization
stems either from the polar orthorhombic phase or from a
field-induced tetragonal-to-orthorhombic transformation that
would be facilitated with the structural phase coexistence. It
might be interesting to point out that the coercive fields of
the membranes, which can be determined from I-E curves in
Fig. S9 [25], are slightly larger than those of epitaxial films,
while the remnant polarizations remain almost unchanged be-
tween films and membranes, implying that the epitaxial strain
possibly facilitates polarization switching and field-induced
structural transformations.

Finally, we point out that ultrathin ZO membranes with the
nonpolar tetragonal structure are promising for energy storage
applications. Figures 7(a) and 7(b) show P-E hysteresis loops
with various maximum electric fields for the 5-nm-thick ZO
membranes and the energy storage density (ESD), obtained
from the P-E hysteresis loops [42]. Being beneficial from the
high dielectric constant and the high breakdown field of the
5-nm-thick membranes, the ESD of our ZO-membrane-based
capacitors is as large as 60 J/cm?® with an efficiency as high
as 65% and reaches 104 J/cm® at maximum with a lower
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FIG. 7. Energy storage performance for 5-nm-thick ZO mem-
brane. (a) P-E loops obtained under various maximum electrical
fields. (b) Energy storage density and efficiency obtained from P-E
loops in (a).

efficiency of 47% due to hysteresis loss. It should be noted
that the ESD for the 5-nm-thick epitaxial thin films, calculated
based on the P-E loops in Fig. 6(c), reaches only 70 J/cm? at
the maximum electrical field of 9 MV /cm. In addition, the
observed EDS for the membrane is superior to those for other
binary-oxide-based capacitors (70 J/cm? or lower) [43-52],
validating the potential application of the ZO membranes for
dielectric energy storage.

VI. SUMMARY

We fabricated ultrathin ZO membranes with metastable
crystal structures by exfoliating ZO epitaxial films from
LSMO-buffered STO substrates and investigated structural
and electrical properties. We find that ZO membranes can
maintain metastable structures without external support and
that their grains with the metastable nonpolar tetragonal struc-
ture in ZO membranes undergo structural relaxation to grains
with the metastable polar orthorhombic structure with in-
creasing thickness. In addition, the dielectric constant of the
tetragonal ZO is found to be susceptible to the change of
dout, Which is primarily related to the strain accumulated in
the ZO layer. When the substrate-induced strain and clamping
effects in the ZO layers are relaxed, the dielectric constant of
the ZO membranes increases while high breakdown fields are
maintained, highlighting their potential application for energy
storage capacitors.
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