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Large-Scale Hf, ;Zr, O, Membranes with Robust

Ferroelectricity

Hai Zhong, Minggiang Li, Qinghua Zhang, Lihong Yang, Ri He, Fang Liu, Zhuohui Liu,
Ge Li, Qinchao Sun, Donggang Xie, Fanqi Meng, Qiang Li, Meng He, Er-jia Guo,
Can Wang, Zhicheng Zhong, Xingiang Wang, Lin Gu, Guozhen Yang, Kuijuan Jin,*

Peng Gao,* and Chen Ge*

Hafnia-based compounds have considerable potential for use in nanoelec-
tronics due to their compatibility with complementary metal-oxide—semi-
conductor devices and robust ferroelectricity at nanoscale sizes. However,
the unexpected ferroelectricity in this class of compounds often remains
elusive due to the polymorphic nature of hafnia, as well as the lack of suitable
methods for the characterization of the mixed/complex phases in hafnia thin
films. Herein, the preparation of centimeter-scale, crack-free, freestanding
Hfp 5Zro 50, (HZO) nanomembranes that are well suited for investigating the
local crystallographic phases, orientations, and grain boundaries at both the
microscopic and mesoscopic scales is reported. Atomic-level imaging of the
plan-view crystallographic patterns shows that more than 80% of the grains
are the ferroelectric orthorhombic phase, and that the mean equivalent diam-
eter of these grains is about 12.1 nm, with values ranging from 4 to 50 nm.
Moreover, the ferroelectric orthorhombic phase is stable in substrate-free
HZO membranes, indicating that strain from the substrate is not responsible
for maintaining the polar phase. It is also demonstrated that HZO capacitors
prepared on flexible substrates are highly uniform, stable, and robust. These
freestanding membranes provide a viable platform for the exploration of
HZO polymorphic films with complex structures and pave the way to flexible
nanoelectronics.

1. Introduction

Hafnia-based compounds have attracted
considerable research interest since
their unconventional ferroelectricity was
discovered in 20111 Their complementary
metal-oxide—semiconductor (CMOS)
compatibility and robust nanoscale
ferroelectricity®# strongly suggest that
hafnia-based ferroelectrics are promising
candidates for the next generation of
low-power nonvolatile memories, logic
devices,P! and other nanoelectronics.[~]
Hafnia-based compounds wusually are
polymorphic in nature, and more than ten
stable and metastable phases have been
identified in such compounds in experi-
mental and computational works.[1%13I
The unconventional ferroelectric proper-
ties of hafnia are generally believed to
originate from a non-centrosymmetric
orthorhombic metastable phase (o-phase,
Pca2,). 1 However, the stabilization
mechanism of this metastable ferroelectric
phase remains controversial. Various

H. Zhong, Q. Zhang, L. Yang, Z. Liu, G. Li, Q. Sun, D. Xie, F. Meng,
M. He, E.-j. Guo, C. Wang, L. Gu, G. Yang, K. Jin, C. Ge
Beijing National Laboratory for Condensed Matter Physics
Institute of Physics

Chinese Academy of Sciences

Beijing 100190, China

E-mail: kjjin@iphy.ac.cn; gechen@iphy.ac.cn

H. Zhong, C. Wang, Z. Zhong, L. Gu, K. Jin, C. Ge
University of Chinese Academy of Sciences

Beijing 100049, China

M. Li, P. Gao

Electron microscopy laboratory and International Center for
Quantum Materials

R. He, Z. Zhong

F. Liu, X. Wang

School of Physics
Peking University

Q. Sun, Q. Li

Beijing 100871, China

Key Laboratory of Magnetic Materials Devices & Zhejiang Province Key
Laboratory of Magnetic Materials and Application Technology

Ningbo Institute of Materials Technology and Engineering

Chinese Academy of Sciences

Ningbo 315201, China

State Key Laboratory for Mesoscopic Physics and Frontiers Science
Center for Nano-optoelectronics

College of Physics

University-Industry Joint Center for Ocean Observation and Broadband
Communication

State Key Laboratory of Bio-Fibers and Eco-Textiles Qingdao University
Qingdao 266071, China

X. Wang, P. Gao
Collaborative Innovation Centre of Quantum Matter
Beijing 100871, China

School of Physics

Peking University

Beijing 100871, China

E-mail: p-gao@pku.edu.cn
The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adma.202109889.

DOI: 10.1002/adma.202109889

2109889 (1 of 9)

Adv. Mater. 2022, 2109889 © 2022 Wiley-VCH GmbH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadma.202109889&domain=pdf&date_stamp=2022-05-09

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

Plan-view

www.advmat.de

Figure 1. Comparison between cross-sectional and plan-view characterization of epitaxial polycrystalline films. a) Schematic of a polycrystalline film
with nanosized grains. The different colored areas represent different crystal structures, such as the monoclinic phase and orthorhombic phase in
hafnia-based materials. The dashed line indicates a typical sample cross section with a thickness of tens of nanometers imaged with STEM. b) Atomic-
level information on most of the cross-sectional area (grid covered) cannot be obtained from polycrystalline samples because the atomic columns of
different grains are misplaced or not aligned with the imaging direction. c) Atomic-level information for most grains and even grain boundaries can
be obtained from plan-view imaging since polycrystalline films usually have an epitaxial orientation and a thickness ranging from several nanometers

to tens of nanometers.

possible factors such as strain,> doping,'®!! oxygen
vacancies,?2!l and surface and grain boundary energies?? have
been put forward as contributing to the stability of the ferro-
electric o-phase. The uncertainty surrounding the stabilization
mechanism has primarily arisen from the polymorphic nature
of hafnia films and the challenges associated with the charac-
terization of mixed/complex phases in thin films.[2’]

Cross-sectional scanning transmission electron microscopy
(STEM) is commonly used to investigate the complex struc-
ture of hafnia-based films,/**?%! while this method only provides
structural information of a small fraction of the grains and
grain boundaries in polycrystalline films with nanosized grains
(Figure 1). On the other hand, plan-view imaging provides more
comprehensive structural information and is better suited for
characterizing hafnia-based films. There have been some efforts
through using plan-view characterization methods, such as elec-
tron back-scattering diffraction/?l and X-ray absorption spec-
troscopy (XAS),?] to characterize hafnia-base films. Wei et al.
thinned the film substrate to take plan-view transmission
electron microscopy (TEM) images and investigated the
average grain size.l”l However, atomic-level structural imaging
has not yet been realized due to interference effects from the
substrates.

The advent of freestanding crystalline oxide membranes!
presents new opportunities to address challenges in plan-view
characterization of thin films. By selectively etching a buffer
layer, complex oxide membranes are released from the sub-
strate. The released membranes can be directly transferred
to TEM grids, providing an ideal platform to investigate the
structure of oxide membranes from plan view.?’! Following
this route, atomic-level imaging of the different phases, phase
boundaries, grain sizes, phase orientations, and relative phase
proportions in hafnia membranes can thus be realized on a
large scale. Moreover, this freestanding membrane approach
also provides an opportunity to design a system without epi-
taxial strainl3%3?l and can provide new insights into the stabiliza-
tion of the metastable ferroelectric phase of hafnia-based films.

28-30]
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Herein, we report centimeter-scale, crack-free, freestanding
Hf, 521y 50, membranes with robust ferroelectricity for the first
time. Atomic-level images of the plan-view crystallographic pat-
terns were obtained, and the grain radii, phase distributions,
grain orientations, boundaries, subgrain domain walls, and
interphase boundaries were analyzed. Studies of the substrate-
free membranes showed that the ferroelectric orthorhombic
structure evolved from the compressively strained as-grown
structure. This new perspective provides a foundation for the
study of the complex structure of polymorphic HZO films at
both the microscopic (atomic) and mesoscopic (grain struc-
tures) scales. Furthermore, ferroelectric hysteresis measure-
ments showed that the performance of the HZO capacitors
prepared on flexible substrates was highly uniform, stable, and
robust.

2. Results and Discussion

We synthesized HZO/LaygSry,MnO; (LSMO) heterostructures
on single crystal SrTiO3 (STO) substrates via pulsed-laser depo-
sition (PLD). After fully dissolving the sacrificial LSMO layer
in acid etchant, the HZO film was released from the substrate
and then readily transferred to other substrates (Figure 2a—c,
further details in the Experimental Section). The centimeter-
scale (1 x 1 cm?) freestanding HZO (4-10 nm) membranes
were easily released from the STO substrates by floating the
film on a water surface. The membranes then were trans-
ferred onto oxidized silicon substrates, commercial transparent
poly(ethylene terephthalate) (PET) sheets, or holey carbon TEM
grids (Figure 2d,e; Figure S1, Supporting Information). Using
both optical microscopy and atomic force microscopy (AFM),
we characterized the topography of the resulting freestanding
membranes and noted that the centimeter-scale films were
laterally free of cracks and had a low surface roughness of about
0.20 nm (Figure S2, Supporting Information). Unlike common
problems, such as crack formation and folding, seen in the

© 2022 Wiley-VCH GmbH
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Figure 2. Preparation and transfer of freestanding HZO films. a) Schematic of a HZO film with a LSMO buffer layer. b) The sacrificial LSMO layer is
dissolved in etchant to release the top HZO film. ) New heterostructures and interfaces are formed when the freestanding film is transferred onto
the desired substrate. d,e) Photograph of a 10 nm-thick freestanding HZO film transferred to an oxidized silicon substrate (d) and to a PET flexible
substrate (e). f,g) Out-of-plane PFM phase of the as-grown 10nm-thick HZO film on LSMO/STO (f) and the 10 nm-thick HZO membrane transferred to
Pt/SiO; (g). Scale bar: 1 um. h,i) Cross-sectional HAADF images of HZO/LSMO from the LSMO [100] direction (h) and a freestanding HZO membrane
transferred to an oxidized silicon substrate (i). Scale bar: 5 nm. j,k) Magnified cross-sectional HAADF images of HZO/LSMO from the LSMO [110]
direction (j) and a freestanding HZO membrane transferred to an oxidized silicon substrate (k), together with schematic crystal structures.

preparation of most freestanding oxide membranes, the large
area HZO nanomembranes were crack-free, which is important
for their use in practical applications. Moreover, piezoresponse
force microscopy (PFM) (Figure 2f,g; Figure S3, Supporting
Information) and polarization—electric field (P-E) loop meas-
urements (Figure S4, Supporting Information) showed that
the ferroelectricity of the HZO films was well-preserved after
transfer.

We also confirmed the quality of HZO film before and after
transfer using cross-sectional STEM. The interface between the
LSMO and HZO layers was sharp and clear in the as-grown
HZO (5 nm)/LSMO heterostructure (Figure 2h). Although
the Hf/Zr atomic columns were not well resolved in the [100]
direction of the LSMO, the clear stripes in the images indicated
that the grown HZO film was good quality. Atomically resolved
images of the epitaxial heterostructure showed the films grew
in the LSMO [110] direction (Figure 2j). Figure 2ik shows
that the structure of the HZO (4 nm) film transferred to a Si
substrate was very similar to that of the as-grown film.

X-ray diffraction (XRD) measurements were used to confirm
the structure of the HZO films. In the 6-26 patterns of
the as-grown HZO films, the main Bragg peak appeared at
=30° (Figure 3a). This value was lower than that reported for the
polar o-phase (111) reflection,¥ indicating that a compressive
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in-plane strain was present in our HZO films. The polar figure
measurements and 260 scans for all 13 reflections (Figure S5,
Supporting Information) of the 10 nm-thick HZO sample indi-
cated that the d-spacing values were dy_; = di_y; = d_y;; = 2.94 A
< diy = 2.97 A, revealing that the as-grown film was likely
a rhombohedral structure.'Z Laue oscillations were clearly
visible in both the 10 nm and 5 nm HZO films, suggesting the
samples here highly crystalline and the interfaces were sharp.
In addition, the (002) peak of monoclinic HZO (m-HZO, P2,/c)
was barely visible in the diffraction pattern of the 10 nm HZO
film and was invisible in the diffraction pattern of the 5 nm
HZO film, suggesting that the (111) ferroelectric phase was the
primary phase in our as-grown samples.

In the diffraction pattern of the HZO film transferred to a
Si (100) substrate, the main peaks slightly shifted to the right
due to the relaxation of the compressive in-plane strain. We
calculated the (111)-spacing, dyy;, in the out-of-plane direction for
all prepared HZO samples (Figure 3b). Using the 5 nm-thick
HZO membrane as an example, the lattice constant decreased
from 2.978 to 2.954 A after the film was transferred due to the
loss of the substrate clamping effect, corresponding to =0.8%
stress relief. It was crucial to confirm the specific structure
of the transferred HZO films. As such, pole figure measure-
ments were performed around the (111) peak of a transferred

© 2022 Wiley-VCH GmbH
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Figure 3. X-ray diffraction measurements of the as-grown HZO films and HZO membrane transferred to silicon. a) 6-20 scans of the as-grown HZO
films on LagSrg,MnO;/SrTiO; substrates and the transferred HZO films on Si (001) substrates. b) Lattice constants, dyy;, before and after transfer
of the HZO films, calculated from (a). c) Pole figure around the (111) peak of a 10 nm HZO film at 26 = 30.29°. The radial direction represents y and
ranges between 0° and 90°, while the azimuthal direction represents ¢ and ranges from 0°-360°. The logarithmic color scale represents intensity.
d) 26 scans of the 13 peaks in the pole figure. The black solid line and black dashed line indicate the out-of-plane (111) reflection positions of the
as-grown and transferred films, respectively. The red solid line and red dashed line indicate the (11-1) (1-11) (-111) reflection positions of the as-grown
and transferred films, respectively. All the lines in (d) are drawn from a Lorentz simulation of raw data.

10 nm HZO film. Similar to the as-grown film, 12 reflections
corresponding to the (-111), (11-1), and (1-11) planes were
found at y = 71° (Figure 3c). We also performed 26 scans for
all 13 reflections, as shown in Figure 3d. These scans clearly
showed that the out-of-plane (111) reflection shifted to higher
angles, highlighted by the solid black line and dotted black lines
in the figure, but the other 12 reflections showed a slight shift
to lower angles, as shown by the solid red line and dashed red
line, compared with the reflections of the as-grown sample.
All reflections appeared at almost the same angle, such that
dyg = dip = dogyg = 2.944 A = dyy; = 2.949 A. The 26 values
of the peaks for the transferred film were in good agreement
with that of the (111) reflections commonly reported for the
ferroelectric o-phase in HZO.1*®l Thus, these results clearly indi-
cated that ferroelectric 0-HZO was present in our freestanding
membranes from the compressively strained as-grown HZO
films. It should be noted that there may be additional factors
that influenced the film structure during transfer. In view of
the important role oxygen content plays in the phase transitions
of HZO,34 a slight change in the oxygen content of the HZO
layer may occur during removal of LSMO, which could affect
the phase structure, and future experiments would be needed
to further investigate this potential effect.

To obtain atomic-level plan-view images, we transferred the
freestanding HZO membranes onto holey carbon TEM grids
(Figure S1d, Supporting Information). As shown in Figure 4a, the
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polymorphic structure of the HZO thin films was visible, with
grain sizes ranging from a few to tens of nanometers. Atomic
resolution was achieved in most regions, although misalignment
of the lattice tilts resulted in lower resolution in some regions.’!
Each individual grain was either a single crystal or polycrystal-
line, showing a certain degree of randomness. Various crystal
structures were visible, and the dominant structure is shown in
Figure 4b. By fitting with a standard structure model, we veri-
fied that the dominant structure corresponded to the 0-HZO [111]
direction, and the arrow denotes the [11-2] direction, which
showed a striped structure of a different width. The regions of
0 [010] and m [-111] phases are also marked in Figure 4a, and
their crystal structures are shown in Figure 4c,d, respectively.
In addition, we found a small amount of m [100] and m/o [00]]
structures in other areas of the sample, as shown in Figure 4e,f.
The results of the TEM image analysis were consistent with the
XRD results, in which the o-(111) reflections were much stronger
than the other orientations. As for the structure in Figure 4f,
we could not distinguish whether it was an m [001] or o [001]
phase from the plan-view atomic configuration, and the struc-
ture may have even contained a coherent interface between these
two phases.?l The atomic models of o-/m-phase HZO and the
corresponding fast Fourier transform patterns of all the phases
are shown in Figure S6 in the Supporting Information. Among
these phases, only the 0-HZO [111] contributes to the out-of-plane
ferroelectricity of the thin films.

© 2022 Wiley-VCH GmbH
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Figure 4. Crystallographic phases and orientations of HZO membranes from the plan-view. a) Representative large-scale image and atomically resolved
plan view of the 10 nm HZO membrane. b—f) Magnified regions in a showing various crystal phases and orientations of the HZO structure. g—j) Two
types of ferroelectric domain walls (g,h), and two types of coherent phase boundaries (i,j) observed in HZO membranes. k) Proportions of each phase
and orientation. We only counted grains that were clearly recognizable. I) Grain-size distribution of the o-(111) phase, where Xc is the median thickness
value. m) Statistical analysis of the 0-HZO [11-2] direction relative to the LSMO buffer layer. The orange arrows marked in (a), (b), and (g) indicate the

direction of the stripes, that is, the [11-2] direction of 0-HZO.

In addition, many domain wall configurations and coherent
phase boundaries were observed in the atomic-level images
and plan-view crystallographic patterns. Two ferroelectric
domain wall configurations with different angles are shown in
Figure 4g,h, corresponding to =54° (or 126°) and =48° (or 132°),
respectively. This was unexpected because domain walls with
angles of 90° and 180° only were predicted and observed in
previous studies of hafnia-based compounds.l>3% Figure 4,
shows two types of coherent interfaces between o-HZO and
m-HZO phases, and the coherent interface shown in Figure 4i
is reported for the first time. Phase transformation between
the m-phase and o-phase most likely occurs at this coherent
interface, which could be important for exploring the origins
of wake-up and fatigue processes.’”) The yellow rectangle in
Figure 4j shows the evolution of the m-phase into the o-phase,
which is considered to be a manifestation of the distortion of
the tetragonal phase (t-phase) into the o-phase and m-phase.
In addition, a monoclinic-like major distortion layer was
present between two major distortion units with orthorhombic-
like structures, suggesting that substitution of a monoclinic-like
distorted layer into an orthorhombic lattice resulted in an
antiphase-like boundary in the orthorhombic phase.?¥
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Next, we performed quantitative analysis of the different
regions in the plan-view images. First, we counted the propor-
tions of each phase and each orientation. More than 150 atomi-
cally resolved domains were counted, of which the o [111] and
o [010] phases accounted for 82.47% and 714% of the domains,
respectively. The total proportion of the m-phase in each orien-
tation was about 10%, indicating that the o-phase was the
dominant phase in our HZO films. Plan-view mode can prob-
ably allow the imaging of larger areas, and this could allow
accurately quantifying the evolution of phases with thickness.
We also calculated the size of approximately 110 o-HZO [111]
domains and found that the mean equivalent diameter of the
orthorhombic grains was about 12.1 nm, with a standard devia-
tion of =10 nm, and all values of the diameters ranged from
4 to 50 nm. The domain areas varied from 10 nm? to larger
than 1000 nm?, with an average value of 83.7 nm? (Figure S7,
Supporting Information). Information on the explicit grain-size
distributions and grain boundary configurations in HZO films
will be helpful for improving a previously reported free energy
model and for understanding the stabilization mechanism of
the ferroelectric o-phase.??l This method of using freestanding
thin films to obtain plan-views enables the easy investigation of

© 2022 Wiley-VCH GmbH
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the microstructural evolution in HZO films at the microscopic
and mesoscopic scales, and this structural information is of
broad interest in application-driven research such as the vari-
ability of ferroelectric field-effect transistors (FeFETs).[8!

By analyzing the [11-2]y,o direction relative to the LSMO
buffer layer in 67 0-HZO (111) domains (Figure 4a; Figure S8,
Supporting Information), we found that there were [11-2]y70
stripes with 12 in-plane directions. The angle between the
[11-2]570 stripes and [100]; g0 obeyed ¢ =15°+nx 30° (n=0, 1,
2 ... 11; where the ¢ = 0° direction was defined as the [100];sym0
direction), as shown in Figure 4m. In view of the fourfold
symmetry of LSMO (001) buffer layer, three epitaxial relation-
ships of 0-HZO grown on LSMO (001) were deduced. They
are [11-2JHZO(111)//[110]LSMO(001) and [2-20]HZO(111)//
[1-10]LSMO(001); [20-2]HZO(111)//[110]LSMO(001) and [1-21]
HZO(111)//[1-10]LSMO(001); [02—2]HZO(111)//[110]LSMO(001)
and [2-1-1]JHZO(111)//[1-10]LSMO(001), as shown in Figure S9
in the Supporting Information. It should be noted that the three
epitaxial relationships are the same for a cubic or rhombohedral
structure, but are different for an orthorhombic structure. The
complicated epitaxial relationships indicated that there should
be more domain orientations and domain wall configurations
in the prepared films. For example, the 54° (or 126°) domain
wall in Figure 4g corresponded to two (111)-oriented domains
with a relative angle of 60° (or 120°).

Factors that potentially stabilize the ferroelectric
orthorhombic phase in HZO films have been discussed in a
wide range of literature, but the roles of these factors remain
controversial. Strain from the substrate is generally considered
one of the most important factors for promoting and stabilizing
the ferroelectric o-phase.™1¢3% However, our results demon-
strate that although the in-plane strain from the buffer layer
has a crucial impact on the stabilization of the ferroelectric
0-HZO during the film growth process,*” the strain is not
responsible for maintaining the metastable phase once it has
formed. Materlik et al.'¥l and Park et al.??l have developed
models for the surface and grain boundary energies to explain
the stabilization of 0-HZO. The ferroelectric o-phase in hafnia-
based materials is usually found in thin films with small grain
sizes, and as such, the contribution of the grain boundary
energy to the total free energy of the film is significant in thin
films with abundant grain boundaries. The surface and grain
boundary energies should play an important role in stabilizing
and maintaining the ferroelectric o-phase in nanoscale HZO
films. The detailed information on the grain sizes and bound-
aries obtained by atomic-level plan-view imaging, such as the
surface orientations and atomic configurations at grain bound-
aries, may be important for accurately calculating the relative
contributions to the free energy.

With increasing demand for a myriad of emerging wear-
able applications in recent years, flexible electronic devices
have gained attention for their remarkable softness, exceptional
versatility, and human-friendly interfaces.*!! Previous studies
showed that HZO thin films directly grown on flexible mica
substrates had robust ferroelectricity and promising applica-
tion potential in flexible electronics.*?! The distinct advan-
tage of our freestanding HZO membranes is that they can be
easily transferred to almost any substrate to fabricate electronic
devices, including substrates that cannot be annealed at high
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temperatures. Here we transferred the HZO capacitors onto
mica as an example to demonstrate the robust ferroelectricity
of our freestanding HZO membranes in flexible electronic
devices.

A freestanding HZO membrane with Pt electrodes was
transferred to a Pt/mica substrate to fabricate HZO capacitors.
The performances of the flat and bent HZO capacitors were
characterized at room temperature to explore their bending
reliability and flexibility (Figure 5a). None of the measure-
ments required a wake-up procedure. Figure 5b shows the P-E
hysteresis loops of the same device after different numbers
of bending cycles. The detailed loops under different voltages
are shown in Figure S10 in the Supporting Information. All
hysteresis loops showed negligible differences in parameters,
and the positive remanent polarization (+Pr), negative rema-
nent polarization (—Pr), positive coercive field (+Ec), and nega-
tive coercive field (—Ec) were about 22 uC cm2, —21 uC cm™,
2.87 MV cm™, and —3.35 MV cm™}, respectively. These values
were in good agreement with those reported for HZO films on
LSMO/STO substrates,[2%! indicating that the HZO retained
its good ferroelectric properties in different bent states. The
applied bending strains were estimated using the equation
S = D/2R*) where S is the strain induced on the surface, D
is the thickness of the substrate (=10 um), and R is the bent
radius of the film. The bending strain at a radius of 1 cm
was as low as =0.05%, and its influence on the HZO mem-
brane properties was negligible. Figure 5c shows the detailed
parameters of the P—F loops measured of 20 devices under
different bending states, and Figure 5d shows these parame-
ters after 100, 500, 1000, and 2000 cycles of bending to a radius
of 1 cm. All the parameter values were stable with decreasing
bending radii and increasing numbers of bending cycles. We
further performed P-E tests over a wide temperature range
(100-400 K) to evaluate the reliability of the devices in harsh
environments, such as in space (Figure 5e,f). Across the whole
temperature range, the HZO capacitors showed significant
ferroelectricity, but the Pr value increased slowly with
increasing temperature, which was contrary to the temperature
dependence seen in conventional ferroelectrics but in line
with polarization switching behavior correlated to the ther-
mally activated oxygen migration mechanism.l?’l This observa-
tion reflects that the origins of the ferroelectric properties of
hafnia-based materials are quite different from that of conven-
tional perovskite ferroelectric materials. Overall, these results
indicate that the ferroelectricity of our freestanding HZO
membranes is robust under repeated mechanical flexing and
in a wide range of temperatures.

Large-scale ultrathin films with stable ferroelectricity are
highly desirable for practical applications. Previous works
have used ferroelectric perovskite oxide membranes, such as
BaTiO; and BiFeO;, and 2D ferroelectrics, such as CulnP,Sg
(CIPS)™I and In,Ses,™! to make flexible electronic devices.
However, single crystalline perovskite oxide membranes
usually have issues with folding and crack formation due to
mechanical damage to the membrane when the supporting
layers are removed and strain relaxation caused by lattice
mismatch occurs.’%5!U 2D ferroelectrics also have weaker
ferroelectricity and smaller membrane sizes compared to oxide
ferroelectrics.’?l Here, we obtained centimeter-scale crack-free
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Figure 5. Ferroelectric properties of flexible HZO capacitors in different testing environments. a) Schematic diagram of flexible ferroelectric HZO
capacitors. b) Polarization—electric field (P—E) hysteresis loops at 10 kHz. c,d) Variation of Pr (remanent polarization) and Ec (coercive field) of flexible
HZO capacitors at different bending radii (c) and after multiple bending cycles (d). e) P-E hysteresis loops at different temperatures. f) Variation of

Pr and Ec of flexible HZO capacitors at different temperatures.

nanomembranes with robust ferroelectricity, and such proper-
ties are unattainable in crystalline perovskite oxide membranes
and 2D ferroelectrics (Table S1, Supporting Information). The
disordered grain boundaries in nanograined films may have
played an important role in strengthening the freestanding
HZO membranes prepared here.”’] Our work indicates that
introducing grain boundaries may be a solution to achieve
centimeter-scale, crack-free, freestanding oxide membranes.

3. Conclusions

We have successfully fabricated centimeter-scale, freestanding
HZO nanomembranes and confirmed their robust ferro-
electricity. The transferred HZO membranes were composed
primarily of the stable ferroelectric orthorhombic phase, indi-
cating that the strain from the substrate was not necessary to
maintain the polar phase. The results suggested that the surface
and grain boundary energies likely played an important role in
stabilizing the ferroelectric phase; however, other factors such
as doping and oxygen vacancies still need to be studied further.
By transferring the freestanding HZO membranes to TEM
grids, the phases, orientations, size distributions, and bounda-
ries of the grains were atomically characterized from plan-view,
allowing for the epitaxial relationships and domain walls to be
derived. Our work opens a new paradigm for exploring uncon-
ventional ferroelectricity in polymorphic HZO membranes
using plan-view imaging. Moreover, we also demonstrated the
good uniformity, stability, and robustness of HZO capacitors
on flexible substrates. From a technological perspective, the
large-scale, crack-free HZO nanomembranes could be trans-
ferred to other materials to fabricate nanoelectronic devices
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without compatibility issues related to annealing. Accordingly,
these HZO membranes can be used to design various flexible
ferroelectric devices including ferroelectric memories, negative
capacitance FETs, and neuromorphic devices.

4. Experimental Section

Thin-Film Growth: HZO thin films with thicknesses of 5 or 10 nm
and an LSMO buffer layer with a thickness of 20 nm were grown by
pulsed laser deposition on STO (001) substrates. An XeCl excimer
laser with a wavelength of 308 nm was used, and the imaged laser spot
size was 4.0 mm? The LSMO layer and HZO layer were grown under
oxygen pressures of 25 and 13 Pa, respectively. A growth temperature
of 750 °C, a laser fluence of 1.25 ] cm™, and a repetition rate of 2 Hz
were employed to grow both layers. After deposition, the heterostructure
was cooled down to room temperature at a rate of 10 °C min™' under an
oxygen pressure of 10 kPa.

HZO Membrane Fabrication:  After growth, the HZO films were
released from the STO substrate by selective etching of the sacrificial
LSMO layer. The unclamped thin films were then removed from
the substrate by slowly dipping the substrate in deionized water. It
should be noted that the samples should be placed horizontally and
immersed smoothly into the water. During this process, the deionized
water will slowly infiltrate into the gap between the HZO film and
the substrate, replacing the original etching solution. When done
correctly, the released films floated on the water surface (Figure Slc,
Supporting Information). A homemade copper wire loop was then used
to catch the freestanding HZO membranes from the water surface. The
films were held in place by a thin layer of water formed inside the metal
loop. The released films were then moved to target substrates placed
on a 95 °C hot plate. The water was allowed to evaporate, leaving HZO
films on target substrates such as silicon, PET, a TEM grid (Figure 2d,e;
Figure S1f, Supporting Information), and mica.

X-ray Structural Characterization: XRD measurements were performed
using high-resolution X-ray diffractometer (Rigaku Smartlab) to
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characterize the structure and orientation of the films. The 6-20
specular scans were carried out in a line focus of the incident beam
mode with step width of 0.02°-0.05° to probe the lattice parameters.
The pole figures were operated in a point focus of the incident beam
mode, in which ¢ (azimuthal angle) and y (tilt of the sample plane
around the incident beam direction) are scanned while the detector is
fixed at a particular Bragg reflection. The pole figures of as-grown and
transferred HZO films were performed by using a X'Pertll MRD system
and a Rigaku Smartlab system, respectively. Cu anode was used in the
X-ray tube and the corresponding wavelength is 1.5406 A.

AFM and PFM Measurement (Scanning Probe Microscopy): AFM and
PFM measurements were performed using a commercial scanning
probe microscope (Asylum Research MFP-3D). Oxford Inc. HQ-75
Au/Ti-coated Si probe tips were used in the AFM measurements and
the imaging mode is tapping mode. Nanosensor PPP-EFM-10 Ir/Pt
coated conductive tips were used for PFM imaging. Local hysteretic
behaviors of the PFM phase and amplitude signals were collected
in DART (dual A.C. resonance tracking) mode and the signals were
recorded while the voltage was off. In both the hysteresis loop and
PFM contrast mapping measurements, drive amplitudes applied on the
tip were 1.5 Vac. During the domain writing, the switching voltage
were 10 V.

Hysteresis Measurement: Pt (50 nm) round electrodes with diameter
30 um were deposited by a homemade magnetron sputtering system
and patterned by standard microfabrication technology. The Pt/HZO/
LSMO (as-grown) and Pt/HZO/Pt/ (transferred) capacitors were
measured using a precision multiferroic analyzer (RADIANT Tec. Inc.).
The P-E hysteresis loops were obtained via simple hysteresis mode,
triangular pulses with frequency of 10 kHz were applied to reverse the
polarization of ferroelectric HZO layer. In the P-E measurements under
various temperatures, the samples were adhered to a copper plate and
placed into a vacuum probe station (Lake Shore TTPX). Liquid nitrogen
was used to cool the whole copper plate. Tungsten probes were used for
all the P—E measurements.

Electron Microscopy: For cross-sectional microscopy, sample was
prepared by using focused ion beam (FIB) milling. Cross-sectional
lamellas were thinned down to 60 nm thick at an accelerating voltage
of 30 kV with a decreasing current from the maximum 2.5 nA, followed
by fine polish at an accelerating voltage of 2 kV with a small current
of 40 pA. The atomic structures of the HZO and LSMO films was
characterized using an ARM 200CF (JEOL, Tokyo, Japan) transmission
electron microscope operated at 200 kV and equipped with double
spherical aberration (Cs) correctors. High-angle annular dark-field
(HAADF) images were acquired at acceptance angle of 90-370 mrad.
For plan-view microscopy, the sample was prepared by transferring
freestanding HZO membranes on a holey carbon TEM grid. The
HAADF images in this work were obtained using probe Cs-corrected
FEI Titan 60-300 (Titan Themis G2 in Electron Microscopy Laboratory
of Peking University) operated at 300 kV. The convergence semiangle
is 30 mrad, and the angular range of the HAADF detector is from
39 to 200 mrad.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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