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Developing an efficient and non-destructive stripping method suitable for
most fragile freestanding films is essential for developing industrial semi-
conductor integration and flexible devices. Here, we propose a rapid stripping
process of directional electrodynamic decomposition based on the con-
ductive LaNiO; sacrificial layer, which can effectively overcome the surface
tension during solution penetration. Notably, the release rate of oxide films
can be increased to 600 mm?/min, which is two orders of magnitude more
than that of traditional soaking method, ascribed to the improvement of the
adsorption energy and electron transfer by the electric field. The electro-
dynamic stripping efficiency is not limited by thickness and area size of
sacrificial layers and enables non-destructive and scalable fabrication of free-
standing films. The crack-free 3-inch freestanding PbZrOj; epitaxial membrane
represents the largest ferroelectric-based membrane achieved to date, which
enables its direct integration into flexible piezoelectric sensor array. Intrigu-
ingly, arecord-breaking 12-inch polycrystalline membrane has been developed
to address the requirements of industrial-scale semiconductor manufacturing,.
The strain-relaxed PbZrO3; membranes exhibit the hysteresis loop of the
antiferroelectric transition to ferroelectric. This electrodynamic approach with
conductive sacrificial layer will greatly improve the stripping efficiency of high-
quality functional freestanding membranes, thereby promoting their appli-
cation in wafer-level electronic devices.

Freestanding oxide membrane materials exhibit outstanding physical
properties and possess a diverse array of applications, stemming from
their independence from the substrate’. Notably, high-quality free-
standing oxide membranes, as small as a single cell’, can be created
and integrated with various materials to form innovative artificial
heterostructures for electronic application®™. The exceptional struc-
tural flexibility of freestanding oxide membranes has broadened the

scope for exploring their physical properties, paving the way for the
development of functional films such as ferroelectric, ferromagnetic,
multiferroic, and superconducting materials'***. The production of
freestanding thin films is primarily divided into two categories: che-
mical and physical techniques”. Among these, chemical decomposi-
tion stripping stands out for its high throughput and low energy
consumption, making it particularly suitable for the industrial
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development of freestanding films'®”. The careful selection of sacrifi-
cial layers in chemical decomposition is crucial for the successful
application of freestanding oxide membranes. Several materials have
been developed to serve as sacrificial layers, which facilitate the
separation of functional epitaxial films from the substrates through the
chemical decomposition of these layers®?, such as the Sr;Al,O¢ and
Sr4AlL,O, water-soluble sacrificial layers***, the SrTiO; (STO) and
Lao ;Sro3MnO; acid-soluble sacrificial layer>°,

The chemical decomposition of the sacrificial layer used at pre-
sent is an immersion method that relies on natural liquid penetration.
The decomposition process would generate narrow gaps, typically
ranging from nanometers, which are significantly smaller than the
micron-scale wetting angle of the decomposition solution. Therefore,
due to the action of liquid tension, this natural penetration has a great
resistance, similar to the capillary phenomenon”*, Especially, this
resistance increases greatly as the thickness of the sacrificial layer
decreases, resulting in a decrease in the stripping speed. Furthermore,
during the decomposition of the sacrificial layer, the decomposition
fluid does not maintain a continuous flow, and the solvent pressure
outside the gap remains constant®. As decomposition progresses, the
contact area between the decomposition fluid and the gap walls
increases, leading to heightened friction®*. Consequently, the decom-
position time will increase exponentially with the increase of the area
of the freestanding film, which significantly restricts the potential for
rapid production in future large-scale industrialization. Therefore, it is
urgent to develop a fast-stripping method of chemical decomposition
based on the universal sacrificial layer, which would be of significant
interest for the sustained progress and prospective applications of
freestanding thin film in functional devices.

Here, we introduce a rapid stripping process of directional elec-
trodynamic decomposition (DED) based on the conductive LaNiO3
(LNO) sacrificial layer, which adeptly navigates the challenges asso-
ciated with flow limitations and liquid tension within nanoscale gaps.
Surprisingly, the release rate has been improved from 5 mm?/min of the
traditional soaking to 600 mm?/min of the DED method, which is a two
orders of magnitude improvement, and is not limited by thickness and
area size. Meanwhile, the conductive sacrificial layers of LNO perovskite
offer 100% atomic matching with a wide range of functional perovskite
oxides, ensuring extensive lattice compatibility. Furthermore, the pro-
cess has improved operability, such as the solvent used for DED is a mild
and weak acid, which will not cause damage to the target layer, and the
high-quality sacrificial layer can be prepared by low-cost chemical
methods due to its stability in atmospheric conditions. This pioneering
method establishes a solid foundation for the future industrial
deployment of wafer-scale freestanding oxide membranes.

Results

Design proposal of DED process based on conductive
sacrificial layer

The DED process means that through a specific electric field or device
design, the ions in the electrolyte move in a predetermined direction
to achieve the decomposition reaction of the sacrificial layer. To
ensure the electrical decomposition, the conduction of the sacrificial
layer is necessary to ensure the conduction of the circuit. The classical
perovskite system LNO has excellent electrical conductivity, which has
been widely used as an electrode material. In addition, we chose the
LNO system as the sacrificial layer for several important reasons. One is
that they are relatively stable in the air and suitable for cost-effective
chemical methods, improving operability; Second, their decomposi-
tion solution is weak acid, as described below, which will not destroy
the target layer, but also provide charge carriers for the solution to
conduct electricity; The third is that, due to their perovskite structure,
the LNO sacrificial layer can achieve a 100% atomic match with most
perovskite functional oxides, establishing a foundation for the fabri-
cation of high-quality freestanding films.

The sacrificial layers of LNO do not react with water, which
ensures their stability during preparation in atmospheric conditions.
Therefore, we chose the chemical solution deposition (CSD) method
to prepare them, benefiting from its simplicity, cost-effectiveness, and
precise elemental control. The sacrificial layer was prepared on the
single-crystal substrate by the simple sol-gel method of CSD (Supple-
mentary Fig. 1), a technique known for yielding high-quality epitaxial
films®. Synchrotron-based X-ray diffraction (XRD) patterns demon-
strate the epitaxial growth and phase purity of films (Fig. 1a). The
presence of satellite peaks, adjacent to the main substrate peak (Inset
of Fig. 1a), and X-ray reflectivity (XRR) patterns (Supplementary Fig. 2a)
indicate a high degree of crystallinity and surface flatness for the LNO
sacrificial layer prepared by CSD*. The thickness of the sacrificial layer
can be flexibly adjusted by manipulating precursor concentration and
process parameters. Synchrotron-based reciprocal space mapping
(RSM) around the (103) plane of the substrates reveals the epitaxial
growth of LNO on the STO (Fig. 1b). The scanning transmission elec-
tron microscopy (STEM) image presents a perfectly atomic-matched
interface of the LNO film and the STO substrate, further illustrating the
epitaxial growth of LNO (Fig. 1c). The LNO sacrificial layer can also be
epitaxial prepared on different single-crystal substrates and different
orientation substrates (Supplementary Fig. 2b and 2c). The chemical
epitaxial growth of LNO perovskite sacrificial layer offers the possibi-
lity for industrial applications.

By connecting the sacrificial layer to the positive electrode of a
power supply, with a graphite rod or metal electrode serving as the
negative electrode, both electrodes are immersed in a mildly acidic
electrolyte, such as 10% concentration of acetic acid (Fig. 1d). The
current will preferentially flow from the acetic acid electrolyte to the
sacrificial layer as they are both conductive. Meanwhile, under the
action of electric field, the electrolyte obtains the power to overcome
the interface friction, and can move rapidly and directionally, and
decompose the sacrificial layer quickly, which effectively improve the
characteristics of the solid-liquid interface and overcome the resis-
tance caused by surface tension (Fig. 1le). The LaNiOs(s)
+6CH3COOH(aq) » La(CH5COO); (s or aq)+Ni(CH3COO)s(s or aq)
+3H,0(l) chemical reactions will take place, subsequently, the salt
substances will re-dissolve in the solution. The electric field only
accelerates the reaction rate without generating new redox reactions.
The decomposition of water into hydrogen and oxygen will act as an
additional reaction. There is a side reaction in the positive electrode,
which will produce hydrogen ions, conducive to accelerating the
decomposition of the sacrificial layer. And there are no solid by-
products.

Before DED, through exploration, we found that the weak acid can
dissolve LNO, and a slow spontaneous decomposition process of
LaNiOs(s)+6H*(aq) - La**(aq)+Ni**(aq)+3H,0(l) chemical reactions will
act during the immersion process. Although the decomposition rate of
medium or strong acids is faster, to ensure that the target layer is not
destroyed, we choose the weak acid of acetic acid as the solvent. When
the concentration of acetic acid reaches 10%, the best immersion
decomposition rates can be obtained, which is equivalent to the con-
centration of edible vinegar in life. To analyze the decomposition
process of the sacrificial layer, we used ultraviolet-visible (UV-Vis)
spectroscopy (Supplementary Fig. 3). The decomposition rate was
evaluated by monitoring the intensity of the characteristic absorption
peak of the sacrificial layer. The decomposition curve of UV-Vis spec-
troscopy indicates the DED method shows an obviously faster trend of
decreasing intensity (Fig. 1f). The LNO (100 nm)/STO sample by DED
takes only 15seconds to completely decompose, while the soaking
method does take more than 30 minutes, which is an improvement of
two orders of magnitude. The decomposition of the LNO/STO sample
is further corroborated by macroscopic optical imaging (Fig. 1g). It can
be intuitively seen that after 15 seconds of electrical decomposition,
the sample changed from all black to completely transparent of the
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Fig. 1| Conductive sacrificial layers and design proposal of DED process.
aSynchrotron-based XRD patterns of LNO sacrificial layers on (001) orientated STO
substrates. a.u., arbitrary units after logarithmic processing. The inset shows the
(001) peaks with the satellite peaks, indicating the high-quality film. b Synchrotron-
based X-ray RSMs of sacrificial layers around STO (103) diffraction regions. L,
crystal index of (OOL); H, crystal index of (HOO). ¢ STEM images of LNO film grown
on the STO substrate, indicating the high-quality epitaxial relationship. d Schematic

ARy

illustration of the DED process of the LNO sacrificial layer. The DED setup utilized in
this study comprises a power supply and a carbon electrode paired with a positive
PDMS/film/LNO/substrate assembly. e Schematic illustration of the DED mechan-
ism for the LNO sacrificial layer. f Absorption intensity at 30 nm is dependent on the
time for the LNO sacrificial layer using DED and conventional soaking methods.
g Photographs of sacrificial layers decomposition via DED and conventional soak-
ing approaches. The size of the STO substrate is 10 x 10 mmZ

STO single-crystal substrate, indicating that the sacrificial layer was
completely decomposed. This time for the soaking method is
30 minutes, consistent with the UV-Vis spectroscopy results. Interest-
ingly, the DED process also shows the controllable direction of
decomposition, which is caused by the orientation of the current,
while the soaking method presents the state of overall decomposition
from the surface because there is no film cover. The directional nature
of this electrodynamic method will make possible the diversity of
stripping (Supplementary Fig. 4). The directional decomposition pro-
cess of the sacrificial layer has a uniform current density, enabling the
freestanding preparation of thin films with different orientations.

Controllability and ultra-fast release rate of the DED process

In addition to the above controlled electrodynamic direction, the
present DED has many controllable parameters to adjust the decom-
position rate of the sacrificial layer, such as the electrodynamic vol-
tage, the thickness of the sacrificial layer, and the substrate size. With

the increase of electrodynamic voltage from 0.1V to 25V, the
decomposition time of LNO sacrificial layer LNO (10 x 10 x 0.5 mm?) is
gradually shortened, and only 15 seconds of decomposition need to be
completed at 25V (Fig. 2a). Our findings reveal a positive correlation
between the magnitude of the applied voltage and the decomposition
rate of the sacrificial layer. This observation underscores the facil-
itative role of the electric field and holds significant potential for
enabling the future efficient fabrication of large-scale freestanding
oxide membranes.

In the traditional soaking method, with the increase of the sacri-
ficial layer area or the decrease of thickness, the rate shows an obvious
downward trend, which is due to the existence of surface tension. We
further performed decomposition experiments covering the target
layer of PbZrOs (PZO) films. Intriguingly, the DED method showed the
opposite trend, and the thinner the thickness, the faster the decom-
position rate in the DED approach (Fig. 2b). In the stripping of the
target layer, the rate of the traditional soaking method is 0.27 mm?/min
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Fig. 2 | Controllability and ultra-fast release of the DED process. a Current-time
curves for DED decomposition of the 100 nm LNO/STO (10 x 10 mm?) sample at
various voltages. b Current-time curves for DED of the PZO/LNO/STO (10 x 10 mm?)
samples at various thickness of LNO. ¢ Optical micrographs of sacrificial layers
decomposition via DED and conventional soaking approaches, covering the target
layer of PZO films. d Stripping rate of DED (10 x 10 mm?) and conventional soaking

Substrate size (mm?)

Sacrificial layer

(5 x 5 mm?) processes at various sacrificial layer thicknesses. The light blue five-
pointed star shows the rate of large areas (10 x 10 mm?) in the soaking method,
showing the reduced rate. e Stripping rate of DED at different sample area sizes.
f Statistics of stripping rate of the traditional soaking method for various sacrificial
layers and the DED method.

for PZO (60 nm)/LNO (160 nm)/STO sample (Fig. 2¢), which is close to
that of Sr3Al,0,%. The rate of the DED method is greatly improved to
133 mm?*min for the PZO (60 nm)/LNO (100 nm)/STO sample. We
found that immersion is a natural way of decomposition from all sides
to the center, while DED is oriented, as described above. Notably, when
the sacrificial layer thickness is reduced to 2 nm, the DED rate reaches a
higher value of 400 mm?/min for PZO (60 nm)/LNO (2 nm)/STO sam-
ple (Fig. 2c and Supplementary Fig. 5). The strain state of the sacrificial
film can affect the rate of electrical decomposition, and the change of
strain caused by the reduction of sacrificial layer thickness should
promote the increase of decomposition rate, which is based on the
premise of overcoming the capillary effect caused by the surface
tension. Meanwhile, we find that with the reduction of the thickness of
the sacrificial layer, the target layer of PZO films presents crack-free
and wrinkle-free at the millimeter size (Supplementary Fig. 6). When
the thickness of the sacrifice layer is reduced from 160 nm to 2 nm, the
stripping rate of the soaking method is reduced from 0.27 mm?/min to
0.034 mm%min (Fig. 2d and Supplementary Fig. 7), indicating the
increasing surface tension. Unfortunately, the wrinkles can’t be
removed in the traditional soaking method.

When the area of the sample is increased from 25 mm? to 100 mm?,
the stripping rate of the soaking method decreases from 0.25 mm?/min
to 0.14 mm?*/min (Fig. 2d and Supplementary Fig. 8). Notably, we found
that the rate of the DED method increased with the increase of the area,
and tends to be constant when it approaches 30 x 30 mm?, reaching a
maximum of 600 mm?*min (Fig. 2e). As the sacrificial layer’s area and
side length increase, its cross-sectional area also grows. A larger cross-
sectional area provides more active sites for the DED reaction, which
can potentially enhance the reaction rate. However, if the cross-
sectional area becomes excessively large, the current density distribu-
tion may become uneven, thereby limiting the overall improvement in
the decomposition rate. We sorted out the rate of the traditional

soaking method for various sacrificial layers reported to date, basically
belonging to the single-digit or lower rate (Fig. 2f and Supplementary
Table 1). The highest of them are Sr,Al,0;, BaO, and SrCuO,, with only
4-5 mm?/min. However, the present rate of the DED process is two
orders of magnitude higher than the maximum value of the traditional
method, indicating a significantly more efficient. This enables the rapid
fabrication of high-quality, wafer-scale, freestanding oxide single-crystal
films, from which we stripped the complete PZO freestanding film with
a diameter of several inches, as presented below.

Mechanism of rapid stripping by the DED process
Density functional theory calculations indicate that the electric field
enhances the affinity of acetate molecules for La atoms at the LNO
interface, resulting in reduced interfacial adsorption energy from
0.79 eV without the electric field to —0.21eV with the electric field
(Fig. 3a). Through the differential density charge maps with or without
electric field, it can be found that the electrons around La are
decreasing, while the electrons of oxygen in the acetic acid free radical
are increasing (Fig. 3b). The Bader charge difference between with and
without an electric of La is 0.0055 electrons, while that of O in acetic
acid is much higher, 0.0178 electrons (Fig. 3¢). According to the Bader
charge, LNO transfers 0.8270 electrons to the acetic acid radical when
there is no electric field, and 0.8712 electrons to the acetic acid radical
when there is an electric field. Differential density charge maps and
Bader charge analysis reveal that the electric field increases the
transfer of electrons from La atoms to the acetate molecule. This
suggests that the electric field can facilitate the exchange between LNO
and acid ions in the solvent, thereby accelerating the decomposition
process. In addition, these findings supported the electrocatalysis of
electric field acceleration.

Molecular dynamics simulations demonstrate that the solution
group under an electric field is more compressed than the solution
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refers to the absence of gaps in the sacrifice layer, and the lower part refers to the
presence of gaps in the sacrifice layer, which may be generated during the
decomposition process. e Schematic diagram and a finite element simulation dia-
gram of soaking decomposition and the DED method. The v1 and v2 are the dif-
fusion velocity and the decomposition velocity, respectively. The upper part is the
case of soaking decomposition, and the middle and lower parts are the case of the
DED process.

group without an electric field (Fig. 3d). This compression can be
attributed to several factors influenced by the presence of the electric
field. Firstly, the electric field induces a dipole moment in the mole-
cules of the solution, causing them to align in the direction of the field.
This alignment enhances the intermolecular interactions, particularly
the electrostatic attractions between polar molecules, leading to a
more compact structure. Secondly, the electric field can also influence
the distribution of ions within the solution. Positively charged ions
tend to move towards the negative electrode, while negatively charged
ions move towards the positive electrode. This movement and redis-
tribution of ions can create a more ordered and compressed
arrangement compared to the random distribution observed in the
absence of an electric field. Moreover, the increased compression
under an electric field can have significant implications for various
properties of the solution, such as its viscosity, conductivity, and dif-
fusion behavior. For instance, the enhanced intermolecular interac-
tions and ion movement can lead to higher viscosity and altered
diffusion rates, which are critical factors in many chemical and biolo-
gical processes. This indicates that the electric field provides an
additional driving force for the migration of the solution group to the
LNO surface. Concurrently, molecular dynamics also show that electric
fields can rapidly and directionally penetrate solution groups within
narrow gaps, which confirms that the electric field can overcome the
influence of surface tension. These findings provide a theoretical
foundation for the feasibility of ultra-fast DED process of sacrificial
layers.

To elucidate the mechanism behind the formation of a flat and
crack-free film via electrical stripping, finite element simulation ana-
lysis was conducted, as illustrated in Fig. 3e. The simulation reveals
that the decomposition rate and solution flow dynamics play crucial
roles in determining the film’s surface morphology. In the soaking

scenario, the decomposition rate is relatively slow, allowing the solu-
tion to continuously infiltrate the gap between layers (v1>v2). This
excess inflow causes the film to bulge, subsequently leading to the
formation of folds. Conversely, in the case of DED, the decomposition
rate is significantly faster. The inflow rate of the solution is either less
than or equal to the decomposition rate, meaning that the solution
entering the gap can quickly flow out. This rapid egress prevents the
film from bulging and thus ensures a smooth and flat surface. Addi-
tionally, when the sacrificial layer is thinner, the electrical decom-
position rate increases, further enhancing the film’s flatness. Another
contributing factor is that a thinner sacrificial layer subjects the target
layer to less strain change, reducing the likelihood of collapse (Sup-
plementary Fig. 9). These findings collectively explain why electrical
stripping can produce a flat and crack-free film.

Microstructure and physical properties of freestanding oxide
membranes

Intriguingly, LNO exhibits a high degree of lattice matching tolerance,
ranging from 3.69 A to 4.21A. We selected the orthorhombic PZO
system with antiferroelectric, the rhombohedral BiFeO3 (BFO) system
with ferroelectric, and the cubic STO system with dielectric char-
acteristics as the target layers (Supplementary Fig. 10). Their lattice
constants, according to the pseudo-cubic structure, are approximately
4.21A, 3954, and 3.91A, respectively. For the stripping of the STO
target layer, LaAlO; (LAO) with a lattice constant of 3.79 A was
employed as the growth substrate, demonstrating that LNO is com-
patible with LAO and can be epitaxially grown with high quality.
Additionally, we can also successfully strip the undamaged LAO and
YMnO3 (YMO) (a@pseudocubic = 3.69 A) as the target layer (Supplementary
Fig. 11). This underscores LNO’s extensive lattice matching capability,
spanning from 3.69 A to 4.21A.
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different magnifications, displaying a significant uncracked and flat morphology.
STEM images and FFT of b as-grown PZO thin film and c freestanding PZO mem-
brane. Phase images of PFM for d as-grown PZO thin film and f freestanding PZO
membrane. Ferroelectric hysteresis loops and switching current curves of e as-
grown PZO thin film and g freestanding PZO membrane.

Both the sacrificial layer and the target layer were deposited using
the CSD method, except for BFO, which was deposited by radio-
frequency magnetron sputtering. The target layers grown on the LNO
sacrificial layer exhibited exclusive (00 /) peaks, signifying their epi-
taxial orientation as confirmed by XRD and RSM scans (Figs. 4a-1, 4a-II
and Supplementary Fig. 12). Freestanding membranes were success-
fully stripped and transferred onto Si substrates, retaining their ori-
ginal epitaxial properties (Fig. 4a-lll and Supplementary Fig. 13). A
comparative analysis of synchrotron-based XRD and RSM before and
after the stripping process indicates the viability of our DED method
for fabricating freestanding single-crystal thin films. The RSM of the
stripped sample revealed minor structural relaxation, such as an
increase in the out-of-plane lattice constant for PZO and a decrease for
BFO, which could potentially induce structural distortion and impact
performance. The PZO freestanding membrane exhibits flat and
unbroken (Figs. 4a-1V, 4a-V), and the thickness can be controlled
(Supplementary Fig. 14). Similarly, the BFO and STO freestanding

membranes also exhibit relatively flat without broken (Supplementary
Fig. 12). All freestanding films exhibit minimal damage, and it is pos-
sible to consistently obtain relatively intact films. This result under-
scores the high compatibility of the DED process and the selected
sacrificial layer system. The stripping of the target layer is achievable
so long as its resistance exceeds that of the LNO sacrificial layer.
High-angle annular dark-field scanning transmission election
microscopy (HAADF-STEM) analysis of various perovskite films
revealed the single-crystal nature of the films both before and after the
stripping process, corroborating the findings from XRD studies
(Fig. 4b, c). The observation of multiple interfacial lattices with good
matching further validates the high compatibility of LNO as a sacrificial
layer, as evidenced by the well-aligned interfaces such as STO/LNO,
LNO/PZO (Fig. 4b-I), LNO/BFO (Supplementary Fig. 15), and LAO/LNO
(Supplementary Fig. 16)*>. We have successfully fabricated free-
standing films with various phase structures through LNO sacrificial
layers spanning a range of thicknesses from 2 to 60 nm. For instance,

Nature Communications | (2025)16:11591


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-66697-6

PZO films were achieved with a 2 nm LNO layer, BFO thin films with a
16 nm LNO layer, and STO thin films with a 60 nm LNO layer. This
highlights the high adaptability of the fabrication process through
varying sacrificial layer thicknesses. The PZO film transferred to the Si
substrate exhibits an exceptional degree of flatness (Fig. 4c-I). The
wide range of STEM images indicates the high-quality single-crystal
nature of the PZO film both before and after stripping (Figs. 4b-Il, 4c-
I). By Fast Fourier Transform (FFT), we identified the presence of both
pseudo-cubic regions (not shown) and orthorhombic regions (Fig. 4b-
1) within initial PZO thin films**. Notably, a transformation is observed
in the orthorhombic structure regions from a fourfold modulation
period before stripping to a threefold modulation period after strip-
ping (Fig. 4c-lll). This alteration may arise from structural distortion
following strain release, a finding that aligns with the results of RSM
and geometric phase analysis (GPA) (Supplementary Fig. 17). We cal-
culated the out-of-plane lattice constants of these two regions and
found that the initial PZO film has a period of 4 pseudo-cubic cells
while the stripped film has a period of 3 pseudo-cubic cells, which
further confirmed the structural phase transition (Figs. 4b-1V, 4c-IV).
Such structural reconfiguration suggests a phase transition from an
antiferroelectric to a ferroelectric state®, which was further confirmed
by subsequent property testing.

No discernible switching behavior is observed in the domain
writing process of piezoresponse force microscopy (PFM) (Fig. 4d),
which may be attributed to the antiferroelectricity of the as-grown PZO
film depending on its inherent characteristic. In contrast, the free-
standing PZO film exhibits distinct 180° domain switching (Fig. 4)*¢,
indicative of a transition towards ferroelectric properties”. For the as-
grown film, we used Pt/PZO/LNO/STO structure for ferroelectric testing
of the hysteresis loop (Fig. 4e). The presence of four switching peaks in
the switching current curve confirms the antiferroelectric property of
the as-grown film**°, Strikingly, a standard hysteresis loop was
obtained for the stripped freestanding PZO membrane using the Pt/
PZO/Pt/Si structure (Fig. 4g). Typically, demonstrating a macroscopic
hysteresis loop for a freestanding film is challenging due to the risk of
film damage. The hysteresis loop of the PZO freestanding membrane
indicates the high quality of the stripped film. It can be found from the
switching current curve that there is a gradual transition to two
switching peaks, which further confirms the ferroelectric transition
caused by the structural transformation after strain release. This finding
aligns closely with the results obtained from TEM and PFM analyses
discussed earlier. Furthermore, the BFO freestanding film exhibits
enhanced ferroelectric properties and structural transformation after
transfer, and the STO film shows high flatness, crystallinity, and excel-
lent dielectric performance (Supplementary Figs. 18 and 19).

Large-scale freestanding oxide membranes and devices

The DED method has demonstrated exceptional capability in large-
area stripping of freestanding oxide films, showcasing its potential for
wafer-level semiconductor applications. A single crystal LAO with a
diameter of 3 inches was selected as the substrate for the epitaxial
growth film (Fig. 5a). LNO can grow epitaxial on the LAO substrate, as
described above. We achieved uniform growth of the LNO buffer layer
with complete surface coverage, as evidenced by its homogeneous
black coloration across the entire substrate. Subsequent deposition of
the PZO target layer via chemical solution processing yielded a mac-
roscopically smooth and defect-free surface, highlighting the scal-
ability of this approach. Notably, the fast DED method enabled clean
separation of the PZO layer without residual sacrificial/target layers on
the LAO substrate. Such a substrate can be repeated dozens of times
(Supplementary Fig. 20), which is the critical advance for industrial
productivity. This phenomenon is not limited to LAO substrates, and
STO substrates also exhibit the same repeatability. The 3-inch free-
standing PZO film exhibited remarkable uniformity and mechanical
robustness with no observable cracks or delamination (Fig. 5b and

Supplementary Fig. 21). XRD analysis of six representative regions
confirmed consistent crystallographic structure with the same PZO
peaks (Fig. 5¢), indicating that the stripping process did not cause the
collapse of films and lead to inconsistent orientation.

The freestanding films were utilized to fabricate piezoelectric
sensors designed for detecting flexible deformation and converting it
into electrical signals. As depicted in Fig. 5d, a 4 x 5 interdigital elec-
trode array was meticulously prepared on the film surface. When the
sensor devices were attached to a human arm, each device in the array
generated a distinct piezoelectric signal (Fig. 5e and Supplementary
Fig. 22), varying based on the degree of mechanical deformation
experienced. For instance, the middle area of the array produced a
robust 24 mV signal, while the edge area generated a significantly
weaker 5mV signal. These values are superior to the piezoelectric
signal of about 4.29 mV/% shown in the polyvinylidene fluoride*. This
discrepancy is directly related to the curvature imposed on different
regions of the film by the arm. The middle region, subjected to greater
curvature, exhibited a stronger piezoelectric response, whereas the
edge region, with less curvature, produced a weaker signal. To further
investigate this relationship, we collected data correlating the bending
degree with the corresponding piezoelectric signal (Supplementary
Fig. 23). The results revealed a strong positive correlation between the
two (Supplementary Fig. 24). The above results are also confirmed by
local piezoelectric signals (Supplementary Fig. 25). Although the pie-
zoelectric properties of the films are limited by the maximum dis-
placement and size effect**’, the piezoelectric responses of
freestanding PZO films of different thicknesses have been confirmed
by PFM (Supplementary Fig. 26)*. This finding underscores the
potential of our large-area freestanding films as highly sensitive and
adaptable materials for flexible electronic devices, particularly in
applications requiring precise detection of mechanical deformation.

To meet the demands of the large-scale semiconductor industry,
we undertook the challenge of fabricating a freestanding film with a
diameter of 12 inches. Given that perovskite single-crystal substrates
are typically not available in such large sizes, we opted for silicon as the
substrate to grow polycrystalline films. During the deposition process
of the sacrificial layer (LNO) and the target layer (PZO), the surface
exhibited specular reflection (Fig. 5f), which indicated that the
deposited films were highly uniform flat, and free of pinholes. Struc-
tural analysis shows that both LNO and PZO films exhibit high (00 I)
preferred orientation, indicating excellent crystallinity (Supplemen-
tary Figs. 27a-c). Utilizing the fast DED stripping method, we suc-
cessfully stripped the 12-inch PZO freestanding film from the substrate.
The freestanding film was remarkably intact and flat, although minor
bubbles were observed. This may be attributed to the uneven PDMS
paste process, which could be removed in the further optimized pro-
cess. The 12-inch freestanding PZO film on PDMS also presented the
preferred orientation structure and high crystallinity, displaying a
polycrystalline state and significant uncracked morphology in large
area (Supplementary Fig. 27d). The XRD results from 9 random areas
indicate that the freestanding film have the uniformity and homo-
geneity, as their diffraction intensities are comparable (Supplementary
Fig. 28). The electrical property (leakage current) of the 12-inch free-
standing PZO film also remains at the magnitude of about 10? pA/cm?
of the value before stripping (Supplementary Fig. 29). The successful
creation of a 12-inch PZO freestanding film represents a significant
milestone, as it is currently the largest freestanding oxide film ever
produced. This achievement underscores the potential of the fast DED
method to revolutionize the industrial application of freestanding
oxide films, paving the way for their integration into advanced elec-
tronic devices and flexible technologies.

Discussion
The universal and efficient stripping process of DED based on the
conductive LNO sacrificial layer exhibits significant potential in future
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large-scale industrialization, leveraging its numerous advantageous
properties. Primarily, compared with the traditional soaking method,
the rate of the DED stripping method is a qualitative leap, increasing by
two orders of magnitude, and is not limited by the thickness and area
size of the sacrifice layer, providing a reliable guarantee for large-area
stripping. Secondly, the DED stripping method has high controllability;
for example, a variety of target layers and diversified stripping modes
can be obtained by controlling the voltage value and current direction,
respectively. The most critical is that the application of an electric field
not only provides the decomposition fluid with the power to overcome
the interface friction, but also reduces the tension exerted by the
decomposition fluid on the film, which is conducive to obtaining high-
quality flat freestanding films. Thirdly, the present LNO sacrificial layer
exhibits compatibility with the growth of most perovskite oxides with
lattice constants ranging from 3.69 to 4.21A, achieving 100% atomic
matching. The water insolubility of the present sacrificial layer, as
depicted in Supplementary Fig. 30, endows it with enhanced stability,
rendering it an ideal candidate for the preparation of target layers via
diverse methodologies, especially low-cost chemistry methods. Owing
to these attributes, the DED of LNO sacrificial layer offers a versatile
and pragmatic strategy for the expeditious fabrication of large-area,
crack-free freestanding oxide films, which holds promise for sub-
stantially broadening the applicability of freestanding oxide films in
emerging, cost-effective, and adaptable device technologies.

Methods

Preparation of sacrificial and target films

LaNiO3;. The required amount of Lanthanum nitrate hexahydrate
(La(NO3)3:6H,0, aladdin, 99%), Nickel(ll) acetate tetrahydrate
(NiC4H¢04-4H,0, aladdin, 99.9%)is dissolved in 2-
Methoxyethanol(C3HgO,, aladdin, 99.5%). Then, the mixed solvent was
heated and stirred on a 75 °C hot platform for 2 hours to obtain a
transparent precursor solution. Finally, the solvent is left to stand at
room temperature for filtration.

The precursor solution is spin-coated on a 10 x 10 mm? STO or
LAO substrate and rotated at a high speed of 5000 rpm for 30 seconds.
On the hot table, the water in the film was removed by heating at 120 °C
for 3 minutes, and the organic solvent was removed by heating at
350 °C for 10 minutes. Subsequently, the LNO sample was subjected to
annealing in a rapid annealing furnace 650 °C-750°C for approxi-
mately 5 minutes.

PbZrO;. The required amount of Lead nitrate (Pb(NO3),, aladdin,
99.999%) and Zirconium nitrate pentahydrate (Zr(NO3)4-5H,0, alad-
din, 99.9%) is dissolved in 2-Methoxyethanol (C3HgO,, aladdin, 99.5%),
There was 10% too much lead. Then, the mixed solvent was heated and
stirred on a 75 °C hot platform for 2 hours to obtain a transparent
precursor solution. Finally, the solvent is left to stand at room tem-
perature for filtration.
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The precursor solution is spin-coated on a 10 x 10 mm? LNO/STO
or LNO/ LAO substrate and rotated at a high speed of 5000 rpm for
30 seconds. On the hot table, the water in the film was removed by
heating at 120 °C for 3 minutes, and the organic solvent was removed
by heating at 350 °C for 10 minutes. Subsequently, the PZO sample was
subjected to annealing in a hostler furnace 700 °C for approximately
30 minutes.

SrTiO3. The required amount of Strontium acetate (C4HgO4Sr,
Mackun, 99%) and Titanium (IV) oxide acetylacetonate (CyoH;405Ti,
Aladdin, 98%) is dissolved in acetic acid, then 2, 4-pentanedione is
added. A solution with a metal ion concentration of 0.1mol/L is
obtained, in which the ratio of acetic acid to 2, 4-pentanedione is 3:2.
Finally, the mixed solvent was heated on a hot table at 75 °C for 2 hours
to obtain a transparent precursor solution.

The precursor solution is spin-coated on a 10 x 10 mm? LNO/LAO
substrate and rotated at a high speed of 5000 rpm for 30 seconds. On
the hot table, the water in the film was removed by heating at 120 °C for
3 minutes, and the organic solvent was removed by heating at 350 °C
for 10 minutes. Subsequently, the STO sample was subjected to
annealing in a hostler furnace 900 °C for approximately 30 minutes.

LaAlOs. The required amount of Lanthanum nitrate hexahydrate
(La(NOs3)3-6H,0, aladdin, 99%) and Aluminum triacetylacetone
(C1sH2106Al, aladdin, 99.999%) is dissolved in acetic acid, then 2,
4-pentanedione is added. A solution with a metal ion concentration of
0.1mol/L is obtained, in which the ratio of acetic acid to 2,
4-pentanedione is 3:2. Finally, the mixed solvent was heated on a hot
table at 75 °C for 2 hours to obtain a transparent precursor solution.

The precursor solution is spin-coated on a 10 x 10 mm? LNO/STO
substrate and rotated at a high speed of 5000 rpm for 30 seconds. On
the hot table, the water in the film was removed by heating at 120 °C for
3 minutes, and the organic solvent was removed by heating at 300 °C
for 3 minutes. Subsequently, the LAO sample was subjected to
annealing in a hostler furnace at 1050°C for approximately
20 minutes.

YMnO;. The required amount of Yttrium nitrate hexahydrate
(Y(NO5)5'6H,0, Macklin, 99.9%) and Manganese acetate
((CH3COO),Mn, Alfa, 98%) is dissolved in acetic acid, then 2,
4-pentanedione is added. A solution with a metal ion concentration of
0.2mol/L is obtained, in which the ratio of acetic acid to 2,
4-pentanedione is 3:2. Finally, the mixed solvent was heated on a hot
table at 75°C for 2 hours to obtain a transparent brown green pre-
cursor solution.

The precursor solution is spin-coated on a 10 x 10 mm? LNO/STO
substrate and rotated at a high speed of 5000 rpm for 30 seconds. On
the hot table, the water in the film was removed by heating at 120 °C for
3 minutes, and the organic solvent was removed by heating at 300 °C
for 3 minutes. Subsequently, the YMO sample was subjected to
annealing in a hostler furnace 800 °C for approximately 20 minutes.

BiFeO3. The chemicals used in the experiment were bismuth oxide
(Bi,03, 99.9%, Aladdin) and iron oxide (Fe,0s, 99.9%, Aladdin). Poly-
vinyl alcohol was used as the binder for the target. The prepared target
was sintered at 750 °C for 2 hours. BFO films were fabricated by radio-
frequency (RF) magnetron sputtering (VJC-300, Beijing VNANO
Vacuum Technology Co., Ltd) on an LNO/STO substrate, which was
heated at 500 °C, and the cavity was vacuumized below 2 x 107 Torr. A
total of 5.5 sccm of a mixture of nitrogen (45.5%) and oxygen (54.5%)
was pumped into the chamber to maintain a pressure of 0.4 Pa. Con-
tinuous 2.5 hours of high RF power (90 W) sputtering and 0.5 hours of
low RF (60 W) sputtering were performed. Finally, they were annealed
under a full oxygen atmosphere for 20 minutes.

Description of electrical stripping. Using a 304 stainless steel clip, it
can grasp a corner of the LAO, YMO, BFO, PZO, or STO film. This clip is
affixed to the anode of the current source. Subsequently, the cathode
of the current source is then connected to the carbon rod, which
should then be immersed in an acetic acid solution. The applied cur-
rent is 5 amperes, with the voltage of 10-25V for LAO, YMO, PZO, and
STO films and 1V for BFO film. Acetic acid solution (10%) was selected
as the dissolution solution, and the decomposition time was tested at
the range of 0.1A and the voltage with 0.1V, 2V, 5V, 10V, and 25V,
respectively. The voltage thresholds of different target layers may be
related to their insulation properties, such as 25V for PZO and 5V for
BFO. We have presented all the materials described in the manuscript,
as well as some of the resistance values of the prospective materials for
reference (Supplementary Table 2). The voltage threshold of the LNO
sacrificial layer of 2 nm is determined to be between 10 and 100 pV.

Although a small amount of the [La(CH; COO),]*" complex pro-
ducts might be produced, it will quickly dissolve in the aqueous
solution**. This will not have any impact on the target layer, and our
characterization of the structure and electrical properties also con-
firms this point. The schematic diagram (Fig. 1d and 1e, Supplementary
Figs. 1 and 10) of LNO sacrificial layer decomposition based on direc-
tional electrodynamic decomposition technology was drawn using
Microsoft Powerpoint software.

Characterization methods

Density Functional Theory Calculations. In the Density Functional
Theory (DFT) calculations of the interface between the acetic acid and
sacrificial layer, the projector augmented wave (PAW) method" as
implemented in the Vienna Ab initio Simulation Package (VASP)*® was
employed. The Perdew-Burke-Ernzerhof (PBE) formulation was used
for the exchange-correlation interactions. The calculations were per-
formed in a spin-polarized manner. The cut-off energy of the plane-
wave basis is set at 520 eV and the Brillouin zone integration was
performed on a 2 x 2 x 1 k-points grid. The geometry structures were
relaxed with a force threshold of 0.02 eV/A. The unit cell of LaNiO; is
expanded by a factor of 4 x 4 x 2, the 110 surface is cleaved, and a
surface model is constructed with La as the terminal. The adsorption
energy is calculated by subtracting the energies of the surface and the
adsorbate from the energy of the adsorbed state.

Molecular Dynamic Simulation (MD) selected Materials Studio
2019 (Forcite module) to simulate A droplet with A diameter of 15A
under 0 and 0.5eV/A/e electric fields in the NVT ensemble (Berend-
sen). Affinity behavior on LNO (13 x 13 x 4) interface. And the affinity
behavior of droplets forming channels in the center. Figure 3d pre-
sents the corresponding results and was drawn using the same soft-
ware. Bader charge analysis is a charge occupancy analysis method
based on quantum chemical calculations. Its core lies in determining
the charge distribution of atoms in molecules or crystals through
theoretical calculations (such as DFT). Essentially, it is the result of
theoretical simulation rather than a physical quantity directly mea-
sured through experiments.

For finite element analysis, we used the solid-flow coupling
method and COMSOL Multiphysics (6.3) software to deeply analyze
the effects of liquid diffusion velocity and decomposition velocity on
the stress of the target layer. Under the target layer with a thickness of
100 nm, the decomposition channels with a thickness of 5nm and
20 nm were constructed, respectively, and the total length of the
channels was set to 500 nm. By adjusting the inlet and outlet velocity
of laminar flow, the change of diffusion velocity and decomposition
velocity of different liquids was simulated. The simulation time was
4.65s. In the process of model construction, the free triangle refine-
ment mesh is used to divide the model to ensure the accuracy of the
simulation results. In the simulation process, we used both the laminar
flow module and the solid mechanics module. The density of the target
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layer material is assumed to be 1000 kg/m?, Poisson’s ratio is 0.4, and
Young’s modulus is 1 MPa. The density and dynamic viscosity of the
flowing liquid are 1000 kg/m*® and 1Pa-s, respectively. Finally, the
transient solver MUMPS was used to solve the model to obtain detailed
simulation data and provide strong support for the subsequent stress
analysis. Figure 3e presents the corresponding results and was drawn
using the same software.

Current vs. time curve. An electrochemical workstation (Shanghai
Chenhua Instrument Co., LTD.) was used to test the electrochemical
decomposition process of LNO.

X-ray related diffraction. The structure and orientation of the thin
films were investigated via synchrotron XRD, XRR, and RSM mea-
surements, which were conducted at the Diffuse X-ray Scattering
Station of the Beijing Synchrotron Radiation Facility (BSRF),
Beamline IW1A.

The thickness of the thin film can be determined by the angular
distance of two consecutive maxima in XRR. And the thinner the thin
film, the larger the oscillation period. We have roughly calculated the
thickness of the thin film according to Equation: d =\/2A0 where d is
the thickness of the thin film, A is the X-ray wavelength and
A=15466 A, A8 is the period of the XRR stripes. XRR is usually corre-
lated with the surface flatness and roughness of the film, so XRR can
also prove that the film has a high-quality surface.

UV spectra. The ultraviolet-visible absorption spectra of the LNO
sacrificial layer were measured with a UV-Vis T10 spectrophotometer.

Optical photograph. The sample that was transferred was examined
using a three-ocular monocular metallographic microscope
(Cb-15100).

Ferroelectric hysteresis loop. For macroscopic ferroelectric mea-
surements, circular top Pt electrodes with a diameter of 50 pm and a
thickness of about 20 nm were deposited by magnetron sputtering.
The ferroelectric hysteresis loops of the films were studied using TF-
Analyzer 3000 (aixACCT).

Transmission election microscope. TEM experiments were per-
formed with FEI Titan Themis Cubed G2 300 (Cs Probe) TEM at 300 kV.
The noise in the HAADF-STEM images was reduced by using a Gaussian
Filter in the Velox software.

Piezoresponse force microscopy. The piezoresponse force micro-
scopy (PFM) is performed by Asylum Research MFP-3D-Infinity with
Olympus AC240TM Pt/Ti coated silicon cantilevers (Asylum
Research, USA).

Second harmonic generation. The incident laser beam for the second
harmonic generation (SHG) measurements was generated by a Spectra
Physics Maitai SP Ti: Sapphire oscillator whose central wavelength is
800 nm and repetition frequency is 82 MHz. The incident power was
fixed at 50 mW and focused on the sample surface with a diameter of
~100 pum. The p-out configurations were adopted during measure-
ment, which denote the arrangements where the analyzer polarization
is parallel to the plane of the incident light field. The polarization
direction ¢ of the incident light field is adjusted by the rotation of the
M2 waveplate driven by a rotating motor. The SHG intensity (I) is
related to the light-induced nonlinear polarization (P) in the following
way: Jo<| P|2 ™,

Piezoelectric sensor test. A linear motor is used as a tool to adjust the
curvature. The PZO and PDMS films are horizontally fixed on the fixed
end of the linear motor. One end of the two copper wires is connected

to the two Pt electrodes, and the other end is connected to the positive
and negative electrodes of the digital signal collector, respectively
(Keithley 6514, Tektronix/Fortive), which is used to read the voltage
signal generated when the PZO film is bent. The distance between the
fixed end and the moving end of the linear motor is adjusted to make
the film produce different bending angles, and the voltage signal of
PZO film at different bending angles is obtained through the periodic
movement of the linear motor.

Data availability

All data needed to evaluate the conclusions in this study are available
within the paper and its supplementary information files, or available
from the corresponding author request.
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