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Strain-controlled decomposition efficiency of
LaCoO5 perovskite epitaxial thin films
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Strain engineering has emerged as a powerful strategy for optimizing the material structure and enhan-
cing performance across a wide range of applications. Herein, we report the deployment of substrate-
imposed strain to govern the dissolution kinetics of an epitaxial sacrificial layer. The epitaxial LaCoOs
(LCO) has been employed as a sacrificial layer: a lattice-matched and environmentally benign perovskite
for releasing freestanding oxide membranes. Intriguingly, the decomposition efficiency of LCO can be
precisely controlled by the substrate strain, whether tensile or compressive, which can induce changes in
chemical bonds and lattice distortion, thereby altering the reactivity of LCO with the decomposition solu-
tion. Under a tensile strain of 2.09% on SrTiO3 substrate, the decomposition efficiency of LCO was accel-
erated by 66.7% compared with that on LaAlOsz substrate with compressive strain. Synchrotron X-ray
absorption spectroscopy, high-angle annular dark-field scanning transmission electron microscopy and
semi-in situ optical absorption spectra reveal that tensile strain reduces La—O bond energy and enhances
octahedral distortion, making the lattice more susceptible to collapse. Furthermore, freestanding PbZrOsz
films were fabricated using the LCO sacrificial layer, showing a ferroelectric-to-antiferroelectric transition.
These findings underscore the potential of strain engineering in controlling material properties and fabri-
cation processes, offering new strategies for developing flexible electronic devices.

application requirements to a certain extent, but they also face
many challenges. For instance, materials such as LSMO, STO,

With the development of miniaturization and flexibility of
materials, the preparation and application of functional free-
standing thin film materials have become research hotspots.">
Among them, the effective integration of functional thin films
with substrates of different properties is a crucial step in realiz-
ing high-performance devices. In the development of free-
standing thin films, the selection of sacrificial layers in the
chemical wet etching process is of significant importance.®
Recently, numerous studies have been dedicated to exploring
various materials suitable as sacrificial layers, such as ZnO,*
SITiO; (STO),> La, ;St,sMnO; (LSMO),® YBa,Cu;0,_, (YBCO),”
SrRuO; (SRO),® SrCo0,5 (SCO),” SrvO; (SVO),'® Sr;Al, O
(SAO()® and Sr,Al, 0, (SAOy)."* These materials have met some
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and SRO require stringent etching conditions and need to be
etched with strongly corrosive or strongly oxidizing etchants.
This not only increases the difficulty and danger of experi-
mental operation but also may damage the target layer.
Although SAO and SCO can be etched with water or weak acid
solutions, they do not have a perovskite structure. Therefore, it
is of great significance to develop a perovskite sacrificial layer
that has good atomic matching, good controllability, high
stability and is environmentally friendly.

Strain engineering plays a crucial role in optimizing
material properties."*** It can alter a variety of material
characteristics and subsequently affect their performance in
different application scenarios. Strain modulation has been
widely utilized to enhance material performance.’>'® For
example, in semiconductor materials, the application of exter-
nal strain can effectively regulate the band structure, thereby
modifying the electron mobility and optical properties, which
offers an important approach for improving the performance
of semiconductor devices."” In piezoelectric materials, strain
can adjust the polarization states, enhancing the piezoelectric
response and enabling them to have greater utility in sensors
and energy conversion devices.'® For LaCoQ; (LCO) perovskite
films, strain modulation also has a non-negligible impact. On
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the one hand, strain can modify the lattice structure of LCO
films, leading to changes in the lattice constant and influen-
cing the lattice matching degree with other materials, which is
essential for the fabrication and integration of hetero-
structures based on LCO films.'**! On the other hand, strain
may also affect the internal charge distribution and chemical
bonding state of LCO films, thus altering their physical pro-
perties, such as ferromagnetic properties.”*>°

Here, we have discovered that substrate strain plays a
crucial role in the decomposition process of the LCO sacrificial
layer, significantly influencing its decomposition efficiencies
on different substrates, such as STO and LaAlO; (LAO). The
underlying cause is that substrate strain induces changes in
the La-O bond characteristics, which in turn alter the reactivity
of LCO with the decomposition solution. Specifically, tensile
or compressive strain can modify bond lengths and angles,
affecting the bond energy and making the material more or
less susceptible to decomposition. In addition, we have found
that LCO films can be decomposed by acetic acid (CH;COOH),
a relatively low corrosiveness decomposition solution, which
renders the etching process safer, more environmentally
friendly, and easier to operate. Moreover, LCO films have a per-
ovskite structure, conferring a unique advantage in exfoliating
perovskite functional thin films by achieving outstanding
atomic matching. This phenomenon highlights the impor-
tance of strain in determining the decomposition behavior of
LCO and provides a new research direction for an in-depth
understanding of the etching mechanism of sacrificial layer
materials.

Experimental details

The required amounts of La(NO;);-6H,0 (Aladdin, 99.99%)
and C4HC00,-4H,0 (Macklin, 99.5%) were dissolved in
2-methoxyethanol (Aladdin, 99.5%). The mixture was heated at
75 °C with stirring for 2 h to form a red transparent precursor
solution, which was then filtered at room temperature. The
precursor was spin-coated onto STO or LAO substrates at 5000
rpm for 30 s, heated at 120 °C for 3 min to remove moisture, at
350 °C for 10 min to eliminate organics, and finally annealed
at 650 °C for 30 min in a muffle furnace to obtain LCO films.
The required amounts of Pb(NO,); (Aladdin, 99.999%) and Zr
(NO3)4-5H,0 (Boer, 99.99%) were dissolved in 2-methoxyetha-
nol (Aladdin, 99.5%). The mixture was heated at 75 °C with
stirring for 2 h to form a colorless transparent precursor solu-
tion, which was then filtered at room temperature. The precur-
sor was spin-coated onto LCO/STO or LCO/LAO substrates at
5000 rpm for 30 s, heated at 120 °C for 3 min to remove moist-
ure, at 350 °C for 10 min to eliminate organics, and finally
annealed at 750 °C for 30 min in a muffle furnace to obtain
PZO films.

For the immersion decomposition process, LCO/STO or
LCO/LAO samples were placed in a 10% CH3;COOH solution
and the absorption spectrum was collected at the expected
time intervals. For the directional electrodynamic decompo-

This journal is © the Partner Organisations 2026

View Article Online

Research Article

sition process, a 304 stainless steel clip was used to grasp a
corner of the PZO films. This clip was affixed to the anode of
the current source. Subsequently, the cathode of the current
source was then connected to the carbon rod, which was then
immersed in an 10% CH3;COOH solution. An applied voltage
of 10 V was used for PZO films. The LCO sacrificial layer will
be decomposed. The structural, electrical, optical and more
testing procedures are described in the Supplementary
Information.

Results and discussion

In the case of LCO perovskite films, two distinct epitaxial
growth modes are observed on the typical LAO and STO sub-
strates. Theoretically, a 1:1 lattice matching relationship is
anticipated between the LCO films and the substrates, given
that both exhibit a perovskite structure. However, the actual
lattice matching deviates from this ideal due to differences in
lattice constants.>” LAO has a lattice constant of 3.79 A, which
is smaller than that of LCO (3.82 A), while STO has a lattice
constant of 3.90 A, which is larger than that of LCO. When
considering the lattice mismatch, it is important to dis-
tinguish between the in-plane direction and the out-of-plane
direction. In the in-plane direction, LCO films experience com-
pressive strain when deposited on LAO substrates due to the
smaller lattice constant of LAO, while they experience tensile
strain when deposited on STO substrates due to the larger
lattice constant of STO. This can be quantified using the
lattice mismatch formula:

f =1- doverlayer/dsubstrate

The degree of mismatch is calculated to be —0.79% for LCO
films on LAO substrates (the compressive strain along the in-
plane direction) and 2.09% for LCO films on STO substrates
(the tensile strain along the in-plane direction) (Fig. 1A and B).
The strain situation is reversed along the out-of-plane direc-
tion. Specifically, LCO films experience tensile strain when de-
posited on LAO substrates and compressive strain when de-
posited on STO substrates.

The strain induced by lattice mismatch significantly
impacts the lattice constants of LCO films. The X-ray diffrac-
tion (XRD) patterns in the large angle region (15°-55°) reveal
the diffraction peaks of the (00L) planes for both the substrates
and films (Fig. S1A). The one-to-one correspondence of the
diffraction peaks confirms that the (001) plane of the films is
parallel to that of the substrates. We determined the single-
crystalline characteristics of the LCO films by comparing the
rocking curves of the substrates and the films (Fig. $2).*%%° It
is worth noting that there are some diffraction peaks originat-
ing from the substrates with other wavelengths of X-rays, such
as Cu K (Fig. S1B). The positions of the (002) diffraction peak
of the films vary with the substrate type and film thickness,
indicating the effects of substrate strain and the changes in
lattice constants. Specifically, the (002) diffraction peak of the
60 nm LCO films on LAO substrates shifts to a lower angle
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Fig. 1 Lattice analysis of LCO thin films on different substrates. (A) Schematic diagram of lattice matching for the LCO/STO structure. (B) Schematic
diagram of lattice matching for the LCO/LAO structure. (C) XRD patterns with a small angle region of LCO (60 nm)/LAO, LCO (60 nm)/STO, and LCO
(20 nm)/STO structures. (D) Variation of the out-of-plane lattice constant of LCO films with strain. (E) Optical absorption spectra of LCO (60 nm)/
LAO and LCO (60 nm)/STO films. (F) Corresponding direct optical bandgap transitions for LCO (60 nm)/LAO and LCO (60 nm)/STO films.

compared to that of the 60 nm LCO films on STO substrates,
indicating a larger out-of-plane lattice constant for LCO films
on the LAO substrate with compressive strain along the in-
plane direction. Additionally, the (002) diffraction peak of the
20 nm LCO films on STO substrates shifts to a higher angle
relative to the 60 nm LCO films on the same substrates,
demonstrating that thinner films are more susceptible to sub-
strate strain (Fig. 1C). As shown in Fig. 1D, we further elucidate
the relationship between the out-of-plane lattice constant and
the out-of-plane strain degree. It shows that the compressive
strain along the out-of-plane direction caused by the STO sub-
strates decreases the c-axis lattice constant of the films, while
the tensile strain caused by the LAO substrates increases it.
This trend is consistent across the different film thicknesses,
highlighting the significant influence of substrate strain on
the lattice structure of LCO films. These results provide a fun-
damental understanding of how substrate strain can be uti-
lized to engineer the properties of LCO films, offering a power-
ful tool for optimizing their performance in various
applications.

Strain exerts significant effects on the crystal structure of
LCO films, which in turn influences their electronic hybridiz-
ation states considerably.’®*" The variations in lattice para-
meters and alterations in atomic binding forces, both induced
by substrate strain, can lead to shifts in band positions,
thereby affecting the bandgap of LCO thin films. As depicted
in Fig. 1E and F, the LCO films deposited on LAO substrates
are subjected to the in-plane compressive strain, resulting in a
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decrease of the bandgap from ~1.93 eV for the films on STO
substrates to ~1.87 eV. It is worth noting that the values of
these bandgaps are lower than those reported for LCO
measured through the same optical absorption spectra.’*??
This is due to the lattice distortion caused by the substrate
strain.** The change in bandgap not only demonstrates the
role of strain in modulating the electronic properties of LCO
films but also implies that substrate strain may have additional
impacts on their stability. For instance, strain might result in
local distortions in the crystal structure or the formation of
defects. These factors can subsequently influence the chemical
and physical properties of LCO films.

We further investigated the atomic structure of LCO films
on different substrates using spherical aberration-corrected
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM). To ensure the accuracy of the
STEM analysis, we deposited a platinum layer on the sample
surface for protecting the films before using a focused ion
beam to cut the samples. Fig. S3 shows the low-magnification
HAADF-STEM images at the interface of LCO films and the
substrates. The measurements reveal film thicknesses of
~20 nm, indicating that substrate strain does not affect the
thickness of LCO films. The HAADF-STEM images at the inter-
face clearly show the interface between the LCO films and the
substrates (Fig. 2A and C). The atomic-level matching confirms
the perovskite structure of LCO films, which is consistent with
our earlier conclusions. We use A or B to represent the atomic
positions in the oxide perovskite structure (ABO;). The clear A
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Fig. 2 Interface analysis of LCO films and the substrates. (A and C) Large-scale atomic-resolution HAADF-STEM images of LCO films along the sub-
strates’ [100] zone axis on STO (A) and LAO (C) substrates. The insets are the corresponding atomic arrangement schematics. (B) EDS maps of La, Co,
Sr, and Ti elements and the corresponding map showing all elements. (D) Small-scale HAADF-STEM image of LAO along the [110] zone axis, EDS
maps of La, Co, and Al elements, and the corresponding map showing all elements.

and B-site metal cation observation indicates the excellent crys-
tallinity of LCO films. The original atomic arrangement at the
interface also indicates the excellent epitaxial quality of the
films compared to the substrates.

To further explore atomic ordering, energy-dispersive spec-
troscopy (EDS) analyses were performed at the interfaces of
LCO/STO along the STO [100] zone axis and LCO/LAO along
the LAO [110] zone axis (Fig. 2B and D). The EDS maps of LCO
films on different substrates reveal a uniform and ordered
elemental distribution (La, Co, Sr, Ti, and Al). Despite sub-
strate-induced strain, the LCO films maintain good crystal
structures and robust elemental distributions. At the LCO/STO
interface, there is a distinct Ti element cutoff plane, and the
La-O layer of LCO films and the Ti-O layer of STO substrates
are mutually compatible, which may lead to charge transfer. In
contrast, at the LCO/LAO interface, the Co-O layer of LCO
films overlaps with the La-O layer of LAO substrates. This indi-
cates that charge transfer is not expected to occur. These find-
ings highlight the robustness of LCO films under different epi-
taxial conditions. This strain caused by the substrates is
crucial for maintaining the electronic hybridization and struc-
tural distortion of the LCO films, and the detailed atomic-level
insights provided by HAADF-STEM analysis further validate
the effectiveness of our epitaxial growth process.

Additional HAADF-STEM tests were conducted on the LCO
films on the two substrates to further demonstrate lattice dis-
tortion. Fig. 3 shows the small-scale HAADF-STEM images
with the atomic-resolution microstructure (I) of LCO films on
STO and LAO substrates along the substrates’ [100] zone axis,
the corresponding fast Fourier transform (FFT) images (insets
in I), the corresponding inverse FFT images (II), and the
corresponding geometric phase analysis (GPA) results (III and
IV). The HAADF-STEM and FFT images indicate good crystal

This journal is © the Partner Organisations 2026

quality and show the pseudo-cubic structure of LCO films on
both substrates (Fig. 3I). The inverse FFT images of LCO films
on both substrates reveal the atomic intensity variations,
enabling lattice constant calculation (Fig. 3II and S4). We
selected over five interatomic spacings, keeping peak intensi-
ties on the same level to minimize errors. From the
HAADF-STEM images along the [100] zone axis of the LCO
films, it is found that the in-plane and out-of-plane lattice con-
stants equal the vertical and parallel interatomic distances for
the films. The results show that for the LCO films on STO sub-
strates, the out-of-plane lattice constant of LCO films com-
presses by ~0.04 A, the in-plane stretches by ~0.06 A, and the
unit-cell volume increases by ~1.85%. For the films on the
LAO substrate, the out-of-plane lattice constant stretches by
~0.04 A and the in-plane compresses by ~0.02 A, and the unit-
cell volume increases by ~0.29%. These changes indicate a
strain effect of the substrate on the LCO films. The film strain
caused by the substrate follows the Poisson deformation law.
We also demonstrate this point through synchrotron-based
X-ray reciprocal space mapping (RSM) patterns (Fig. S5). Along
the in-plane direction, the diffraction peaks of LCO films
grown on different substrates are close to those of their
respective supporting substrates, respectively. Along the out-of-
plane direction, compared to the original position, the diffrac-
tion peaks of the films are removed away from those of the
substrate. This process of one axis being stretched and the
other being compressed indicates the Poisson deformation
that the LCO films undergo after being subjected to substrate
strain on different substrates. The in-plane lattice constants of
the LCO films do not exactly equal those of their respective
supporting substrates, indicating the presence of strain relax-
ation. The LCO films on the STO substrates experience the out-
of-plane compressive strain and in-plane tensile strain result-

Inorg. Chem. Front,, 2026, 13, 1080-1090 | 1083
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Fig. 3 Distortion analysis of LCO thin films on different substrates. (A and B) Small-scale atomic-resolution HAADF-STEM images (I), the corres-
ponding inverse FFT images () and the corresponding GPA patterns (Il and IV) for the interface regions of LCO thin films along the substrates’ [100]
zone axis on STO (A) and LAO substrates (B). The insets are the corresponding FFT images.

ing in smaller out-of-plane lattice constants. Conversely, the
LCO films on the LAO substrates exhibit the out-of-plane
tensile strain and in-plane compressive strain resulting in
larger out-of-plane lattice constants. The out-of-plane and in-
plane lattice constants of the films through the inverse FFT
and RSM align with XRD results.

The GPA analysis further reveals the differences in strain
distribution in LCO films on the two substrates, confirming
the significant impact of substrate strain. The GPA results
show that for the films on the STO substrates, the in-plane
strain component &,, appears in red, indicating tensile strain
(Fig. 3AIN), while the out-of-plane strain component e,
appears in blue, indicating compressive strain (Fig. 3AIV). In
contrast, for the films on the LAO substrate, &, appears in
green, indicating compressive strain (Fig. 3BIII), while ¢,
appears in red, indicating tensile strain (Fig. 3BIV). This strain
distribution highlights how the different substrates induce
contrasting strain states in the LCO films, influencing their
structural distortion and potentially their functional
properties.

LCO is water-stable, which is different from SAO, indicating
that it is highly stable under ambient air conditions. A thermo-
dynamic analysis using HSC Chemistry 9 software reveals that
LCO perovskites exhibit a spontaneous chemical reaction with
hydrogen ions, which is evidenced by the negative Gibbs free
energy of —1350.6 kJ for LaCoO; + 6H" — La’* + Co®" + H,0.*
Our experiments also show that LCO films can be decomposed
by weak acids (CH;COOH) during the soaking process, which
is consistent with the thermodynamic results. In order to
evaluate the decomposition rate of LCO films in CH3;COOH,
we conducted semi-in situ tests using ultraviolet-visible
(UV-Vis) optical absorption spectra. It measures the changes in
the optical absorption coefficient () within the UV-Vis light

1084 | /norg. Chem. Front.,, 2026, 13, 1080-1090

range to investigate the decomposition extent of films. In this
experiment, tracking the decomposition process by monitoring
changes in the a of LCO films in 10% CH3;COOH solution in
real time proved effective. Additionally, to more intuitively
observe the film decomposition, optical photographs are
employed to record morphological changes during processing.
Combined with optical data, these images helped confirm the
decomposition behavior.

Fig. 4A and B display the optical absorption spectra of LCO
thin films with ~60 nm thickness grown on LAO and STO sub-
strates after soaking in 10% CH3;COOH solution for different
durations. The a values of LCO films on both substrates
decrease over time, indicating the decomposition of the LCO
films. The results indicate that the decomposition rate corre-
lates with the change in the a of the absorption edge. The LCO
films on STO substrates show a faster a decline, suggesting a
higher decomposition rate than that for films on LAO sub-
strates. The a at a wavelength of 400 nm decays from an initial
value of around 0.4 to near 0.05. For the LCO films on LAO
substrates, this process takes close to 60 hours, whereas for
the LCO films on STO substrates, it takes only 36 hours. This
represents an approximately 67% increase in the decompo-
sition rate for the LCO films on STO substrates compared to
the films on LAO substrates. Fig. 4C displays the optical photo-
graphs of LCO films on the different substrates under the
same soaking conditions. Over time, the color of the films
gradually fades from brown to the color of the double-polished
substrate itself. The substrates not being transparent is due to
the rearrangement of oxygen vacancies in the annealing
process. The standardized optical absorption spectra of LCO
films on STO substrates indicate that the slight errors intro-
duced by substrate annealing do not lead to incorrect judg-
ments of the decomposition time of LCO (Fig. S6). The LCO

This journal is © the Partner Organisations 2026
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Fig. 4 Decomposition process of LCO thin films with 60 nm thickness soaked in 10% CH3zCOOH solution. (A and B) Optical absorption spectra of
LCO films on LAO (A) and STO (B) substrates at different times. (C) Optical photographs of LCO films on LAO and STO substrates (10 x 10 mm?) at
different times. (D) Curves of absorbance (4 = 400 nm) variation of LCO films on the two substrates with soaking time.

films on STO substrates achieve complete decomposition in
only 36 hours, while those on LAO substrates require 60 hours.
This finding is consistent with the results of optical absorption
spectra and confirms that the LCO films on STO substrates
undergo faster decomposition.

Fig. 4D displays the relationship between the absorbance at
400 nm and the soaking time. At the beginning of the soaking
process, the initial decline rates of absorbance for LCO films
on both STO and LAO substrates are comparable. However, as
the soaking time increases, the decline rate for the LCO films
on STO substrates became more pronounced than that for the
films on LAO substrates. This observed difference can be
attributed to the varying degrees of substrate strain experi-
enced by the thin films during the reaction process. In the
early soaking stage, the surfaces of the LCO films on both STO
and LAO substrates are subjected to relatively low levels of sub-
strate strain, resulting in similar decomposition rates. As the
reaction progresses and extends deeper into the film interiors,
the greater substrate strain has a more significant impact on
the structural integrity and chemical stability for the LCO
films on STO substrates. Consequently, this leads to a faster
decomposition rate of the LCO films on STO substrates com-
pared to those on LAO substrates. To further investigate this
phenomenon, experiments are conducted in which the LCO
films with ~20 nm thickness are soaked in 10% CH;COOH
solution (Fig. S7A and S7B). The absorbance of LCO films on
both LAO and STO substrates decreases with soaking time,

This journal is © the Partner Organisations 2026

indicating that the films undergo decomposition in acetic acid
solution. Notably, compared to the 60 nm thick films, the
20 nm thick films exhibited significant initial absorbance
differences (Fig. S7C). The absorbance of LCO films on STO
substrates consistently declined more rapidly than that of
films on LAO substrates. This indicates that the chemical
decomposition of LCO films on STO substrates occurs at a
faster rate, which can be attributed to the influence of lattice
strain on chemical stability and decomposition kinetics of the
films.

X-ray absorption spectroscopy (XAS) was implemented to
confirm the lattice distortion and Co-O octahedral orbital
hybridization in LCO perovskite films on different substrates.
Fig. 5A displays the normalized XAS spectra of Co L-edge and
the difference curves for LCO perovskite films on different sub-
strates. The Co L; regions of the films are split into e, and t,,
peaks, with significant differences between them (the top in
Fig. 5A). To analyze the differences between the films on the
two different substrates, the Co L;-edge XAS spectra of the two
films are normalized to the peak of maximum intensity, and
then subtracted to obtain the difference curves (the bottom in
Fig. 5A). The difference curves show the alternating changes in
intensity (increase first and then decrease, then increase and
decrease), indicating the energy level splitting of the LCO films
on LAO substrates compared with those on STO substrates.
This means that compared with the films on STO substrates,
the out-of-plane axis in Co-O octahedra of the films on the
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before and after Ar* etching.

LAO substrates is longer, with the Co-O bond being stretched
in the out-of-plane direction but shortened in the in-plane
direction, while the corresponding La-O bond is also shor-
tened in the in-plane direction. We compared the O K-edge
XAS spectra of LCO films on different substrates to further
verify the distortion of the Co-O octahedra (Fig. 5B). The O
K-edge XAS spectra of LCO films can be divided into orbital
characteristic regions of Co 3d, La 5d, and Co 4sp. Compared
with the films on STO substrates, the obvious splitting of the
Co 3d and Co 4sp peaks proves the significant octahedral dis-
tortion of the Co-O octahedra for the films on the LAO sub-
strates. Since XAS intensity represents the density of unoccu-
pied orbital states in films,***® the intensity of the La 5d peak
of the films on LAO substrates is higher than that of the films
on STO substrates, further confirming that the La-O bond is
compressed along the in-plane direction. It should be noted
that the distortion of the Co-O octahedra should result from
the different lattice matching modes between the film and the
substrate.

To better comprehend the octahedral distortion in LCO
films on different substrates, this study employs crystal field
theory to illustrate the local structure and orbital variations of
Co-0 octahedra with distinct symmetries (Fig. 5C).>” It corres-
ponds one-to-one with the difference curves, which proves the

1086 | /norg. Chem. Front., 2026, 13, 1080-1090

Jahn-Teller distortion caused by the substrate strain. In spheri-
cal symmetry, the Co 3d energy level comprises five degenerate
orbitals with the same energy. In the Co-O octahedral sym-
metry, the Co 3d level splits into e, and ¢,, levels, with the
energy of e; > t,,. Within the Co-O octahedra of the LCO per-
ovskite films, the e, level undergoes further splitting into
dy2—y2 (O) and dj,._,- (@) orbitals, while the ¢,, level splits into
dyy (0), dy; (#), and d,, (#) orbitals, with the latter two exhibit-
ing the same energy. As for the Co-O octahedra of LCO films
on LAO substrates, the symmetry reduction is attributed to
elongation along the c-axis, which gives rise to an orbital
energy distribution of dyo_y. > d3_2 > dyy > dy;, x,. The Co-O
octahedra in the films on STO substrates shorten along the
c-axis due to compressive strain along the out-of-plane direc-
tion. This phenomenon causes a reduction in the out-of-plane
lattice constant of the films, which is in accordance with XRD
results. The previous study has determined that the separation
of La atoms is an important link in the decomposition process
of La-based films in acetic acid.*® The XAS analysis indicates
that for LCO films on LAO substrates, stretching of Co-O
bonds happens along the out-of-plane direction. As the LCO
films follow the Poisson deformation law, La-O bonds are
compressed along the in-plane direction. This elevates bond
energy, thus impeding La atom detachment. Conversely, the
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Co-O bonds in the LCO films on STO substrates are com-
pressed along the out-of-plane direction, inducing stretching
of La-O bonds along the in-plane direction. This reduces bond
energy and promotes La atom detachment. These findings are
consistent with the above results from the optical absorption
spectra, highlighting the significant impact of lattice strain on
LCO thin film decomposition in acetic acid.

X-ray photoelectron spectroscopy (XPS) was employed to
analyze the elemental composition of the LCO films on
different substrates. The XPS full spectra of the LCO films on
different substrates show the characteristic peaks of Co 2p, La
3d, and O 1s (Fig. S8). These peaks confirm the presence of
Co, La, and O elements in the films. Fig. 5D presents the XPS
spectra of Co 2p of the LCO films on LAO substrates before
and after Ar' ion etching. The Co 2p XPS spectra show Co
characteristic peaks, including Co 2p;, and Co 2p,,. Fitting
deconvoluted the Co 2p spectra into three parts: Co**, Co*",
and their corresponding satellite peaks. Before Ar' etching, the
LCO films exhibit Co®", Co®", and their corresponding satellite
peaks. After Ar’ etching, a Co®" characteristic peak appears at
a binding energy of approximately 777.5 eV, while the intensity
of the Co®" characteristic peak at around 779.0 eV decreases,
indicating that Co®" is reduced during etching. This phenom-
enon has also been observed in the Fe XPS spectra of the
LiFePO, electrode.’® Note that the comparison reveals that
Co®" peaks in LCO films on LAO substrates are higher than
those on STO substrates (Fig. S9). This implies that Co
elements are easily reduced in LCO films on LAO substrates.
This suggests that Co—O bonds in LCO films on LAO substrates
have lower bond energy compared to those in the films on STO
substrates, consistent with previous XAS analysis.

Given the decomposition properties of LCO films, it is
viable to prepare freestanding films using LCO as a sacrificial
layer. We selected PbZrO; (PZO), a classic antiferroelectric
material with a perovskite structure and a lattice constant of
about 4.21 A, for stripping to demonstrate the lattice compat-
ibility of the LCO sacrificial layer. The directional electrody-
namic decomposition, a technique reported in our prior work,
is used to accelerate the decomposition process to ensure the
flatness and integrity of freestanding films (Fig. $10).>® Fig. S11
shows the XRD pattern of PZO and LCO films grown on the
(001) STO substrates. The diffraction peaks of STO (00L), LCO
(00L) and PZO (00L) are clear, indicating that the (001) plane of
the films grows parallel to the substrate (001) plane and
showing a good epitaxial relationship and high-orientation of
the films. After LCO decomposition, the peaks of the PZO film
(00L) remain strong, while those of STO and LCO disappear,
confirming that the PZO film is successfully stripped from the
STO substrate. The positions of the XRD diffraction peaks of
the stripped PZO films shift slightly towards larger angles, indi-
cating a slight release of strain. Fig. S12A shows macro- and
microimages of the freestanding PZO films. The dimension is
about 5 x 3 mm? for the freestanding PZO films. The freestand-
ing PZO films have a high integrity after the stripping process.
This suggests that during the decomposition of the LCO sacrifi-
cial layer, the atomic mismatch strains did not significantly
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spread to the freestanding films. Despite some minor surface
impurities likely from airborne contaminants during prepa-
ration, the overall structure of the films remains intact. An
atomic force microscope (AFM) was used to characterize the
surface morphology of freestanding PZO films. Fig. S12B shows
the AFM surface morphology of freestanding PZO films of a 10
x 10 um? scale. The local measurements from the area of the
sample reveal a fine and uniform grain distribution with high
surface flatness and no obvious uneven areas or significant
height differences. The average roughness of the films is only
about 1 nm. To better understand the roughness distribution
of the films, a line is randomly drawn in Fig. S12B. It can be
observed that the amplitudes are distributed within the range
of +300 pm (Fig. S12C), which shows that the film surface has
good uniformity.

Many studies have shown that PZO can transform from an
antiferroelectric to a ferroelectric state under strain changes.*
We used piezoresponse force microscopy (PFM) to investigate
the ferroelectric properties of freestanding PZO films. The can-
tilever probe applies a voltage over an area of 5 x 5 pm”* (=10 V
in the outer square and +10 V in the inner square). The ampli-
tude image shows a clear “box-in-box” piezoelectric response
of the surface of freestanding films (Fig. S13A). The phase
image reveals a distinct “box-in-box” domain switching
(Fig. S13B), with good correspondence between the local
amplitude and the phase switching. This confirms that the
freestanding PZO films undergo a strain-induced antiferroelec-
tric-to-ferroelectric transition after stripping. On the STO sub-
strates, the PZO thin films undergo tensile strain and tend
towards antiferroelectricity.*’ This strain release will cause
them to undergo a transition to the orthorhombic ferroelec-
tric-like phase. This phase transition will not result in any
change to the lattice structure (space group remains Pham),
but only involves a change in the reverse displacement of the
atoms from “t1}” to “t1}”.*> This phenomenon indicates the
effectiveness of the freestanding PZO films during its appli-
cation process.

Conclusion

In summary, this study has thoroughly examined how substrate
strain impacts the structural and decomposition properties of
LCO films. Our findings reveal that LCO films undergo distinct
decomposition rate variations when subjected to different sub-
strate strains. These variations are primarily attributed to the
alterations in the lattice structure and chemical bonding of LCO
films induced by strain. Through meticulous analysis employing
XRD, STEM, XAS, and XPS, we have gained profound insights
into the mechanisms underlying these strain-induced effects on
LCO films. The strain modulation has proven to be a powerful
tool for influencing the decomposition behavior of LCO thin
films. The LCO films under compressive strain on STO substrates
exhibit a faster decomposition rate than those under tensile
strain on LAO substrates. This discrepancy stems from substrate
strain-induced variations in the La-O bond. Stretched La-O
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bonds in the films on STO substrates reduce bond energy and
facilitate La atom detachment, thereby accelerating decompo-
sition, while compressed La-O bonds in the films on LAO
increase bond energy and hinder La atom release. These results
deepen the understanding of the fundamental properties of LCO
films and offer a novel strategy for regulating sacrificial layer
decomposition in film device fabrication. Modulating LCO film
decomposition via strain engineering unlocks new application
prospects, especially for flexible electronic devices that require
precise control over material removal and transfer processes.
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