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Strain evolution and in situ phase transitions in
freestanding BaTiO3 epitaxial membranes via a Lay,
3Sry,3MnO3 sacrificial layer
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Freestanding epitaxial thin films offer huge potential for flexible electronics and heterogeneous integration
with next-generation devices. Herein, we successfully demonstrate the support-free lift-off of a single-
crystalline BaTiOsz (BTO) epilayer using a Lay;3Sr1sMnO3 (LSMO) sacrificial layer deposited on a SrTiO3
(001) single-crystalline substrate. The freestanding BTO membrane was heterogeneously integrated onto
glass, enabling the study of the etched surface. With a c/a ratio of 1.005, the epitaxial BTO exhibited an
out-of-plane compression with an in-plane tensile strain compared to the bulk counterparts, with an
out-of-plane strain relaxation observed in the freestanding membrane compared to the epitaxial stacks.
Surface characterization via X-ray photoelectron spectroscopy (XPS), atomic force microscopy (AFM),
and optical profilometry confirms the structural and surface integrity. Temperature-dependent confocal
Raman spectroscopy demonstrates in situ phase transitions in the freestanding BTO layer across the
low- and high-temperature regimes (—170-200 °C). Overall, this work advances the heterogeneous
integration of freestanding single-crystalline BTO membranes, providing critical insights into their strain-
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Introduction

Freestanding epitaxial thin films have opened new opportuni-
ties in flexible electronics and hetero-integration and have
facilitated next-generation device design coexisting with current
CMOS technologies® Such freestanding films can be integrated
onto a variety of surfaces - including flexible polymers, semi-
conductor substrates or even curved topographies - enabling
pathways for next-generation electronics, such as flexible
displays, wearable sensors, and advanced biomedical devices*
However, achieving high-quality single-crystalline freestanding
membranes is often accompanied by the introduction of
defects, thereby degrading their functional properties. However,
recent advances in freestanding oxide technology enable the
formation of high-quality single-crystalline materials without
the constraints imposed by conventional rigid substrates.**
Techniques for releasing single-crystalline layers include
remote epitaxy,” where the growth is guided by the substrate's
atomic potential through an ultrathin 2D spacer, enabling easy
peel-off; selective substrate etching, which removes a parent or
buried layer chemically or electrochemically to free the film;®
and sacrificial-layer methods, which incorporate a dissolvable
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state evolution and temperature-dependent phase stability.

intermediate during growth that is later removed to release the
high-quality crystal for transfer and heterogeneous integration.”
The development of these freestanding films critically depends
on the selection and thickness of an underlying sacrificial layer,
and understanding their strain states and phase stability under
varying conditions is essential for practical applications.
Among different perovskite oxides, BaTiO; (BTO) is particu-
larly interesting due to its exceptional ferroelectric,® piezoelec-
tric,” electro-optical' and nonlinear optical properties,*
leading to its application in integrated electronic and optical
devices. While BTO has been widely studied (both in bulk and
thin film form), the properties of freestanding BTO membranes,
particularly their strain relaxation and phase transitions,
remain less explored. The heterogeneous integration of
complex oxide freestanding membranes has been achieved
using various sacrificial layers, such as BaO,"* La, 55r, sMnOj3,
Lag 66STo.53MNO; (LSMO),* DSr;AL, 04 (SAO),**¢ SrCu0, (SCO),’
SrMnO; (ref. 17) and SrvO;.’* The fabrication of complex
perovskite layers has been successfully demonstrated using
various etching agents, notably acidic solutions and deionized
water. In parallel, water-soluble sacrificial layers, like SrzAl,O4
and Sr,Al,0-, have gained significant attention for their efficacy
in facilitating layer-transfer processes.® The selection of
a sacrificial layer is typically governed by two key factors: (i)
minimal lattice mismatch with the substrate and functional
layer and (ii) distinct chemical stability to enable selective
etching. Among different sacrificial layers, LSMO exhibits
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superior strain adaptability, accommodating a wide range of
epitaxial layers with varying lattice constants. Various materials,
such as SrRuOs," Hf, 571, 50,,"* Pb (Zry,Tiy )O3 (PZT),*® and
BaTiO;,>*** have been successfully fabricated using Lages
Sry33Mn0O; (LSMO) (with different La/Sr stoichiometries) as
a sacrificial layer. LSMO offers distinct advantages for BTO lift-
off due to its high crystalline coherence and minimal lattice
mismatch. In addition, the etching rate of BTO is extremely low
in the etchant solution (dilute HCl + KI) used for LSMO
removal.** Recent studies demonstrate BTO lift-off via remote
epitaxy, leveraging substrate potential through 2D layers.”
Sacrificial-layer-assisted methods also enable clean release and
transfer of BTO films onto diverse substrates. Recent studies
highlight the detachment of BTO thin films from both perov-
skite substrates like SrTiO; (STO)**> and non-perovskite
substrates such as Al,0;,”* followed by their transfer onto
secondary platforms including glass, silicon, and flexible poly-
meric supports.

Previous studies on BTO freestanding membranes have
mainly focused on using supporting layers such as PDMS or
PMMA for mechanical transfer. Here, we carry out a detailed
investigation of the structural and surface properties of the
etched interface lifted off using sacrificial LSMO without
a capping layer, which remains unexplored. In addition, the
temperature-dependent phase transition behavior of BTO
membranes needs further study. In this work, we demonstrate
a successful support-free lift-off of the BTO epilayer using LSMO
as a sacrificial layer. The freestanding BTO layer was heteroge-
neously integrated onto a glass substrate with the etched
interface facing upward, on which the surface properties were
analyzed. Further, in situ phase transitions across low and high
temperatures (from —170-200 °C) were analyzed via Raman
spectroscopy to systematically investigate phase transitions
across a broad temperature range.

Materials and methods

Epitaxial heterostructures of BaTiO; (BTO)/La,/;3Sr;,;3MnO;
(LSMO) are deposited on a SrTiO; (001) substrate using the
pulsed laser deposition (PLD) method with a KrF excimer laser
(A =248 nm). Both layers (LSMO and BTO) were deposited at an
oxygen partial pressure of 0.133 mbar (base pressure =3 x 10~°
mbar) and a substrate temperature of 600 °C. 4000 laser pulses
of LSMO and BTO were deposited with a laser fluence of 2.0 J
cm 2 at a repetition rate of 5 Hz. During the deposition, the
laser beam is focused on the polycrystalline target covering an
area of about 1 mm x 3 mm. The individual thicknesses of the
LSMO and BTO layers are found to be ~80 nm, as measured
using a Bruker Dektak XT stylus profilometer. After the depo-
sition, 30 min of in situ annealing was carried out at 600 °C,
under an oxygen partial pressure of 0.133 mbar, followed by
cooling to room temperature at a rate of 15 °C per minute. After
confirming the phase formation, etching of the sacrificial LSMO
layer was carried out. A solution consisting of diluted hydro-
chloric acid (HCI) with aqueous potassium iodide (KI) was used
as an etchant at ambient temperature. The strength of the HCI1
solution used is 5%. 25 mg of KI was dissolved in 10 ml of DI
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water and mixed well to obtain a homogeneous solution. The
etching process was monitored at different HCI and KI
concentrations. Initially, the epitaxial LSMO layer grown on STO
was immersed in the etchant solution to ensure proper etching
of the sacrificial layer and to standardise the strength of the
etchant. Then, the BTO/LSMO stack of epilayers was immersed
in the etchant solution for 48 hours. After visually confirming
the preferential etching of the sacrificial LSMO layer, the
substrate with the BTO layer on it was removed carefully and
slowly dipped in DI water so that the BTO layer floats on the
water surface. The BTO layer was then flipped and transferred to
the glass substrate using a homemade copper wire loop (to
inhibit the surface tension). The entire process is shown sche-
matically in Fig. 1. The membrane was about 3 x 3 mm in area.
A photograph and optical microscopic image of the membrane
are depicted in Fig. S2.

Epitaxial phase formation in all the samples was confirmed
via X-ray diffraction (Panalytical Empyrean X-ray diffractometer)
using Cu Ko radiation with a wavelength of 1.5406 A. Ionic
states in the as-grown films were investigated using X-ray
photoelectron spectroscopy (PHI 5000 Versa Prob II, FEI Inc.).
To determine the elemental composition, scans were conducted
from 0 to 1200 eV with a 0.8 eV resolution under ultrahigh
vacuum. An Al Ka source with an energy of 1486 eV was used for
X-ray generation. High-resolution spectra were taken at a step
size of 0.05 eV at 50 milliseconds per step. The surface topog-
raphy was visualised with a Bruker contour GT-K 3D optical
profilometer. Morphology of the freestanding membrane was
analysed using an Asylum Research MFP-3D atomic force
microscope. In situ phase transition in the BTO membrane was
observed using confocal Raman spectroscopy at low and high
temperatures (Princeton Instruments-Acton Spectra Pro 2500i)
equipped with a 532 nm DPSS laser (Laser Quantum gem) with
40 mW head power. The diameter of the laser spot is ~2 um at
a zoom level of 50x. High-temperature measurements were
carried out using a controlled heating stage T95-PE (AIRIX
Corp), whereas low-temperature measurements up to —173 °C
were carried out using a liquid nitrogen pump LNP95 (AIRIX
Corp) at a controlled cooling rate.

Results and discussions

Initially, LSMO thin films were deposited on the STO (001)
substrate, upon which the etching of the LSMO sacrificial layer
was performed. Fig. 2a shows the §-26 XRD scans of LSMO/STO
(001) before and after etching. The XRD graph clearly shows the
absence of the (002) LSMO peak, thereby confirming the
complete etching of the sacrificial layer. Further, BTO thin films
were grown on the LSMO-buffered STO substrate, following
which the etching of the LSMO layer was performed. The BTO
membrane is transferred to the amorphous glass substrate,
thereby demonstrating the preserved intrinsic crystalline
quality of the original film despite the subsequent absence of
atomic-scale order in the supporting substrate. The §-260 XRD
scan and ¢ scans confirm the epitaxy of the as-grown hetero-
structure. As shown in Fig. S3, the normalized XRD (002)
profiles of the BTO strained layer and membrane exhibit nearly
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Fig.1 Schematic representation of the steps involved in the lift-off of epitaxial BTO using a LSMO sacrificial layer. (a) Structure of the BTO/LSMO/
STO thin film stacks deposited via PLD, (b) preferential etching of the LSMO sacrificial layer using a HCl + K| + H,O solution, (c) dipping the
membrane and substrate assembly in DI water and (d) transfer of the BTO membrane onto a glass substrate.

identical peak intensities, with a consistent FWHM of 0.485°.
This confirms that the lift-off process does not compromise the
crystallinity of the BTO layer. The dotted lines in Fig. 2b show
the (002) reflection of BTO, which depicts a small lower-angle
shift in the peak corresponding to the BTO membrane. The ¢

depicted in Fig. 2c. Four peaks separated by 90° show the four-
fold symmetry of the epitaxial structures, indicating the cube-
on-cube growth of BTO and LSMO on the STO substrate with
no in-plane rotation (BTO[001]||LSMO[001]||STO[001] and BTO
[100]||LSMO[100]||STO[100]), which is consistent with the

scan around the (103) reflection of the thin film stack is previous reports.> Following the etching process,
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Fig. 2

(a) 8—26 XRD profile of LSMO/STO before and after etching, confirming the absence of the LSMO (002) peak upon etching, (b) §-26 XRD

profile of epitaxial stacks and freestanding BTO membrane depicting the presence and absence of the substrate with inset showing the zoomed
part of the (002) reflection, (c) ¢ scans of epitaxial the BTO/LSMO/STO stacks around the (103) reflection, and (d) XRD rocking (w) scan of the
freestanding BTO membrane with FWHM of 1.09° on the glass substrate.
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a freestanding BTO membrane on the glass substrate was ob-
tained, upon which XRD was performed (shown in Fig. 2b).
Monocrystalline (00/) reflections of BTO were found to be intact
in the freestanding membrane over the glass substrate,
preserving the single-crystalline nature of BTO. Rocking scan
(w) of the BTO membrane (Fig. 2d) fitted with a pseudo-Voigt
function, shows a fair crystallinity with an FWHM of around
1.09°. Rocking curve of the BTO epilayer is shown in Fig. S3.
FWHM of the spread in the strained BTO is observed to be 0.23,
which suggests the slight decay of quality in the BTO
membrane.

The 2D reciprocal space mapping (RSM) of the BTO/LSMO/
STO shown in Fig. 3a shows distinct diffraction spots of BTO
and LSMO on the STO (001) substrate, thus confirming the high
epitaxial quality of these thin films. Fig. 3b shows the RSM
acquired around the pseudo cubic (103) reflection of BTO/
LSMO/STO, in which the out-of-plane components of the scat-
tering vector Q, (direction of growth) are plotted against the in-
plane component Q, associated with the [100] direction. The
three main irregular spots in the maps correspond to the (103)
pseudo cubic reflections of each layer of the heterostructure.”
From reciprocal scattering vectors (a = 27/Q,), the out-of-plane
lattice constant of the BTO epilayer is estimated to be ¢ = 4.027
+ 0.001 A, whereas the in-plane lattice constant a = 4.008 +
0.002 A. In comparison with the standard lattice constant of
bulk BTO (¢ = 4.033 A; b = 3.991 A), the lattice distortions are
found to be induced in the layers due to the epitaxial strain
induced by the substrate.?® The strain in the in-plane direction
Afilm — @bulk

is evaluated using the formula ¢, =
Qbulk

x 100, whereas

the strain in out-of-plane direction 1is derived using
Ciim — C . . o
& = M x 100. With a ¢/a ratio of 1.005, BTO exhibits
bulk
an out-of-plane compression (¢, = —0.15%) with an in-plane

tensile strain (¢, = +0.22%) as compared to the bulk counter-
parts. This out-of-plane compression strain is slightly relaxed (e,
= —0.10%) in the freestanding BTO membrane as seen from the
symmetric RSM scan in Fig. 3c around the (002) reflection, from
which the out-of-plane lattice constant of 4.029 + 0.001 A is
derived. The relaxation of the strain in the out-of-plane direc-
tion is about 0.05% as compared to the clamped BTO film. The
origin of the epitaxial strains can be related to the higher lattice
mismatch between the LSMO and BTO layers.

The surface topography of the freestanding BTO membrane
from the etched interface was studied with the help of optical
profilometry as well as atomic force microscopy (AFM). Optical
profilometry images (Fig. 4a) were taken across a larger area,
which shows wrinkles at the micro level formed during the
substrate transfer, essentially due to the absence of a support.””
Micro-level patches were also observed, which were formed
during the etching process in a corrosive solution across the
interface. Fig. 4b and c¢ show the AFM micrographs of the
stacked BTO epilayer and BTO membranes at 2 x 2 um areal
scans. The RMS roughness of the strained BTO layer was found
to be 4 nm. AFM micrographs of the strained BTO surface reveal
a predominantly flat topography with the RMS surface rough-
ness of about 4 nm. The surface morphology of the as-grown
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Fig. 4 (a) Surface topography of the BTO freestanding membrane by optical profilometry, (b) AFM micrograph of the BTO stacked epilayer and

(c) AFM micrograph of the BTO membrane at the same areal scans. (d) Ba 3d core-level, (e) Ti 2p core-level, and (f) O 1s core-level XPS spectra of
the BTO membranes fitted with a combination of Lorentzian and Gaussian functions.

films is known to be sensitive to both deposition kinetics and
defect dynamics. In this study, due to a relatively high growth
rate, which, in conjunction with solidification-related defect
formation, likely contributed to increased surface rough-
ness.”®* On the other hand, the surface roughness of the
membrane was found to be 6 nm, depicting a small deteriora-
tion in surface morphology, mainly due to etching of the LSMO
layer, causing inhomogeneity at the interface. AFM topography
also suggests the existence of micro-level cracks and wrinkles on
the membrane surface from the etched interface.

In the thin film stacks, the LSMO layer exhibits greater
reactivity toward the etchant compared to the BTO layer. The
etching of LSMO proceeds via the reduction of Mn ions and
dissolution of La*" and Sr** species into the solution as soluble
chloride salts. The etchant concentration employed was insuf-
ficient to induce any significant chemical interaction with the
BTO layer. To verify the absence of Ba and Ti chlorides at the
etched interface, the membrane was flipped post lift-off to
expose the etched surface, and XPS analysis was conducted.
Local chemical environment of the freestanding layer was
analyzed using XPS, as shown in Fig. 4d-f. The survey spectra of
the BTO membrane are shown in Fig. S5. The spectra were
calibrated as per the C 1s peak located at a binding energy of
284.6 eV. In the Ba core level, Ba 3d3/, and 3ds/, spin-orbit-splits
were observed at 779.4 eV and 794.6 eV, respectively, with
a doublet separation (AE) of 15.2 eV.** This is assigned to the Ba
atoms in the perovskite structure. The symmetric doublets in
the Ba core level reveal the existence of a single ionic state in the
BTO membrane. The spin-orbit doublet peaks at 458.9 eV and

47950 | RSC Adv, 2025, 15, 47946-47954

464.8 €V in the Ti core level belong to the Ti 2p;, and 2pq.,
levels, respectively, with a AE of 5.9 eV, which indicates the Ti**
oxidation state. The symmetry of the 2p;,, peak rules out the
possibility of the Ti*" ionic state in the sample.® The high-
resolution O 1s spectra show a convoluted peak, which is
deconvoluted into three parts via fitting with a combination of
Gaussian-Lorentzian functions using CASA XPS software. The
peak at a lower binding energy of 530.9 eV can be ascribed to the
O-Ti-O binding state in the perovskite framework. The second
part of the decomposed peak at 532.4 eV corresponds to the
non-lattice oxygen, confirming the existence of oxygen vacan-
cies (Vy) in the sample. The third peak at 536.0 eV corresponds
to the chemisorbed oxygen species.** Hence, XPS results
confirm the purity of the BTO membrane, which does not
exhibit any ionic states other than the recommended ones.
Finally, Raman spectroscopy was performed on the free-
standing BTO layer to analyse the phase transition in different
temperature regimes. The spectra were recorded using an
excitation wavelength of 532 nm in the backscattered geometry.
The sample was imaged via confocal microscope at a 50 x zoom
level with the focused laser spot diameter within 2 pm. Raman
scattering was observed at a laser exposure time of 2 s with 20
accumulations. Temperature-dependent Raman spectra are
illustrated in Fig. 5. In the tetragonal phase, T,, vibrational
modes split into A; and E modes, whereas the T,, mode splits
into B; and E phonon modes due to the non-centrosymmetricity
of the structure. In general, the tetragonal phase of BTO is
stable at near room temperatures (25-50 °C). At room temper-
ature, the polar tetragonal BTO phase is present, which shows

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Temperature-dependent Raman spectra of the freestanding BTO membrane (a) at high temperature (30 to 200 °C) and (b) at low
temperature (30 to —170 °C) regimes. As the temperature increases, the A; + E(LO) mode is softened, whereas the A; + E(TO) mode shows a very
broad band. As the temperature decreases, sharpening of the A;(TO) peak is observed. The phase change in the freestanding BTO membrane is

schematically shown in (c).

4E(TO + LO) + 3A4(TO + LO) + B; Raman lattice vibration
modes.** The Raman spectra at room temperature depict the
bands at around 307 cm ™', 521 cm™ ', and 715 cm™ ', confirming
the tetragonal phase (4 mm symmetry)** At lower wave number
ranges (180-300 cm ), the characteristic overlap of the A;(TO)
modes is observed due to the anti-resonance effect. The Raman
band around 307 cm ™" corresponds to B; + E phonon modes,
ascribing to the non-centrosymmetric regions appearing due to
the displacement of Ti atoms in TiOg octahedra.*® The asym-
metric band across 521 cm ™" relates to the A; + E(TO) modes,
whereas the A; + E(LO) mode causes the band centred around
715 em ™', which is considered the highest frequency longitu-
dinal optical mode.* Fig. S6 in the SI depicts the Raman spectra
of strained BTO and the membrane at ambient conditions.
Nearly identical Raman modes are observed in both samples. In
order to examine the phase transition from tetragonal to cubic,
temperature-dependent Raman spectra were recorded from
room temperature (30 °C) to 200 °C.*® As the temperature
increases above 50 °C, broadening of all Raman modes with
lowered intensity is observed. At 200 °C, the overdamped A; +
E(LO) mode is softened, whereas the A; + E(TO) mode shows
a very broad band. Fig. S6 shows that the Raman mode at
521 cm ™ exhibits progressive broadening, with its full width at
half maximum (FWHM) increasing from 68.0 c¢cm™' to
113.7 ecm™* as the temperature rises from 30 °C to 200 °C.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Concurrently, the intensity ratio declines from 0.84 to 0.27. As
the phase changes from tetragonal to cubic, the symmetry
changes from C,, (four-fold rotational axis and four vertical
mirror planes) to Oy, (octahedral) symmetry. Ideally, as per the
selection rules, the cubic symmetry of BTO should be Raman
inactive. However, the Raman modes are not entirely sup-
pressed to yield a flat baseline, as reported in several studies.
The tetragonal-to-cubic phase transition is interpreted within
the framework of the order-disorder model. In the paraelectric
(cubic) phase, Ti ions are randomly displaced along the cubic
diagonals, in contrast to the ideal tetragonal perovskite struc-
ture, where Ti ions occupy the body-centred position. These
local Ti displacements give rise to broad Raman bands above
Tc, consistent with the observations by Ju et al.>” and Marssi
et al.*® In the Oy, symmetry of the cubic phase, the four optical
modes transmute into a single T,, and three T;, irreducible
representations.®” Fig. 5b shows the evolution of Raman spectra
at low temperatures in the cooling cycle. As the temperature
goes below 0 °C, the FWHM of the A,(TO) peak was found to
decrease, indicating the transition from tetragonal to ortho-
rhombic. As the temperature is reduced further, the A,(TO)
grows much sharper until —170 °C. Moreover, the Raman mode
at 270 cm ™~ was found to show up at higher intensities, along
with the Raman mode at 307 cm ™, which indicates the tran-
sition into a rhombohedral phase below —100 °C.**** The
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ferroelectric properties of the strained BTO film stack are given
in Fig. S7.

Conclusion

This work demonstrated the successful lift-off of the epitaxial
BTO layer via sacrificial LSMO-assisted lift-off. With a c/a ratio
of 1.005, the epitaxial BTO was found to exhibit an out-of-plane
compression with an in-plane tensile strain as compared to the
bulk counterparts. A small out-of-plane strain relaxation is
observed in the freestanding membrane in comparison with the
epitaxial stacks. The existence of recommended ionic states and
surface topography is inspected via XPS, AFM, and optical
profilometry. In situ phase transition in the freestanding BTO
layer is analysed across the low and high temperature regimes
(—=170-200 °C) via confocal Raman spectroscopy. The phase
transition from tetragonal to cubic was witnessed at high
temperatures above 125 °C. Tetragonal to orthorhombic (below
0 °C) and to rhombohedral (—80 °C) transitions were also wit-
nessed at cryogenic temperatures. The current study is based on
the release of the membrane without any support layers. To
minimize defects, a PMMA stamp or a layer of PVA can be used
in covering the functional layer. This can reduce the cracks
during the transfer. This study opens opportunities to explore
flexible electronics using a wide range of complex phase-change
materials on versatile substrates, featuring various strain states
and crystalline transformations, and also provides a material
basis for designing freestanding flexible devices.
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