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Abstract

The development of large, high-quality flexible high-temperature superconducting films is a
crucial focus in flexible electronics research, posing challenges and offering promising
applications. Among candidate materials, YBCO is a high-performance high-temperature
superconductor. However, the mechanical behavior and stress evolution of its flexible thin
films remain a critical gap in current research, hindering further development. In this
investigation, a YBa,Cu,0,/SrTiO,/Sr,Al,O, heterostructure was synthesized on SrTiO,
substrates via pulsed laser deposition (PLD). By selectively etching the water-soluble
Sr,AlLO, sacrificial layer, crack-free, high-quality freestanding YBa,Cu,O, films at the
millimeter scale were successfully fabricated, and remarkable improvements in
superconducting properties were achieved, with critical transition temperature and
magnetic shielding response approaching the intrinsic characteristics of bulk YBa,Cu,0.,.
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Bending experiments demonstrate that the superconductivity of freestanding YBCO films can be effectively
modulated by mechanical strain. Under in-plane compressive strain, the film exhibits an increased superconducting
transition temperature, whereas in-plane tensile strain diminishes superconductivity. This study not only presents a
dependable approach for producing high-quality flexible high-temperature superconducting films but also
establishes a fundamental strain-modulation mechanism. By controlling bending, achieved enhancement and
continuous modulation of the superconducting properties. These results are essential for the advancement of new-
generation flexible electronic devices based on high-temperature superconducting materials.

INTRODUCTION
The high-temperature superconducting material yttrium barium copper oxide (YBa,Cu,O, 5, YBCO) has

demonstrated considerable application potential in the field of industrial superconductivity due to its
outstanding superconducting properties (critical temperature T_> 90 K) and high critical current density
(J)". However, conventional rigid YBCO films face substantial limitations in applications involving flexible
electronic devices, wearable superconducting devices, and multifunctional integrated systems. In recent
years, van der Waals two-dimensional nanomaterials have spurred many exciting advances in both
fundamental research and practical applications. Their unique advantages in material design and
performance tuning have repeatedly had a profound impact on science and technology™*. In the field of
complex oxides, the rich electronic states, magnetic properties, and mechanical behavior exhibited by
epitaxial films and their interfaces have established this area as an essential research direction in condensed
matter physics and functional materials'®""l. Inspired by two-dimensional van der Waals materials, the oxide
thin film community has made a series of major breakthroughs in fabricating complex oxide
heterostructures>**. For instance, recent demonstration of field-free, reversible Josephson diode effects in
artificially stacked Bi,Sr,CaCu,O,  heterostructures by controlling the stacking angle"®'. This phenomenon
displays a technologically analogous mechanism to the twist-angle-dependent effects observed in magic-
angle graphene systems!” .

The combination of YBCO superconducting layers with flexible substrates opens new approaches for flexible
quantum technologies, where the realization of macroscopic freestanding YBCO membranes with preserved
superconducting properties could enable unprecedented device architecture. In 1994, Wu et al.”’ pointed
out the critical role of textured buffer layers in preserving both film quality and mechanical flexibility in
YBCO systems. Subsequent studies have systematically demonstrated that multilayer architectures can
notably enhance the functional characteristics of YBCO films through interface engineering”*. Li et al.*”
emphasized the importance of interfacial lattice matching for optimizing both microstructural properties and
superconducting performance parameters. In recent years, researchers have reported more experiments for
self-supporting oxide thin films, confirming that these fabrication processes can maintain high crystallinity
and electronic quality, as evidenced by high-resolution transmission electron microscopy and angle-resolved
photoemission spectroscopy measurements'*>*.. To overcome the challenges of aqueous sensitivity and
buffer layer requirements of YBCO thin films, Jia et al.”” proposed a buffer-layer-free transfer method for
transferring YBCO films to flexible substrates, facilitating the development of self-supporting flexible
superconducting films.

From optimizing epitaxial growth to enhancing functional properties through multilayer structures, and to
developing transfer techniques, these research achievements highlight the importance of microstructural
properties, buffer layer engineering, and innovative transfer methods in advancing the development of
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YBCO flexible thin film technology. However, systematic research of the mechanical behavior and stress
evolution mechanisms of YBCO flexible films during preparation and transfer remains limited. This research
gap stems largely from the formation of cracks and wrinkles during fabrication®, which lead to localized
strain relaxation and macroscopic inhomogeneity, thereby making it difficult to assess the mechanical
properties and stress variation of large-area films. As flexible electronics progress toward practical
applications, understanding the mechanical evolution and its correlation with changes in physical properties
becomes indispensable. Therefore, investigating the mechanical behavior of YBCO flexible films during
preparation and its impact on superconducting properties represents an urgent scientific challenge. To
address this gap, we propose a novel thin-film fabrication transfer strategy based on a water-soluble
sacrificial layer”" and apply it to YBCO thin films. The water-soluble sacrificial layer Sr,Al, O, has been
established as a robust and universal approach for thin film transfer’””. Remarkably, Zhang et al.”” recently
discovered a previously unreported Sr,Al,O, phase which exhibits excellent structural flexibility and high
water solubility, substantially improving the size and quality of thin film lift-off.

Here, we report a fabrication method for freestanding YBCO thin films by selectively etching the water-
soluble sacrificial layer Sr,Al,O, (the following is simply referred to as SAO). Structural characterization and
transport measurements confirm the reliability of this method, which yields high-quality, crack-free YBCO
freestanding thin films with dimensions nearly as large as the substrate (5 mm x 5 mm), and interestingly, its
superconducting properties exhibit a pronounced enhancement. This optimization can be attributed to the
lift-oft process, which releases the in-plane tensile strain caused by lattice mismatch during the growth. This
fabrication methodology and its strain-release mechanism are highly universal and can be extended to the
synthesis and processing of freestanding thin films in different materials, thereby providing valuable
references for strain-gradient engineering in other systems, such as flexible ferroelectric, ferromagnetic, and
related functional thin films. These high-quality freestanding films enable further investigation of the effect
of strain engineering on the superconductivity of flexible YBCO. Our experimental results indicate that
strain can continuously adjust superconductivity in flexible YBCO films. These results not only provide an
experimental foundation for exploring the superconducting mechanism of high-temperature cuprates but
also open new avenues for flexible electronic systems and practical applications.

MATERIALS AND METHODS

Preparation of YBCO/STO/SAO/STO heterostructure thin films

In this study, high-quality epitaxial YBa,Cu,O, (YBCO) films with varying thicknesses were grown on single-
crystal Sr'TiO, (STO) substrates using pulsed laser deposition (PLD, Twente Solid State Technology-
CUSTOMIZED, Netherlands). To facilitate subsequent lift-off processes, the highly water-soluble Sr,AlO,
(SAO) was selected as the sacrificial layer. Additionally, a 10-nm-thick SrTiO, buffer layer was grown
between the YBCO film and SAO layer to prevent potential aqueous corrosion damage to the YBCO film
during the lift-off procedure. Specifically, single-side-polished STO (001) substrates with dimensions of 5
mm x 5 mm x 0.5 mm were selected for epitaxial film growth. The single-crystalline oxide films were
deposited via pulsed-laser deposition (PLD) using a 248 nm KrF excimer laser (Lambda Physik COMPex
205, Germany). Initially, a 40 nm-thick SAO layer was grown at 750 °C under an oxygen pressure of 0.01
mbar, employing the laser energy density of 1 J/cm® at a repetition rate of 3 Hz. Through in situ target
exchange while maintaining the same temperature and oxygen pressure environment, a 10 nm-thick STO
buffer layer was epitaxially deposited using a laser energy density of 1 J/cm? at 2 Hz. Subsequently, the
oxygen pressure was increased to 0.35 mbar, the substrate temperature was kept at 750 °C, and YBCO layers
with thicknesses of 50 nm, 100 nm, and 150 nm were epitaxially deposited using laser energy densities of 2
J/cm® and a repetition rate of 1 Hz. Finally, the sample was annealed at 1000 mbar oxygen pressure and
cooled to room temperature at a rate of 10 °C/min.
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Figure 1. (A) Schematic diagram of the peeling process; (B) Top-view images of the sample during the dissolution process over time within
a3 mm X 3 mm area, illustrating the continuous and uniform diffusion of the dissolved region from the periphery toward the central zone;
(C) Photos of YBCO thin film samples after peeling. The film size after peeling remains almost the same, with integrity and no cracks.
YBCO: YBa,Cu,0,.

Flexible film fabrication

Figure 1A shows a schematic diagram of the entire peeling process. Following film growth, a polyimide (PI)
layer was adhered to the YBCO surface using M-Bond 610 adhesive. This configuration serves dual purposes:
first, to ensure robust mechanical support during the lift-off process; and second, it protects the YBCO film
from potential damage during etching. The M-Bond 610 (TED PELLA) adhesive adjusts the volume ratio of
the “curing agent” and “adhesive” to 3:4 (slightly reducing the content of the curing agent compared to the
standard formulation). This adjusted composition yielded a more compliant bonding layer, which facilitated
enhanced stress release during the peeling process. The sample was then placed on a temperature-controlled
hotplate at 60 °C for 24 h to ensure complete polymerization and stabilization of the M-Bond adhesive. The
sacrificial Sr,AL,O, (SAO) layer was selectively etched by immersing the entire heterostructure in deionized
water, leading to its complete dissolution and the release of the YBCO film from the SrTiO, substrate (as
shown in Figure 1B). This process yielded large-size, crack-free freestanding YBCO single-crystalline films
with exceptional structural integrity, as confirmed by optical microscopy (Figure 1C and also as shown in
Supplementary Figure 1). The resulting freestanding films exhibit great crystallinity and mechanical
robustness, making them suitable for further characterization and measurements.

RESULTS AND DISCUSSIONS

Structural characterization and analysis

Cross-sectional high-angle annular dark-field scanning transmission electron microscopy (HAADEF-STEM,
Thermo Scientific Talos F200S, USA) imaging of the YBCO/STO/SAO/STO heterostructure [Figure 2A]
reveals well-defined epitaxial interfaces at both the bottom SAO/STO and top STO/YBCO boundaries. The
layers exhibit oriented growth along the c-axis in the out-of-plane direction. Combined with Supplementary
Figure 24, it confirms distinct interfaces between layers without intermixing; while selected-area electron
diffraction patterns [Supplementary Figure 2B] also demonstrate high crystalline quality at each layered
structure. Within the YBCO layer, a regular periodic arrangement is clearly resolved, with the highlighted
area in the magnified view in Figure 2A clearly delineating the YBCO unit cell. The crystal structure and film
quality were also characterized by X-ray diffraction (XRD, Rigaku SmartLab, Japan). Figure 2B presents the
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Figure 2. (A) Cross-sectional HAADF-STEM images of YBCO/STO/SAOQ structure. On the right is an enlarged view of the orange
rectangle-enclosed region and a schematic diagram of the YBCO crystal structure; (B) XRD comparison of YBCO thin film before and after
peeling and its corresponding structural diagram. Before peeling (blue), the YBCO (003), (006), and (009) diffraction peaks overlap with
the STO (001), (002), and (003) peaks. After peeling (red), the YBCO (002) to (009) diffraction peaks are clearly visible; (C) Average
out-of-plane strain as a function of thickness; (D) Inhomogeneous strain as a function of film thickness for different structures. The error
bars originate from the standard error of the slope. YBCO: YBa,Cu,0,; STO: SrTiO;; SAO: Sr,Al,O,; HAADF-STEM: high-angle annular
dark-field scanning transmission electron microscopy; XRD: X-ray diffraction.

XRD 6-26 scan results before and after the lift-off process and its corresponding structural diagram. The
lower red curve corresponds to the YBCO/PI heterostructure after peeling, exhibiting intense and phase-
pure YBCO diffraction peaks without other diffraction phases. By contrast, before peeling off the STO
substrate (the upper blue curve), the YBCO diffraction peaks are also clear, but the YBCO (003), (006), and
(009) diffraction peaks are overshadowed by STO (001), (002), and (003) substrate peaks, respectively. In
addition, diffraction peaks from the SAO sacrificial layer are observed, proving the existence of the SAO
water-soluble layer. The complete disappearance of SAO diffraction peaks and the phase-pure YBCO
patterns in the XRD spectra provide definitive evidence for successful film peeling.

Furthermore, quantitative analysis of the single-crystal diffraction peaks enables the determination of the c-
axis lattice parameter in the different YBCO heterostructures. This allows the calculation of the average out-
of-plane strain for YBCO thin films of various thicknesses through the relation:

e =",
co

where ¢(t) is the average out-of-plane lattice parameter for a thin film with thickness t, and ¢, is the bulk
lattice constant (for the optimally doped YBCO single crystal, ¢ = 11.691 AP***). The thickness-dependent
strain relationship of YBCO films before and after peeling is summarized in Figure 2C. For films with the
same structure, the out-of-plane compressive strain regularly decreases with increasing film thickness,
demonstrating progressive relaxation of the out-of-plane compressive strain originating from the lattice
mismatch between YBCO and STO. For films with the same thickness, all of them exhibit a reduction in
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out-of-plane compression after liftoff, indicating that the peeling process effectively relieves the strain
imposed during heteroepitaxial growth.

To further investigate the effect of the strain induced by the peeling process, we performed Williamson-Hall
(WH) analysis on the XRD 0-26 scan results of YBCO films to study thickness-dependent strain gradients
and their relaxation behavior” (As shown in Supplementary Figure 3). Figure 2D shows the variation of
inhomogeneous strain with thickness before and after peeling. It can be observed that the inhomogeneous
strain increases with film thickness, reflecting a broader local strain distribution during thickness-dependent
relaxation, which remains incomplete even at 150 nm. These observations align with established strain
relaxation mechanisms in complex oxides"**”**), YBCO thin films can release relaxation strain as the film
thickness increases. Further investigations indicate that lattice mismatch is related to strain distribution.
Recent studies suggest that strain is described as an internal distribution dependent on thickness t and the
distance d from the film to the substrate interface®***!. Moreover, strain can also be released through other
mechanisms. As shown in Figure 2D, the lift-off YBCO freestanding films exhibit markedly reduced
inhomogeneous strain (g,) compared to their substrate-bound structures. Crucially, the observed
inhomogeneous strain reduction directly correlates with a decrease in strain gradients, demonstrating that
the peeling process not only enables fabrication of high-quality freestanding films but also partially relieves
lattice-mismatch-induced strain gradients, which is beneficial for manufacturing high-quality flexible films
with low strain gradients. It is worth noting that the persistence of inhomogeneous strain in the peeling films
demonstrates that structural integrity preservation inherently precludes complete strain release. This
limitation arises because the crack-free YBCO freestanding films maintain their macroscopic dimensions and
crystalline continuity post-peeling; stress cannot be eliminated through microcrack formation. This
preserved structural integrity enables further investigation of stress evolution and changes in physical
properties. To further confirm that the observed T, enhancement arises from strain modulation rather than
changes in oxygen stoichiometry during the lift-off process, we performed micro-Raman spectroscopy before
and after transfer [Supplementary Figure 4]. The O(4) apical oxygen mode analysis confirms that the YBCO
film remains near the optimally oxygenated phase after lift-off, ruling out oxygen variation as a contributing
factor.

To directly validate the in-plane strain behavior of the YBCO films before and after transfer, we performed
asymmetric reciprocal space mapping (RSM) measurements on both the YBCO/STO/SAO/STO
heterostructure and the transferred YBCO/PI film. For the YBCO/STO/SAO/STO heterostructure, clear and
well-defined diffraction spots corresponding to YBCO (1 0 8), (1 0 9), and (1 0 10) asymmetric reflections are
observed alongside the STO (103) substrate peak [Figure 3A], confirming the excellent epitaxial quality and
high crystallinity of the as-grown YBCO film. Notably, the YBCO (1 0 9) peak nearly overlaps with the STO
(103) peak, indicative of a strongly strained state imposed by substrate clamping. The transferred YBCO/PI
films exhibit similar diffraction features, with corresponding asymmetric reflections clearly resolved [Figure
3B], confirming that the YBCO films retain their high crystalline quality after the lift-off process. A
comparative analysis of the two RSM patterns reveals two distinct changes upon substrate removal. Along
the out-of-plane Qz direction, the diffraction spots of the transferred YBCO film exhibit a pronounced
narrowing in their vertical breadth. Since the vertical spread in reciprocal space directly correlates with the
variation in c-axis lattice parameters, this narrowing provides unambiguous evidence that the out-of-plane
strain gradient - inherently distributed along the film thickness due to interfacial clamping - is substantially
minimized upon substrate removal, consistent with the symmetric XRD analysis presented above. On the
other hand, along the in-plane Qx direction, a rightward expansion in the diffraction spots is observed,
directly demonstrating a contraction of the in-plane lattice parameter toward its bulk optimal value. This
provides clear experimental evidence for the relaxation of in-plane tensile strain following substrate removal.
Consequently, the RSM results fundamentally substantiate that substrate removal successfully triggers
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Figure 3. Reciprocal space mapping (RSM) analysis of strain states in YBCO films. (A) YBCO/STO/SAQO/STO heterostructure, showing
the close overlap between the YBCO (10 9) and STO (103) peaks, confirming coherent epitaxial growth under strong substrate clamping;
(B) Transferred flexible YBCO/PI film. The YBCO (10 8), (10 9), and (10 10) reflections exhibit a sharpened profile along the Qz axis
(decreased strain gradient) and a distinct rightward broadening along the Qx axis (in-plane strain relaxation toward bulk lattice
parameters). YBCO: YBa,Cu,O,; STO: SrTiO,; SAO: Sr,Al,O,; Pl: polyimide.

in-plane tensile strain relaxation while simultaneously homogenizing the depth-dependent strain gradient
throughout the film thickness, thereby synergistically driving the observed T, enhancement and transition

narrowing discussed in subsequent sections.

Superconductivity in flexible YBCO films

To investigate strain effects on the superconducting properties of YBCO, we performed temperature-
dependent resistivity measurements using a standard four-point probe measurement (Physical Properties
Measurement System, Quantum Design PPMS DynaCool, USA). The YBCO film thickness is 50 nm, with a
10-nm SrTiO, buffer layer. At this thickness, the superconducting properties of the YBCO film are already
close to their optimal values, as also confirmed by the transport results presented below. Furthermore, the
STO bulffer layer mentioned earlier serves both as a protective layer and as an epitaxial growth template that
promotes c-axis-oriented growth of YBCO. Regarding potential interface effects, STO remains in a fully
insulating dielectric state at temperatures around 90 K and does not compete with or couple to the
superconducting transition of YBCO!>**|. Therefore, the buffer layer does not affect the intrinsic
superconductivity of the YBCO film. To ensure ohmic contact during measurement, 30-nm-thick Pt
electrodes were deposited using magnetron sputtering (CHI-VAC Research & Development Co., Ltd.-
CUSTOMIZED, China). Subsequently, photolithography (Durham Magneto Optics Microwriter ML II, UK)
was used to etch electrode patterns on the sample surface for accurate resistivity measurements. Figure 4A
presents comparative resistivity versus temperature (p-T) measurements for both the YBCO/STO/SAO/STO
heterostructure and the peeling freestanding YBCO/PI film. The left inset shows an optical image of the
electrode patterns, where the electrode central nanowire has dimensions of 100 um in length and 20 pm in
width. To ensure the accuracy of the experiment, the electrode will be maintained within the central region
of the sample throughout the experiment. Both structures exhibit nearly identical temperature dependence,
displaying characteristic metallic behavior (linear p-T relationship) above the critical temperature T_. As the
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temperature approaches T, the resistivity drops sharply and approaches zero within a narrow transition
width AT = 1 K (defined as the temperature range from the critical temperature to the temperature where the
resistivity is nearly zero, T, - T.,,). This indicates that the YBCO film has high crystal quality both before

and after peeling.

The superconducting transition temperature T_is defined as the critical temperature at the point of
transition. The superconducting transition T_ of the structure before peeling was 90.1K at zero magnetic
field, but the transition temperature T of the freestanding YBCO film was 91.2K. Consistently, as shown in
Figure 4B, the freestanding YBCO/PI film demonstrates higher transition and zero-resistance temperatures
than the YBCO/STO/SAO/STO structure under the same magnetic field (the raw data and detailed
information under different magnetic fields are shown in Supplementary Figure 5). This systematic T
elevation phenomenon suggests a strain-mediated improvement of superconducting properties, which may
be mainly due to the change in in-plane tensile stress within the a-b planes. Furthermore, transport critical
current density (J.) measurements at 77 K confirm that the transfer process is non-destructive. Both the
YBCO/STO/SAO/STO heterostructure and the flexible YBCO/PI film exhibit nearly identical J,
demonstrating that no macroscopic structural damage occurs during the lift-off process [Supplementary
Figure 6]. The YBCO lattice parameters (a = 3.82 A, b = 3.89 A)"**/ are slightly smaller than the STO lattice
constant (a = 3.905 A). The SAO layer exhibits higher lattice flexibility and adjusts its lattice parameters
according to other epitaxial layers"”’). Additionally, the thermal expansion coefficient of STO (o = 9.4 x
10°/°C) is larger than that of YBCO (a = 8.6 x 10°°/°C), resulting in residual strain in the film after cooling to
room temperature. Therefore, the YBCO film is in an in-plane tensile state within the YBCO/STO/SAO/STO
structure. And there is no external stress perpendicular to the plane; the out-of-plane strain and in-plane
strain components follow Poisson’s ratio: o5 = % Considering that the Poisson’s ratio of the twinning-
free single crystal YBa,Cu,O, is v = 0.314">*!, which means that the out-of-plane c-axis direction of YBCO
single crystal film should exhibit compressive strain. This conclusion is consistent with the experimental
results shown in Figure 2. The superconducting transition temperature T, of YBCO thin films grown on STO
substrates is lower than that of bulk YBCO (92K-93K)"***, primarily due to the slight increase in Cu-O bond
length caused by tensile strain, which may weaken the electronic correlation strength within the CuO, plane.
Previous research results also indicate that strain on the a-b plane has a pronounced and opposite effect on
T, while strain along the c-axis only slightly reduces T ****. Therefore, the effect of strain on the transition
temperature is primarily dominated by strain on the a-b plane. The anisotropic uniaxial stress dependence of
T in YBCO shows dT /de, = -230 K and dT /de, = 220 K in the a-b plane!*>*. For YBCO on STO substrates,
the larger lattice mismatch along the a-axis leads to dominant T_ suppression through a-axis strain, offsetting
the slight T_ enhancement from b-axis strain. As shown in Figures 2 and 3, the peeling process reduces both
the c-axis strain and strain gradient, corresponding to a reduction in in-plane tensile strain in the a-b plane,
which consequently leads to a slight enhancement of T_. This phenomenon can be understood through
strain-induced ion distribution during epitaxial growth. When tensile strain is present, large atoms
preferentially attach to positions where the lattice expands relative to the substrate during growth. In the
epitaxial YBCO thin film process, larger ions (O* and Ba*") move away from the Cu-O chains, resulting in a
larger average ion radius'”’!. The partial release of this strain configuration upon lift-off weakens this
detrimental effect, resulting in the observed T improvement on a macroscopic scale. The observed T
increasing after peeling shows the opposite experimental phenomenon to a previous report on YBCO/LAO
heterostructure®, yet fundamentally originates from the same strain-mediated mechanism, in full agreement
with physical principles of strain effects in YBCO bulk superconductors.

To further investigate the effect of exfoliation on the superconducting properties of YBCO thin films at the
macroscale, we independently designed and implemented a system based on the transmissive-type two-coil
mutual inductance (TCMI) principle to measure the magnetic shielding response of samples before and after
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exfoliation (as illustrated schematically in Supplementary Figure 7A). The TCMI method operates based on
the mutual inductance phenomenon between the drive coil and the receiving coil. When an alternating
current (AC) with frequency f and amplitude I  is applied to the drive coil, the resulting time-varying
magnetic flux through the receiving coil induces a corresponding voltage. Under constant excitation
conditions, a smaller induced voltage reflects a weaker magnetic coupling between the coils. To enhance
measurement flexibility and sensitivity, the coils were integrated onto a printed circuit board (PCB), as
shown in the enlarged view of Supplementary Figure 7A and B. This design ensures a compact dimension
while maintaining high adaptability for use in various cryogenic systems. The compact geometry, combined
with a high turn density, effectively reduced magnetic flux leakage and enhanced signal intensity, thereby
improving measurement precision and accuracy®*'\. An excitation current I = 0.3 mA was applied to the
drive coil, while the in-phase component V, and quadrature component V, of the mutual inductance signal
induced in the receiver coil were measured using a phase-locked amplifier. The temperature and time
evolution of the real component (V) and imaginary component (V) of the mutual inductance signal for the
sample before and after exfoliation are presented in Supplementary Figure 7C and D. In the transmissive
TCMI device, when the sample is in the normal state, the magnetic field generated by the drive coil can
directly penetrate the sample and reach the pickup coil. In this case, the induced voltage corresponds to the
bare mutual inductance between the two coils, which is solely determined by their geometric parameters and
separation distance. As the temperature decreases, the film first enters the vortex state (also known as the
mixed state). In this state, quantized magnetic flux lines penetrate the film, each forming a normal-state core
surrounded by supercurrents, as illustrated in Figure 4C. Structural inhomogeneities in the film may result in
differing transition temperatures across regions or modify the effective density of pinning centers. This
macroscopically broadens the temperature range of the vortex state, corresponding to slower magnetic
shielding, and is typically difficult to observe in localized measurements. Upon the film transition to the
superconducting state, it expels the magnetic field, exhibiting a magnetic shielding response. This Meissner
effect of the superconductor markedly weakens the magnetic coupling between the coils, leading to a marked
reduction in the magnetic flux at the receiving coil and a consequent sharp decrease in the induced voltage
(as schematically illustrated in the inset of Figure 4D). Furthermore, analogous to AC magnetic susceptibility
measurements®?, energy dissipation gives rise to an imaginary component of the induced voltage. This
dissipative response manifests as a characteristic peak near the superconducting transition temperature,
reflecting vortex dynamics and associated loss mechanisms.

In TCMI measurements of superconducting samples, the real and imaginary components of the induced
voltage reflect different physical mechanisms. The real component V _ reflects the superconductor’s magnetic
shielding capability against the magnetic field. The temperature at which V_exhibits an abrupt transition
corresponds to the onset temperature of the Meissner effect, while its low-temperature value reflects the
strength of the sample’s superconducting magnetic shielding. The imaginary component Vy arises from
energy dissipation in the superconductor under the alternating magnetic field, primarily due to magnetic flux
motion or thermal fluctuations®**.. Its peak signifies the large-scale vortex motion, and its full width at half
maximum can reflect the sample’s quality - narrower FWHM values correspond to a more uniform sample.
In comparison, as shown in Figure 4D, first, the onset of magnetic shielding response (7°¢s!) of the
YBCO/PI structure sample after peeling is exhibited at a higher temperature, corresponding to the
emergence of superconducting fluctuations (initial Cooper pair formation). This observation suggests an
enhanced superconducting transition temperature in the peeling sample, consistent with the transport
measurement results presented in Figure 4A and B. Second, the complete magnetic shielding transition

temperature range AT, (from 72" to the Meissner state) in the YBCO/PI structure is smaller, and

mag
similarly, the FWHM in the imaginary component is narrower (shown in Supplementary Figure 7). These
features indicate improved sample homogeneity following peeling. The strain analysis in Figures 2 and 3

provides insight into these observations. Before peeling, the YBCO film on the STO substrate has substantial
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Figure 4. Comparison of electrical tests before and after YBCO peeling. (A) Resistivity-temperature (85K-100K) test curves of YBCO thin
films before (blue) and after (red) peeling, with an inset on the right showing the complete image of the 50K-300K test. The image on the
left shows the photolithographic structure for four-probe resistance testing; (B) Transition temperature and zero-resistance temperature
before and after peeling under different magnetic fields; (C) Schematic diagram of magnetic response across the superconducting
transition; (D) Comparison of induced voltage V (T) before and after peeling, with an inset showing a schematic diagram of the coil
measurement of superconducting samples. YBCO: YBa,Cu;0O,; PI: polyimide; STO: SrTiO,; SAO: Sr,Al,O,. V,: real component.

strain and stress gradients, leading to higher tensile strain in the a-b plane. This strain distribution reduces
the superconducting volume fraction and consequently weakens the magnetic shielding response. Following
peeling, strain relaxation reduces dislocation density, resulting in a more homogeneous superconducting
phase distribution. This improved uniformity enhances the Meissner effect and produces a sharper magnetic
shielding response.

The results of the TCMI test also indicate that the delamination process may have affected the intrinsic
superconducting mechanism of YBCO. On the one hand, according to the London equation, V2B = B/1% an
increased penetration depth (1) results in slower magnetic field decay and more dispersed shielding current
distribution, leading to a weakened macroscopic magnetic shielding response. That is, shorter penetration
depths correspond to more substantial magnetic shielding effects and produce more pronounced variations
in the induced voltage'®. The experimental results in Figure 4D indicate that the YBCO/STO/SAO/STO
heterostructure before peeling may have a larger penetration depth. The penetration depth is fundamentally
determined by the superconducting carrier density (n,) and effective mass (m*), as described by 1 =,/ In
the pre-peeling state, the strain gradient - particularly the in-plane tensile strain along the ab-axis (lattice
elongation) - may reduce charge carrier mobility within the CuO, planes, thereby decreasing the effective

superconducting carrier density n. On the other hand, the enhancement of magnetic shielding response may
suggest that reduced strain gradients decrease dislocation density within the crystal lattice, potentially leading

to diminished pinning centers and consequently weakening the pinning effect. The underlying mechanisms
remain incompletely understood and require further investigation.
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Figure 5. (A) Resistivity versus temperature (80 K-100 K) of a flexible YBCO thin film under different bending states, with insets
illustrating the corresponding bending configurations at varying curvatures; (B) Transition temperature and zeroresistance temperature
extracted from each bending condition. YBCO: YBa,Cu,0,.

Strain-modulated superconductivity in YBCO flexible films

The stress-mediated modulation of flexible electronic materials and their associated property changes remain
a focal point of research interest, as they are crucial for understanding underlying physical mechanisms and
enabling future practical applications®***). However, due to technical limitations, continuous strain
regulation in flexible high-temperature superconducting films still faces critical research gaps that need to be
addressed. Based on our freestanding film fabrication technique, we conducted further continuous bending
tests on high-quality flexible YBCO films, and the experimental results are presented in Figure 5. Previously,
direct optical microscopy of the film surface was performed before and after a complete bending cycle. No
cracks or structural damage formed after bending, confirming that the flexible YBCO film exhibits excellent
bending stability [Supplementary Figure 8]. To perform bending tests, we fabricated curved molds with
different curvatures («). The flexible YBCO film is supported on a PI substrate with a thickness t = 0.1 mm
and exhibits exceptional flexibility and bendability. Due to the compliant nature of the sample structure, it
can be readily attached to the surface of each mold with minimal mechanical force, without requiring
adhesives or additional processing steps, and remain crack-free throughout the procedure. This facilitates
convenient and rapid switching between molds for continuous testing under different bending conditions.
To ensure stable electrical contact during mold exchange and repeated handling, the electrode regions were
locally reinforced with silver paste. When the sample was completely and conformally attached to the mold,
the mold induced strain through stresses derived from the bent epitaxial film.

In a standalone PI layer, the neutral axis coincides with the geometric center of the PI, resulting in a linear
variation of bending strain along the direction of thickness. For the composite structure consisting of a thin
film bonded to a PI substrate, the difference in Young’s modulus between the film and the substrate leads to
a shift in the neutral axis by A8 to satisfy overall force balance. Consequently, the local strain in the film can

be expressed as ¢ = joaoxd where t is the thickness of the PI, d the film thickness, and R the radius of

R+L+A6°
curvature of the mold.zGi(\S/en that the film thickness d is in the order of nanometers - negligibly small
compared to the PI thickness - its influence on the position of the neutral axis and the resulting bending
strain can be neglected. Furthermore, the strain variation across the film thickness is less than 0.002%, which
is negligible compared to the strain ranges investigated in this study. Therefore, the strain in the YBCO film
can be reasonably approximated by e = R% ~ 5= However, as previously indicated in Figure 2, residual

stress remains in the flexible film after the transfer process and cannot be fully released. Therefore, the total
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strain comprises both the residual strain and the bending-induced strain. To maintain the rigor of the
the bending strain discussed in subsequent analyses is defined as Ae = 5. This is compared to the initial flat
the initial flat state (which already includes residual strain). The Ae in the flat state is defined as 0, with
negative values of Ag corresponding to in-plane compressive strain, and positive for in-plane tensile strain.

To assess the effect of strain on superconducting properties, we measure the flexible YBCO film under
unbent conditions as a control group (red curve in Figure 5A), which exhibited excellent superconducting
properties. To verify the film’s bendability during testing, tensile strain experiments - which are more
susceptible to inducing cracks - were first performed using a mold with curvature x = -0.2 mm™ (orange
curve in Figure 5A). Under this tensile strain, the superconducting transition temperature decreases to
approximately 89.5 K, indicating that tensile strain suppresses the superconductivity of the flexible YBCO
film. As the tensile strain increases further, superconducting performance decreases accordingly, confirming
that larger in-plane tensile strain is detrimental to YBCO’s superconducting transition. This observation is
similar to the trend of T_ variation induced by strain changes during the transfer process. Subsequent
measurements under in-plane compressive strain (purple curve in Figure 5A) reveal an enhanced
superconducting transition temperature (T ), approaching the value observed in bulk YBCO. This result
indicates that an appropriate in-plane compressive strain can effectively enhance the superconductivity of
flexible YBCO thin films. To further verify reproducibility, we additionally conducted three consecutive
mounting-demounting cycles under each bending condition; the resulting show excellent repeatability with
standard deviations substantially smaller than the bending-induced T_ shift [Supplementary Figure 9],
confirming the statistical significance of the strain-dependent modulation. The reproducibility of the results
and the reversible nature of the strain-dependent behavior suggest that no microcracks were formed during
the bending tests, further demonstrating the outstanding flexibility of the sample. Figure 5B presents the
superconducting T, and the zero-resistance temperature (T,) corresponding to the applied in-plane bending
strain Aeg; these results provide a direct illustration of how continuous mechanical strain influences the
superconductivity of flexible YBCO thin films. Notably, under larger tensile strains (Ae = 2%), a broadening
of the superconducting transition is observed, potentially due to the inhomogeneity of the superconducting
region caused by excessive strain. This strain-mediated continuous modulation of superconducting
properties also accounts for the previously observed phenomenon of enhanced Tc following flexible film
transfer.

While the precise physical mechanisms require further elucidation, these findings are still very interesting
and reveal a noteworthy phenomenon: in-plane strain can effectively modulate the superconducting
properties of YBCO films. The transfer results indicate that the YBCO film in the YBCO/STO/SAO/STO
heterostructure experiences in-plane tensile stress, which is partially relieved during peeling, corresponding
to changes in the lattice structure. The improvements in both T and magnetic shielding response can be
attributed to the reduction of a-b plane tensile strain and its gradient after lift-off. This strain release drives
the system closer to the intrinsic superconducting characteristics of stress-free YBCO bulk material.
Furthermore, strain mediation not only enables continuous tuning of the superconductivity in YBCO but
also elevates the superconducting transition temperature of the flexible film to a level previously
unattainable. These findings address a gap in previous research. In the field of flexible electronics, the
superconducting properties and structural integrity of the freestanding YBCO films produced by this method
also surpass those of previously demonstrated systems. Furthermore, this stress-release mechanism during
the peeling process may offer broader implications and has certain reference value for other research fields
and systems. Future studies employing in situ strain measurements combined with advanced microstructural
characterization could provide deeper insights into these phenomena. In particular, systematic investigations
correlating real-time strain evolution with superconducting mechanisms may elucidate the complex
interplay between lattice defects, flux pinning, and electronic properties.
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CONCLUSIONS

In conclusion, we have successfully prepared high-quality, large-size, crack-free YBCO freestanding thin
films by selectively etching the water-soluble sacrificial layer Sr,Al,O.. Experimental studies reveal that the
aqueous peeling process can effectively release part of the strain and strain gradients induced by lattice
mismatch during heteroepitaxial growth, driving the freestanding thin film closer to a stress-free state.
Further electrical transport and magnetic shielding response demonstrate that freestanding YBCO thin films
exhibit pronounced enhancements in both superconducting transition temperature and Meissner shielding
capability. Subsequent continuous strain-modulation experiments successfully regulated the
superconducting properties of flexible YBCO thin films, with enhanced superconductivity obtained under
compressive strain. These results confirm the high crystallinity and strong superconducting properties
achieved in the freestanding YBCO film. This achievement contributes to a deeper understanding of the
physical relationship between the structure of YBCO and its intrinsic properties. It also facilitates the
integration and application of high-temperature superconductors in flexible electronic systems.
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