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We report the fabrication of freestanding La,CuOg4/La; 5551g45CuO4 (LCO/LSCO) heterostructure membranes,
which were fabricated by selectively etching water-soluble Sr3Al,Og sacrificial layers from pulsed-laser-deposited het-
erostructures on SrTiO3 substrates. Transport measurements reveal that these membranes exhibit superconducting behavior
with an onset temperature of approximately 19 K. Comprehensive structural characterization using x-ray diffraction and
scanning transmission electron microscopy demonstrates that the membranes retain excellent crystalline quality after re-
lease. The superconducting properties remain stable following mild post-annealing treatment under vacuum. This work
establishes LCO/LSCO as a promising platform for developing flexible high-temperature superconducting interfaces, open-

ing new possibilities for the development of flexible devices.
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1. Introduction

Complex oxide interfaces provide a rich platform for ex-
ploring new quantum states and developing next-generation
devices. When distinct perovskite oxides are combined, their
interfaces frequently exhibit emergent phenomena absent from
their constituent materials, most notably two-dimensional su-
perconductivity. This has been clearly demonstrated in sys-
tems such as LaAlO3/SrTiO; (LAO/STO),l FeSe/STO, !
LayCuO4/Lay_,Sr,CuO,4 (LCO/LSCO(x)),*> and more re-
cently in Eu0/KTaO3 and LAO/KTa03.%8 Among these, the
LCO/LSCO(x) interface holds special significance because Sr-
doped La,CuOQy is a prototypical high-temperature supercon-
ductor. Previous studies of substrate-supported LCO/LSCO(x)
bilayers have revealed interfacial superconductivity with tran-
sition temperatures (Tc) above 30 K.[3-3! However, the fun-
damental question of whether such interfacial superconductiv-
ity can persist in freestanding membranes remains unexplored,
representing a critical gap given the growing importance of
freestanding oxides for both fundamental studies and applica-
tions in flexible electronics. %]

Recent advances in thin-film exfoliation techniques have
revolutionized the creation of freestanding complex ox-
ide membranes.!'=15] Sr3A1,04 (SAO)!'®) and SryAl,07,17!
which have been used as epitaxial sacrificial layers for
synthesizing such membranes, provide a promising path-
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way. This has enabled the successful isolation of various
functional oxides including STO,['%18191 La, ;Sry sMnO;, %]
BaTiO3,?" BiFeO3,[?!1 and even the high-Tc superconduc-
tor YBa,Cu30;_5 (YBCO),!??! with the resulting membranes
largely retaining their bulk-like properties.

In this work, we prepared freestanding La,CuQO4/
Laj 5551545CuQy4 (LCO/LSCO) heterostructure membranes
by employing a sacrificial-layer method. The membranes
maintain excellent crystallinity and show metallic behavior
from room temperature down to 19 K, below which they be-
come superconducting. These results demonstrate that in-
terfacial superconductivity can be preserved in freestanding
cuprate membranes.

2. Experiment methods

LCO/LSCO heterostructure membranes presented here
were grown on 0.5-mm-thick STO (001) substrates by pulsed
laser deposition (PLD) using a KrF excimer laser with a wave-
length of 248 nm. Before film growth, the substrate was pre-
annealed for 20 min at 975 °C under an oxygen pressure of
7.5 x 107> Torr to achieve a step-and-terrace surface. Then a
24-nm-thick epitaxial layer of SAO was grown as a sacrificial
layer, using a laser energy density of 1.2 J/cm? and a repeti-
tion rate of 1 Hz. The substrate temperature was set to 730 °C
and the oxygen pressure was kept at 5 x 107 Torr during de-
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position. After that, a 50-unit-cell (uc) STO layer and a 2-uc
SrLaAlO4 (SLAO) layer were subsequently grown as buffer
layers, with a laser fluence of 1.2 J/cm? and a repetition rate of
2 Hz. The corresponding substrate temperature was 800 °C,
and the oxygen pressure was 5 x 107° Torr. Above the buffer
layers, a 25-uc-thick LSCO and a 25-uc-thick LCO layer were
epitaxially grown in sequence, with a laser fluence of 1.2 J/cm?
and a laser repetition rate of 4 Hz. The substrate temperature
was 730 °C and the O3 (a mixture of ~ 10% O3 and ~ 90%
molecular oxygen) pressure was 2 x 10~2 Torr, with a flow rate
of 3 sccm without pumping. To prevent the degradation of the
LCO/LSCO bilayers, a 2-uc-thick SLAO capping layer was
grown under the same conditions as those of the LCO/LSCO
bilayers. After deposition, the sample was cooled from 730 °C
to 400 °C at a rate of 100 °C/min, while the O3 flow rate was
increased from 3 sccm to 10 sccm. The sample was held at
400 °C for 15 min before being cooled to room temperature,
with an O3 flow rate of 10 sccm. O3 was turned off at 55 °C.
We monitored the film growth process via oscillations of a
specularly reflected high-energy electron diffraction (RHEED)
spot when available (Figs. S1(a)-S1(f)). RHEED patterns are
streak-like after the growth of the SAO and SLAO layers, and
spotty streaks after the growth of STO. However, the final
RHEED patterns are characterized by two-dimensional fea-
tures upon completion of the film growth. The deposition
rate was carefully calibrated using the technique of x-ray re-
flectivity. The layer thickness of the heterostructures was de-
termined by the number of laser pulses. Among these, the
growth rates of LSCO and LCO were ~ 0.014 uc/laser pulse
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and ~ 0.010 uc/laser pulse, respectively.

Once grown, the heterostructure membrane was im-
mersed into a potassium hydroxide solution (pH = 12) for
30 min to dissolve the SAO layer. A schematic diagram of
the processing steps to release the LCO/LSCO heterostruc-
ture is shown in Fig. 1(a). The remaining heterostructure was
captured by a flat polydimethylsiloxane (PDMS) sheet, which
was made by covering a clean silicon wafer with 0.1-mm-thick
PDMS glue (as the mechanical support), and transferred to
a SiO, substrate and then released by heating the PDMS to
50 °C. Figure 1(b) is an optical image of the LCO/LSCO het-
erostructure on SiO,. To test its robustness, the freestanding
membrane was annealed again at 400 °C for 15 min under an
O3 atmosphere (O3 flow rate = 10 sccm) and at 150 °C for
15 min under vacuum (background pressure 1 x 10~/ mbar),
respectively.

3. Results
3.1. Structural characterizations

Atomic force microscopy (AFM) was employed to char-
acterize the surface flatness of the sample. After the growth
of the SAO and STO layers, the surface remains atomically
flat, exhibiting well-defined steps and terraces (Fig. 1(c)). The
root-mean-square roughness is as low as ~ 0.34 nm, which
provides an ideal template for subsequent film growth. In
contrast, the surface of the fully grown heterostructure be-
comes slightly rougher, with a root-mean-square roughness of
~ 1.50 nm (Fig. 1(d)).

Si0, y

(nm)
" 1

-1

Fig. 1. (a) Schematic illustration of the processing steps used to transfer and release the LCO/LSCO heterostructure. (b) Optical image of the
freestanding STO and SLAO-encapsulated LCO/LSCO heterostructure on SiO;. (c), (d) Atomic force microscopy images of the STO layer sur-
face (c) and the completed heterostructure (d). The scan areas are 3 um x 4 um, and the color scale ranges from —1 nm to 1 nm for both (c) and (d).
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Fig. 2. XRD 6-26 spectra of the LCO/LSCO heterostructure before (a) and
after (b) release. (c), (d) XRD 6-26 spectra of the freestanding LCO/LSCO
heterostructure after O3 annealing (c) and vacuum annealing (d). Dashed
lines indicate the XRD peaks of the LCO/LSCO heterostructure and the STO
film or substrate. The “*”” symbol marks an artifact peak.

(a) (b)

Fig. 3. (a) HAADF image of the cross section of the freestanding
LCO/LSCO heterostructure, including the buffer and capping layers. The
inset shows a close-up view of the LCO layer. (b) Left column: close-up
of the LCO/LSCO interface; right three columns: elemental mappings.
The dashed line indicates the position of the LCO/LSCO interface. All
HAADF images were recorded along the [010] zone axis.

Figures 2(a) and 2(b) show the x-ray diffraction (XRD)
spectra of the sample (a wide-angle XRD scan of the free-
standing membrane is provided in Fig. S2). In addition to the
substrate peaks, the XRD reflections of SAO and LCO/LSCO
are clearly observed in the as-grown sample, whereas only the
LCO/LSCO peaks remain after release. The release process
only slightly affects the crystal structure of the LCO/LSCO bi-
layers: the out-of-plane lattice constant is ~13.21 A for the as-
grown sample, which is consistent with previous reports, 3=
and ~ 13.24 A for the freestanding sample. Moreover, the
lattice constant of the freestanding LCO/LSCO membrane re-
mains unchanged after post-annealing (400 °C for 15 min
in O3, Fig. 2(c); 150 °C for 15 min in vacuum, Fig. 2(d)),

demonstrating the structural stability of the LCO/LSCO mem-
brane. Notably, the XRD spectra of the as-grown sample ex-
hibit a peak around 44°, which disappears in the freestanding
membrane. A similar feature was observed in another sample
(Fig. S3). We attribute this peak to a possible artifact phase
formed during the growth of the SAO sacrificial layer.['®!7] In
contrast, the peak at ~ 54° observed in the freestanding sam-
ple is likely due to impurities introduced during the transfer
process.

To further evaluate the interface quality, scanning trans-
mission electron microscopy (STEM) was performed on a rep-
resentative freestanding sample. The high-angle annular dark-
field (HAADF) images (Figs. 3(a) and 3(b)) together with
energy-dispersive x-ray spectroscopy (EDS) elemental map-
pings (Fig. 3(b)) reveal coherent growth across all layers, with
no significant intermixing detected at the LCO/LSCO inter-
face.

3.2. Electrical properties

We examined the electrical transport properties of the
samples. Figures 4(a) and 4(b) show the temperature de-
pendence of the normalized resistance R(7)/R(300 K) for
the LCO/LSCO heterostructure before and after etching the
sacrificial SAO layer (raw data in Fig. S4). To ensure reli-
able electrical contacts, 50-nm-thick Ag pads were deposited
via mask evaporation prior to the measurements. An optical
image of the measurement configuration for the freestanding
LCO/LSCO membrane is shown in the inset of Fig. 4(b).

1.0 On substrate Freestanding 1.0
< 0.8 @) ®) o8
8 19 K
@ 0.6 28 K 0.6
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X 0.8 0.8
o 19K K
8 0.6 0.6
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Fig. 4. Temperature-dependent normalized resistances of the as-grown
LCO/LSCO heterostructure (a) and the freestanding LCO/LSCO het-
erostructure (b). Inset in (b): optical image showing the configura-
tion for four-probe resistivity measurements of the freestanding sam-
ple. Temperature-dependent normalized resistances of the freestanding
LCO/LSCO heterostructure after post-annealing in an O3 atmosphere (c)
or in vacuum (d).

Both the as-grown and the freestanding LCO/LSCO in-
terfaces exhibit similar temperature-dependent behavior: the
resistance decreases nearly linearly with decreasing temper-
ature over a wide range from room temperature, and drops
abruptly to zero upon entering the superconducting state.
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The superconducting onset temperature (73™) is ~ 28 K
for the as-grown sample and ~ 19 K for the freestanding
sample (Figs. 4(a) and 4(b)).
ter membrane release, the persistence of superconductivity

Despite the reduction af-

demonstrates the robustness of the interfacial superconduct-
ing state in LCO/LSCO heterostructures. This reproducibil-
ity has been confirmed by measurements on multiple sam-
ples (Fig. S5). Furthermore, the 72" of the freestanding
membrane remains unchanged after post-annealing in differ-
ent atmospheres (Figs. 4(c) and 4(d)).
ther highlight the stability of the superconducting state at the
LCO/LSCO interface.

These results fur-

3.3. Discussion

The observed reduction in 7™ (from ~ 28 K to ~ 19 K)
after membrane release may originate from two primary fac-
tors. First, surface adsorption of polar molecules on the free-
standing membrane could perturb interfacial charge transfer
between the LCO and LSCO layers — a critical requirement
for establishing superconductivity in this system.*2>-23] Con-
trol experiments revealed that uncapped membranes became
fully insulating after exposure to potassium hydroxide solu-
tion, whereas a 2 uc SLAO capping layer effectively preserved
superconductivity. Nevertheless, surface adsorbates still de-
grade transport, even in capped samples. This interpretation
is supported by analogous observations in LaAlO3/SrTiO3 in-
terfaces, where polar adsorbates substantially modified inter-
facial transport properties. 2324

Second, the c-axis lattice expansion observed after re-
lease (Fig. 2) may also contribute to the suppression of Tc.
However, this appears contradictory to the conventional un-
derstanding that c-axis expansion typically enhances 7¢ in
cuprates.>>5-27 This apparent discrepancy underscores the
need for further investigation to clarify the underlying mecha-

nisms.

4. Summary

In summary, we have successfully fabricated freestand-
ing crystalline LCO/LSCO heterostructure membranes that
exhibit high-T¢ interfacial superconductivity. The membranes
were released through selective etching of a water-soluble
SAO sacrificial layer in potassium hydroxide solution. Trans-
port measurements reveal robust superconductivity in the free-
standing membranes, with an onset transition temperature of
~ 19 K. Notably, the superconducting properties remain sta-
ble after post-annealing treatments in different atmospheres,
demonstrating both the structural and electronic integrity of
the interface in the freestanding configuration.
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