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M AT E R I A L S  S C I E N C E

From oxide epitaxy to freestanding membranes: 
Opportunities and challenges
Sooho Choo1†, Shivasheesh Varshney1†, Huan Liu2, Shivam Sharma2,  
Richard D. James2, Bharat Jalan1*

Motivated by the growing demand to integrate functional oxides with dissimilar materials, numerous studies 
have been undertaken to detach a functional oxide film from its original substrate, effectively forming a mem-
brane, which can then be affixed to the desired host material. This review article is centered on the synthesis of 
functional oxide membranes, encompassing various approaches to their synthesis, exfoliation, and transfer tech-
niques. First, we explore the characteristics of thin-film growth techniques with emphasis on molecular beam epi-
taxy. We then examine the fundamental principles and pivotal factors underlying three key approaches of creating 
membranes: (i) chemical lift-off, (ii) the two-dimensional layer–assisted lift-off, and (iii) spalling. We review the 
methods of exfoliation and transfer for each approach. Last, we provide an outlook into the future of oxide mem-
branes, highlighting their applications and emerging properties.

INTRODUCTION
There is an increasing interest in integrating functional oxides with 
semiconductor or quantum information devices. This is encouraged 
by the demands of vertical integration or back-end-of-the-line (BEOL) 
integration, the major stage in semiconductor manufacturing where 
different functional layers are interconnected. This need underscores 
the importance of atomically precise synthesis techniques for layers 
that serve as metal electrodes, dielectrics, or functionalized channel 
materials on the selected wafer (Fig. 1A). Integrating optimal materi-
als for each layer poses synthesis obstacles, most often involving crys-
tal quality and interfacial defects that may compromise the overall 
electrical properties of the device.

Epitaxial growth of three-dimensional (3D) functional oxide 
films is typically achieved on compatible wafers with similar crystal 
symmetry and lattice parameters. However, this requirement of epi-
taxial growth—relying on lattice/symmetry matching—limits the 
integration of diverse material systems and their application in de-
vices. For instance, thin-film devices often exhibit lattice mismatches 
between layers, as illustrated in Fig. 1B for perovskite oxides. This 
issue becomes even more pronounced when combining dissimilar 
materials, such as oxides and conventional semiconductors, leading 
to high densities of misfit dislocations, threading dislocations, anti-
phase boundaries (APBs), and stacking faults, as illustrated in Fig. 
1C. Additionally, atomic layer nucleation differences between oxide 
A over oxide B and vice versa can complicate the growth of sharp 
interfaces in oxide B/oxide A/oxide B heterostructures. These epi-
taxial growth challenges can degrade device performance by causing 
interfacial charge trapping, high leakage, and slow switching speeds.

Freestanding oxide films offer a way to overcome the epitaxial 
constraints of substrates. These membranes, which can bend, fold, 
or stretch, are capable of mechanical deformation, enabling functional-
ities not achievable in constrained or unstressed films of the same com-
position (1–5). Membranes can be transferred onto chemically and 

structurally incompatible wafers, leading to the formation of artifi-
cial heterostructures, including 3D-over-3D structures (i.e., bicrys-
tals), 3D-over-two-dimensional (2D) structures, or virtual substrates 
(6–14), as illustrated in Fig. 1D. In 3D-3D materials, dangling bonds 
and a flexible lattice provide more degrees of freedom than in 2D 
materials, allowing for bond cleavage or reformation, which in turn 
may enable charge transfer and orbital/spin interactions. The inter-
play of multiple degrees of freedom—such as charge, orbital, spin, 
and lattice—exhibited by complex oxides can result in intriguing 
quantum functionalities (15,  16). These membranes can be uni-
formly strained to achieve states unattainable in bulk crystals, or 
they can be controllably rippled, wrinkled, or bubbled to create 
strain gradients (17–23).

An exciting direction involves devices created by stacking and 
twisting oxide membranes at different in-plane rotation angles, known 
as Moirétronics, stacktronics, or twistronics. This emerging field al-
lows for the tuning of fundamental properties such as ferroelectricity, 
chirality, and superconductivity (24–26). A particularly compelling 
opportunity arises from precisely stacking atomically smooth inter-
faces to form 3D/3D lattices. These stacks can break various symme-
tries, create chirality, and introduce interlayer coupling, potentially 
giving rise to quantum states not found in the parent compounds 
(27–30). Atomically thin freestanding films of functional oxides also 
enable the study of individual point defects and complex periodic or 
quasiperiodic defect arrays. Mechanical deformations in clamped-free 
membranes can lead to origami-inspired structures (31), which are 
gaining traction in various technologies.

In this review, we highlight recently developed methods for creat-
ing oxide membranes, focusing on their growth and exfoliation/transfer 
techniques. First, we discuss thin-film growth methods for oxide thin 
films, including magnetron sputtering, pulsed laser deposition (PLD), 
and molecular beam epitaxy (MBE), with particular emphasis on hy-
brid MBE. Next, we examine three representative membrane creation 
techniques—chemical lift-off, 2D layer–assisted lift-off, and mechani-
cal lift-off—analyzing their advantages and disadvantages in relation 
to the different thin-film growth methods. Last, we provide an outlook 
on the potential applications of functional oxide membranes in de-
vices and their importance for advancing fundamental physics re-
search. The ability to produce large-area, high-quality, and precisely 
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aligned functional oxide membranes is key to further progress in this 
field, enabling breakthrough advancements.

THIN-FILM MEMBRANE GROWTH METHODS
High crystalline quality and reproducibility are essential when 
choosing a growth method, ideally providing atomic-scale control 
for the precise synthesis of single crystals. Versatility is also impor-
tant, enabling the growth of diverse material systems and smooth 
transitions between them. The method should produce sharp inter-
faces to facilitate the study of interfacial phenomena and be modu-
lar for easy system upgrades. These goals are met by three main 
thin-film growth techniques for functional oxides: magnetron sput-
tering, PLD, and MBE. This review focuses primarily on MBE for 
membrane synthesis.

MAGNETRON SPUTTERING
As shown in Fig. 2A, magnetron sputtering occurs in a high vacuum 
chamber, where sintered targets are used to achieve the desired ox-
ide composition. Magnetron sputtering is a physical vapor deposi-
tion technique used to deposit thin films onto substrates. In this 
process, a high-vacuum chamber houses a target material that is 
negatively biased. A gas, such as argon, is ionized to create a plasma, 
which bombards the target with positively charged ions. This impact 
causes atoms from the target to sputter and travel across the cham-
ber to deposit onto a heated substrate. A magnetic field generated by 
the magnet enhances plasma density and stability, leading to uni-
form and high-quality film deposition. However, the use of high-
energy charged ions may promote the introduction of point defects 
into the film as it grows. Owing to this, the defect/dislocation density 

obtained in films is generally higher than the other two approaches, 
PLD and MBE (32). At present, there have been limited studies on 
membranes using this approach (33).

PULSED LASER DEPOSITION
PLD has been a popular technique for membrane and heterostruc-
ture synthesis of complex oxides with atomic level control over 
structure. In this approach, a high-power pulsed laser (34, 35) is di-
rected onto a target material inside a vacuum chamber as illustrated 
in Fig. 2B. The laser pulse vaporizes the target, generating a plasma 
plume that consists of various energetic species, including atoms, 
ions, molecules, and particulates. This vaporized material is then 
deposited as a thin film onto a substrate, which is typically placed 
facing the target. Typically, a KrF excimer laser (wavelength: 248 nm) 
is used, but the laser source can be changed. PLD for oxide synthesis 
often employs high oxygen background pressure to ensure complete 
oxygenation of oxide films, but it also lowers the kinetic energies of 
ablating species (35).

Although the basic setup of PLD is relatively straightforward, the 
underlying physical growth processes are quite intricate. This meth-
od has been widely used in membrane synthesis using a sacrificial 
layer (2, 20, 23, 26, 28, 35–61) or a 2D material–assisted approach 
(62, 63–72), and is discussed later in this paper.

MOLECULAR BEAM EPITAXY
MBE is a thin-film growth technique that operates in an ultrahigh 
vacuum environment with base pressures typically in the range of 
10−8 to 10−10 torr. It utilizes molecular beams from high-purity ele-
mental sources to grow epitaxial films. The system is maintained at 

A B

C D

Fig. 1. Challenges with thin-film epitaxy and opportunities with thin-film membranes. (A) A schematic representing a device structure, showing the key layers re-
quired for device performance. A metal electrode is shown in gold, the Dielectric/Ferroelectric material is shown in blue, functional material/semiconductor is shown in 
pink, and a suitable wafer is shown in gray. (B) Lattice parameter number line of perovskite oxides that can be used as a metal electrode, dielectric/ferroelectric, func-
tional material, and suitable wafer, illustrating many near epitaxial relationships possible in these oxides. (C) Challenges for epitaxial growth of each of the device layers. 
Interfacial defects such as misfit dislocations, antiphase boundaries, stacking faults, and nucleation differences of one layer over another. (D) A representative free-
standing membrane offers opportunities in 3D/3D twistronics/Moirétronics/stacktronics, addressing several limitations of thin films. Here, 3D refers to materials with 
dangling bonds.
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such low pressures by using turbomolecular pumps, helium-cooled 
cryogenic pumps, liquid nitrogen-cooled shrouds (to minimize sur-
face outgassing), and high-temperature baking. This ensures mini-
mal impurity incorporation into the film (73). The mean free path of 
the sublimated or evaporated species exceeds the distance between 
the source and substrate, preventing collisions between the growth 
species before they reach the substrate. MBE systems feature shut-
ters for rapid switching between sources, enabling the growth of 
high-quality heterostructures. In situ monitoring tools like quartz 
crystal monitors (QCMs), beam flux monitors (BFMs), and reflec-
tion high-energy electron diffraction (RHEED) provide additional 
control and precision during growth.

To accurately control the stoichiometry of cations in the film, an 
adsorption-controlled growth of the film is desired. A “growth win-
dow” has been demonstrated in a number of oxide films grown by 
MBE. Within this window, the film self-regulates its stoichiometry. 
This was first achieved for GaAs and later for complex oxides using 
MBE (74, 75). The growth window of oxides is often found only at 
high temperatures or at ultralow pressure. For example, growing 
SrTiO3 using conventional MBE within the thermodynamic growth 
window is not feasible due to the inaccessible growth conditions re-
quiring low gas pressure of SrO and high substrate temperatures 
(76). Without a feasible growth window, the stoichiometry of SrTiO3 
is limited by the degree of flux control. For example, a 0.1% drop in 
Sr flux corresponds to about 2 × 1019 cm−3 vacancy concentration 
(77). The development of hybrid MBE overcame this issue by replac-
ing elemental Ti by the liquid precursor titanium tetraisopropoxide 
(TTIP), as shown in Fig. 2C (76). The utilization of this volatile 
metal-organic precursor led to a large MBE growth window (76) 
and also helped to achieve a greatly increased growth rate exceeding 
600 nm/hour (78). It has recently been demonstrated that the hybrid 
MBE growth window can also exist by co-supplying TTIP and Sr, 

without supplying additional oxygen (79). A record-high electron 
mobility exceeding 32,000 cm2 V−1 s−1 (at 1.8 K) was found in hy-
brid MBE–grown La-doped SrTiO3 on SrTiO3 (001) substrate (80), 
higher than that of bulk single crystals (81). The mobility exceeded 
128,000 cm2 V−1 s−1 (at 1.8 K) when strained in hybrid MBE–grown 
La-doped SrTiO3 on LSAT (001) substrate (82). Similarly, low-
temperature dielectric constant exceeded that of bulk single crystal 
in hybrid MBE–grown SrTiO3 films (83). Hybrid MBE has been 
successfully used to grow single-crystalline films of various tita-
nates, including BaTiO3 (84, 85), CaTiO3 (86), and GdTiO3 (87), as 
well as stannates like BaSnO3 (88), SrSnO3 (89), and CaSnO3 (90). It 
has also been applied to vanadates such as LaVO3 (91), (La,Sr)VO3 
(92), and several others (93–96).

The hybrid MBE technique has been further expanded by incor-
porating solid metal-organic precursors that can be directly loaded 
into an effusion cell and sublimated, producing molecular beams of 
metal precursors that are typically hard to evaporate, such as plati-
num (Pt), iridium (Ir), and ruthenium (Ru) (97). These metals are 
also challenging to oxidize. Solid precursors like platinum(II) acety-
lacetonate [Pt(acac)2], iridium(III) acetylacetonate [Ir(acac)3], and 
ruthenium(III) acetylacetonate [Ru(acac)3], which consist of metal 
atoms bonded to oxygen, have been utilized to grow phase-pure, 
single-crystalline Pt films as well as binary oxides such as IrO2 (98) 
and RuO2 (99). Additionally, complex oxides like SrIrO3 (100), SrRuO3 
(101), and Sr2RuO4 (102), and metallic films of Ir and Ru were suc-
cessfully grown with the solid precursors (103). A key advantage of 
these solid precursors is that they eliminate the need for a gas inlet 
system typically required to supply liquid precursors from outside 
the MBE system. The ideal precursors for this process should be air 
stable and have low vapor pressures (~10−10 torr) at room tempera-
ture, but with vapor pressures in the range of 10−5 torr at effusion 
cell temperatures of a few hundred degrees (100° to 200°C).

A B

C

Fig. 2. Schematic representation of epitaxial thin-film growth methods and their key characteristics. (A) A magnetron sputtering system. The sputter of a target 
material results in epitaxial growth on the heated substrate. (B) PLD system. A laser located outside the system is incident on the target, which creates a plume resulting 
in epitaxial growth on the heated substrate. (C) MBE system. Pure elemental sources are used to grow epitaxial films on a heated substrate. The hybrid MBE system uses 
metal-organic solid and liquid precursors addressing the issues of low vapor pressure and hard to oxidize elements. The representative solid and liquid precursors are 
shown in pink and blue box respectively.
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The successful use of volatile metal-organic precursors in hybrid 
MBE has also influenced the PLD community, leading to their 
adoption for growing complex oxides. This approach, known as hy-
brid PLD (HPLD), has enabled adsorption-controlled growth, ex-
emplified by the successful deposition of SrTiO3 films using HPLD 
(32). More recently, it has also been used to grow KTaO3 films (104).

MEMBRANE SYNTHESIS APPROACHES
There is a substantial progress in measures taken to separate the 
grown epitaxial oxide thin film from its substrate. For instance, the 
growth substrate can be removed by using an etchant or by laser 
(105, 106). However, the cost of the substrate for most oxide materi-
als is high, and the use of lasers or harsh etchants can potentially 

damage the film. Several other methods have been suggested to de-
couple the films from the substrate (Fig. 3A), such as chemical lift-off 
(sacrificial layer method), 2D layer–assisted lift-off (remote and vdW 
epitaxy), and mechanical lift-off (spalling). Moreover, these methods 
must also be compatible with the thin-film growth technique. For 
instance, approaches to create functional membranes may require 
different growth techniques such as PLD over MBE due to the choice 
of lift-off layer. The concepts, characteristics, and techniques suitable 
for membrane growth and release are discussed below.

CHEMICAL LIFT-OFF
As early as 1980s, chemical methods were developed to make free-
standing films (107, 108). Chemical lift-off involves sacrificing a layer 

A

B C

Fig. 3. Schematic representation of the membrane synthesis methods. (A) Representative ways to synthesize thin-film membranes. (B) Representative ways to exfoli-
ate and transfer the grown thin-film membrane: (a) by attaching a polymer supporting layer, (b) by coating a polymer layer or depositing a metal layer, and (c) by detach-
ing the grown film without any support. (C) Representative membranes produced using each of the exfoliation and transfer methods. (a) Free-standing YBa2Cu3O7−x 
membranes on a polypropylene carbonate (PPC)/PDMS supporting layer. (b) Free-standing SrTiO3 on a Si substrate by attaching the screen protector (silicon-coated PET). 
Reproduced with permission from the American Chemical Society (4). (c) Free-standing SrRuO3 by attaching thermal release tape and coating PMMA. (d) SrTiO3 produced 
by coating a cellulose acetate butyrate (CAB) layer transferred on TiN/Si. (e) BaTiO3-δ produced by depositing Ni layer using remote epitaxy on Au/Cr/PI. (f ) Scanning elec-
tron microscopy image for spalling results of LaAlO3/SrTiO3. (g) SrRuO3 membrane produced by scooping directly on PET. (h) Hf0.5Zr0.5O2 membrane produced by scoop-
ing the membrane on SiO2/Si. All images reproduced with permission from respective publishers (4, 42, 65, 109, 179).
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between the substrate and the film as shown in Fig. 3A (a). The 
grown film is detached from the substrate by dissolving/etching the 
sacrificial layer (38, 109). It is important that the sacrificial layer satis-
fies some common criteria, as listed in (110), of (i) compatibility be-
tween the sacrificial layer and the film (epitaxial growth of film 
should be possible on the sacrificial layer), (ii) selectivity (such that 
etching the sacrificial layer does not damage the film and the released 
substrate is reusable; it is conceivable that longer etching time can 
cause unintended damage to the film), (iii) stability [the sacrificial 
layer should be stable at high growth temperatures (typically 800°C); 
this thermodynamic stability is essential to grow the film without any 
intermixing or formation of unintended phases], (iv) processibility 
(the layer should be grown inside the growth chamber with atomic 
layer control and precision), and (v) tunability (the lattice parameter 
of the layer should be tunable to match that of the film).

The type of sacrificial layer should be carefully selected depend-
ing on functional oxide film. Sr3Al2O6, alloyed with Ca3Al2O6 and 
Ba3Al2O6, which can be dissolved in water, has been the most widely 
adopted sacrificial layers for perovskite oxides (58, 109, 111). The 
higher the electronegativity of the alkaline earth metal used (Ca2+ > 
Sr2+ > Ba2+), the more difficult it is to dissolve in water (112, 113). 
While Ba substitution makes for easy hydrolysis, it also causes macro-
scopic distortions in the lattice of the functional oxide film, as dis-
cussed later in this section. More recently, tetragonal-phase Sr4Al2O7, 
a member of the (Ca, Sr, Ba)4Al2O7 family, was introduced (114, 115) 
as a sacrificial layer material. The Al-O network is more discrete, and 
the concentration of SrO is higher, in Sr4Al2O7 compared to Sr3Al2O6, 
resulting in increased water solubility and thus shorter dissolving 
time. Other widely used sacrificial layers are La0.7Sr0.3MnO3 (etched 
in acidic solution of KI + HCl) (38), SrRuO3 (etched in NaIO4 solu-
tion) (116), SrVO3 (etched in water) (117), YBa2Cu3O7 (etched in 
HCl) (59), and SrCoO2.5 (etched in vinegar) (118). The lattice para
meters of these sacrificial layers are similar to many perovskite oxides 
(3.8 to 4.1Å). This class of complex sacrificial layers has successfully 
produced free-standing films of a diverse material systems such 
as SrTiO3 (109, 119, 120), BaTiO3 (2, 3, 46, 121), YBa2Cu3O7−x (59), 
BiFeO3 (4, 120), SrRuO3 (56, 122, 123), La0.7Ca0.3MnO3 (111), 
La0.7Sr0.3MnO3 (54), and superlattices, to name a few.

In the realm of thin-film growth techniques, PLD is particularly 
advantageous for the sacrificial layer method, primarily due to the 
ease with which Sr3Al2O6 can be grown using this technique. Since 
the first report on the use of a Sr3Al2O6 sacrificial layer, most research 
on free-standing oxide membranes was conducted using PLD. To our 
knowledge, there is no report on the use of sputtering alone to grow 
the sacrificial layer. Instead, PbTiO3/SrTiO3 superlattices were grown 
on a Sr3Al2O6 sacrificial layer by sputtering after the Sr3Al2O6 sacrifi-
cial layer was deposited by PLD (124). Similarly, a Sr3Al2O6 sacrificial 
layer capped by a SrTiO3 layer was grown on a SrTiO3 substrate using 
PLD; then, an La-doped SrTiO3 film was grown by MBE by ex situ 
transferring of SrTiO3/Sr3Al2O6/SrTiO3 from a PLD to an MBE 
chamber (125). Although various free-standing membranes, such as 
SrTiO3, BaFeO3, PbTiO3, and BaTiO3, were produced solely by MBE 
(21, 120, 126–128) using an Sr3Al2O6 sacrificial layer, the growth of 
such complex sacrificial layers is not straightforward owing to the 
complexity of MBE growth for Sr3Al2O6.

Producing free-standing membranes with MBE using a complex 
sacrificial layer is like trying to make a soufflé with one hand tied 
behind your back—doable, but only if you are a culinary wizard. This 
is evident by the fact that as of 2023, only 1/10 of all publications used 

MBE alone to grow membranes. The challenge of MBE growth of 
free-standing membranes is effectively circumvented by the use of 
binary alkaline earth oxide sacrificial layers (110). These alkaline 
earth oxide sacrificial layers are easier to grow in MBE because alka-
line earth metals can be sublimated at a low effusion cell temperature 
of 300° to 500°C and they readily oxidize in molecular oxygen to 
form corresponding oxides. The binary oxide sacrificial layer system 
(Mg, Ca, Sr, Ba)O can be alloyed to achieve extensive tuning of lattice 
parameters. When combined with complex sacrificial layers, they al-
low continuous tunning of lattice parameter from 2.98 to 5.12 Å, a 
range unreachable with the current commercially available sub-
strates (110). Binary oxides with a rock salt structure will grow on the 
perovskite substrate with an in-plane rotation of 45°. These oxides 
can then be used as a template to grow perovskite structures. Epitaxial 
layer-by-layer and step-flow growth of SrTiO3 has been shown on 
2- to 60-nm-thick SrO sacrificial layer using hybrid MBE on LAO 
(001) and LSAT (001) substrates, respectively (110). Epitaxial growth 
of a SrTiO3/BaSnO3 heterostructure on a BaO sacrificial layer and a 
SrTiO3/CaSnO3 heterostructure on a Ba1−xCaxO sacrificial layer has 
also been demonstrated using hybrid MBE (110). There has also 
been some success in PLD on the use of a BaO sacrificial layer to 
grow SrTiO3/BaTiO3 heterostructures (129) and CrN membranes 
(36), demonstrating their versatility in membrane synthesis.

Generally, full width at half maximum (FWHM) of the rocking 
curve around the (002) diffraction condition is used to determine 
the crystallinity of a (001)-oriented thin film. However, it was found 
that the binary oxides were hygroscopic: Samples reacted with mois-
ture in air, leading to macroscopic distortions, changing the FWHM 
of the film. An FWHM of 10 nm in a SrTiO3 film was found to be 
~0.14° grown on 2-nm SrO on LSAT substrate (110). The FWHM 
increased to twice this value when sample was not capped with 
amorphous Si capping layer. Therefore, future efforts should per-
form in situ diffraction studies to accurately determine the FWHM 
of SrTiO3 on a binary oxide sacrificial layer. The practice of transfer-
ring and exfoliating the sample in a glove box can be adopted to 
preserve the macroscopic features.

The hygroscopic nature of the binary oxide sacrificial layers such 
as SrO and BaO substantially enhanced the dissolution time to a few 
minutes (<5 min) in water, according to the following reaction: SrO + 
H2O ⟶ Sr(OH)2. This is important for films that are sensitive to 
long exposure in water when using a Sr3Al2O6 sacrificial layer. For 
instance, the nickelate series commonly sought after for their super-
conducting properties and other intriguing phenomena can be 
potentially damaged in long exposure to water. A fast, soluble, and 
easy to synthesize sacrificial layer is therefore needed by the mem-
brane community.

While binary oxides have proven to be extremely useful for 
membrane synthesis in MBE, there are other ways to use complex 
sacrificial layers in MBE. Hybrid MBE may offer solutions for the 
growth of complex sacrificial layers like Sr3Al2O6 by carefully select-
ing a precursor to supply aluminum, such as dimethylaluminum 
isopropoxide (DMAI). This idea was previously explored using 
atomic layer deposition (ALD) (130). For example, a sacrificial layer 
of SrRuO3 can be grown in hybrid MBE where Ru is supplied using 
Ru(acac)3 precursor (97, 101) and of SrVO3 which can be grown by 
supplying V using a vanadium oxitriisoproxide (VTIP) precursor 
(95). Similar precursors can be selected to grow other complex sac-
rificial layers (131–136); however, their use as a sacrificial layer in 
hybrid MBE remains to be explored.
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Another approach is to use a sacrificial layer of Sr3Al2O6, pre-
pared ex situ in a chemical solution. For example, this sacrificial 
layer can be prepared by the metal nitrate precursor solution meth-
od, followed by high temperature thermal treatment (112). The sac-
rificial layer has been shown to crystallize in vacuum annealing and 
then used to grow functional oxides of La0.7Sr0.3MnO3 in PLD (113). 
The hybrid MBE growth of an epitaxial, single-crystalline SrTiO3 
film on this sacrificial layer was recently demonstrated (137).

To summarize, the main advantages of using the sacrificial layer 
method are that (i) it allows single-crystalline growth of functional 
oxides, (ii) it produces large-area membranes, (iii) it promotes sub-
strate reuse, and (iv) it can be readily adopted with growth tech-
niques like MBE, hybrid MBE, or PLD. The cornerstone challenge is 
handling the exfoliated membrane so as to carefully transfer it to a 
desired host substrate without damage. Strategies for overcoming 
this challenge in the transfer processes are discussed in the “Mem-
brane Exfoliation and Transfer Processes” section.

2D LAYER–ASSISTED LIFT-OFF
The marriage of 2D materials as sacrificial materials with 3D func-
tional films is fascinating (138). Such 2D interlayers can break the 
strong bond that exists between the film and the substrate (17). Films 
grown on top of 2D materials have weak out-of-plane van der Waals 
(vdW) bonds that typically allow the grown film to separate from the 
substrate, as shown in Fig. 3A (b) (139). Typical 2D materials include 
graphene (65), transition metal dichalcogenides (TMDCs) (140), 
and h-BN (141). Among these, graphene is the most widely used for 
film exfoliation. This concept of epitaxial film growth using 2D ma-
terials is broadly divided into remote epitaxy and vdW epitaxy. For 
remote epitaxy to be possible, it is important that the 2D material is 
thin (typically monolayer or bilayer) such that the electrostatic po-
tential of the substrate penetrates through the 2D material, providing 
the adatoms a sufficiently strong ionic potential to align them epi-
taxially on the substrate (142). If the 2D layer is thick or the substrate 
ionicity is not strong enough to penetrate through the 2D material 
(weak interaction between adatoms and the underlying substrate), 
then the adatoms will align randomly on the 2D material. This may 
result into a polycrystalline film or vdW epitaxy when the film has a 
preferential growth orientation on the 2D material. Therefore, a high 
ionicity of the substrate and good quality graphene are essential to 
achieve remote epitaxy (143, 144). On the other hand, vdW epitaxy is 
governed by vdW bonding between the film and the 2D substrate; 
the film then grows epitaxially following the crystallographic infor-
mation of the underlying 2D material. The crystal quality of the 
grown film relies on the competition of surface energy and structural 
symmetry of the film and the 2D substrate. A suitable vdW substrate 
is essential to synthesize functional oxide membranes via vdW epi-
taxy. However, the vdW substrates for complex oxides are relatively 
limited (e.g., mica and graphene).

The graphene/perovskite oxide system is the most extensively 
studied for remote epitaxy, because of graphene’s field transparency 
and the high ionicity of perovskite oxides. The quality of graphene 
plays a crucial role in remote epitaxy, with two primary transfer 
methods: the wet transfer of chemical vapor deposition (CVD)-
grown graphene from a metal catalyst (145–147) and the semi-dry 
transfer of epitaxial graphene from SiC (148). The latter results in 
fewer defects, while CVD-grown graphene, being polycrystalline, 
typically contains more defects, which can hinder remote epitaxy 

(143). Defects in graphene, such as cracks and holes, obstruct suc-
cessful film exfoliation (65). Although SiC-based graphene shows 
promise, achieving defect-free transfers remains a challenge. Alter-
natively, graphene layers have been directly grown on single-crystal 
oxide substrates like SrTiO3 (149, 150) and others (71, 151–154), but 
this method requires further refinement to address issues related to 
uniformity and controllable thickness (155, 156).

Another challenge to 2D layer–assisted lift-off involves the growth 
of complex oxide thin films on graphene. When using PLD, the laser 
energy must be carefully controlled to avoid damaging the graphene 
layer, which can result in the direct growth and poor film exfoliation. 
Typically, a low oxygen partial pressure below 10−6 torr and a sub-
strate temperature of 700°C are used to protect the graphene layer 
(70). For MBE of complex oxides, additional oxygen sources like 
plasma or ozone can potentially oxidize the graphene. To prevent 
this, thicker buffer layers are grown on graphene in a low-pressure 
oxygen environment before introducing ozone into the chamber 
(157). Hybrid MBE has effectively circumvented this challenge. Using 
Sr supplied from an effusion cell and Ti-O from a TTIP precursor, 
SrTiO3 (001) films were grown on graphene without an additional 
oxygen source (79). These films detached from graphene due to weak 
vdW bonds, leaving the graphene intact after exfoliation (79). How-
ever, remote epitaxy, vdW epitaxy, and pinhole-assisted epitaxy can 
all result in film exfoliation, although the precise mechanism driving 
film growth remains an active area of investigation. Pinhole-assisted 
epitaxy occurs when the film grows directly through cracks or holes 
in the 2D material, followed by lateral overgrowth. The growth mech-
anism on a 2D material–covered substrate depends on factors such as 
the material system, the quality of the 2D material, and the thin-film 
growth conditions (158). In many material systems, both remote epi-
taxy and pinhole-assisted epitaxy are considered possible mecha-
nisms, largely because graphene often contains holes, leading to 
similar outcomes. As a result, systematic experimental studies are 
required to determine the true underlying growth mechanism.

Remote epitaxy of BaTiO3 is demonstrated on a graphene-covered 
SrTiO3 (001) substrate (159). The absence of lateral overgrowth of 
BaTiO3 islands indicates remote epitaxy, ruling out pinhole-assisted 
epitaxy (159). However, both remote and vdW epitaxy may be pos-
sible because vdW epitaxy of BaTiO3 on graphene also induces 
(001)-oriented growth (160). Thus, remote and vdW epitaxy should be 
carefully investigated to determine the true growth mechanism in the 
perovskite oxide/graphene/perovskite oxide (001) structure. Further-
more, to verify remote epitaxy, scanning transmission electron micro
scopy (STEM) is commonly used to observe the atomic arrangement of 
the epitaxial film on a 2D material–covered substrate, and electron 
backscatter diffraction (EBSD) is used to investigate film orientation. 
However, these results are necessary but not sufficient to confirm re-
mote epitaxy. Additionally, these microscopic techniques only examine 
a limited film area. Therefore, complementary experiments and macro-
scopic studies are required to fully confirm remote epitaxy.

To summarize, remote epitaxy works well for materials with high 
ionicity and polarity, successfully producing membranes from a di-
verse range of materials, including III-V, III-N, II-VI, perovskites, 
and other complex oxides (64, 65, 141, 142, 144, 158, 161–166). De-
spite its versatility, several challenges remain for creating large-area 
membranes, particularly concerning the uniformity and quality of 
the graphene film. Additionally, the growth mechanism remains a 
key question that requires careful experimentation and character-
ization to resolve.

D
ow

nloaded from
 https://w

w
w

.science.org at D
O

E
 O

ffice of Science on D
ecem

ber 18, 2024



Choo et al., Sci. Adv. 10, eadq8561 (2024)     11 December 2024

S c i e n c e  A d v a n c e s  |  R e v i e w

7 of 13

MECHANICAL LIFT-OFF (SPALLING)
Mechanical lift-off or spalling is a concept involving the use of stress 
at the edge of a film or substrate to aid lift-off, as shown in Fig. 3A 
(c). The stress causes the initiation of a crack at the edge of the crys-
tal, which propagates parallel to its surface. The crack may be ar-
rested, with the depth of the crack dependent on the fracture 
toughness of the material (167) and the stress field. In some cases, 
the entire crystal may naturally peel off from the substrate. This pro-
cess occurs reproducibly in certain combinations of materials that 
fulfill the required properties. The process has been widely used for 
semiconductor layers (168, 169) and has also been applied to exfoli-
ate complex oxides (65, 170–172). Typically, Ni is used as a stressor 
layer for spalling. For instance, Pb(Mg1/3Nb2/3)O3-PbTiO3 (PMN-PT) 
was deposited via sputtering on a SrRuO3 film and exfoliated by ap-
plying a 3- to 5-μm Ni stressor layer, resulting in a PMN-PT mem-
brane (65). In the case of LaAlO3/SrTiO3, the LaAlO3 film serves not 
only as a functional film but also as a stressor layer due in part to the 
lattice mismatch (+3.12%), leading to spalling of LaAlO3/SrTiO3 
(170). The membrane size was controlled by Ar+-ion milling pre-
patterned substrate (lateral size: 2 μm to 20 μm). Furthermore, the 
LaAlO3/SrTiO3 membrane was transferred to a SiO2/Si substrate 
and exhibited 2D superconducting electron gas, demonstrating the 
potential for integrating functional oxide membranes with Si-based 
electronics (172).

Conceptually, mechanical lift-off depends more on the material 
systems than on the growth techniques because the additional 
stressor layer must be deposited on the grown film for exfoliation. 
Although this may seem like a universal method for creating free-
standing membranes, spalling works for a limited combination of 
materials with certain mechanical properties. So far, only a few ox-
ide membranes (e.g., PMN-PT and LaAlO3/SrTiO3) have been syn-
thesized using this method. Given that the fracture is fundamentally 
sensitive to minor defects, it is difficult to manage crack propaga-
tion, leading to challenges in controlling the thickness and surface 
roughness of a free-standing membrane (156). For future applica-
tions of free-standing oxide membranes, spalling might be useful 
for specific materials, but there are still questions regarding the 
available oxide systems, scalability of the membrane, and transfer/
integration method.

MEMBRANE EXFOLIATION AND TRANSFER PROCESSES
Once a membrane growth method is selected—whether chemical 
lift-off or 2D layer–assisted lift-off—careful exfoliation and transfer 
of the film onto the desired host substrate is crucial for ensuring the 
quality and integrity of the transferred film. This step is essential for 
achieving the desired film properties and performance in the final 
device. Currently, the process of exfoliation and transfer for oxide 
membranes is tedious and involves multiple steps, making it diffi-
cult to generalize across all oxide systems (12). This section reviews 
the exfoliation and transfer processes involved in chemical lift-off 
and remote epitaxy, addressing their associated challenges and op-
portunities. It also explores potential solutions to enhance the trans-
fer yield of membranes with atomically smooth surfaces, aiming to 
streamline the process and improve reproducibility for a broader 
range of oxide materials.

Fabricating a membrane that is tens of nanometers thick using 
the chemical lift-off method requires mechanical support during the 
sacrificial layer etching process. This support is later removed to 

achieve a pristine membrane on the host substrate, but the transfer 
and etching process can introduce defects and residues. To mitigate 
these issues, one approach is to use supporting layers, such as 
silicone-coated polyethylene terephthalate (PET), polyimide (PI) 
tape, thermal release tape, or polydimethylsiloxane (PDMS), which 
are applied on top of the functional film. These supporting layers 
provide the necessary flexibility and stretchability for various ap-
plications (Fig. 3B, a). Previously, membranes of YBa2Cu3O7−x, 
SrTiO3, La0.7Sr0.3MnO3, SrTiO3/La0.7Sr0.3MnO3 superlattices, BiFeO3, 
SrRuO3, and BaTiO3 (3, 4, 109) were successfully transferred by a 
supporting layer. Some examples are shown in Fig. 3C (a and b).

Alternatively, a mechanical supporting layer such as polymethyl 
methacrylate (PMMA), cellulose acetate butyrate (CAB), Au, and Pt 
(44, 49, 173–175) can be coated on top of the film, as shown in Fig. 
3B (b). However, etching in acetone to remove PMMA can be ag-
gressive, leading to membrane cracking. One interesting approach 
to circumvent this issue is to use a thermal release tape with a square 
cut (~3 mm2) on top of PMMA. The membrane in this square cut 
frame is fully transferred (110, 176). SrRuO3 membrane transferred 
using this method is shown in Fig. 3C (c). A limitation of this ap-
proach it that some organic residues on the membrane surface are 
unavoidable. CAB is perhaps a better choice due to its controllable 
adhesion to oxides, flexibility, and high modulus, leading to negli-
gible polymer residue after dissolving in acetone (26). A millimeter-
scale SrTiO3 film was transferred onto a TiN/Si substrate using 
CAB, as shown in Fig. 3C (d). Alternative to a polymer-based sup-
porting layer, a ~1-μm-thick Ni stressor layer with a Ti adhesion 
layer has also been used on top of the functional film. A thermal 
release tape is then applied on top of the Ni stressor layer, facilitating 
the exfoliation and transfer process to the target substrate. The Ti 
adhesion and Ni stressor layer can be removed using a buffered ox-
ide etchant and FeCl3 (177), respectively, or the Ni/Ti/membrane 
structure can be used directly for characterization (66). This method 
has been effective for remote and vdW epitaxially grown films, and 
pinhole-assisted epitaxy in certain material systems (178). Figure 3C 
(e) shows transferred functional BaTiO3-δ membrane on a Au/Cr/PI 
layer using a Ni stressor layer (65). In spalling method, deposited 
functional films can also serve as a stressor layer (and a supporting 
layer). A representative LaAlO3/SrTiO3 membrane obtained on a Si 
substrate is shown in Fig. 3C (f).

To avoid residues and contaminants, the film can be exfoliated 
and transferred without a supporting layer (Fig. 3C, c) (42, 179, 180). 
This method involves scooping the free-standing membrane onto a 
host substrate after dissolving the sacrificial layer in water. A large-
area (millimeter-scale) SrRuO3 and Hf0.5Zr0.5O2 films were trans-
ferred onto PET and SiO2/Si substrates, respectively, without the use 
of a supporting layer (Fig. 3C, g and h).

An optimized exfoliation and transfer process is important. For 
instance, slower dissolution speed and coherently strained films pro-
duce larger lateral size membranes (115). The sign of the strain on the 
film also affects membrane size; tensile-strained films induce cracks 
during the release process, whereas compressive-strained films lead to 
wrinkles (181). Films under compressive strain are advantageous for 
large membranes as wrinkles can be flattened during transfer. Addi-
tionally, the thickness of the polymer layer influences membrane size 
and can be controlled. Thinner polymer layers help increase mem-
brane size by adapting to changes during the release process (181).

To reduce cracks in membranes, an amorphous Al2O3 capping 
layer was used to show crack suppression in La-SrSnO3 membranes 
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using the Sr3Al2O6 sacrificial layer (182). The high Young’s modulus 
and high crack resistance of Al2O3 help in increasing the strength of 
fragile membrane, thus helping in reducing wrinkles and cracks in 
the transferred membrane (182).

SUMMARY AND OUTLOOK
Free- standing membranes enable the creation of unique device ar-
chitectures that traditional methods cannot achieve. They a llow 
for the integration of optimal materials for each layer, facilitating 
the development of artificial, nonequilibrium, stretched, wrinkled, 
and symmetry- mismatched heterostructures. These m embranes 
can also be flexible a nd s tretchable, m eeting t he n eeds o f n ext- 
generation quantum information devices and flexible electronics. 
Techniques like PLD and MBE (including hybrid MBE), known 
for producing thin films w ith e xceptional e lectronic p roperties, 
can be used to create single- crystal, few- atomic-l ayer membranes 
with unique properties not found in bulk materials. These can be 
stacked to form unusual bicrystal interfaces. Combining an appro-
priate thin- film growth method with efficient membrane synthe-
sis, exfoliation and transfer is expected to address the vertical 
integration needs of the microelectronics industry. Additionally, 
the rich physics of functional oxides has spurred interest in inte-
grating these with 2D vdW materials (183) like graphene, hBN, 
and TMDCs.

Similarly, there is growing interest in combining 3D/3D mem-
branes of functional oxides. Advances in the fabrication of 2D/3D, 
3D/3D, and stacked mono- , bi- , and trilayers have led to the emer-
gence of fields such as Moirétronics, stacktronics, and twistronics. 
When two layers are rotated and periodically stacked, they create a 
Moiré superlattice, with the Moiré length (λ) determined by the 
angle (θ) between layers A and B, as shown in the center of Fig. 4. 
This raises fundamental questions about how the electronic struc-
ture and properties change when 3D/3D materials form Moiré pat-
terns, are stacked at specific angles, or are twisted to create chiral 
heterostructures. Figure 4 outlines a future outlook in stacking and 
Moiré engineering, categorized into five interrelated topics: bonding/
structure, quasicrystals, electronic structure, properties, and unique 
architectures.

From a bonding and structure perspective, stacking 3D materials 
with dangling bonds raises several questions. These include consid-
eration of orbital hybridization, bonding between layers, optimal 
angles for bonding, strain resulting from atomic order mismatch, 
formation of dislocations, periodic wrinkling, occurrence of point 
defects, and potential structural reconstruction. These factors are 
depicted in the center- right octagon of Fig. 4. For example, Li et al. 
(26) demonstrated that covalent or ionic bonds are formed at the 
interfaces of two 3D layers following a post- annealing process at 
650°C. Once these strong covalent or ionic bonds are established, 
controlling the angle becomes challenging, leading to difficulties in 
angle adjustment or inability to perform in situ rotation. Addition-
ally, preferred or possible twist angles may exist at 3D/3D interfaces 
due to the presence of strong bonds. Moreover, topological defects 
like screw dislocations (184) and point defects can be studied and 
engineered in these nanomembranes. Confirmation of the occur-
rence of structural reconstruction, which affects the properties of 
materials, will be crucial in 3D/3D stacking as well.

The abovementioned structural changes at the interface will likely 
be accompanied by unusual electronic structures (center- left octagon 
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of Fig. 4). These variations could affect several aspects including the 
band structure, correlation strength, phonon dispersion, band to-
pology, polariton behavior, and excitons. Such variations may po-
tentially lead to the emergence of exotic phenomena, such as flat 
bands and interlayer excitons, akin to those demonstrated in Moiré 
structures of 2D materials. Further, the unexpected electronic prop-
erties such as superconductivity, ferroelectricity, ferromagnetism, 
and insulator/metal transitions can be exhibited, or their properties 
can be altered (as illustrated in the top-left octagon of Fig. 4). Elec-
tronic, magnetic, and spin properties are extremely sensitive to such 
modifications at the interface, and the controlled manipulation, tun-
ing, and knitting of the interfaces may produce intriguing proper-
ties (185).

3D membranes have the potential to create origami-inspired 
nanostructures (186), which are highly sought after in space tech-
nologies and health care technologies and are often used as im-
plants. Unlike conventional materials used in health care, 3D oxide 
materials with multifunctionalities can now be integrated and tested 
as devices in pacemakers, as well as in catheters for treating brain 
aneurysms. Nanomembranes possessing polar texture (187) or 
vortex/antivortex structures (188) can serve as virtual substrates to 
induce chirality into a material of choice. Additionally, twisted su-
perlattices can be designed to provide an additional tuning knob 
for controlling properties in 3D/3D Moiré structures, serving as 
unique architectures. Further, it has been shown that, while in epi-
taxial systems strain is typically limited to <2%, stretching perfect 
membranes can achieve extreme strain states (189), which in turn 
is a powerful tool to manipulate the properties of the material 
(190). The application of uniform strain can break rotational and 
translation symmetries, while strain gradients can break inversion 
symmetry (189). Similarly, the strain at the Moiré interface could 
cause breaking symmetries. Specifically, the strain gradient may 
create polar distortions, Dzyaloshinskii-Moriya interaction (DMI), 
chiral spin textures, tunable Weyl nodes, nonlinear optical re-
sponse, and Rashba splitting.

Since the rotation angles between the 3D layers are manipulable, 
a rich design space can be envisioned, such as quasicrystals (bottom 
octagon of Fig. 4) and superlattices/artificial architecture (top-right 
octagon of Fig. 4). Quasicrystals are ordered but aperiodic struc-
tures having Fourier transforms consisting of discrete sharp peaks, 
which have rotational symmetry orders other than the two-, three-, 
four-, and sixfold orders that are found in crystals (191). By stack-
ing multiple layers of membranes, quasicrystals can be obtained, 
providing a way to fabricate them, and a challenge to mathemati-
cally understand them and to find intriguing physical properties. 
Moreover, unlike 2D materials that are largely limited to hexagonal 
lattices, 3D materials can have hexagonal, square, and triangular 
lattices, which give more design freedom. For instance, an eightfold 
quasicrystal can be achieved by superposing two square lattices 
with 45o relative rotation angle, which is not realizable by stacking 
hexagonal lattices. While researchers have made initial strides in 
3D oxide membrane synthesis, release, and stacking, innovative ap-
proaches are required to experimentally characterize and theoreti-
cally model these structures and their associated properties. Both 
experimental and theoretical research is needed to explore the un-
usual properties of these structures. Additionally, developing ex-
tensive predictive theories and models for stacking and twisting 
membranes will be crucial for accelerating scientific discoveries in 
this field.
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Fig. 4. Outlook for oxide membranes for twistronics/Moirétronics/stacktronics. The center panel shows a Moiré pattern formed by stacking layer A over layer B. θ is 
the twist angle, and λ is the length scale of the moiré superlattice. First octagon (middle left) focuses on the change in electronic structure as two membranes are stacked. 
The change in band structure is often observed in twisted layers, giving rise, in some cases, to flat bands. Others include correlation strength, phonon dispersion, band 
topology, generation of polaritons, and excitons. Second octagon (top left) focuses on the modification in electronic properties like ferroelectricity, ferromagnetism, 
insulator-metal transition, and superconductivity. Third octagon (top right) covers the physics enabled by unique architectures created by free-standing membranes. For 
example, the membrane can be stretched to achieve extreme strain states and deformed into origami-inspired 3D architectures. Polar texture present in stacked mem-
branes and Moiré superlattices is a platform as a virtual substrate. Fourth octagon (middle right) is about the bonding and symmetry breaking as a result of stacking two 
layers. They can lead to changes in hybridization states of the orbital as a result of bond formation. The layers may also be strained or reconstructed into a low-energy state. 
Further, the study of topological defects is possible in free-standing 3D oxides. Finally, the fifth octagon (bottom) focuses on the design of quasicrystalline interfaces cre-
ated by stacking and rotating 3D oxide layers.
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