
 
 
General rights  
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright 
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights. 
 

�x Users may download and print one copy of any publication from the public portal for the purpose of private study or research. 
�x You may not further distribute the material or use it for any profit-making activity or commercial gain 
�x You may freely distribute the URL identifying the publication in the public portal 

 
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately 
and investigate your claim. 
  
 

   

 

 

Downloaded from orbit.dtu.dk on: Dec 05, 2023

Freestanding Perovskite Oxide Films
Synthesis, Challenges, and Properties

Chiabrera, Francesco M.; Yun, Shinhee; Li, Ying; Dahm, Rasmus T.; Zhang, Haiwu; Kirchert, Charline K.
R.; Christensen, Dennis V.; Trier, Felix; Jespersen, Thomas S.; Pryds, Nini

Published in:
Annalen der Physik

Link to article, DOI:
10.1002/andp.202200084

Publication date:
2022

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Chiabrera, F. M., Yun, S., Li, Y., Dahm, R. T., Zhang, H., Kirchert, C. K. R., Christensen, D. V., Trier, F.,
Jespersen, T. S., & Pryds, N. (2022). Freestanding Perovskite Oxide Films: Synthesis, Challenges, and
Properties. Annalen der Physik, 534(9), Article 2200084. https://doi.org/10.1002/andp.202200084

https://doi.org/10.1002/andp.202200084
https://orbit.dtu.dk/en/publications/dd8a2cf7-ae5e-43d8-a6d2-939d5a1510e3
https://doi.org/10.1002/andp.202200084


REVIEW
www.ann-phys.org

Freestanding Perovskite Oxide Films: Synthesis, Challenges,
and Properties
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Charline K. R. Kirchert, Dennis V. Christensen, Felix Trier, Thomas S. Jespersen,
and Nini Pryds*

In this review paper, recent progress in the fabrication, transfer, and
fundamental physical properties of freestanding oxide perovskite thin films is
discussed. First, the main strategies for the synthesis and transfer of
freestanding perovskite thin films are analyzed. In this initial section,
particular attention is devoted to the use of water-soluble
(Ca,Sr,Ba)3Al2O6 thin films as sacrificial layers, one of the most promising
techniques for the fabrication of perovskite membranes. The main
functionalities that have been observed in freestanding perovskite thin films
are then reviewed. In doing so, the authors begin by describing the emergence
of new phenomena in ultrathin perovskite membranes when released from
the substrate. They then move on to a summary of the functional properties
that are observed in freestanding perovskite membranes under the application
of strain. Indeed, freestanding thin films offer the unique possibility to actively
control the strain state far beyond what can be observed with traditional
methods, allowing the investigation of the profound interplay between
structural and electronic properties in oxides. Overall, this review highlights
the potential of oxide-based freestanding thin films to become the preferred
platform for the study of novel functionalities in perovskite oxide materials.
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1. Introduction

In December of 1959 Richard Feynman
proposed in his famous lecture “There’s
Plenty of Room at the Bottom” that lay-
ered heterostructures could host prop-
erties and phenomena not present in
the constituent materials alone.[1] Nearly
63 years later this statement is still
relevant. After decades of progress in
the field, conventional 2D materials—
such as graphene and transition-metal
dichalcogenides—as well as advanced
methods for the synthesis of these ma-
terials into layered structures have been
widely investigated.[2,3] Despite the large
number of oxides that occur in 2D layered
crystal structures, ultrathin freestanding
oxides were only recently identified as
one of the future directions in ceramics
by a recent National Science Foundation
workshop.[4] Here, we review the recent
progress in the fabrication, transfer, and
fundamental physical properties of free-
standing oxide perovskite thin films.

Transition metal oxides thin films constitute an exciting class
of electronic and ionic materials with a plethora of function-
alities, including superconductivity, ferro-, pyro-, and piezo-
electricity, ferromagnetism, andmultiferroicity.[5–7] This richness
arises from a strong interaction between the charge, orbital, spin,
and structural properties, which enables the realization of func-
tional devices with functionalities beyond those possible with
standard semiconductors. Perovskites represent one of the most
important crystal structures among transition metal oxides.
This crystal structure has the general formula ABO3 and

includes an octahedron of oxygen ions surrounding each B-site
cation. Materials with the perovskite structure may have a highly
symmetric cubic lattice, which when distorted can induce tilting
and rotation of the oxygen octahedra. The tilted and rotated oc-
tahedra may in turn dictate the dielectric, magnetic, optical, and
catalytic properties of the perovskites. The properties of oxides
in general, and of perovskites in particular, are closely coupled to
their lattice. Breaking the lattice symmetry can therefore result
in prominent changes in the material’s properties. This is par-
ticularly the case when two oxides form a heterointerface, where
completely different electronic and ionic properties emerge at
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Figure 1. Fabrication of single-crystal free-stranding thin films, a) wet etching of sacrificial layers: 1) Deposition of the sacrificial layer and the target thin
films, 2) application of a polymer on the film for easing the transfer process, 3) dissolution of the sacrificial layer with a liquid etchant, and 4) transfer
of the layer onto another substrate. b) Mechanical exfoliation method: 1) Deposition of target thin film onto a 2D material, 2) cleavage of the deposited
layer and 3) transfer onto another substrate. c) Self-formed freestanding thin films through spalling: 1) deposition the film (e.g., LaAlO3) onto a substrate
(e.g., SrTiO3), and 2) forming fragmented flakes above a critical thickness.

the interface. Traditionally, these complex oxide thin-films and
interfaces are grown epitaxially with a well-regulated growth
scheme and atomic-level control over the material interfaces and
substrate surfaces. However, these methods have fundamental
limitations that prevent an unrestricted manipulation, integra-
tion, and utilization of these materials owing to the fact that:

1) Heteroepitaxy only works for a limited set of material systems
with similar crystal structures, lattice orientations, and lattice
parameters.

2) Epitaxial films are clamped by the substrate with the proper-
ties of the ultrathin films often affected by substrate interac-
tions

3) During the high-temperature growth of epitaxial films, it is in-
evitable to have a mixture of the two layers leading to cationic
interdiffusion,[8] which prevents the study of truly sharp in-
terphases.

4) Epitaxial growth typically requires elevated temperatures, of-
ten preventing the integration of materials which are stable in
different environments or which are thermodynamically un-
stable when in contact with each other.

Recently, new methods have been developed, bridging the
realms of epitaxial complex oxides and low-dimensional van der
Waals (vdW) materials systems. By replicating concepts previ-
ously developed in semiconductor technology,[9,10] the realiza-
tion of freestanding perovskite films was demonstrated. Through
controllable weakening of epitaxial crystals and epitaxial water-
soluble sacrificial crystal layers, it is now possible to detach ultra-
thin complex oxide crystals (i.e., typically 50–100nm but in prin-
ciple can be of any thickness above one unit cell[11]) from their
substrate to realize freestanding thin films. Different strategies
for fabricating freestanding layers have been demonstrated as il-
lustrated in Figure �: 1) Freestanding thin films using wet etch-
ing of sacrificial layers;[12,13] 2) Mechanical exfoliation method of

epitaxial oxide crystals;[14] and 3) Self-formed freestanding thin
films through spalling.[15,16] Recently, heterostructures have also
been fabricated by stacking membranes directly.[14] These re-
sults demonstrate an exciting general approach for producing
freestanding thin films and multilayers. The membranes can
be made of functional perovskite oxides and transferred directly
onto any substrate, thus bypassing the limitations of conven-
tional epitaxy.[17] Moreover, freestanding thin films have been
shown to display different functionalities when released from
their substrate, thus presenting a new playground for investi-
gating fundamental properties into large regimes of strain and
strain gradients. This broadly defined field is rapidly developing
and this review paper is aimed at describing the current state of
the art of freestanding perovskites oxide: their synthesis, fabrica-
tion, transfer, and functional properties. Finally, the review will
also provide an outlook on the current state.

2. Fabrication of Single-Crystal Freestanding Thin
Films

In this section, the most common methods for fabricating free-
standing perovskite membranes are reviewed. We will focus on
themethods that allow achieving of high-quality single-crystal ox-
ide thin films: wet etching of sacrificial layers, mechanical exfoli-
ation of epitaxial oxide crystals, and self-formed freestanding thin
films through spalling.

2.1. Wet Etching of Sacrificial Layers

Wet etching release/epitaxial lift-off is emerging as one of the
most reliable method for obtaining high-quality single-crystal
of freestanding perovskite oxides.[12,18] In this method, the per-
ovskite oxide of interest is grown on top of a sacrificial layer which
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Figure 2. Sacrificial materials compatible with perovskite oxides. a) Pseudo-cubic in-plane lattice parameters of sacrificial materials with the represen-
tative perovskite oxide (SrTiO3 indicated by a black dashed arrow). Each etchant is written in red inside parenthesis. The blue arrow represents the
family of (Ca,Sr,Ba)3Al2O6, and the brown arrow does perovskite oxide or layered perovskite oxide. The grey arrow indicates metal oxide with a rock salt
structure. b) Schematic of crystal structures for SrTiO3, Sr3Al2O6, and BaO projected onto the (001)pc plane. Note that SrTiO3, Sr3Al2O6, and BaO are

displayed as 1 × 1, 4 × 4, and 2
�
2 × 2

�
2 unit cells, respectively.

is then dissolved by selective etching, releasing the freestanding
membrane (Figure 1a). An ideal sacrificial layer should thus: 1)
present a facile epitaxial growth on perovskite oxide substrates
with custom orientation, 2) allow a coherent epitaxial growth of
perovskite oxide films, and 3) present a high selectivity toward
the liquid etchant. In the following, the main sacrificial layers
proposed in the literature and the main transfer methods are re-
viewed.

2.1.1. (Ca,Sr,Ba)3Al2O6

The family (Ca,Sr,Ba)3Al2O6 has been largely used as sacrificial
layer for growing perovskite oxides due to a facile dissolution in
water and to a good structural and chemical compatibility with
perovskite oxides.[12,19–23] For example, Sr3Al2O6 (SAO) possesses
a cubic unit cell (space group Pa3) with lattice constant equal to
15.844 Å, consisting of Sr ions andAlO4 tetrahedra.

[24] This struc-
ture resembles quite well four unit cells of many perovskite ox-
ides (aSAO/4 = 3.961 Å) and the epitaxial growth is allowed by
a 75% match of the oxygen sublattice of the two structures, see

Figure �b. For this reason, SAO was extensively used as sacrifi-
cial layer for the growth of a variety of epitaxial perovskite thin
films, as listed in Table �. Using pulsed laser deposition (PLD)
or molecular beam epitaxy (MBE), perovskite oxide membranes
were grown on SAO in a layer-by-layer mode, attested by clear re-
flection high energy electron diffraction oscillations.[12,25] Struc-
tural characterizations of ultrathin membranes revealed that the
crystallinity of the layers remains close to the seed films down
to few unit cells.[11,26] It is worth noticing that the epitaxial re-
lation between SAO sacrificial layers and other perovskite ox-
ides is not limited to the (001) orientation, but also extends
to other crystallographic orientations. As an example, single-
crystal (110)- and (111)-oriented membranes of SrRuO3 (SRO)
and La0.67Sr0.33MnO3 were successfully grown on SAO sacrificial
layer and transferred onto arbitrary substrates.[27,28]

Interestingly, by controlling the ratio between Ca, Sr, and Ba
the reduced lattice parameter of (Ca,Sr,Ba)3Al2O6 can be contin-
uously tuned from 3.819 Å (100% Ca) to 4.124 Å (100% Ba) (Fig-
ure 2a).[57,56] For example, Ca2SrAl2O6 was used as a seed sacri-
ficial layer for La0.7Ca0.3MnO3 growth due to the nearly perfect
lattice match (<0.1%).[55] The minimization lattice mismatches
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Table 1. (Ca,Sr,Ba)3Al2O6 as sacrificial layers in literature.

Sacrificial layer

Material Synthesis
method

Synthesis condition Target material Substrate Transfer method Etchant,
temperature,

time

Comments

Sr3Al2O6 PLD T
PO2

or
PAr
E

670–900 °C
1.0 × 10�6 -
�0.27 mbar

�6.7 × 10�6 mbar
0.8–2.0 J•cm�2

SrTiO3
[12,19–23]

LaxSr1�xMnO3
[19,28,58]

BaTiO3
[59–63]

BiFeO3
[64,65]

SrRuO3
[27,60]

LaNiO3
[66]

BiMnO3
[67]

Sr2IrO4
[68]

Fe3O4
[69,70]

CeO2
[71]

La0.7Ca0.3MnO3
[72]

[(La0.7Sr0.3MnO3)5/(SrTiO3)5]n
[12,19,35]

BaTiO3/La0.7Sr0.3MnO3
[73]

BaTiO3/La0.7Sr0.3MnO3/BaTiO3
[13]

LaAlO3/YBa2Cu3O7�x/LaAlO3
[74]

La0.7Sr0.3MnO3/BiFeO3
[75]

BiFeO3/La0.67Sr0.33MnO3
[76]

BaTiO3-CoFe2O4
[77]

SrTiO3

(001)
SrTiO3

(110)
SrTiO3

(111)

PDMS
PMMA

PPC/PMMA
PET/PMMA
PPC/PDMS
PET/PDMS

PET/ PEDOT:PSS
PI tape
PET
epoxy

Photoresist

Water
RT
5 m

(�90 nm)
1 h

(�50 nm)
1 d

(�9 nm)

(Ca,Sr,Ba)3Al2O6

Tunable lattice
parameter

MBE T
PO2

750–950 °C
1.29 × 10�11 –

1.33 × 10�6 mbar

SrTiO3
[11,78]

BiFeO3
[79]

PbTiO3
[25]

SrTiO3

(001)
PI tape

PEN/epoxy

Sr2CaAl2O6 PLD T
PAr
E

710 °C
�5.3 × 10�6 mbar

1.35 J•cm�2

SrTiO3
[32]

n-SrTiO3/n-PbTiO3/n-SrTiO3
[33]

[(PbTiO3)16/(SrTiO3)16]8
[33]

PPC
PMMA

Water
RT
-

Sr1.5Ca1.5Al2O6 PLD T
PO2
E

700 °C
2 × 10�3 mbar
2.0 J•cm�2

SrRuO3
[34] PDMS Water

RT
12 h

SrCa2Al2O6 PLD T
PO2
E

700 °C
�6.7 × 10�6 mbar

1.25 J•cm�2

La0.7Ca0.3MnO3
[31] PPC/PMMA Water

RT
-

Ba3Al2O6 PLD T
PO2
E

PO2

850 °C
�1.3 × 10�7 mbar

1.5 J•cm�2

� 0.08 mbar

La:BaSnO3
[30] PPC/PDMS Water

RT
5–10 m

The synthesis method of each sacrificial thin film is shown along with synthesis conditions, substrates, and etching conditions; In the table, T, PO2 , PAr, and E indicate the
synthesis temperature, pressure of oxygen gas, pressure of argon gas, and laser energy density, respectively; The list of perovskite oxide membranes obtained, the substrate,
and the transfer method are also shown; In the column of etching condition, water and RT represent deionized water and room temperature; d, h, and m denote days, hours,
and minutes, respectively.

can largely improve the quality of the released membranes by
hindering the formation of cracks,[55] which has motivated the
exploration of sacrificial layers such as Ca2SrAl2O6 (3.852 Å),
Ca1.5Sr1.5Al2O6 (3.882 Å), Sr2CaAl2O6 (3.907 Å), and Ba3Al2O6
(4.124 Å).[56,55,52–54] However, small Ca ions can make more dis-
torted geometries leading to less structural compatibility with
perovskites and reduced water solubility.[57]

Table 1 presents a list of references where
(Ca,Sr,Ba)3Al2O6 was used as sacrificial layer for obtaining
oxide membranes, along with the synthesis method and the
main synthesis conditions used in literature. It is interesting
to note that in order to achieve a good crystal quality, SAO
sacrificial layers are usually grown at high temperatures (700–
900 °C) and low oxygen partial pressure (10�6–10�5 mbar).
Nevertheless, it was observed that, at these temperatures,

cationic interdiffusion between the sacrificial and the functional
layer can occur, especially along misfit dislocations or vertically
extended defects.[44] As a matter of example, cationic intermix-
ing between SAO and La0.7Sr0.3MnO3 thin films at 900 °C may
cause a phase transformation of the sacrificial layer, making
it water-insoluble.[19] Interestingly, Baek et al. showed that the
inclusion of a few-unit-cells of SrTiO3 (STO) between the SAO
and La0.7Sr0.3MnO3 entirely blocks Mn and La diffusion into
the sacrificial layer and avoids the structural transformation,
preserving the water solubility.[19] Moreover, 6 u.c. of STO cap-
ping layer was also found to protect the sacrificial layer from air
humidity, making this heterostructure a practical template for
ex situ epitaxial growth using other techniques.[58]

(Ca,Sr,Ba)3Al2O6 can be immersed in deionized water at
room temperature to dissolve the sacrificial layer and release

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (4 of 20) © 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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Table 2. The experimental information of other oxides as sacrificial layers.

Sacrificial layer Target material Substrate Transfer method Etchant,
temperature, time

Comments

Material Synthesis
method

Synthesis condition

La0.7Sr0.3MnO3

La0.67Sr0.33MnO3

PLD T
PO2
E

650–800 °C
�0.03–2.7 mbar
1.0–2.0 J•cm�2

PbZr0.2Ti0.8O3
[40–44]

[(CaTiO3)n/(SrTiO3)n]6
[40]

BiFeO3/SrRuO3
[40]

LiFe5O8
[46]

SrRuO3/BaTiO3/SrRuO3
[45]

Ba1�xSrxRuO3/Ba1�xSrxTiO3/
Ba1�xSrxRuO3

[45]

BaTiO3
[47]

SrTiO3

(001)
GdScO3

(110)

PMMA
PS/PMMA
PI tape

PPC/PDMS

KI + HCl solution
-
1 d

-

SrRuO3 PLD T
PO2
E

600–615 °C
0.1–0.12 mbar
1.5 J•cm�2

La0.7Sr0.3MnO3
[48]

LaAlO3/SrTiO3
[49]

SrTiO3

(001)
PDMS NaIO4 (0.4 M)

RT
Few h - 2 d

-

SrVO3 PLD T
PO2

760 °C
1.2 × 10�6 mbar

SrTiO3
[50] PDMS

PET/silicon film
Water
50 °C
5 d

Small lattice
parameter

YBa2Cu3O7 PLD T
PO2

750 °C
�0.08 mbar

SrRuO3
[80]

La0.7Sr0.3MnO3
[80,81]

PMMA HCl (0.6%)
-

Few m

Short etching time

SrCoO2.5 PLD T
PO2
E

750 °C
�0.13 mbar
1.1 J•cm�2

SrRuO3
[53] SrTiO3

(001)
SrTiO3

(110)
SrTiO3

(111)

PDMS Vinegar, 36%
CH3COOH and
carbonated
drinks
RT
-

3–10 m

BaO PLD T
PO2
E

400 °C
�1.3 × 10�5 mbar

-

BaTiO3/SrTiO3
[54] SrTiO3

(001)
PET/PDMS Water

-
> 10 h

Epitaxial growth on
SrTiO3 (001)

MgO PLD T
PO2
E

600 °C
�2.7 × 10�2 mbar

-

CaFe2O4
[55] SrTiO3

(001)
PS (NH4)2SO4 (10%)

80 °C
12 h

-

The synthesis method for each sacrificial material is shown with synthesis conditions, target material, substrate, transfer method, and etching conditions; In the table, T, PO2 ,
PAr, and E indicate the synthesis temperature, pressure of oxygen gas, pressure of argon gas, and laser energy density, respectively; In the column of etching condition, water
and RT represent deionized water and room temperature; d, h, and m denote days, hours, and minutes, respectively.

the freestanding membranes. The time it takes to remove the
(Ca,Sr,Ba)3Al2O6 sacrificial layer depends on the composition
and the thickness of the sacrificial layer, see Table 1. In the
case of Ca3Al2O6, the sacrificial layer is weakly soluble in water
because of the strong Ca�O bonding.[59] However, the solubility
can be tuned by substituting Sr or Ba for Ca, which increases
the thermodynamic driving force for the cation hydration.[12,56,54]

For example, it takes 5�10 min to fully dissolve the 16 nm thick
Ba3Al2O6 layer while it takes around 1 day for SAO of similar
thickness (Table 1).[56] Regarding the thickness dependence, the
sacrificial layer dissolving time is reduced as the thickness of the
layer increases. For the SAO, it takes 1 day (5 min) to dissolve
a film thickness of 9 nm (90 nm).[12] Last, it is worthwhile to
mention that target materials might also react with water, for
example, BaTiO3 (BTO), which could lead to Ti ion displace-
ments in the TiO2 plane and surface oxygen vacancies due to the
hydroxylation of the first BaO layer.[60,61] Therefore, care should
be taken when choosing the sacrificial layers and the target
material.

2.1.2. Perovskite Oxides and Other Oxides

Perovskite oxides such as LaxSr1�xMnO3 (LSMO),[62–69]

SRO,[70,71] SrVO3 (SVO),[72] have also been demonstrated as
sacrificial layers, see Table �. Compared with the complex
crystal structure of the (Ca,Sr,Ba)3Al2O6, these sacrificial layers
have in most cases the same structure as the target perovskite
films, which could potentially help in preserving the in-plane
orientation and retain the structural quality of the transferred
film. In the case of LSMO sacrificial layer, the chemical reaction
for selective etching of LSMO is based on the reduction of the
insolubleMn4+ to solubleMn2+ by Cl� according to the following
reaction[73]

MnO2 + 4H3O
+ + 2Cl� � Mn2+ + 6H2O + Cl2 (1)

However, if Mn4+ is not completely reduced, insoluble
MnO2 precipitates are left behind. As a matter of example, Elan-
govan et al. have grown BTO/LSMO heterostructure on STO

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (5 of 20) © 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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(001) to realize BTO freestanding membranes.[69] The single-
crystalline BTO film was released by selective etching of the
LSMO in an aqueous solution of KI + HCl + H2O. Negligible
chemical etching of BTO was observed due to the much faster
etch rate of LSMO with respect to BTO.
Dissolving of SRO is realized by oxidizing RuO2 into volatile

RuO4 within aqueous solution:

SrRuO3 (s) + 2H3O
+ + 2IO4

�

� Sr2+ (aq) + RuO4 (aq) + 3H2O + 2IO3
� (2)

Weber et al. have investigated the etching rate of SRO with
different etchants and selected NaIO4 solution with a suitable
etching rate (2 nm s�1) and near-neutral pH.[79] Using this ap-
proach, Pesquera et al. grew LSMO epitaxially on STO mediated
by an SRO sacrificial layer, which was subsequently dissolved
by selective etching without damaging the LSMO film.[70] This
approach is also used to fabricate single-crystalline freestand-
ing membranes of LAO/STO heterostructures and directly inte-
grated the membrane on sapphire substrate via vdW stacking.[71]

SrVO3 is another sacrificial layer candidate, which is suitable
for the growth of a wide spectrum of perovskites due to its cubic
structure (a = 3.84 Å). Compared with LSMO or SRO that re-
quires complex etchants, SVO can be dissolved in water.[72] This
material would expand the choice of water-soluble materials es-
pecially for those materials that are not chemically stable against
stronger acids. However, special caution is needed because SVO
is toxic.
Recently, SrCoO2.5 (SCO) has been also proposed as generic

sacrificial layer for a facile epitaxy of perovskite oxides thin
films.[76] SCO presents a brownmillerite structure with an in-
plane lattice parameter close to the STO (a = 3.90 Å) and can be
epitaxially grown on many perovskite substrates with different
crystallographic orientations. Moreover, SCO can be dissolved in
weak acetic acid solutions, in vinegar and in common carbonated
drinks, which allows a safe transfer process of perovskite mem-
branes.
Beside perovskite oxides, metal oxides were also proposed as

sacrificial layers, such as BaO,[77] MgO,[78] ZnO,[80] and VO2.
[81]

BaO has a rock salt structure with a lattice parameter of 5.539 Å.
The lattice mismatch with STO is small (0.31%) as a result of
the 45° rotation when coherently grown on the STO (001) sub-
strate, see Figure 2b.[77] Takahashi and Lippmaa have fabricated
BTO/STO freestanding membranes using BaO as a sacrificial
layer.[77] This BaO sacrificial layer was dissolved by water after
10 h as a result of the reaction between BaO and water: BaO
+ H2O � Ba(OH)2. Various combination of the sacrificial layer
and etchant have been developed, for example, MgO, ZnO, and
VO2, and were used to fabricate non-perovskite oxides, such as
CaFe2O4, VO2, and TiO2.

[77,78,80,81] However, such sacrificial lay-
ers are not suitable to fabricate freestanding membranes with a
perovskite structure due to the large lattice mismatch.

2.1.3. Transfer Methods for Freestanding Oxide Thin Films

The transfer and manipulation of single-crystals membranes is
an essential part of wet etching methods, since the integrity and

quality of the membrane is largely affected by the releasing pro-
cess and handling techniques.[31,42,82] Common methods used
for perovskite oxides membranes mimics the well-developed wet
transfer process of 2D vdW materials, such as graphene[83,84]

and TMDC,[85,86] and generally involve three major steps: lifting
off the film, stamping the free-standing film onto the desired
substrate and last, removing the stamp layer (also called sup-
port layer). Figure � shows the main strategies adopted in
literature for transfer and manipulation of perovskite oxide
membranes.
The first step is the etching process where the oxide film is

detached from the growth substrate by selectively etching the
sacrificial layer, as described above (see Table 1 for the list of
etchants and optimized condition for each sacrificial layer). To
prevent crinkling and folding of the free-standing membranes
during the etching release process,[82] a common way is to cover
a support layer on the oxide membrane to facilitate the lifting
off and follow-up transferring, just as polymer-supported is used
for transfer of graphene.[84] Many polymer materials have been
developed and used as support layers, considering the merits
of flexibility, mechanical strength, and adhesive contact, such
as polyimide (PI) tape, polydimethylsiloxane (PDMS),[11,12,82,87]

polymethyl-methacrylate (PMMA),[20,62] polystyrene (PS), or the
combination of these materials, like polypropylene carbonate
(PPC)-PDMS stack[13,62,87] and PI sheet with PPC layer.[52,67]

PMMA, which is most commonly used in transferring of
chemical-vapor-deposited graphene,[38,84] has also found a wide
application in the transfer of oxidemembrane.[20,62,42] PMMA can
be easily coated on the oxide surface, and washed away by acetone
once the transfer is completed, see Figure 3a. However, the poly-
mer residues and the contamination associated with this process
are always hard to be removed.[88] Moreover, it was found that
the PMMA on the oxide stack may not be fully in contact with
the transfer substrate, which can result in unattached regions
that tend to form bubbles and ripples or in the cracking of the
membrane during the dissolving process of PMMA.[42,83] Zhang
et al. has introduced a frame structure consisting of polyethylene
terephthalate (PET) and PMMA to stamp the SROfilm, achieving
a high yield transfer rate without macroscopic cracking.[42]

Thermal release polymer sheets such as PDMS have been also
explored as candidates for support layers, see Figure 3b. Instead
of chemically etching in the final step, the polymer can be hand-
ily released by heating up to 70 °C, which facilitates the removal
of residues and the membrane cleanliness.[12] However, cracks
and tears can be introduced inevitably when peeling off PDMS
from the membrane, making it difficult to obtain continuous
membranes.[82] A two-layer structure was also designed to im-
prove this method, for example, PPC-PDMS stack.[13,62,87]

Scotch tape, like PI tape, has been used to transfer large area
oxide membranes through adhesion, see Figure 3c.[28,68] How-
ever, the downside of this method is that it is impossible to re-
move the adhesive tape from the membrane at the final step.
Steady transfer operation should be guaranteed, otherwise the
freestanding membrane may easily bend and crack.
A support-free transfer method was also proposed by Gu

et al.,[31] see Figure 3d. In their work, they showed that crack-free
membranes of SRO and BTO could be obtained by scooping the
freestanding membranes floating on the surface of the solvent
after the dissolution of the sacrificial layer. Interestingly, in their
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Figure 3. Sketch of the main transfer strategies used for the release and transfer of perovskite oxide membranes via wet etching method: a) Soluble
polymer, b) Thermal tape, c) Insoluble polymer and d) Scooping of the floating membrane.

work they also showed that the substrate, after the membrane
releasing, could be reused for other depositions.
The enormous progress in the development of 2D materials

transfer such as graphene and TMDs over the last decades, can be
a good starting point for successfully and fast progress of transfer
methods for perovskite oxide membranes. The polymer-assisted
transfer method has been demonstrated to yield a single-crystal
oxidemembrane withmacroscopic dimensions (hundreds ofmi-
crometers to millimeters). However, considering the hardness
and brittleness of oxide membranes, as well as the issues such
as cracks, wrinkles, trapped bubbles, and polymer residues, the
question of how to develop techniques for transferring single-
crystal oxide membranes with sufficient size, as-grown unifor-
mity, and high-quality onto arbitrary substrate remains a key chal-
lenge.

2.2. Mechanical Exfoliation

In the last few years, the quest for flexible oxide electronics has
motivated the development of mechanical exfoliation methods
for integrating oxide thin films into complex devices.[89] Mechan-
ical exfoliation is a technique based on the deposition of target
thin film onto a 2D layered material, followed by the cleavage of
the deposited layer along the heterointerface (Figure 1b).[90] 2D
layered materials are structures characterized by weak bonds be-

tween the constitutive layers. This allows thinning the 2D-layered
substrate along these planes, reducing progressively its thick-
ness and increasing its flexibility, eventually achieving mem-
branes. Moreover, the integration of well-ordered epitaxial struc-
ture into 2D layered substrates can be achieved even for dissim-
ilar crystalline structure, through quasi-van der Waals (qvdW)
epitaxy.[91–93] In traditional epitaxy, strong chemical bonds be-
tween the thin film and the substrate determine the orientation
and structural characteristics of the layers, intrinsically limiting
the choice of substrates materials. Indeed, when the lattice con-
stants of the substrates strongly differ from the thin films, struc-
tural dislocations or random orientation of grains tend to appear
in the layers, in order to minimize the elastic strain energy of the
system. On the contrary, vdW epitaxy consists in the creation of
weak bonds between the film and the substrate, which allows the
growth of relaxed and epitaxial thin layers with unrelated orienta-
tion with the substrate.[94–96] The deposition of 3D structures on
2D layered materials can take place through the qvdW epitaxy, a
mixed behavior based on the initial creation of an interface with
vdW bonds followed by traditional homoepitaxial growth of the
layer.[97] The weak interaction between the oxide layers and the
substrates offers the opportunity of creating freestanding mem-
branes by exfoliating the top layers.[98]

A characteristic example of 2D-layered material used for
the integration of perovskite oxide is mica, a large family
of phyllosilicate minerals possessing a monoclinic structure

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (7 of 20) © 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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layered along the 001 plane. Mica possesses general formula
X2YnZ8O20(OH,F)4, where X, Y and Z are the interlayer cation
(e.g., K and Na), the octedrahedrally coordinated atom (e.g., Al
and Mg) and the tetrahedral coordinated element (Si, Al, etc.),
respectively. The most commonly used micas for the thin film
integration are the muscovite (n = 4, e.g., KAl2(Si3Al)O10(OH)2)
and the pholgopite (n = 6, e.g., KMg3(Si3Al)O10F2).

[93] Mica is
emerging as one of the most interesting substrates for flexible
electronic, due to its superior mechanical properties and its
good compatibility with oxides´ deposition processes.[92,93] The
epitaxial growth of perovskite oxides on Mica has been generally
interpreted in the light of qvdW epitaxy.[91–93,99] Nevertheless, Lu
et al.[100] recently showed that strong bonds can be formed at the
interface between pholgopite mica and STO thin films deposited
by PLD, resulting in the epitaxial relation {111}STO||(001)mica
(in-plane �110�STO||[100]mica and �112�STO||[010]mica), see
Figure �. Despite the different cationic rearrangements of
these orientations, the epitaxial match is allowed by an almost
identical rearrangement of the oxygen sublattices of the two
compounds.[100] A similar (111) orientation was also observed
for other perovskites thin films deposited on mica (001), such
as SRO/BTO,[101] SrVO3,

[102] Eu-doped 0.94Bi0.5Na0.5TiO3–
0.06BaTiO3,

[99] CaVO3/STO,
[103] and La0.7Sr0.3MnO3/STO.

[104]

Nevertheless, other types of orientations and even polycrystalline
thin films are reported in literature for perovskite oxides de-
posited on mica substrates.[105–107] In this sense, Ko et al. found
that the PbZrO3/SRO heterostructure tends to develop multiple
orientations if directly grown on muscovite mica, while well-
oriented (111) thin films can be obtained by the insertion of a 1-
nm-thick CoFe2O4 seeding layer.

[108] These results show that dif-
ferent types of crystallographic orientations and bonding can be
expected at the perovskite/mica interface. The possibility of cleav-
ing La0.7Sr0.3MnO3 thin films from mica substrates was demon-
strated by Zhang et al.[98] In their work, the authors showed that
polycrystalline LSMO thin films could be easily peeled off by
muscovite mica due to the weak interaction between the film and
the substrate. Additionally, mica can be cleaved along the weak
bonded constitutive planes after the thin film deposition, increas-
ing the flexibility of the structure and allowing the study of bend-
ing strain effect on the perovskite layers (see Section 4.2).[93,101]

Another promising 2D material that can be used for the me-
chanical exfoliation of perovskite oxide thin films is graphene.
Lee et al. showed that STO thin films with predominant (001)
orientation can be directly grown on graphene covered SiO2/Si
substrates by PLD.[109] The thermal oxidation of graphene can
be avoided during the film growth by using low oxygen partial
pressure (�10�6 mbar). The interface between the STO and the
graphene is characterized by moderate bonding, as suggested by
the presence ofmoderate lattice strain in the oxide layer.[109] Inter-
estingly, Kum et al. showed that graphene can be used as a univer-
sal mechanical exfoliation method for obtaining freestanding ox-
ides thin films.[14] In their work, the authors showed that epitaxial
STO (001) thin films can be grown on double-layer graphene-
coated STO (001) single-crystals through remote epitaxy, a mech-
anism based on the semitransparency of the graphene layer to
the atomic potential fields of the STO substrate. Moreover, the
thin films can be transferred to other substrates thanks to the
weak bonds between graphene and the perovskite layer. These
results show that graphene-based remote epitaxy has emerged

Figure 4. Epitaxial growth of SrTiO3 on Mica. a) Low magnification TEM
and b) STEMhigh angle angular dark field image of an STO thin film grown
on Mica. c) Reconstruction of the epitaxial relation and reconstruction of
the interface between the (001) mica and the (111) STO thin films. The
epitaxial relation is ensured by a similar arrangement of the oxygen sub-
lattice. Reproduced under terms of the CC-BY 4.0 license.[100] Copyright
2020, Wiley-VCH.

as a promising method for obtain large area freestanding thin
films.

2.3. Self-Formed Freestanding Films through Spalling

As an alternative to themethod based on sacrificial layers and epi-
taxial liftoff[110] freestandingmembranes of brittle crystals can be
produced by inducing and controlling the fracture mode known
as spalling. The basic mechanisms and elements of the tech-
nique are illustrated in Figure 1c: A tensile strained top layer
is deposited on the crystal/wafer of interest and under suffi-
cient stress and sufficient bonding strength, the crystal will form
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