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Freestanding Perovskite Oxide Films: Synthesis, Challenges,

and Properties

Francesco M. Chiabrera, Shinhee Yun, Ying Li, Rasmus T. Dahm, Haiwu Zhang,
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);Al, O 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.

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.l'! 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.??] 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.l*] Here, we review the recent
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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, and multiferroicity.> 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 ABO; 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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a Wet etching

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,®! 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, %! 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')) from their
substrate to realize freestanding thin films. Different strategies
for fabricating freestanding layers have been demonstrated as il-
lustrated in Figure 1: 1) Freestanding thin films using wet etch-
ing of sacrificial layers;!'213] 2) Mechanical exfoliation method of
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epitaxial oxide crystals;!'* and 3) Self-formed freestanding thin
films through spalling.['>16] Recently, heterostructures have also
been fabricated by stacking membranes directly.'*! 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.['”] 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
the methods 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.['>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 (SrTiO; indicated by a black dashed arrow). Each etchant is written in red inside parenthesis. The blue arrow represents the
family of (Ca,Sr,Ba);Al,Og, 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, Sr;Al,Og, and BaO projected onto the (001),, plane. Note that SrTiO3, Sr3Al,Og, and BaO are

displayed as 1x 1, 4 x 4, and 2\/5)( 24/2 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) ,Al,O,

The family (Ca,Sr,Ba);Al, O, 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.[1219-23] For example, Sr;Al, O, (SAO) possesses
a cubic unit cell (space group Pa3) with lattice constant equal to
15.844 A, consisting of Srions and AlO, tetrahedra.[?*] This struc-
ture resembles quite well four unit cells of many perovskite ox-
ides (agpo/4 = 3.961 A) and the epitaxial growth is allowed by
a 75% match of the oxygen sublattice of the two structures, see

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (3 of 20)

Figure 2b. 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 1. 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.!'>%] Struc-
tural characterizations of ultrathin membranes revealed that the
crystallinity of the layers remains close to the seed films down
to few unit cells.'"2¢] Tt 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 SrRuO; (SRO)
and La,.¢,Sr, ;3 MnO; were successfully grown on SAO sacrificial
layer and transferred onto arbitrary substrates.[?”:8]
Interestingly, by controlling the ratio between Ca, Sr, and Ba
the reduced lattice parameter of (Ca,Sr,Ba);Al,O, can be contin-
uously tuned from 3.819 A (100% Ca) to 4.124 A (100% Ba) (Fig-
ure 2a).>7%%1 For example, Ca,SrAl,O, was used as a seed sacri-
ficial layer for La,,Ca,;MnO; growth due to the nearly perfect
lattice match (<0.19).°] The minimization lattice mismatches

© 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH
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Sacrificial layer

Material Synthesis Synthesis condition Target material Substrate  Transfer method Etchant, Comments
method temperature,
time
Sr;Al, O PLD T 670-900 °C SITiO,112:19-23] SITiO; PDMS Water (Ca,Sr,Ba);Al,04
Po, 1.0x 1076 - La,Sry_ MnO,11928:58] (001) PMMA RT Tunable lattice
~0.27 mbar BaTiO, %8 SrTiO; PPC/PMMA 5m parameter
or BiFeO, [6465] (110) PET/PMMA (~90 nm)
Py ~6.7 % 107¢ mbar SrRuO, 2760 SITiO; PPC/PDMS Th
E 0.8-2.0 J-cm™2 LaNiO,%¢] (1) PET/PDMS (~50 nm)
BiMnO,¢7] PET/ PEDOT:PSS 1d
Sr, IrO, (%81 Pl tape (~9 nm)
Fe, 0,670 PET
CeO, " epoxy
La, ;Cag;MnO,;72 Photoresist
[(Lag Srg 3MNO3) 5/ (SrTiOs) ], 215
BaTiO;/Lag ;Sry;MnO; 73
BaTiO;/Lay ;Sro3MnO; /BaTiO, 1l
LaAlO, /YBa,Cu;0,_, /LaAlO, 74
Lag ;Srp.3MnO; /BiFeO; "]
BiFeO; /Lag ¢7Srg 33 MnO; 78
BaTiO;-CoFe,0,[""]
MBE T 750-950 °C SITio; 178l SrTiO; Pl tape
Po, 129 x 1071 - BiFeO,” (001) PEN/epoxy
1.33 X 107% mbar PbTiO;12]
Sr,CaAl,O¢ PLD T 710 °C SITio, 2 PPC Water
P, ~5.3%107® mbar n-SrTiO; /n-PbTiO; /n-StTiO; 133 PMMA RT
E 1.35 J-cm™2 [(PbTiO3) 14/ (SFTiO3) 16155
Sry5Cay sAl, O PLD T 700 °C SrRuO,; 34 PDMS Water
Po, 2% 1073 mbar RT
E 2.0 )-cm™2 12h
SrCa,Al,O¢ PLD T 700 °C Lag;Cag3MnO;BT PPC/PMMA Water
Po,  ~6.7x107¢ mbar RT
E 1.25 J-cm™2
Ba;Al, 04 PLD T 850 °C La:BaSnO, %% PPC/PDMS Water
Po,  ~1.3x 1077 mbar RT
E 1.5 ).cm™2 5-10 m
Po2 ~ 0.08 mbar

The synthesis method of each sacrificial thin film is shown along with synthesis conditions, substrates, and etching conditions; In the table, T, Py, , Py, 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,*>! which has motivated the
exploration of sacrificial layers such as Ca,SrAl,O, (3.852 A),
Ca, sSt, ;AL O, (3.882 A), Sr,CaAl O, (3.907 A), and Ba,ALO,
(4.124 A).565552-541 However, small Ca ions can make more dis-
torted geometries leading to less structural compatibility with
perovskites and reduced water solubility.[>”]

Table 1 presents a list of references where
(Ca,Sr,Ba);AL,O, 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 (107°~10~> mbar).
Nevertheless, it was observed that, at these temperatures,

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (4 of 20)

cationic interdiffusion between the sacrificial and the functional
layer can occur, especially along misfit dislocations or vertically
extended defects.**] As a matter of example, cationic intermix-
ing between SAO and La,,Sr,;MnO; thin films at 900 °C may
cause a phase transformation of the sacrificial layer, making
it water-insoluble."! Interestingly, Baek et al. showed that the
inclusion of a few-unit-cells of SrTiO; (STO) between the SAO
and La,,Sr,;MnO; entirely blocks Mn and La diffusion into
the sacrificial layer and avoids the structural transformation,
preserving the water solubility.[**) 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.*®!
(Ca,S1,Ba);AL,O, can be immersed in deionized water at
room temperature to dissolve the sacrificial layer and release
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Sacrificial layer Target material Substrate  Transfer method Etchant, Comments
temperature, time
Material Synthesis Synthesis condition
method
Lag;Sro3MnO; PLD T 650-800 °C PbZrg, Tig 0514044 SrTiO; PMMA KI + HCl solution
Lag g, Sro33MnO, Po, ~0.03-2.7 mbar [(CaTiO3),/(SFTiO;), 16 (0071) PS/PMMA -
E 1.0-2.0 J-cm™? BiFeO, /SrRuO, 0l GdScO, Pl tape 1d
LiFesOgl*l (110) PPC/PDMS
SrRuO;/BaTiO; /SrRuUO; !
Ba;_,Sr,RuO;/Ba;_,Sr, TiO;/
Ba;_,Sr,RuO;*I
BaTiO, 7]
SrRuO; PLD T 600615 °C Lag;Sro3MnO; 148l SrTiO, PDMS NalO, (0.4 M)
Po, 0.1-0.12 mbar LaAlO, /SrTiO, 9] (0071) RT
E 1.5 ).cm™2 Fewh-2d
SrVO, PLD T 760 °C SITio, B0 PDMS Water Small lattice
Po, 1.2 X 107 mbar PET/silicon film 50°C parameter
5d
YBa,Cu;0, PLD T 750 °C SrRuO, %0 PMMA HCl (0.6%) Short etching time
Po, ~0.08 mbar Lag ;Srg3MnO, 8081 -
Few m
SrCo0, 5 PLD T 750 °C SrRuO, 3l SrTiO, PDMS Vinegar, 36%
Po, ~0.13 mbar (00T1) CH;COOH and
E 1.1)-cm™2 SrTiO; carbonated
(110) drinks
SrTiO; RT
(1 -
3-10 m
BaO PLD T 400 °C BaTiO;/SrTiO; 54 SrTiO; PET/PDMS Water Epitaxial growth on
Po,  ~1.3x107° mbar (001) - SrTiO; (0071)
E >10h
MgO PLD T 600 °C CaFe, 0,5 SrTiO; PS (NH,),SO, (10%)
—2 o
Po,  ~2.7x 1072 mbar (001) 80 °C
E 12h

The synthesis method for each sacrificial material is shown with synthesis conditions, target material, substrate, transfer method, and etching conditions; In the table, T, Poz'
Py, 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); AL, O sacrificial layer depends on the composition
and the thickness of the sacrificial layer, see Table 1. In the
case of Ca;Al, O, the sacrificial layer is weakly soluble in water
because of the strong Ca—O bonding.[**! However, the solubility
can be tuned by substituting Sr or Ba for Ca, which increases
the thermodynamic driving force for the cation hydration.[12564]
For example, it takes 5—10 min to fully dissolve the 16 nm thick
Ba,;Al,O, layer while it takes around 1 day for SAO of similar
thickness (Table 1).%¢) 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)."?} Last, it is worthwhile to
mention that target materials might also react with water, for
example, BaTiO; (BTO), which could lead to Ti ion displace-
ments in the TiO, plane and surface oxygen vacancies due to the
hydroxylation of the first BaO layer.[**!] Therefore, care should
be taken when choosing the sacrificial layers and the target
material.

Ann. Phys. (Berlin) 2022, 534, 2200084 2200084 (5 of 20)

2.1.2. Perovskite Oxides and Other Oxides

Perovskite oxides such as La,Sr;_ MnO, (LSMO),62%I
SRO,/7%71 SrVO, (SVO),7?l have also been demonstrated as
sacrificial layers, see Table 2. Compared with the complex
crystal structure of the (Ca,Sr,Ba);Al, O, 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
insoluble Mn** to soluble Mn** by Cl~ according to the following
reaction!”?!

MnO, + 4H,0* + 2CI" — Mn?* + 6H,0 + Cl, (1)

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

© 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA1Te810) 3ol [dde 8y} Aq pauenob ae Sapile VO ‘8sN JO Sa|nJ 10} AfeldTaUIIUQ A1 UO (SUONIPUCD-pUe-SWBIALI0O" A IMAle.q Ul U0//SdNY) SUORIPUOD pUe SWis | 8y} 885 *[zz02/TT/yT] uo Ariqiauluo A|iMm ‘sbpeimous ealuyos 1 usieq Aq #80002202 dpue/z00T 0T/I0p/W0d A8 1M Alelq 1 puljuo//Scny wouy papeojumoq ‘6 ‘220z ‘688STZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

=z nhysik

www.advancedsciencenews.com

(001) to realize BTO freestanding membranes.l! The single-
crystalline BTO film was released by selective etching of the
LSMO in an aqueous solution of KI + HCl + H,0O. 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 RuO, into volatile
RuO, within aqueous solution:

SrRuO; (s) + 2H; 0% + 210,

— Sr’* (aq) + RuO, (aq) + 3H,0 + 210, ()

Weber et al. have investigated the etching rate of SRO with
different etchants and selected NalO, solution with a suitable
etching rate (2 nm s7!) and near-neutral pH.l”! 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.[7%! 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.l”!]

SrVO; 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 A). Compared with LSMO or SRO that re-
quires complex etchants, SVO can be dissolved in water.l”?] 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, SrCoO, s (SCO) has been also proposed as generic
sacrificial layer for a facile epitaxy of perovskite oxides thin
films.[7¢l SCO presents a brownmillerite structure with an in-
plane lattice parameter close to the STO (a = 3.90 A) 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,/””] MgO,/”8] ZnO,[¥ and VO,.[8!]
BaO has a rock salt structure with a lattice parameter of 5.539 A.
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.””! This BaO sacrificial layer was dissolved by water after
10 h as a result of the reaction between BaO and water: BaO
+ H,0 — Ba(OH),. Various combination of the sacrificial layer
and etchant have been developed, for example, MgO, ZnO, and
VO,, and were used to fabricate non-perovskite oxides, such as
CaFe,0,, VO,, and Ti0,.l”7788081 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
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quality of the membrane is largely affected by the releasing pro-
cess and handling techniques.*'*?%2] Common methods used
for perovskite oxides membranes mimics the well-developed wet
transfer process of 2D vdW materials, such as graphenel®*34
and TMDC,®>#%] 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 3 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,®2l 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.[®] 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),!11128287]
polymethyl-methacrylate (PMMA),2%2] polystyrene (PS), or the
combination of these materials, like polypropylene carbonate
(PPC)-PDMS stack('36287] and PI sheet with PPC layer.[>2¢7]

PMMA, which is most commonly used in transferring of
chemical-vapor-deposited graphene,*®84 has also found a wide
application in the transfer of oxide membrane.[26242] 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.®8] 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.[“233] Zhang
et al. has introduced a frame structure consisting of polyethylene
terephthalate (PET) and PMMA to stamp the SRO film, achieving
a high yield transfer rate without macroscopic cracking.[*?!

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.['?! 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.[13:6287]

Scotch tape, like PI tape, has been used to transfer large area
oxide membranes through adhesion, see Figure 3c.?*%] 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
etal., 3! 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

© 2022 The Authors. Annalen der Physik published by Wiley-VCH GmbH

85U8017 SUOWIWIOD BA1Te810) 3ol [dde 8y} Aq pauenob ae Sapile VO ‘8sN JO Sa|nJ 10} AfeldTaUIIUQ A1 UO (SUONIPUCD-pUe-SWBIALI0O" A IMAle.q Ul U0//SdNY) SUORIPUOD pUe SWis | 8y} 885 *[zz02/TT/yT] uo Ariqiauluo A|iMm ‘sbpeimous ealuyos 1 usieq Aq #80002202 dpue/z00T 0T/I0p/W0d A8 1M Alelq 1 puljuo//Scny wouy papeojumoq ‘6 ‘220z ‘688STZST


http://www.advancedsciencenews.com
http://www.ann-phys.org

ADVANCED
SCIENCE NEWS

annalen p hys I k

www.advancedsciencenews.com

Polymer + support layer

A soluble polymer
Target layer

(PMMA)

+ —_

Substrate /
Support layer

(PPC, PET, PS) Etchin
sacrificial Fayer

b Thermal tape Thermal tape + support Iayer
Target layer
(PDMS)

Support layer

(PPC, PET, PS) EtchlnF
sacrificial layer

Substrate

(o] Polymer
Target layer

Insoluble polymer
(P1 tape, epoxy) —

Substrate /

EtchinF
sacrificial layer

Target layer -

—
q Substrate /

EtchinF
sacrificial layer

Scooping

B y

www.ann-phys.org

./~ ) - avy

Transfer Etching
on new substrate polymer Membrane
ea
Transfer Detaching Membrane

on new substrate thermal layer

-y
-/
-/

Scooping Membrane

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
oxide membrane with macroscopic dimensions (hundreds of mi-
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.[*”) 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).°*) 2D
layered materials are structures characterized by weak bonds be-
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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.’’3] 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.[**% 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.””) The weak interaction between the oxide layers and the
substrates offers the opportunity of creating freestanding mem-
branes by exfoliating the top layers.[%!

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
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layered along the 001 plane. Mica possesses general formula
X,Y,Z;0,,(OH,F),, 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., KAL (Si;Al)O,,(OH),)
and the pholgopite (n = 6, e.g., KMg;(Si;Al)O,,F,).”*] 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.[**?*] The
epitaxial growth of perovskite oxides on Mica has been generally
interpreted in the light of qvdW epitaxy.[*’*%] Nevertheless, Lu
et al.l'%I 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}¢7o][(001),ca
(in-plane  (110)gro|[100]y;c,  and  (112)410][[010],,),  see
Figure 4. 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.['] A similar (111) orientation was also observed
for other perovskites thin films deposited on mica (001), such
as SRO/BTO," SrvO,,[1%1 Eu-doped 0.94Bi,Na, TiO;—
0.06BaTiO,,[] CaVO,/STO,1% and La,,St,,MnO,/STO.1%
Nevertheless, other types of orientations and even polycrystalline
thin films are reported in literature for perovskite oxides de-
posited on mica substrates.!'>-1%7] In this sense, Ko et al. found
that the PbZrO,/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 CoFe,0, seeding layer.'®®] 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 La,,Sr,;MnO; thin films from mica substrates was demon-
strated by Zhang et al.l®®! 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).19%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 SiO,/Si
substrates by PLD.I'®! The thermal oxidation of graphene can
be avoided during the film growth by using low oxygen partial
pressure (~107° mbar). The interface between the STO and the
graphene is characterized by moderate bonding, as suggested by
the presence of moderate lattice strain in the oxide layer.'%] 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.1"¥ 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
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Figure 4. Epitaxial growth of SrTiO; on Mica. a) Low magnification TEM
and b) STEM high 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.l'®! 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 the method based on sacrificial layers and epi-
taxial liftoff11! freestanding membranes 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 1lc: 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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Figure 5. Self-formed membranes through spalling. a) lllustration of the spalling mechanism. b) Evolution of the spalling depth of the fracture plane
as a function of the thickness of the stressor for Ge single-crystals. c¢) Schematic representation and SEM images of spalling mechanism of LAO thin
films deposited on STO (001). a,b) Reproduced under terms of the CC-BY license from Bedell et al., 2013, IOP Science. The inset of (b) is adapted with
permission.['®] Copyright 2013, American Chemical Society. c) Top panel reproduced with permission.['®! Copyright 2021, American Chemical Society.
Bottom two panels reproduced with permission.!'>! Copyright 2020, Wiley-VCH.

cracks which propagate through the crystal. Different types of
substrate fractures may occur, the most familiar being the verti-
cal cracking through the entire crystal leading to breaking of the
wafers. However, under certain conditions of tensile strained top-
layers on brittle crystals, the interplay of the shear- and opening-
stress at the tip of a crack may direct the propagation parallel
to the surface at a stable depth. This fracture mode is known as
spalling and relies on a stable propagation of the fracture mode
parallel to the substrate at the equilibrium depth where the shear
stress is minimized. The process is self-correcting: for a crack too
close to the surface, the crystal above the crack will contract upon
fracturing and the crack propagation is deflected downward. Con-
versely, for a crack very deep in the substrate the top layer will
expand upon fracture due to the curvature of the membrane and
the crack is instead deflected upwards.['!!] The resulting steady-
state crack propagation is thus parallel to the surface at a depth
that depends on the mechanical properties of the crystals. The
phenomenon and its mechanism was first analyzed in detail by
Hutchinson et al.M1l It is important to note that the mechanism
is purely mechanical, that is, it does not require defects, inho-
mogeneities, or anisotropies and applies in general for material
combinations with the required mechanical properties.
Substrate spalling has been investigated for the realization
of semiconductor membranes. Dross et al.l''?] obtained silicon
membranes of areas up to 25 cm? and thicknesses of 30-50 mi-
crons by deposition/bonding of Ag and Al films on silicon
and inducing the strain by the difference in the coefficients of
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thermal expansion upon cooling the sample after annealing.
The metal film was then selectively etched and the high-quality
spalled silicon films were used to fabricate functional solar cells.
The method has been generalized and optimized, including
the introduction of flexible handle layers to support and control
the initiation of the fracturing rather than the spontaneous
spalling of early works. Wafer scale spalled membranes of
germanium, nitrides, and III-V compounds have been suc-
cessfully produced!'3114l and also the release of free-standing
semiconductor membranes containing functional elements and
electronic devices and circuits have been in demonstrated as a
viable route toward flexible electronics.!''>11%l The thickness of
the spalled membranes depends on the mechanical properties,
stresses, and thicknesses!!’®! of both the target crystal, the
stressor material and possible handle-layers. For example, for
the same materials, there is an approximately linear relationship
between the thickness of the stressor and the depth of the
fracture plane (see Figure 5b). This enables good control of the
spalling process and thicknesses from hundreds of angstroms
to hundreds of micrometers have been achieved.'”] No funda-
mental barrier seems to hinder spalling of films of only a few
nanometers.

Until now, the spalling method has been developed in the
context of semiconductors, however, recently, the viability of the
method was demonstrated also for oxides.!*] Epitaxial LAO/STO
heterostructures with 70-100 nm LAO top layers were grown
by PLD, and the LAO/STO lattice mismatch LAO experiences
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tensile epitaxial needed for activating the spalling process. No
handle layers were used to direct the fracturing and provide
mechanical support of the membrane, which resulted in a
combination of vertical and spalling fracturing, leaving a mo-
saic of micrometer scaled membranes on the sample surface
(Figure 5c). As expected for the spalling process, the parallel
fracture occurred below the tensile LAO and each membrane
contains an LAO/STO interface. Dahm et al."! showed that by
pre-patterning of the growth substrate using lithography and
ion milling, the lateral locations of cracks can be controlled. This
procedure enabled the controlled formation of free-standing
LAO/STO micro membranes with sizes from 2 to 20 um. Also,
by mechanical micro-manipulation individual membranes were
transferred to silicon substrates and electrical devices were
fabricated using lithography.!'®]

3. Emerging Functionalities in Freestanding
Perovskite Thin Films

Perovskite oxide thin films present several functional proper-
ties that have allowed their usage in sensors, actuators, surface
acoustic wave devices, and memory devices to name a few.l>”]
The continued advancement of oxides in potential applications
is however often hampered by the lack of epitaxial integration
with important technological platforms such as silicon and flex-
ible materials like PET. Freestanding oxide membranes, on the
other hand, provide the possibility to combine oxide perovskite
with other materials by means of mechanical transfer (stamping).
This possibility has led to significant advances in the field, for ex-
ample, with demonstration of freestanding LaAlO;/STO mem-
branes on silicon substrates that contain a 2D electron gas ex-
hibiting also superconductivity at low temperature.l*>!] Another
important prospect of freestanding membranes is the emergence
of different functionalities when compared with the substrate-
clamped counterpart. This section will cover representative sem-
inal works where new functional properties not found in the
substrate-supported thin film have arisen.

3.1. Surface-Induced Changes in the Electronic and Structural
Properties

Transitioning from an as-grown to a freestanding state will natu-
rally force the membranes to undergo structural changes, for ex-
ample, due to the large surface to volume ratio. Ji et al.'l synthe-
sized high-quality freestanding BiFeO, films with MBE using the
method of Lu et al.['?l They discovered that ultrathin freestand-
ing BFO films show a structural transition from rhombohedral-
like phase to tetragonal-like phase when the clamping effect of
the substrate is removed, see Figure 6a. This effect is especially
observed in 3 u.c. thick BFO membranes, where the significant
increase of the lattice parameter yielded to a c/aratio of 1.22 and a
polarization of 140 uC cm~2 in the out-of-plane direction.['!] This
stands in sharp contrast to the bulk thombohedral BiFeO,,!'8
which only reaches a polarization of 100 4C cm™ and c/a ra-
tio of 1. Through first principle calculation, they proposed that
the large c/a ratio originates from the displacement of Fe from
the centrosymmetric position in the tetragonal phase of ultrathin
BFO membranes not clamped by the substrate.!'!]
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Enhanced tetragonality was also observed in ultrathin free-
standing STO thin films by Chiu et al.l'" In their work, the au-
thors showed that STO thin films below 10 nm undergo through
a transformation from cubic to tetragonal structure when re-
leased from the substrate. This phase is characterized by a dis-
placement of Ti atoms from the TiO, octahedron center and by
the appearance of delocalized electrons. A modification of the
electronic and magnetic properties was also observed in other
perovskites membranes when released from the substrate. Lu
et al. showed that ultrathin freestanding LaMnO, thin films dis-
play an exotic soft ferromagnetism along both in-plane and out-
of plane direction for thicknesses below 4 nm.!'?°l This phe-
nomenon, not present in the substrate-supported thin films, is
originated by a symmetrical reduction of Mn oxidation state near
the membrane s surface, induced by a protonation of the ma-
terial during the wet releasing process, which reduces the mag-
netic anisotropy and leads to the appearance of multidirectional
soft ferromagnetism. These works show that surface effects in ul-
trathin perovskite oxide membranes may give rise to functional
properties absent in the substrate-supported thin films.

3.2. Enhanced Elasticity and Flexibility

Perovskite oxides in bulk form are usually very brittle and only
withstand small tensile strains before fracture.'*!) Because of
this, conventional oxide thin films grown epitaxially on bulk crys-
tal substrates are tough and very difficult to manipulate mechani-
cally without causing crystal fracturing. However, when the oxide
film is released from its epitaxial host by one of the strategies de-
scribed in this review, it becomes far more flexible.[?23%] Indeed,
it was shown that single-crystal perovskite membranes can sus-
tain extremely large tensile strain before breaking.[22:69.30:35.38.122]
In particular, Harbola et al. showed that in single-crystal mem-
branes of STO the tensile strain strength can be as high as 6%,
almost an order of magnitude more than in bulk form.*?! A non-
monotonic change of the Young modulus in nanometric mem-
branes of STO was also observed, due to a competitive behavior of
surface elasticity and strain gradient elasticity.[?*) Moreover, ferro-
electric freestanding perovskite thin films display superelasticity
and ultraflexibility at the nanoscale, due to a continuous rotation
of the polarization direction and to local phase transformations
that avoid mechanical failure.[%30.35:38122] More details about this
phenomenon and about the effects of strain in freestanding per-
ovskite oxides will be discussed in Section 4 of this work.

3.3. Suppression of Mechanical Interaction with the Substrate

Freestanding oxide thin films are characterized by a suppression
of the mechanical interaction with the substrate (i.e., absence
of the clamping effect). This effect may be particularly relevant
in ferroelectric materials, where the clamping effect controls
the movement of ferroelastic domain walls and limits the
piezoelectric response.l'?*] Bakaul et al. studied the evolution of
ferroelectric domain walls in PZT freestanding thin films.[%] A
decrease from two to three orders of magnitude of domain wall
velocity was found after the substrate removal. However, this vari-
ation does not origin directly from the alteration of the epitaxial
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Figure 6. a) Giant out of plane polarization in freestanding BiFeOj; thin films below 3 u.c. TEM images shows a large tetragonality and a large out
of plane displacement of the Fe atoms after the releasing process. Reproduced with permission.['!l Copyright 2019, Springer Nature. b) Ferroelectric
bubble domain in PZT/STO/PZT freestanding membranes. The panel shows the comparison between the out-of-plane polarization component for as
grown and freestanding thin films. Reproduced with permission.[%°] Copyright 2020, Wiley-VCH.

landscape, but rather from the formation of mesoscopic rip-
ples, generated to release the compressive strain during the
membrane fabrication. On the contrary, Pesquera et al. showed
that high-quality freestanding BTO membranes sandwiched
between SRO thin films electrodes present lower coercive fields
and faster domain dynamics compared to substrate-clamped
epitaxial BTO.[] The origin of this change of behavior lies
in a reduction of the elastic energy needed for the creation
of 90° domain boundaries in membranes upon the substrate
removal, favoring the polarization switching of the ferroelectric
freestanding thin films.[¢]

The possibility of completely detaching the film from the sub-
strate can also give rise to the formation of exotic ferroelectric
topologies. Saidur et al. showed that ferroelectric bubble domains
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can be stabilized in freestanding PZT/STO/PZT heterostructure
membranes.[®] These type of ferroelectric topological objects
are typically seen as a precursor to electrical skyrmions, which
have been shown to arise in ferroelectric—dielectric—ferroelectric
heterostructures epitaxially clamped to flat oxide surfaces.12412°]
Comparing the as-grown to the freestanding PZT/STO/PZT
system, first principle-based effective Hamiltonian simulations
shows that the stress in the free freestanding membranes in-
creases the energy range and the domain size that stabilize the
formation of skyrmion bubbles, due to a reduction of the ho-
mogenous strain, see Figure 6b.[°°] Additionally, Li et al. ob-
served a radical transformation of the polarization direction in
PbTiO,/STO superlattice with a SRO bottom electrode when re-
leased from its substrate.['?¢] Interestingly, the variation of the
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polarization direction in the superlattice drove the membrane to
curl up into microtubes, in order to minimize the overall elastic
energy. These results show that the suppression of the mechani-
cal interaction with the substrates may influence the polarization
dynamics of ferroelectric perovskite oxides.

3.4. 2D Free-Standing Perovskite Oxides

Finally, it is worth mentioning the last advances in the synthesis
of perovskite oxides approaching the 2D limit. Hong et al. found
that ultrathin membranes of STO below 5 u.c. undergo through
a crystalline to amorphous transition when released from the
substrate.[?] The collapse of the crystalline order was interpreted
in the frame of the Berezinskii—Kosterlitz—Thouless transition,
which predicts the proliferation of dislocations below a critical
thickness, hindering the long-range crystallinity.[?°! Nevertheless,
Ji et al. recently showed the possibility of synthetizing single-
crystal STO and BiFeO; down to 1 unit cell, with a good long
range crystallinity observed by TEM.!"] These results pave the
way to the study of interfacial and 2D phenomena in perovskite
oxides thin films.[!”]

4. Strain Control in Freestanding Perovskite Oxide
Thin Films

The profound interplay between structural and electronic prop-
erties is one of the most interesting strategy for discovering
and control functionalities in perovskite oxides.[?#-131 Epitaxial
perovskite thin films and heterostructures are largely influenced
by strain, especially when the thicknesses of the films are only
a few unit cells.32133] Indeed, perovskites are well known for
their strong coupling between structural distortions and physical
properties due to the centrally coordinated octahedra bond
flexibility, which allows for a multitude of distortions from the
ideal highly symmetric structure.’) The traditional method for
investigating strain effects is based on the epitaxial growth on
lattice-mismatched substrates, which results in the generation
of misfit strain in the layers. This method, however, limits
the maximum achievable strain before structural relaxation of
the layers takes place and hinders a deterministic study of the
strain effect on the functional properties.['**] Moreover, epitaxial
growth of thin films usually requires high temperature condi-
tions, favoring the formation of chemical defects (e.g., oxygen
vacancies) and cationic interdiffusion with the substrate.['**] For
example, tensile strain reduces the formation energy of oxygen
vacancies during growth, which largely modifies the electronic
structure and hinders an isolated study of structural effects on
the functional properties.['3¢138] Additionally, the presence of
the oxide substrate, order of magnitudes thicker than the thin
film, may impede the measurements of some functionalities,
such as the probe of in-plane ionic conductivity in oxygen ionic
conductors.['*] For overcoming these limitations, new strategies
must be pursued.

Freestanding thin films are emerging as a new platform for in-
vestigating extremely large and tunable strain states in perovskite
oxides. The most common strategies for controlling lattice strain
in thin membranes are 1) multilayer epitaxy of freestanding thin
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films, 2) mechanical bending, and 3) mechanical stretching (see
Figure 7). In the following, we review these methods, highlight-
ing the main advantages and drawbacks.

4.1. Multilayer Epitaxy in Freestanding Films

Epitaxial strain in multilayer membranes was recently proposed
by Pesquera et al. as an alternative method for controlling the
strain state of oxide thin films by tuning the lattice mismatch of
the multilayers’ components.[’] In a single material membrane,
the misfit strain imposed by the substrate vanishes in the release
process and the layer tends to adopt the bulk equilibrium lattice
parameter. In a multilayer epitaxial membrane, the releasing pro-
cedure will remove the substrate constraint but the lattice mis-
fit among the layers will determine a residual strain state in the
films. Considering the simple case of an oxide thin film epitaxi-
ally sandwiched between two symmetrical layers, the lattice mis-
match between the components will drive a force with opposite
directions on the internal (P) and the eternal layers (—P/2), see
Figure 7a. Considering a planar stress condition and no bending
of the trilayer membrane, the equilibrium in-plane strain of the
internal layer can be calculated as!'*]
U

6= — 3)

1+ % . I
where t; and M, are the thickness and biaxial modulus of the inter-
nallayer, t, and M, the thickness and biaxial modulus of the exter-
nal ones, and u,, the misfit strain between the in-plane lattice pa-
rameters of the internal and external thin films (u,, = %) Fig-

ure 7b shows the equilibrium in-plane strain of a trilayer mem-
brane calculated as a function of the layers thickness ratio for
different bulk misfit strains. The results show that the in-plane
strain can be progressively tuned by varying the thickness of the
external layers, with a trend that depends on the mechanical prop-
erties of the layers. Using this approach, Pesquera et al. achieved
the control of the tetragonality of compressive strained ferroelec-
tric BTO sandwiched between Ba,_,Sr, RuO; electrodes.[*”] Their
results show that a deterministic control of the Curie tempera-
ture, remanent polarization, and coercive field can be obtained
in BTO through compressive strain.

Overall, the main advantage of this method is the possibility
of continuously controlling the strain state of oxides by varying
the thickness or the composition of the layers. Moreover, a facile
measurement of out of plane electrical properties can be achieved
by depositing metallic oxides as external layers. Nevertheless, the
driving force for the generation of in-plane strain remains the
lattice mismatch between the layers, which bears the typical dis-
advantages of traditional substrate-induced misfit strain and lim-
its its application to oxides that can be coherently grown on each
other.

4.2. Mechanical Bending
Mechanical bending is the most common way employed in litera-

ture to actively control the strain in oxide thin film.*!! Two main
types of strategies were developed: 1) bending of layers supported
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Figure 7. Schematic representation of the main strategies for strain tuning in oxide membranes. a) Sketch of a trilayer epitaxial membrane displaying
strain due to lattice mismatch between the layers. b) Evolution of the strain in a symmetrical trilayer as a function of the layers thicknesses, for different
misfit strains (uy,) and elastic Moduli ratios (M;/M,). Schematic representation of the distribution of strain states in a c) supported and d) self-standing
membrane subjected to mechanical bending. ) Maximum bending strain calculated for a supported membrane under different radius of curvature (R)

and for different substrates thicknesses (t,). Sketch of the f) biaxial and g) uniaxial strain achievable in a membrane under mechanical stretching.

on aflexible or curved substrate (Figure 7c) and 2) bending of self-
standing thin films (Figure 7d). In both cases, bending generates
an in-plane strain, £,, along the bending direction proportional
to the distance, b;, from the neutral plane:

£, == (4)

where R is the radius of curvature of neutral plane. Tensile strain
develops for a convex bending mode while compressive strain for
a concave one. In a multicomponent system, the neutral plane po-
sition depends on the thicknesses (t;) and the mechanical prop-
erties of the constituent layers (with Young’s modulus E). The

general expression for a multilayer structure with n components
o[142]
is

B 2 Et((XL 1) —4:/2)
ﬁ B Z?:l Eiti

)
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In the case of a single oxide membrane supported on a thick
flexible substrate (t, >> t;, where t, and t, are the thicknesses of
the support and the film, respectively), the strain in the thin film
can be approximated as:

£, == (6)

Along the other directions (i.e., out of plane and perpendicular
to the bending direction) a biaxial strain with opposite sign of
e, develop, proportional to the Poisson coefficient.l’”®! Figure 7e
shows the expected strain in a supported-membrane as a func-
tion of the bending radius for different substrate thicknesses.
One can note that larger strains are achievable by choosing
thicker substrates but the ultimate strain will largely depends on
the fracture point of the support, that is, the compressive and
tensile strength.[®>1%2] For example, muscovite mica substrates,
one of the most promising support for flexible electronics,®*!
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can withstand a tensile strain up to ~0.3% upon bending (for
thickness between 15 and 85 um).['43]

The mechanical bending strategy has been largely adopted for
the study of the strain effect on transport and magnetic proper-
ties of perovskite membranes. Liu et al. found that the magnetic
properties of SRO thin films deposited on muscovite mica are
very sensitive to mechanical strain.['%!l Upon bending, they
observed a large variation of the Curie temperature, saturated
magnetic moment, and coercive field. An increase of saturated
moment from 1.2 to 3.2 4B per Ru was measured for a compres-
sion strain of —0.3% and was attributed to a spin state transition
from low to high spin taking place under compressive in-plane
strain. Li et al. also observed a significant effect of bending
strain on the electrical resistivity of SRO thin films.'"**) In their
work, a decrease (increase) of resistivity of —26.05% (1.75%) was
observed for a compressive strain of —0.25% (tensile, +0.25%).
The decrease of resistivity upon compression originates from an
increase of the Ru—O—Ru bond angle and by a rise of the density
of state near the Fermi level, as probed by Raman and X-ray pho-
toelectron spectroscopy. LSMO thin films are also known to give
rise to a variation of resistivity!'%! and magnetization!*>1*l upon
mechanical bending. In particular, Yao et al. showed that outward
bending in LaMnO; thin films generates a significant modifi-
cation of the oxygen octahedra and Mn—O—Mn bonds, which
induces a larger overlaps between the Mn and O orbitals and a
significant enhancement of saturation magnetization (92%) and
of Curie temperature (123-130 K).['*¢] Similarly, strain effects
on the electrical resistivity have been reported also for other
perovskites oxides such as SrVO, and BaNb, s Ti; ;051191 It ig
also worth noting that bending strain may affect other functional
properties of perovskite oxides thin films, such as the photolu-
minescence intensity of Pr-doped Ba,gsCay 5Tl 0Z1,,0; thin
films.[1*7]

The opportunity of dynamically tuning of ferroelectric and
dielectric properties in ferroelectric supported thin films through
mechanical bending was demonstrated by Ko et al.l'*3] In their
work, the authors showed that BTO thin films on Mica substrates
undergo a transformation from ferroelectric tetragonal to para-
electric cubic structure for both inward and outward bending
mode, hindering the out of plane ferroelectric polarization. The
results were used to build a mechanically controlled ferroelectric
transistor, were the conductivity of the top electrode (Al-doped
Zn0) can be modulated by the variation of ferroelectric polar-
ization of the underlying BTO, controlled through the bending
mechanism. Zhao et al. explored the multiferroic properties of
(Fe)/BTO membranes on PDMS substrate during mechanical
bending.!** They found that the compressive strain enhances the
ferromagnetic resonance of the Fe layer along the out-of-plane
direction, due to a variation of the electric field at the Fe/BTO
interface tuned by the rotation of ferroelectric domains.

Mechanical bending also introduces a strain gradient in the
structure, equal to Z—; = 1/R (see ’c). In perovskite oxides, strain
gradients can give rise to the generation of electric fields, through
the flexoelectric effect.*®] Guo et al. showed that ferroelectric
BiFeO, membranes on PDMS withstand significant strain gradi-
ents during the mechanical bending, which can be used to modu-
late the photovoltage and photocurrent generated in the layers.[*!]
Jiang et al. also show the flexoelectric control of the photocon-
ductivity in LaFeO,/LaNiO; heterostructures on muscovite mica,
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where a continuous change of short-circuit current density upon
bending was reported.[1*®]

In the case of a self-standing membrane (Figure 7d), the posi-
tion of the neutral plane will be equal to half its thickness (b, =
tr/2, where t;is the thicknesses of the film) and the strain in the
outer/inner surfaces can be written as: ¢, = t;/2R. Clearly, com-
pared to the substrate supported membranes, the radius of curva-
ture needs to be significant smaller for achieving similar strains,
which can be accomplished by the use of nanomanipulators!*!
or by other external stimulil®! in scanning or transmission elec-
tron microcopies. As commented in Section 3.2, the study of
ferroelectric self-sustained membranes subjected to large bend-
ing strain showed that these ceramic materials, generally con-
sidered brittle in bulk, possesses superelasticity and ultraflexi-
bility at the nanoscale.[¢%303538122] Dong et al. first showed that
single-crystalline ferroelectric BTO membrane can withstand an
remarkable tensile strain of 10% without breaking.>” The origin
of this superelasticity was found to lie in a continuous rotation of
the polarization direction in BTO membranes, which efficiently
avoid mismatch stress and delay the membrane failure. Peng et
al. found also that multiferroic BiFeO; membranes displays su-
perelasticity, due to a reversible rhombohedral-tetragonal phase
transition taking place in the most strained regions.** Such su-
perior flexibility can also be observed in periodic wrinkles that
can be formed during the membranes releasing and transfer
process.[122]

Overall, mechanical bending emerges as a reliable strategy to
investigate strain effects on perovskite oxide membrane. The abil-
ity to actively control the strain state in the same sample by con-
trolling the radius of curvature allows a systematic and precise
study of the variation of functional properties. The limitations of
this method for substrate-supported thin films mainly arise from
the limited strain that can be imposed without affecting the me-
chanical properties of the support, while for self-standing mem-
branes from the requirements of nanomanipulators needed to
achieve large strain states.

4.3. Mechanical Stretching

Mechanical stretching of single-crystal perovskite membranes is
emerging as a new fascinating strategy to study the functional
properties of perovskite oxides under tensile strain. This tech-
nique is based on the deposition of single-crystal thin films on a
sacrificial layer and the subsequent transfer of the membrane on
a flexible polymer (see Section 2.1.2), such as PIl*>52] or PET.[%]
The support can then be stretched in a biaxial or uniaxial mode
by micro-manipulators (see Figure 7f,g, respectively), producing
atensile strain in the structure equaltoe; = AL/L), where ALand
L, are the elongation and the initial length, respectively.['*] The
adhesion between the thick polymer and the nanometric mem-
brane allows the transfer of the strain state from the support to
the thin film. As commented in Section 3.3, it was shown that
freestanding perovskite thin films can withstand extremely large
tensile strain before breaking, allowing the investigation of strain
states not achievable in bulk and substrate-supported perovskite
oxides.[22.23,69,30,35,38,122]

The mechanical stretching method was first used by
Hong et al. to study the magnetotransport properties of
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La,,Cay;MnO; under extreme uniaxial and biaxial tensile
strain (8% and 5%, respectively).’>! They found that strain
promoted a transition from ferromagnetic metal to antiferro-
magnetic insulator, evidenced by orders of magnitude increase
of resistivity at low temperature. The antiferromagnetic state is
characterized by a charge/orbital ordering consisting in alternat-
ing Jahn-Teller-distorted Mn**O; octahedra and Mn* Oy, and
can be quenched by the application of magnetic fields. Mechan-
ical stretching was also employed for controlling the domain
orientation in ferroelectric PbTiO; membranes and to induce
room temperature ferroelectricity in STO membranes.[>>2]
In particular, Xu et al. showed that tensile strain can linearly
increase the ferroelectric transition temperature of STO, giving
rise to the creation of in-plane polarized 180° domain struc-
ture aligned along the strain direction, see Figure 8.°2] The
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ability to manipulate the polarization direction through strain
was also exploited by Zang et al. to engineer the interfacial
thermal resistance in self standing Al/BiFeO; membranes.>!]
In their work, the variation of polarization direction in ferro-
electric BiFeO; through strain gave rise to a redistribution of
the charge at the interface and eventually, through electron—
phonon coupling, to a modification of the interface thermal
resistance.

Overall, mechanical stretching appears as a promising method
for tuning tensile strain of perovskite oxide membrane. The main
advantage of this strategy is the possibility of controlling the
strain state on the very same sample and the enormous strain that
can be achieved. Nevertheless, due to the flexibility of the stretch-
able support, only tensile strain can be applied, which hinder the
study of compressive strain states.
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5. Outlook

Oxide-based freestanding membranes have the potentials to be-
come the preferred candidates to next-generation oxide materials
coupling the high selectivity to high functionality of these materi-
als. However, it is not expected that the uptake of oxide-based free-
standing membranes may occur in the short term, as novel fabri-
cation, releasing and transferring processes needed to be further
developed to take the full advantages of the oxides. Several ap-
proaches have been reported in this review paper for synthesiz-
ing, transferring, and measuring the freestanding oxide proper-
ties. What is still needed in the short term is the understanding
of how to transfer large defect-free membrane size. Freestand-
ing oxides show already unique properties and hence have sig-
nificant potential for further new discoveries making them both
interesting and challenging research subjects. Continuous devel-
opment of operando probes and their combination as well as the-
oretical tools will help addressing the urgent questions regarding
the relation between the freestanding oxide chemistry and their
properties. Stacking, twisting, gate-modulating, and optically ex-
citing have opened up a new field in 2D materials with promis-
ing ways in which unexpected strong correlations, topological,
and symmetry-induced phenomena have been discovered. This,
however, has never been tried before in oxide freestanding mem-
branes and can lead to progress in synthesis, experimental tools,
and potential new properties as well as applications of these ma-
terials. Finally, the rich science revealed so far in 2D moiré su-
perlattice solids can be expected to remain an important source
of stimulating scientific discoveries in freestanding oxide mem-
branes. These directions could lead to new science, engineering,
and application discoveries in atomically designed freestanding
oxide materials.
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