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Flexible strategy of epitaxial oxide thin films
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SUMMARY

Applying functional oxide thin films to flexible devices is of great interests within
the rapid development of information technology. The challenges involve the
contradiction between the high-temperature growth of high-quality oxide films
and low melting point of the flexible supports. This review summarizes the devel-
oped methods to fabricate high-quality flexible oxide thin films with novel func-
tionalities and applications. We start from the fabrication methods, e.g. direct
growth on flexible buffered metal foils and layered mica, etching and transfer
approach, as well as remote epitaxy technique. Then, various functionalities in
flexible oxide films will be introduced, specifically, owing to the mechanical flex-
ibility, some unique properties can be induced in flexible oxide films. Taking the
advantages of the excellent physical properties, the flexible oxide films have
been employed in various devices. Finally, future perspectives in this research
field will be proposed to further develop this field from fabrication, functionality
to device.

INTRODUCTION

Complex oxide thin films have attracted extensive research interests, owing to their rich functionalities and
great potential in electronic and spintronic devices (Lorenz et al., 2016). The electron, orbital, spin, and
lattice degrees of freedom in functional oxides lead to exotic physical properties and multi-field coupling
between them, which involves multiferroicity, ferroelectricity, magnetism, magnetoresistance, plasmonics,
superconductivity, etc. (Wang et al.,, 2003; Dawber et al., 2005; Huang and Wang, 2017; Kacedon et al.,
1997). Furthermore, the development of oxide-based nanocomposite thin film composing of two or
more phases in one single layer extends the modulation of the physical properties in oxide thin films, as
well as the discovery of new physical phenomenon (Huang et al., 2017, 2021e; MacManus-Driscoll, 2010).
Because of the tunable functionalities and rich oxide material selection, oxide thin films have been applied
in various device demonstrations, such as resistive switching memory, gas sensor, Li-ion battery, optical
applications, soft bioelectronics, wearable tactile sensors, soft robotics, etc. (Acharya et al., 2016; Liu
et al., 2015, 2022a, 2022b; Qi et al., 2018; Sando et al., 2018; Guo and Ding, 2021; Roels et al., 2022).

In another side, flexible or wearable devices play more and more important role in today’s electronic world,
which offers advantages over conventional Si-based solid electronics (Liu et al., 2017a, 2017b; Bao and
Chen, 2016). Flexible/wearable devices have been employed in the new generation technologies, such
as light-weight personal electronics, sensors for human health monitoring, as well as Internet of Things
(IoT) applications (Yamamoto et al., 2016; Son et al., 2014; Gao et al., 2016). The flexible devices mainly
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Figure 1. Summary of the fabrication methods, functionality, and flexible device
Overview of contents in this review on the flexible strategy of functional oxide thin films for wearable devices.

discussing successful attempts, and the advantages and disadvantages of each method will be compared.
Then, different functionalities of the reported flexible oxide thin films will be discussed, and their applica-
tions in flexible devices will also be demonstrated. Lastly, perspectives will be proposed on future works in
the research field of flexible oxide thin films with different functionalities. Figure 1 presents the overview of
this research field, which will be discussed in detail in this review.

FABRICATION OF HIGH-QUALITY FLEXIBLE OXIDE THIN FILMS

Direct growth on flexible substrates

Direct growth on flexible metal foil

Metal foil or metal tape serves as a great platform as a flexible substrate for high-temperature process. One
typical example is the fabrication of YBa,Cu307., (YBCO) superconductor-coated conductors, which pro-
duces epitaxial YBCO superconducting thin film on metal tape. The flexible metal tape could be obtained
by standard thermo-mechanical processing with strong biaxial texture and smooth surface, which provides
appropriate crystallinity and surface condition for the following oxide thin film growth (Goyal et al., 19963,
1996b). Even though, buffer layers are always required before growing YBCO, and two main technologies
have been developed in the manufacture of coated-conductor tapes, namely rolling-assisted biaxially
textured substrate (RABITS) and ion-beam-assisted deposition (IBAD), as shown in Figure 2A (Norton
et al., 1998; Foltyn et al., 2007).

Different epitaxial buffer layers have been achieved, typical materials include Y,05-stabilized ZrO, (YS2)
(List et al., 1998; Ma et al., 2002; Jeong et al., 1998), CeO, (Ma et al., 2002; Goyal et al., 1996a, 1996b),
Y503 (Shi et al., 2005; Fabbri et al., 2000), MgO (Matiasa and Hammond, 2012), multilayers (Tomov et al.,
2002; Xue et al., 2016; Xiong et al., 2010), etc. For example, Xiong et al. developed LaMnO3/TiN multi-
buffer layers on electropolished Hastelloy tape (rms ~0.8 nm) for superconducting YBCO thin film growth
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Figure 2. Direct growth of oxide thin films on flexible metal foils
(A) Schematic illustration of the IBAD and RABITS processes to obtain buffered metal tapes for fabricating YBCO-coated

conductors (Norton et al., 1998). Reprinted with permission from Elsevier.

(B) 0-26 XRD scan the Cu,O film grown on STO/CeQO,/YSZ/Y,0O3 buffered Ni-W substrate, Inset shows the schematic
illustration of the multilayer architecture; (C) (111) pole figure, (D) (002) w-scans for both rolling (¢ = 0°) and transverse
(¢ = 90°) directions, and (E) (111) @-scan for the Cu,O film (Wee et al., 2015). Reprinted under Creative Commons License

https://creativecommons.org/licenses/by/4.0/.

(Xiong et al., 2010). Here, TiN (~10 nm) was first deposited using IBAD, followed by LaMnO3 (~120 nm)
growth by pulsed laser deposition. With such buffer stacks, epitaxial YBCO thin film was obtained with
excellent superconducting properties, i.e. transition temperature (T.) of 89.5 K, self-field critical current
density (JJ) of 1.2 MA/cm? at 75.5 K, and an a value of around 0.33. The epitaxial buffer layers lay great foun-
dation for the successful demonstration of epitaxial YBCO superconductor-coated conductors; however,
the nucleation mechanism of the oxide buffers on metal surface is not fully understood as complex thermo-
dynamic and kinetic stability are involved to form the ionic/nonionic interface. Reflection high-energy elec-
tron diffraction studies revealed that the formation of a ¢(2 X 2) two-dimensional superstructure on the
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metal surface could promote the epitaxial oxide growth, which might be the possible mechanism (Cantoni
et al., 2001).

Besides the successful demonstration of epitaxial YBCO superconducting thin films on buffered metal tapes,
other functional oxides have also been obtained with epitaxial quality. Wee et al. deposited epitaxial Cu,O thin
film on Ni-W substrate with STO/CeQO,/YSZ/Y,O3 buffer layers, as shown in the schematicillustration in the inset
of Figure 2B (Wee et al., 2015). The standard 6-260 XRD scan in Figure 2B indicates the highly out-of-plane
textured growth of all the layers. Figures 2C-2E present (111) pole figure, (002) w-scans for both rolling
(¢ = 0°) and transverse (¢ = 90°) directions, and (111) @-scan of the Cu,O thin film, respectively, all indicating
the epitaxial quality of the film. Specifically, the full-width-half-maximum values of w- and @-scans can be deter-
mined as small as 2.4° and 4.9°, while 94% of cube texture was estimated from the clear 4-fold symmetry of the
@-scan, all indicating the excellent cube-on-cube epitaxy of Cu,O thin film on STO/CeO,/YSZ/Y,O3 buffered
Ni-W substrate. The buffered metal foils serve as promising flexible substrates for the direct high-temperature
growth of epitaxial oxide thin films, more and more flexible oxide films have been realized, including BaTiO3
(BTO) (Shin et al., 2009), Ceq9Zro.102., (CZO) (Queralto et al., 2015), LayZr,O; (Mos et al., 2013), Pb(Zr, Ti)Os
(PZT) (Shelton and Gibbons, 2011), BiFeO3-BiMnO3 (Xiong et al., 2014), etc.

Direct growth on flexible mica

Another promising candidate substrate for flexible oxide films is mica, because of its high melting point
(1300°C), oxide-based crystal structure, cleavable layered structure (becomes flexible while being cleaved
into ultrathin form), and ultrasmooth surface. The 2D layered structure of mica with dangling-bonds-free
surface leads to the van der Waals (vdW) contact between the grown film on top and mica underneath,
so-called vdW epitaxy (Bitla and Chu, 2017). Conventional epitaxy involves strong film/substrate interface
interactions and chemical bonds orient across the interface, therefore certain lattice and thermal expansion
matching is required, which restricts the universality of film/substrate combinations. On the other hand,
weak film/substrate interaction is involved in vdW epitaxy, which mitigates lattice and thermal mismatch
between the film and the underlying 2D substrate. Therefore, vdW epitaxy on mica largely extends the
growth of epitaxial oxide thin films with mechanical flexibility.

Large amount of oxides with different crystal structures have been successfully demonstrated on mica with
high epitaxial quality. For example, epitaxial ferroelectric PZT thin film has been grown on SrRuQO3 (SRO)/
Co-Fe,0O4 (CFO) double-buffered mica (Jiang et al., 2017). The 6-26 XRD scan in Figure 3A indicates only
PZT (lll) and SRO (/ll) with mica (00L) diffraction peaks appear, and the ¢-scans of PZT {002}, SRO {002}, CFO
{004}, and mica {202} reflections in Figure 3B suggest the in-plane epitaxial relationship between the layers
to be (111)SRO//(111)PZT//(001)mica and [1-10]SRO//[1-10]PZT//[010]mica. Furthermore, the reciprocal
space mapping of PZT (002), SRO (002), and CFO (004) reflections in Figure 3C further confirms the epitaxial
nature of the PZT ferroelectric film. Lastly, the cross-sectional TEM images of the PZT/SRO and SRO/CFO/
mica interfaces along with the selected area diffraction patterns of PZT, SRO, and mica in Figure 3D indi-
cate the clean interface, as well as the high epitaxial quality of each layer. The high-quality PZT film results in
excellent ferroelectric property, as indicated by the representative local piezoresponse force microscopy
(PFM) amplitude and phase hysteresis loops in Figure 3E, which presents 180° change in PFM phase and
a clear butterfly loop. The flexible ferroelectric PZT film has also been tested for the mechanical strain
effect, as illustrated in the inset of Figure 3F, the results in Figure 3F show that the local coercive fields
of unbent state increase slowly under bending. Overall, the flexible PZT film on mica exhibits high epitaxial
quality and excellent ferroelectricity, which can be tuned by mechanical strain. Besides, other oxides have
also been demonstrated, including transparent conducting oxides Al-ZnO (AZO) and ITO (Bitla et al., 2016),
magnetic CFO (Liu et al., 2017a, 2017b), BaFe 1,049 (Ke et al., 2021) and Fe3O4 (Zheng et al., 2018), antiferro-
electric PbHfO3 (PHO) (Tsai et al., 2021) and PbZrO3 (PZO) (Ko et al., 2021), wide bandgap semiconductor
Ga,03 (Tak et al., 2020), conducting SRO (Liu et al., 2018), ferroelectric Pr-doped Bag gsCag.15Ti0.9Zr0.103
(BCTZ:Pr) (Zheng et al., 2019a), BiFeO3 (BFO) (Sun et al., 2020a, 2020b) and PZT (Jiang et al., 2017), colossal
magnetoresistance Prg sCagsMnO3 (PCMO) (Yen et al., 2020), phase transition VO, (Li et al., 2016), etc.

Among all the oxide/mica heterostructures, it is interesting to note that the cubic (e.g. perovskite, spinel
structures) oxides prefer [111] orientation growth, while hexagonal oxides are likely to grow along [001]
direction. Both growth patterns result in quasihexagonal in-plane structure, which is in compatible with
the hexagonally arrayed pattern of oxygen atoms in the basal plane [001] of mica. In principle, no lattice
and crystal structure matching is required in vdW epitaxy as no chemical bonds formed between film and
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Figure 3. Direct growth of oxide thin films on flexible mica

(A) Standard 0-20 XRD scan of the heterostructure; (B) ¢-scans at PZT{002}, SRO{002}, CFO{004}, and mica{202} diffraction
peaks; (C) The reciprocal space mapping of the heterostructure; (D) The cross-sectional TEM image showing the PZT/SRO
and SRO/CFO/mica interfaces along with the selected area diffraction patterns of PZT, SRO, and mica; (E) Representative
local PFM amplitude and phase hysteresis loops; (F) The local coercive voltage variation as a function of bending radius
(Jiang et al., 2017). Reprinted with permission from the American Association for the Advancement of Science.

substrate; however, the grown films seem like following the preferred lattice extension on mica with the
same crystal structure. Therefore, to understand the mechanism of the heteroepitaxy of oxides on mica,
it is critical to investigate the oxides/mica heterointerface structure. Lu et al. applied atomic scale micro-
scopy to explore the oxide/mica heterointerface using STO/mica as the model system (Lu et al., 2020).
Figure 4A presents an STEM high angle angular dark field (HAADF) image of the STO/mica interface,
recorded along mica [100] direction (or STO [110]). An interfacial layer of 0.86 nm was observed between
the last K atom plane of the mica substrate and the first Sr-O3 plane of the STO film, which can be further
confirmed by the STEM angular bright field (ABF) image shown in Figure 4B. The interfacial structure in-
dicates strong interaction between the (111) Sr-O3 atomic plane of STO and the (001) (SiAl),-O3 atomic
plane of mica, because of the strong similarity of the oxygen network. This study indicates that the ox-
ides/mica interfacial interaction plays an important role for the film growth. In addition, some reports
show that perovskite films can be grown with other crystallographic orientations rather than [111], which
suggests the growth condition is also a key point to determine the heteroepitaxial relationship in oxides/
mica (Ye et al., 2022; Huang et al., 2018a, 2018b).
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Figure 4. Microstructure of oxide/mica interface

(A) HAADF image and (B) ABF image of an STO/mica interface area, recorded along mica [100] direction (parallel to the
[110] direction of STO). Corresponding projected structures of STO and mica are attached on both images, showing the
termination of the STO film and the mica substrate at the interface (Lu et al., 2020). Reprinted with permission from John
Wiley and Sons.

To further demonstrate more functionalities and flexible applications, oxide-based multilayer and compos-
ite thin films on mica have also been explored, such as multiferroic Fe30,4/BiFeO3 bilayer (Zheng et al.,
2019a, 2019b) and BFO-CFO composite system (Amrillah et al., 2017), exchange bias effect systems of
Co/CoO (Ha et al, 2020a, 2020b) and CoFe,04/CoO (Ha et al., 2020a, 2020b) bilayer and
Lag.75r0.33MNnO3 (LSMO)-NIO composite thin film (Huang et al., 2020a, 2020b, 2020c¢), as well as the
recently developed BaTiOs-Au (Liu et al., 2020a, 2020b) and BaZrO3-Co (Liu et al., 2022a, 2022b) oxide-
metal composite thin films. The oxides/mica heteroepitaxy provides a great platform to employ functional
oxides in flexible electronics and spintronics, termed MICAtronics (Bitla and Chu, 2017). Recently, wafer-
scale epitaxial oxide has been realized, which further suggests the promising device integration of ox-
ides/mica for industry applications (Chen et al., 2021a, 2021b).

Lift-off and transfer of freestanding oxide thin films

To overcome the contradiction of the low melting point of the traditional flexible polymer substrates and
the high-temperature processing for high-quality epitaxial oxide thin films, freestanding thin film is an ideal
form as it can be transferred to any substrate. Lift-off process is involved to obtain freestanding thin films,
which allows the separation of the film and substrate by either physical etching or chemical etching.

Physical etching method

Laser is the used resource for the physical etching, which etches the film/substrate interfacial area to sepa-
rate the film and the substrate. The phonon energy of the laser should be in between the bandgap energy
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Figure 5. Flexible freestanding oxide thin films made by physical etching

(A) Schematic illustration of the fabrication process for the flexible large-scale PZT thin-film-based nanogenerator using
the laser lift-off method; (B) Actual image of the real device. The inset shows a large-area PZT thin film transferred on PET
substrate; (C) A snapshot showing the instantaneous lighting up of 105 blue LEDs in series when the flexible
nanogenerator was unbent after slight bending by a human finger. The inset shows current signals measured from the
device (Park et al., 2014). Reprinted with permission from John Wiley and Sons. (D) Actual photo of the freestanding f-TEG
prepared using the laser lift-off process; (E) Output power per unit area and unit weight. The inset shows the change of
internal resistance with respect to AT (Kim et al., 2016). Reprinted with permission from American Chemical Society.

levels of the film and the substrate. As the energy of the laser is lower than the energy level of the substrate,
the incident laser on the backside of the substrate penetrates into the interfacial area and absorbed by the
film, then the interfacial area starts to partial melt and dissociate to form the freestanding film.

Such method has been applied to obtain freestanding oxide thin films, which can be transferred on flexible
polymer substrates for flexible device integration (Joe et al., 2017). For example, Park et al. fabricated flex-
ible and large-area PZT thin film through laser etching technique, as shown in Figure 5A (Park et al., 2014).
The PZT film was first deposited on rigid sapphire substrate at high temperature (~650°C), and then the film
was detached from the substrate by the irradiation of a XeCl excimer laser at the backside of the substrate,
followed by transferring to a PET substrate. Such flexible piezoelectric PZT film was then used as a large-
scale (3.5 X 3.5 cm) energy harvester (nanogenerator) after the formation of an interdigitated electrode, as
shown in Figure 5B is the actual device. The nanogenerator can produce output voltage of 250V and output
current of 8.8 pA, which could be used to light more than hundred commercial blue LEDs without any
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rectifiers or charge circuits, as shown in Figure 5C. This method has also been adopted by Kim et al. to fabri-
cate 4-inch-scale flexible thermoelectric generator (f-TEG, shown in Figure 5D), which presents excellent
output power density of 4.78 mW/cm? at AT = 25 K (shown in Figure 5E) and the performance is robust
even after 8000 bending cycles (Kim et al., 2016).

The laser lift-off method serves an effective approach for large-scale flexible oxide thin film fabrication and
device integration (Jeong et al., 2017; Tsakalakos and Sands, 2000). However, certain substrate and laser
should be selected to satisfy the high-quality film growth, as well as the energy states requirement of
the film, substrate, and laser source. Furthermore, the laser irradiation process should be carefully
controlled as it might damage the film with over-incident.

Chemical etching method

Corresponding to physical etching method, chemical etching has also been developed to realize free-
standing oxide thin films for flexible applications. The basic idea is to use particular chemical solutions
that can dissolve the substrate or sacrificial layer but inert to the film, then freestanding oxide film can
be obtained by dissolving the substrate or sacrificial layer. Different oxides are soluble to certain chemicals
with certain etching rate (Bridoux et al., 2012), which can be selected as the sacrificial layer or substrate.

Water-soluble Sr3Al,O,4 (SAO) sacrificial layer. Water-soluble material might be the most ideal candi-
date to be the sacrificial layer, since it is gentle to most oxides. Sr3Al,O4 (SAQ) is a water-soluble material
constructed by cubic unit cells with the lattice parameter of a = 15.844 A (matches well with four unit cells of
SiTiOs, a = 3.905 A), which is perfect for epitaxial oxide thin film growth. Various oxide thin films with
epitaxial quality have been successfully achieved, such as LSMO, STO, LSMO/STO superlattice (Lu et al.,
2016), SRO (Le, ten Elshof and Koster, 2021), FezO4 (Hou et al., 2021), VO, (Han et al., 2021), YBCO
(Chen et al., 2019), PbTiO3 (PTO) (Han et al., 2020), Lag;Cag3sMnO3 (LCMO) (Park et al., 2020), BTO
(Dong et al., 2019), etc. Furthermore, this method is applicable to achieve freestanding ultrathin BFO
film down to the monolayer limit (Ji et al., 2019), as well as the recently developed LSMO:NiO nanocompo-
site thin film (Huang et al., 2022), all indicate the universality of this SAO sacrificial approach.

The procedure of the sacrificial layer method to obtain freestanding oxide thin films is simple; however,
some particulars should be taken into account to attain clean and crackless freestanding films. Four
different “etching and transfer” methods with the main difference of the support layer have been proposed
and compared, which results in different quality of the transferred films (Zhang et al., 2021). Method | is to
use sacrificial polymethyl-methacrylate (PMMA) as the support; however, the film is easy to break when de-
taching from the original substrate. In method II, Pl tape (pressure sensitive adhesive tape) is employed as
the support layer, which can prevent the transferred films from breaking, however it is difficult to release the
films to other non-adhesive substrates. In method IIl, thermal release tape or silicone-coated PET has been
used as the support as it can be removed by heating; however, voids, cracks, and some residues from the
thermal release tape are inevitable after transfer. Lastly, in method IV, a two-layer structure support of PET
frame/PMMA has been developed, which combines the advantages of method Il and lll, and results in clean
and crackless freestanding films. Therefore, the appropriate support is critical for achieving large-scale
high-quality freestanding oxide thin films. Other than that, the surface quality of the SAO sacrificial layer
is also important, optimization has been done to obtain SAO layer with atomically smooth surface (Sun
et al., 2020a, 2020b). In addition, low-cost facile chemical route has been employed to develop scalable
water-soluble SAO films (Salles et al., 2021).

Other sacrificial layers.  Although water-soluble SAO might be the most ideal sacrificial material, other
materials have also been used as sacrificial layer to achieve high-quality freestanding oxide thin films. The
"etching and transfer” process is the same as the SAO method, the only difference is that some certain
chemicals are involved instead of water. The sacrificial layer can be a thin buffer layer, or sometimes the
entire substrate can be etched to form the freestanding film. For example, Gan et al. deposited epitaxial
SRO thin film on STO substrate, and then etched the STO substrate by using an acid solution of 50% HF:
70% HNO3:H,O = 1:1:1 (Gan et al., 1998; Paskiewicz et al., 2015). The etching rate for SRO and STO is found
to be 1:9100 by this acid solution (Deneke et al., 2011), therefore the STO substrate is etched while leaving
the SRO film nearly unaffected. MgO substrate was also etched by being immersed into 10% phosphoric
acid aqueous solution at 40°C for several hours to obtain freestanding epitaxial BTO film grown on top
(Nishikawa et al., 2021).
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Figure 6. Flexible freestanding oxide thin films made by chemical etching

(A) Schematics of three different transfer methods to obtain flexible single-crystalline LFO films; (B), (D), (F) The optical photographs of the transferred films
fabricated through Methods |, II, and Ill, respectively; (C), (E), (G) The corresponding SEM images, showing the microstructural features of the transferred

films using different transfer methods (Shen et al., 2017). Reprinted with permission from John Wiley and Sons.

The substrate etching approach has some restrictions, for example, the selection of single-crystal substrate
is limited and the substrate cannot be reused after etching. Furthermore, the relatively thick substrate re-
sulting in long etching time, therefore a thin sacrificial layer is preferable. LSMO has been frequently used
as sacrificial layer (Bakaul et al., 2017, 2020; Shen et al., 2017). For example, Shen et al. grew LiFesOg (LFO)
thin film on STO substrate with ~30 nm LSMO buffer layer, and etchant of (400 mg K| + 10 mL HCI +500 mL
H,0) was used to etch the LSMO layer (Shen et al., 2017). Three methods with different support layers have
been applied for the transfer process, as shown in Figure 6A, PMMA or polystyrene (PS) layer, no coating
layer, and Pl tape have been used for method |, Il, and Ill, respectively. For method I, some cracks and
random damages are observed in the freestanding film (shown in Figures 6B and 6C), which are induced
by the residues and dispersed pieces from PMMA or PS during dissolving. Then, in method Il, much
smoother and cleaner freestanding film can be obtained (shown in Figures 6D and 6E); however, the film
is usually torn into smaller pieces. Finally, in method lll, the adhesive Pl tape could coat the entire film
without damage (shown in Figures 6F and 6G); however, it is difficult to detach the film from the tape. These
methods with different supports result in the same film quality compared to the SAO approach as dis-
cussed above.

The LSMO sacrificial layer has also been used to fabricate ferroelectric PZT film for flexible memory appli-
cation (Bakaul et al., 2017, 2020). In addition, other sacrificial materials have been used to obtain different
freestanding oxide films, for example, MgO sacrificial layer is employed to achieve freestanding CFO by
etching MgO using 10% (NH4),SO, solution at 80°C (Zhang et al., 2017), and YBCO is used as the sacrificial
layer to obtain freestanding LSMO and SRO films by etching YBCO using 0.6% hydrochloric acid (Chang
et al., 2020).

Remote epitaxy method

Remote epitaxy is an emerging technique to obtain freestanding thin films with high quality, which can
be mechanically exfoliated and transferred to flexible substrates (Kim et al., 2022). In such method, ultra-
thin 2D van der Waals materials are introduced as interlayer between the crystalline substrates and the
oxide thin films grown on top. Kum et al. demonstrated that atomic potential fields can penetrate
completely through bilayer graphene and partially through trilayer graphene, which suggests that the
remote epitaxy could be realized with the graphene interlayer thinner than three monolayers (Kum
et al.,, 2020). However, the exfoliation area yield of the sample is relatively low with one monolayer
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graphene interlayer; therefore, bilayer graphene is the ideal thickness for graphene-based remote
epitaxy to produce oxide thin films with high quality and high exfoliation yield. Ideally, this method could
be utilized to fabricate freestanding single-crystalline oxide thin films with varying crystal structure and
crystallographic orientations. For example, Ma et al. deposited various oxide thin films (ZnO, NiO,
STO, and CFO) on different crystalline oxide substrate with MoS; as the interlayer (Ma et al., 2021). Other
than that, epitaxial BaTiO3.; thin film on Ge (Dai et al., 2022) and yttrium iron garnet film on gadolinium
gallium garnet (Leontsev et al., 2022) have been achieved by applying graphene as the interlayer. The
remote epitaxy method has been employed more and more on fabricating freestanding epitaxy oxide
thin films, which could be a critical approach toward both fundamental research and practical applica-
tions of epitaxial oxide thin films.

Overall, the “direct growth”, “sacrificial layer and transfer”, and “remote epitaxy” methods have been
developed to achieve flexible oxide thin films with high epitaxial quality. For direct growth, metal foil
and mica are the most used flexible substrates as they satisfy the high-temperature process of the epitaxial
oxide films. The former requires tedious surface polishing process and a set of buffer layers are needed,
while the latter needs to be cleaved to an ultrathin form to be flexible and the films are easy to be detached
from the substrate due to the weak vdW bonding between them. Then, for the sacrificial layer and transfer
method, different materials have been used as the sacrificial layer and the support is the key point to decide
the quality of the transferred films. Lastly, the recently demonstrated remote epitaxy method is promising
to develop freestanding oxide thin films with high epitaxial quality. The comparison of all the methods be-
ing used to achieve flexible oxide thin films is listed in Table 1, certain approach could be selected for the
development of particular material.

FUNCTIONALITIES AND APPLICATIONS OF FLEXIBLE OXIDE THIN FILMS
Functionalities of flexible films

Up-to-date, various flexible oxide thin films have been demonstrated with different functionalities, such as
ferroelectricity, magnetism, multiferroicity, superconductivity, transparent conductivity, etc. Two aspects
are mainly considered for the functionalities of flexible oxides, one is the property robustness of the flexible
films after tremendous bending cycles, the other is strain engineering of the flexible oxide films under
certain bending condition. Strain is widely used to tailor the physical properties of oxides, which can be
easily realized in flexible oxide films by bending the samples. For example, the magnetic properties
(e.g. saturation magnetization and Curie temperature) in flexible SRO can be tuned through bending
induced strain (Liu et al., 2018), and metal-insulator transition temperature and optical properties can be
tuned in flexible VO, thin film by strain engineering (Chen et al., 2021a, 2021b).

Besides the conventional functionalities in oxides, some extraordinary physical phenomenon was also
discovered. Dong et al. fabricated freestanding BTO thin film through SAO sacrificial layer and transfer
method and used in situ SEM to study its mechanical property (Dong et al., 2019). Specifically, one
nano-manipulator tip was used to hold the freestanding BTO film, and another nano-manipulator tip
was used to bend it into different curvatures, as shown in Figure 7A. The bent film with 40° bending angle
could be fully recovered in 10 s and such bending angle can be increased to as large as 80°, which indicates
the super-elasticity of the freestanding BTO film. Considering the brittle nature of bulk BTO, the super-
elasticity in freestanding BTO film is surprising. Two reasons have been proposed, the first is the low
flaw density in epitaxial film, which avoids stress concentration and suppress the nucleation of crack in
the interior of the sample. Another reason is the formation of a transition zone connecting a and c domains,
which could largely eliminate the mismatch stress in the coexisting a and ¢ nanodomains at high strain,
avoiding the mechanical failure by the sharp domain switching. Such super-elasticity has also been found
in freestanding Fe3Oy, thin film, the flexibility with a bending radius as small as 7.18 um and twist angle as
large as 122° could be achieved, while no magnetic property degradation was observed under such large
deformation. (An et al., 2020).

In addition, the flexible freestanding oxide thin film can approach the 2D limit, which might lead to exotic
properties that do not exist in film/solid substrate form. For example, Ji et al. applied the SAO sacrificial
layer method to obtain ultrathin BFO films down to 1 unit cell thick with high crystallinity. (Ji et al., 2019)
Interestingly, the R-like as-grown film transferred to T-like freestanding film in the three-unit-cell sample,
as shown in Figure 7B. Such phase or structure transition only occurs in the freestanding films thinner
than four-unit-cell, as indicated by the c/a ratio and the offset of Fe ions from the centers of four
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Figure 7. Extraordinary properties of the freestanding oxide thin films

(A) In situ SEM bending test of freestanding BTO nanobelts, series of SEM images with the bending process of a BTO nanobelt (Dong et al., 2019). Reprinted
with permission from the American Association for the Advancement of Science.

(B) Cross-sectional HAADF images of a three-unit-cell BFO film before and after releasing; (C) The c/a ratio and (D) the offset of Fe ions from the centers of
four neighboring Bi ions as a function of the thickness of freestanding BFO films. The error bars represent the fitting error of the lattice constants; (E) PFM
amplitude-voltage butterfly loop and (F) phase-voltage hysteresis loop of a four-unit-cell freestanding BFO film on a conductive silicon substrate, showing
that the polarization is switchable (Ji et al., 2019). Reprinted with permission from Spring Nature.

neighboring Biions in Figures 7C and 7D, respectively. The ultrathin BFO films thinner than four-unit cell
obtain an abnormally large ¢/a ratio (up to 1.22) and polarization (140 uC cm™2) along the out-of-plane di-
rection. The PFM measurements shown in Figures 7E and 7F further confirm the excellent ferroelectricity
and switchable polarization even in these ultrathin freestanding BFO films. The unexpected giant tetragon-
ality and polarization in those ultrathin freestanding films was resulting from the stereochemical activity of a
lone pair of bielectrons in R-phase BFO and displacement of Fe ions from the centrosymmetric position, as
well as the surface electric field in the ultrathin films.

The exploration of novel physical properties in flexible freestanding oxide film is quite exciting, what makes it
more interesting is the strain engineering on the films by mechanical deformation, which is effective for prop-
erty modulation. Hong et al. developed Lag;Cap3MnO3 (LCMO) membrane on flexible polymer supporter
with strong adhesion, as shown in Figure 8A. (Hong et al., 2020) The strain state of the LCMO film can be
controlled by clamping and stretching the polymer supporter, as the strain can be transferred from the poly-
mer owing to the strong adhesion between them. Biaxial and uniaxial strain can be applied by stretching
in two or one axis, which as shown in the electric potential mapping of the central vdP geometry in
Figures 8B-8F, respectively. For biaxially strained LCMO films, increased p(300 K) and lower Tc of the
FM-M/PM-I phase transition were obtained in higher strained films (Figure 8C), which is because of the reduc-
tion of the in-plane orbital overlap between Mn d orbitals and O p orbitals under tensile strain. Furthermore,
an unexpected insulating phase appears at high biaxial strain states (>3%) at low temperatures, which can be
quenched by magnetic fields with a large negative magnetoresistance, as shown in Figures 8D and 8E. Then,
for the uniaxial strained films, a large resistance anisotropy could be obtained in the directions parallel (Fig-
ure 8G) and perpendicular (Figure 8H) to the uniaxial strain direction. From the results, nonmetallic temper-
ature dependence was first observed in the parallel R-T curves (e = 6 to 8%) and exist in the perpendicular
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Figure 8. Strain engineering of freestanding oxide thin films

(A) Schematic platform for straining oxide membranes; (B) Electric potential mapping of the central vdP geometry in (B) biaxially and (F) uniaxial strained
LCMO membranes; Resistivity-temperature (R-T) curves of 8-nm-thick LCMO membrane with (C) biaxially strain and (G) parallel and (H) perpendicular to the
uniaxial strain as a function of strain. Inset of (C): Double exchange interaction between two Mn sites; R-T curves of (D) biaxially strained LCMO membrane
(d=4nm, e = 3.5%) and () uniaxially strained LCMO membrane (vdP resistance perpendicular to the strain € = 8%) under perpendicular magnetic field. Inset
of (D): Same measurements on LCMO film grown on STO substrate; Magnetoresistance (MR) of (E) biaxially and (J) uniaxially strained LCMO membranes at
different temperatures (Hong et al., 2020). Reprinted with permission from the American Association for the Advancement of Science.

direction at larger strains (e = 7 to 8%). Such insulating states can be largely suppressed with external magnetic
field, and large magnetoresistance was achieved, as shown in Figures 8l and 8J. This work demonstrates that
the physical properties of the flexible oxide films can be effectively modulated via strain engineering, which
provides a great platform for property regulation of flexible oxide films.

As is seen, different flexible oxide thin films have been successfully demonstrated with epitaxial quality,
which present all functionalities that exist in solid state form. The physical properties can be further tuned
by strain engineering, which can be realized by stretching the flexible samples. In another side, strain
gradient or nonuniform lattice distortion can be induced by bending the flexible oxide films, which results
in tunable flexoelectricity to modulate the photoconductance in flexible BFO thin film (Guo et al., 2020). In
addition, the flexible or freestanding films can induce novel and unexpected properties that cannot be
found in their bulk counterpart or unbent state. Therefore, the flexible oxide thin films provide great plat-
form to discover new functionalities.

Applications of flexible films

The final goal of the development of the flexible oxide thin films is to employ them in the integration of flexible
devices. Thanks to the large evolution of the various methods developed to fabricate flexible oxide thin films
with high epitaxial quality, it is very promising to use them in high-performance flexible devices. As-so-far,
some oxide-based flexible electronics has been proposed, such as flexible energy storage (Tsai et al.,
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Figure 9. Flexible ferroelectric memory

(A) Cross-sectional TEM image of the BFO/SRO/BTO/mica heterostructure; (B) Resistances as a function of V, with tq = 10 ps; Resistance switchings between
the ON and OFF states at different (C) bending radii and (D) bending cycles under the bending radius of 8 mm at the compressive condition (Sun et al., 20203,
2020b). Reprinted with permission from American Chemical Society.

(E) Photograph of the flexed SRO/PZT/SRO memory device on PET; (F) Fatigue test of the device on a bent (10 mm radius of curvature) substrate; (G) P-E test
before and after 3 x 10mswitching cycles; (H) Time dependence of the memory state showing unchanged remnant polarization for 10°s (Bakaul et al., 2017).
Reprinted with permission from John Wiley and Sons.

2021; Ko et al., 2021), flexible ferroelectric memory (Sun et al., 2020a, 2020b; Le et al., 2019; Yang et al., 2019;
Kim et al., 2014), flexible acoustic nanosensors (Lee et al., 2014), flexible nanogenerator (Park et al., 2014), etc.

Flexible ferroelectric memory

Ferroelectricity-induced resistance switching has been widely demonstrated in BFO thin films on rigid sub-
strates, which exhibits the potential in building artificial synaptic devices (Boyn et al., 2017). In such device,
the resistance of the films could be gradually tuned via the ferroelectric domain switching, which avoids the
unstable filament forming/rupture process in conventional memristors. Sun et al. deposited ferroelectric
BFO film on SRO/BTO buffered mica, which follows [111] growth orientation and presents high epitaxial
quality, as shown in Figure 9A (Sun et al., 2020a, 2020b). To test the memristor behaviors of this flexible
BFO-based heterostructure, SRO buffer layer was used as the bottom electrode and Au was deposited
on top as the top electrode. With the pulse duration ty = 10 us, the memristor was set to the lowest resis-
tance state (ON state) by +13V (the ferroelectric polarization points to the SRO bottom electrode), or the
highest resistance state (OFF state) by —16 V (the ferroelectric polarization points to the Au top electrode),
the resistance state can be tuned to intermediate states by applying different voltage pulse -V, as
shown in Figure 9B. Then, to test the robustness of the flexible memristor, the resistance switchings be-
tween ON and OFF states were explored under different bending conditions, as shown in Figures 9C
and 9D are at different bending radii and bending cycles, respectively. The results show that the perfor-
mance of the memristor is almost identical under all tested bending radii and after 10° bending cycles,
which indicates the high flexibility and stability of such BFO-based memristor.

Bakaul et al. used layer transfer technique to develop SRO/PZT/SRO flexible memory device, as illustrated
in Figure 9E (Bakaul et al., 2017). Then, fatigue, retention, and bending cycling measurements have been
tested to probe the reliability of the flexible memory device on a bent (10 mm radius of curvature) substrate,
as shown in Figures 9F, 9G, and 9H, respectively. The results show that the ferroelectricity retains 50% of the
initial remnant polarization after 3 x 10'° times switching. Furthermore, no degradation of remnant polar-
ization was observed after 10° s, which indicates the device might satisfy the industry-standard of 10 years’
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Figure 10. Flexible energy devices

(A) Photographs of PZT thin film NG captured at unbending and bending states; The open-circuit voltage and cross-sectional
current density measured from PZT thin film NG in the (B) forward and (C) reverse connections; (D) Strain dependence and
mechanical stability of output voltage generated from PZT thin film NG; (E) The measured output voltage and cross-sectional
current density under different load resistance varying from 2 kQ to 1 GQ. The inset shows the relationship between the
output power and external resistance (Park et al., 2014). Reprinted with permission from John Wiley and Sons.

data retention. Such flexible memory device has also been realized in AZO/NiO/AZO (Le et al., 2019) and
Au/Bi(Fep.93Mng 05 Tio.02)O3/Pt (Yang et al., 2019) heterostructures, and flexible crossbar-structured 32 x 32
resistive random access memory arrays based on Ni/NiO,/Ti/Pt heterostructure has also been developed
(Kim et al., 2014).

Flexible energy devices

Nanogenerator (NG) converts mechanical energy into electricity, which can utilize the piezoelectric mate-
rials to harvest energy from human movements. The external mechanical force induces the center offset
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between the positive and negative charges in piezoelectric materials, which results in a potential differ-
ence. Park et al. fabricated flexible and large-area PZT thin film NG using laser lift-off method, as intro-
duced in the above section on the discussion of physical etching method to make the flexible oxide
films (Park et al., 2014). Figure 10A presents the real image of the flexible NG under bending and
unbending states, and the output voltage and current signal were measured to explore the energy conver-
sion efficiency of the device. A linear bending motor with a strain of ~0.386% at a straining rate of
~2.32%-s~" was applied to induce the mechanical deformation of the flexible NG. When the device was
in forward connection state, the open-circuit voltage and the short-circuit current exceed 200 V and
1.5 A, respectively, which generates a cross-sectional current density of 150 pA cm™2), as shown in Fig-
ure 10B. When the device was in reverse connection state, the measured signals were opposite, which con-
firms the piezoelectric effect induced electricity in this flexible PZT thin film NG, as shown in Figure 10C. The
performance of the device under different bending states was also compared in Figure 10D. The bending
states of 0.153%, 0.283%, and 0.386% result in output voltage of ~100V (top), ~160 V (center), and ~200 V
(bottom), respectively. Furthermore, the device was connected to the external load resistance ranging from
2 kQ to 1 GQ, and the voltage and current signals were compared in Figure 10E. From the results, the
voltage gradually increases with the increasing resistance until being saturated at a certain high resistance,
while the current is consistent initially and starts to decreases with higher resistance. The instantaneous
power density can be calculated to be 17.5 mW cm™2 at a resistance of 200 MQ, as shown in the inset of
Figure 10E. The flexible energy devices have also been demonstrated in flexible antiferroelectric oxides,
as they exhibit high energy-storage density and efficiency, such as flexible PbHfO3; (PHO) (Tsai et al.,
2021) and PbZrO3 (PZO) (Ko et al., 2021) thin films.

Other flexible devices

The flexible device has the advantage of mechanical flexibility, which could induce functionalities that
cannot be realized in rigid device, especially the mechanical deformation-related properties. For
example, PZT inorganic-based piezoelectric acoustic nanosensor (iPANS) has been developed to work
as biomimetic artificial hair cell to mimic the functions of the original human hair cells, and the flexible
PZT thin film on flexible plastic was obtained through laser lift-off method (Lee et al., 2014). This iPANS
exhibits highly sensitivity and could effectively convert sound energy into piezoelectric signals in the
audible frequency range of living noise (40 dB SPL). In addition, the transparent conductive oxides
can be used as electrode for flexible devices. Jia et al. developed highly flexible, robust, stable, and
high-efficient perovskite solar cells using ITO on mica as the flexible electrode and support (Jia
et al., 2019), which indicates the flexible oxide thin films can work as one component in some flexible
devices.

Flexible oxide-based thin film transistors (TFTs) are highly demanded for next-generation displays, radio-
frequency identification (RFID) tags, as well as integrated circuits (Jeon et al., 2022; He et al., 2018). No
epitaxial quality is needed for the oxide thin films in TFTs, therefore low-temperature processing methods
have been applied for the flexible devices, such as atomic layer deposition (Cho et al., 2019; Park et al,,
2015) and solution-based processing (e.g. spin coating, spray coating, flexographic printing, and inkjet
printing) (Leppéaniemi et al., 2015; Song et al., 2010). Further work is needed to improve the device
performance through material property optimization and device structure design. The low-temperature-
processed oxide thin films have also been achieved as the electrodes for flexible perovskite solar cells
(Zhang et al., 2020a, 2020b; Girtan and Negulescu, 2022), which extends the application field of the flexible
oxides.

CONCLUSIONS AND FUTURE PERSPECTIVES

In conclusion, different fabrication methods have been developed to obtain flexible functional oxide thin
films with high quality, the normal functionalities and novel physical phenomenon have been reviewed, and
the oxide-based flexible devices have been introduced. Generally, the flexible oxide thin films can be ob-
tained by either "“direct growth on flexible substrates” or "freestanding film transfer” approaches. The
former employs the thin metal foils or inorganic cleavable mica as the flexible substrates, while the latter
involves freestanding thin films. For the films on flexible metal foils, a set of buffer layers are always required
to ensure the quality of the oxide films grown on top, which is widely used for the fabrication of high-tem-
perature superconductor-coated conductors. Mica takes the advantages of both mechanically flexible and
high melting temperature, could serve as a perfect substrate to achieve high-quality flexible oxide thin
films. Various oxides have been epitaxially grown on mica with robust physical properties. However, as
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Table 1. Comparison of the different methods to achieve flexible oxide thin films

Methods

Advantages

Drawbacks

Direct Growth Metal Foil

Mica

Lift-off and Transfer Physical Etching

Chemical Etching

Remote Epitaxy

Direct one-step growth; Suitable for large-

scale processing.

Suitable for large-scale processing, simple
process.

Simple process, various sacrificial layers could
be selected to achieve different oxide thin

films.

Suitable to grow oxide thin films with varying
crystal structure and crystallographic
orientations.

Tedious surface polishing required; A set of
buffers needed.

Needs to be cleaved to an ultrathin form to be
flexible; Films are easy to be detached from
mica; Insulating mica is not ideal for some

electronic devices.

Films might be damaged with over-incident;

Cracks might be generated in the films; Some
chemicals might be harmful to the oxide films;
Certain supports are needed to obtain high-
quality films.

Large-scale processing is difficult; Careful
thickness control of the 2D material interlayer is
needed.

aninsulating material, mica might not be ideal for some electronic devices. For the latter “freestanding film
transfer” method, physical or chemical etching has been applied to obtain the freestanding oxide films and
then transfer onto any flexible wafers. There are two potential issues, one is that the etching process might
deteriorate the target oxide films, the other is that certain support is needed to avoid the cracks, folds, and
other flaws in the transferred films.

With the large development of the fabrication methods, different functionalities or properties have been
demonstrated in different flexible oxide films. Compared to the same film on rigid substrates, the flexible
films show some unique properties (e.g. super-elasticity) and strain engineering can be easily applied by
bending process to tune the physical properties. Finally, flexible devices have been designed to fully utilize
the flexible oxide films, such as flexible memory, flexible energy harvesting device, flexible sensor, etc.

Although extensive progress has been achieved in the field from the aspects of fabrication methods,
functionalities, and applications, there is still tremendous space and further efforts are needed for this prom-
ising direction. (i) For the aspect of fabrication, direct growth is the most ideal approach, therefore it is highly
demanded to develop low-temperature epitaxy approach; the recently reported spin coating epitaxy provides
opportunity (Kelso et al., 2019; Liu et al., 2020a, 2020b). Furthermore, for the freestanding films, cracks or voids
usually appear during the etching and transfer processes, therefore such technique should be further opti-
mized, such as the etching solution and the support materials. Lastly, remote epitaxy technology could be
further improved along with the development of large-scale 2D materials, which will provide an excellent plat-
form to produce large-scale freestanding epitaxial oxide thin films. (i) For the aspect of functionalities, most of
the current demonstrated flexible oxide films are based on single-phase materials, to realize more function-
alities or multifunctionality, flexible oxide-based composite thin films are desirable, such as 0-3 type nanopar-
ticle-in-matrix structure (Huang et al., 2018a, 2018b, 2021a, 2021b, 2021¢, 2021d, 2021e; Qi et al., 2018), 1-3
type nanopillar-in-matrix structure (Huang et al., 2021a, 2021b, 20271¢, 2021d, 2021e; Fan et al., 2017; Huang
et al.,, 20213, 20213, 2021b, 2021b, 2021b, 2021¢, 2021¢, 2021¢, 2021d, 2021d, 2021d, 2021e, 2021e, 2021e;,
Zhang et al., 2020a, 2020b), as well as 2-2 type multilayers (Huang et al., 2020a, 2020a, 2020b, 2020b,
2020b, 2020b, 2020c, 2020c, 2021a, 2021b, 2021c, 2021d, 2021e; Huang et al., 2020a, 2020b; Sun et al.,
2018). In addition, the freestanding or flexible oxide films provide a perfect platform for flexoelectricity;
some unique physical properties might be discovered (Cai et al., 2022; Chen et al., 2015). Finally, freestanding
oxide thin films are ideal for some fundamental exploration, such as how the surface effect and bending con-
dition affect the atomic construction, as well as the local physical properties. (iii) For the aspect of devices,
currently most of the fabricated flexible devices based on oxide films are in single-device form; device arrays
are highly demanded for practical application in industrial level (Kim et al., 2014; Jeon et al., 2022). In another
hand, oxides are ceramics with high brittleness and low malleability, therefore the life of the oxide-based flex-
ible devices might be fatal issue. (iv) Some pioneer theoretical work has been done on the close relationship
between physical properties and mechanical bending of the flexible oxides, (Zheng et al., 2008; Li et al., 2014)
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which needs to be realized in experimental studies. Lastly, flexible oxides with novel nanostructures could be
developed to achieve exotic physical phenomenon, such as nanoribbons or wavy thin films. (Feng et al., 2011,

Chen et al., 2014).
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