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ABSTRACT

High-quality epitaxial growth of nanocomposite thin-films typically requires a high-temperature pro-
cess on single-crystal oxide substrates, which limits their potential for flexible device integration.
Here, we adopted a water-soluble Sr3Al;O¢ (SAO) sacrificial buffer layer to achieve a Lag 7Srg3MnO3
(LSMO):NiO freestanding nanocomposite thin film. Freestanding LSMO:NiO film has been transferred
onto a flexible polymer substrate, and exhibits an exchange bias effect, and no film quality degra-
dation has been observed after an extensive bending process. This study opens a route to fabricate
high-quality freestanding nanocomposite thin films and lays a foundation towards the applications
of these multifunctional nanocomposite thin films in flexible spintronic and electronic devices.
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IMPACT STATEMENT

Freestanding nanocomposite thin film has been obtained using a water-soluble sacrificial buffer
layer method, and could be transferred to any other substrates, such as flexible substrates.

Introduction

Functional oxide thin films exhibit various attractive
physical properties, e.g. ferromagnetism [1], ferroelec-
tricity [2], superconductivity [3], multiferroicity [4], etc.,
which generate tremendous interests in both fundamen-
tal science and technological applications. On the other
hand, flexible or wearable devices present great advan-
tages over conventional solid-state electronics and spin-
tronics owing to their mechanical flexibility, despite the
fact that high robustness and reliability in bending condi-
tions remain challenging [5-7]. Direct integrating func-
tional oxide thin films with epitaxial quality in flexible
devices is also challenging because most of the flexi-
ble substrates are polymers with a low melting point of
< 350°C, while achieving epitaxial oxide thin film usually
requires a high-temperature ( > 500°C) process on single

crystalline oxide substrates [8,9]. Up-to-date, two meth-
ods have been used to obtain flexible oxide thin films.
One method is to directly deposit oxide thin films on flex-
ible substrates with a high melting point, such as metal
foils [10,11] and the recently developed muscovite mica
substrates [12-15]. However, tedious surface polishing
is required for metal foils before deposition, and a set
of buffer layers are needed to overcome the lattice mis-
match issue. For mica, it is an insulating material, and its
flexibility in bending is also limited.

The other approach is to process freestanding thin
films, as they can be transferred onto any substrate for
further processing. A very straightforward way is to
directly etch away the substrate with the freestanding
film remaining. For example, Edler et al. obtained free-
standing epitaxial Fe;oPdso thin film by dissolving the
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MgO substrate using aqueous solutions of ethylenedi-
aminetetraacetic acid or sodium bicarbonate. However,
the etching rate is relatively slow of ~3.5 um/h for the
former and ~ 80 nm/h for the latter [16]. On the other
hand, a concept of sacrificial layer has been developed
to fabricate the freestanding films more effectively, as
the sacrificial layer is much thinner than the substrate
[17-19]. Limited success has been achieved for such a
method, despite the fact that certain acid is used as cor-
rosive and could be harmful to the acquired freestand-
ing film. Recently, Lu et al introduced a water-soluble
Sr3Al,Og (SAO) layer as a sacrificial buffer layer, which
moves a step further towards high-quality freestanding
oxide thin films [20,21]. SAO is an oxide constructed by
cubic unit cells with the lattice parameter of a = 15.844
A, which matches well with four unit cells of SrTiO;
(STO, a = 3.905 A) and some other widely used single-
crystal oxide substrates [22]. Since then, various high-
quality freestanding single-phase oxide thin films have
been synthesized, such as Lag 7 Srg3 MnO3 (LSMO) [20],
ultrathin STO [21], Lag7Cag3MnO3; (LCMO) [23] and
single unit cell of BiFeO3 (BFO) [24] and so on.

On the other hand, vertically aligned nanocomposite
(VAN) thin films with two phases or more open a new
pathway toward vertical heterointerfaces and thus induce
many new functionalities and multifunctionalities to the
family of functional thin films [25-28]. Up-to-date, most
of the VAN thin films have been grown on single-crystal
oxide substrates, with very limited demonstrations on
flexible mica [29,30] or Si substrate [31,32]. These inte-
grations also require buffer layers, and freestanding VANs
have not been demonstrated up-to-date.

In this work, taking advantage of the water-soluble
SAO sacrificial layer, we have demonstrated freestand-
ing VAN thin films using Lag 7Srg3MnO3 (LSMO):NiO
(LSMO:NiO) as a model system. The LSMO:NiO system
is selected because of its pronounced exchange bias (EB)
effect [33,34]. The experimental procedure is described
in Figure S1, i.e. LSMO:NiO nanocomposite thin film
was first deposited on SAO-buffered STO substrate (the
surface of the SAO layer was optimized to be relatively
smooth with R, = 0.952nm, as shown in Figure S2),
then the sample was inserted into DI water to dissolve
the SAO layer and subsequently freestanding LSMO:NiO
VAN film was obtained, as shown in Video 1 in the sup-
porting information. The freestanding LSMO:NiO was
then transferred on any substrate such as flexible PMMA
or PI tape (shown in Video 1 and 2 in the supporting
information), and the reliability of the film under bend-
ing has been investigated. More importantly, the sub-
strate could be reused for further deposition, as shown
in Video 3 in the supporting information. This work
paves a new route to explore different freestanding VAN

thin films, which could be a critical step towards broader
applications of VAN-based multifunctional systems for
flexible electronics and spintronics, as well as Si inte-
grated devices.

Results and discussion

To explore the crystallinity of LSMO:NiO VAN on SAO-
buffered STO, standard 6-26 X-ray diffraction (XRD)
has first been characterized, as shown in the upper
panel of Figure 1(a). Only LSMO (002), NiO (002)
and SAO (008) peaks can be identified from the film,
which indicates the highly textured growth of all the
phases in the film along c-direction. The 26 values of
LSMO (002) and NiO (002) are 46.3411° and 44.0287°,
which correspond to the d-spacing of 3.916 A [out-of-
plane (OP) tensile strain +1.45% compared with the
bulk value of 3.86 A] and 4.111 A (OP compressive
strain —1.58% as compared with the bulk value of 4.177
A), respectively. To further explore the in-plane (IP)
matching between the VAN layer, buffer layer and sub-
strate, the ¢ scans of LSMO (111), NiO (111), SAO
(444) and STO (111) have been measured and shown
in Figure 1(b), all the four peaks from each material
match very well. The matching relationship could be
determined as LSMO [001]/NiO [001]/SAO [004]/STO
[001] and LSMO [100]/NiO [100]/SAO [400]/STO [100].
Then, to determine the film quality of the freestanding
LSMO:NiO film, standard §-26 XRD was also carried
out as shown in the lower panel of Figure 1(a), only
LSMO (002) (at 46.3133° with d-spacing of 3.918 A, OP
tensile strain +1.5%) and NiO (002) (at 43.7688° with d-
spacing of 4.134 A, OP compressive strain —1.03%) peaks
can be identified. Compared to the unreleased film, after
being freestanding, the peak of NiO phase shifts slightly
to the left, whereas almost no peak shift was observed for
the LSMO phase. The reason is that after being released
from the substrate, the strain between the film and sub-
strate disappears. However, the vertical strain between
the LSMO phase and NiO phase maintains. Furthermore,
as LSMO exhibits a larger elastic modulus (562 GPa) [35]
than that of NiO (~185GPa) [36], no peak shift was
observed for LSMO, whereas the NiO peak shifted a little.

To investigate the microstructure of the LSMO:NiO
film, a transmission electron microscopy (TEM) study
was conducted, as shown in Figure 2. Figure 2(a) is
a low-mag scanning transmission electron microscopy
(STEM) image with its corresponding energy-dispersive
X-ray spectroscopy (EDS) mapping in Figure 2(b). The
thickness of the LSMO:NiO layer can be estimated to
be ~85nm. Some pores were observed in the SAO
layer, which is because it was partially dissolved dur-
ing TEM sample preparation. Furthermore, the LSMO
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Figure 1. (a) Standard 6 —26 XRD scans of the as-deposited film (upper panel) and freestanding nanocomposite film (lower panel);
(b) the ¢ scans of LSMO (111), NiO (111), SAO (444) and STO (111) peaks.

and NiO nanodomains are vertically aligned on the sub-
strate. Figure 2(c-d) is the plan view STEM image with its
corresponding EDS mapping, a nanomaze-like structure
has been observed with distinct separation of the LSMO
and NiO phase, which is unlike the vertically aligned
nanopillar-in-matrix structure of LSMO:NiO on other
substrates [31,34]. The nanomaze-like structure has also
been obtained in some other VAN systems [37,38], which
results from the lattice matching between the phases in
the nanocomposite film and the substrate. The growth
mechanism could also be related to the similar surface
energy of LSMO, NiO and SAO, which leads to the nucle-
ation and layered growth for both LSMO and NiO phases
on SAO. Therefore, both LSMO and NiO nucleate ran-
domly on the SAO surface and form the self-assembled
nanomaze-like structure. The exact mechanism is still
under further investigation.

Then, the freestanding LSMO:NiO film was trans-
ferred onto flexible PMMA to investigate its EB effect.
We selected the flexible substrate for the exploration
because of its potential application in portable or wear-
able devices. Such devices require high material stabil-
ity and robustness under bending conditions; There-
fore, the samples have been attached to a curved plas-
tic mode for the magnetic property measurements, as
shown in Figure 3(a) for both convex and concave con-
ditions. Both OP (perpendicular to film surface) and IP
(parallel to film surface) magnetic field (—8000 Oe to
8000 Oe) has been applied to compare its horizontal and
perpendicular EB effect. When OP magnetic field has
been used, the M-H curves (measured at 10K) of the

freestanding nanocomposite film under bending (con-
vex or concave) conditions after one or hundred times
of bending are presented in Figure 3(b,c) which shows
the local regime to identify the difference between H
and H_. All the M-H curves sustain a left shift, which
indicates that the EB effect occurs by the ferromag-
netic (FM)-antiferromagnetic (AFM) interface coupling.
More importantly, the EB field (Hgg = |[H4+ +H_|/2,
H. and H_ represent the magnitude of forward and
reverse coercivity) maintains almost the same under
bending conditions, which suggests the excellent robust-
ness of such freestanding nanocomposite film even after
100 times of bending. The magnetization as a function of
temperature (M-T) under both zero-field cooling (ZFC)
and 1000 Oe field cooling (FC) has also been demon-
strated to further explore the magnetic performance, as
shown in Figure 3(d). From the results, the Curie tem-
perature (T) could be determined to be «~325K, which
is lower than the T. of pure LSMO of «~369K [15,39].
Such T. compression could be attributed to the lower
degree of magnetic ordering in the composite film [40],
as well as the distortion of MnOg octahedra caused by
the lattice-mismatched strain of the vertical LSMO-NiO
interface [41]. Another noticeable feature is the bifur-
cation between the FC and ZFC curves starts at «~80 K
(refers to the irreversible temperature Tj;), which is an
indication of magnetic disorder under such temperature
and possible spin-glass states, spin clusters, or superpara-
magnets appear in the film. Furthermore, the maximum
M value exists at the temperature of ~70 K in the ZFC
M-T curve refers to the blocking temperature (Tg) of
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Figure 2. Low-mag scanning transmission electron microscopy (STEM) images in (a) cross-sectional and (c) plan view with their cor-
responding energy-dispersive X-ray spectroscopy (EDS) mapping in (b) cross-sectional and (d) plan view of the LSMO:NiO/SAO/STO

sample.

NiO nanocrystals, which is lower than Tj;;. Future work
on detailed magnetic property measurements and analy-
sis could be conducted to further elucidate the magnetic
behavior of the nanophases.

While IP magnetic field has been applied, M-H
curve (measured at 10 K) with apparently different shape
(Figure 4(a)) is observed compared with the above OP
field situation, owing to the anisotropic nature of the
nanocomposite film, which results in anisotropic mag-
netic response. Meanwhile, an obvious M-H loop shift
(shown in Figure 4(b)) is also achieved under IP field with
different Hgp values compared with Hgp (OP), which
will be discussed in the later section. The IP M-T curves
(Figure 4(c)) present similar results compared with the
OP M-T curves, except with a slightly lower Tj; of
60 K.

Based on the aforementioned results, the OP and
IP Hgg and Hc (Hc = [Hy — H_|/2) values of the

LSMO:NiO nanocomposite film with or without bending
have been calculated and compared in Figure 5(a).
The OP and IP Hgg and H¢ values can be deter-
mined to be Hgg (OP)~ 260 Oe, Hgg (IP)~200 Oe,
Hc (OP)~ 1500 Qe, Hc (IP)~ 600 Oe. Such Hgg val-
ues are close to the LSMO:NiO film on Si*! and larger
than the LSMO:NiO film on STO.** The rough inter-
face of the films in this study and on Si gives rise to
increased uncompensated AFM net spins and accord-
ingly increased Hgp values compared to the flat interface
of the film on STO, which is similar to the same effect
that occurs in EB multilayer thin films [42,43]. No obvi-
ous difference in Hgg and H¢ values has been observed
after bending the film even 100 times, which further
reveals the reliability and robustness of the freestanding
nanocomposite thin film. In addition, Hgp and Hc values
are larger when applying the OP magnetic field, demon-
strating the perpendicular magnetic anisotropy of the
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LSMO:NiO film with or without bending conditions under OP field; the solid lines are in FC condition and the dotted lines are in ZFC
condition.
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Figure 4. M-H (measured at 10 K) of (a) the complete hysteresis loops and (b) local regime to show the difference between H, and H_;
(b) M-T curves of the freestanding LSMO:NiO film with or without bending conditions under IP field, the solid lines are in FC condition
and the dotted lines are in ZFC condition.

nanocomposite film. As illustrated in Figure 5(b), the OP
component of NiO AFM spin is larger than its IP com-
ponent, which means stronger FM-AFM pinning could
be generated when applying OP magnetic field. Overall,
the transferable freestanding LSMO:NiO nanocomposite
thin film presents a perpendicular EB effect and its phys-
ical property is reliable under bending conditions, which
suggests that such transfer process is gentle on the films

and could be employed for various nanocomposite thin
films for flexible device applications.

The advantages of the SAO buffer processed freestand-
ing VAN films are as follows: (1) high-quality epitaxial
VAN growth can be established using SAO buffer, and
the film quality can be maintained under water dissolu-
tion and transfer process; (2) selection of the substrates
for future VAN integration can be expanded significantly
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Figure 5. (a) The Hgg and Hc values with or without bending conditions; (b) schematic illustration to show the magnetic spin

construction at the LSMO/NiO interface.

beyond the conventional oxides. For example, glass sub-
strates, metallic substrates, textiles and others can all be
used for substrates for transferred VAN films; (3) more
fundamental study on the bending effects of VANs on
the physical properties can now be explored using these
freestanding VAN films, such as magnetic anisotropy
and optical tunability beyond what the previous rigid
(e.g. oxides) and semi-flexible substrates (e.g. mica) could
offer. Future work in the areas of other VAN systems,
especially the recently discovered metal-oxide [44-47]
and metal-nitride [25,48,49] VANSs, could open up a lot
of new nanoscale composite materials selections toward
optics and plasmonic devices.

Conclusion

LSMO:NiO nanocomposite thin film has been deposited
on water-soluble SAO-buffered STO substrate. Then,
freestanding LSMO:NiO film has been obtained by
dissolving the sacrificial SAO buffer in water. For
the initial demonstration, the freestanding nanocom-
posite was transferred onto a flexible polymer sub-
strate afterward. No obvious film quality degradation
has been observed after aggressive bending test. Mag-
netic measurements were applied on the transferred
LSMO:NiO film with or without bending the flexible
substrate. The results show that the Hgg and H¢ values
(under both OP and IP field) were maintained nearly
the same even after bending for 100 times (i.e. Hgp
(OP)~260 Oe, Hgp (IP) 22200 Oe, Hc (OP) ~ 1500 Oe,
Hc (IP) ~ 600 Oe), revealing the robustness of the free-
standing VAN film. Such LSMO:NiO freestanding film
also presents OP-preferred magnetic anisotropy owing
to the unique vertically aligned nanomaze-like struc-
ture. This first freestanding VAN film demonstration

opens up great opportunities for many other mul-
tifunctional VAN films integration on versatile sub-
strates and for a wide range of applications including
spintronics, magnetic data storage, optics, sensors and
beyond.

Methods
Target preparation and thin-film growth

SAO and LSMO:NiO nanocomposite targets were pre-
pared by conventional solid-state mixing and sintering
process. The targets were used to deposit LSMO:NiO
thin film on SAO-buffered STO (001) substrate using a
pulsed laser deposition method with a KrF excimer laser
(Lambda Physik, A = 248 nm). The base pressure was
below 1 x 107 Torr, during deposition, and the tem-
perature was raised to 700°C with 100 mTorr oxygen
inflowing; the laser frequency was controlled at 5 Hz and
the target-substrate distance was 4.5 cm. After deposi-
tion, the film was cooled in 200 Torr oxygen at a cooling
rate of 10°C/min.

Freestanding film transfer process

The deposited sample was inserted in DI water at room
temperature for 1 min to dissolve the SAO sacrificial layer
and then the freestanding nanocomposite thin film was
transferred onto a flexible PMMA substrate.

Microstructure and physical property
characterizations

The crystallinity and microstructure of the nanocom-
posite thin film were characterized by XRD (Panalytical
X’Pert X-ray diffractometer) and TEM (FEI Talos-200X)



with EDS. Temperature dependence of ZFC and FC mag-
netization, magnetic hysteresis loops for the transferred
freestanding film on a flexible substrate with or with-
out bending were measured by a SQUID magnetometer
(MPMS: Quantum Design).
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