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Chemical synthesis of complex oxide thin films
and freestanding membranes

Pol Salles, 2 ¥ Pamela Machado,} Pengmei Yu‘® and Mariona Coll 2 *

Oxides offer unique physical and chemical properties that inspire rapid advances in materials chemistry
to design and nanoengineer materials compositions and implement them in devices for a myriad of
applications. Chemical deposition methods are gaining attention as a versatile approach to develop
complex oxide thin films and nanostructures by properly selecting compatible chemical precursors and
designing an accurate cost-effective thermal treatment. Here, upon describing the basics of chemical
solution deposition (CSD) and atomic layer deposition (ALD), some examples of the growth of
chemically-deposited functional complex oxide films that can have applications in energy and
electronics are discussed. To go one step further, the suitability of these techniques is presented to
prepare freestanding complex oxides which can notably broaden their applications. Finally, perspectives
on the use of chemical methods to prepare future materials are given.

1 Transition metal complex oxides

Transition metal complex oxides are a rich family of compounds
presenting extraordinary physical phenomena ranging from super-
conductivity, multiferroicity, magnetism, catalytic activity to simul-
taneous optical transparency and conductivity."> They also offer
high stability with the possibility to work with low-toxic and
abundant elements holding great potential to outperform con-
ventional materials for many applications. Consequently, these
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complex oxides have raised enormous interest to be integrated
in next-generation electronic devices envisaging distinct and
novel properties that can deliver unprecedented performance
improvement.® Their crystalline structure, phase and orienta-
tion play an essential role in their properties and ultimately
define their functionality. A typical way to control the crystal-
linity of thin films and heterostructures is through the epitaxial
growth on single crystal oriented materials. The properties of
these crystalline oxide films are strongly dependent on the
presence of defects such as off-stoichiometry, structural distor-
tions, strain, and the formation of interfaces with precise
configuration® ® which in turn depend on the synthesis process
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of the complex oxides. Pulsed laser deposition (PLD),”® mole-
cular beam epitaxy (MBE)”'® and hybrid growth'" have demon-
strated the feasibility to prepare high quality complex oxide
crystalline films. When evaluating the suitability of an oxide
material it is important to consider cost-effective and sustain-
able processing techniques. Over the past decades, significant
progress has been made to enable the production of high
quality metal oxide thin films using chemical solution deposi-
tion, also named solution processing (CSD) and atomic layer
deposition (ALD). These emerging thin film growth techniques,
both inexpensive and potentially scalable, offer the possibility
to prepare epitaxial oxides and perform demanding composi-
tional tuning by identifying thermally and chemically compa-
tible metalorganic precursors.”*** The study of the thermal
decomposition of the precursors and the influence of the
processing parameters to the oxide conversion mechanism
have been essential to progress towards enlarging the library
of complex oxides prepared by chemical methods.”>"® Yet,
challenges remain on the synthesis level to accurately prepare
and nanoengineer many more complex oxides to meet the
demands of todays advanced materials. In this vein, the devel-
opment of strategies that allow detaching the complex oxide
from the growth substrate and freely manipulate them allowed
identifying exotic properties. This opened a new ground of
research including stacking heterostructures and superlattices
not achievable by simple epitaxial growth'””'® and extend them
to bendable, wearable and light-weight devices.'®*° Here, the
use of chemical deposition methodologies to fabricate these
materials can also offer new opportunities.

In this feature article the distinctive characteristics of CSD
and ALD are briefly introduced followed by the presentation of
some examples developed in our group of successful deposition
of complex oxide thin films on rigid substrates with increased
composition intricacy (BiFeOj;, Bi;_yLaFe; ,C0,0;, Lag75Cro25-
MnO;, Co,FeO, and Gd,Fe,O,). Finally the main challenges to
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prepare freestanding complex oxides by chemical methods
(CoFe,0, and La, ,Sr,3Mn0O;) are reviewed.

2 Chemical deposition methods:
solution processing and atomic layer
deposition

The growth of complex oxide thin films by CSD and ALD starts
from an appropriate selection of chemical precursors that,
upon its combination with compatible solvents in the case of
CSD or volatilized in the case of ALD, are deposited on a
substrate and subsequently converted to crystalline oxides after
being exposed to a thermal treatment. It is worth noting that
the use of chemical precursors allows to easily tune film
composition and stoichiometry.

For CSD, the chemical reactants are mixed in a stoichio-
metric ratio according to the final film composition. The
selection of the appropriate solvent (polarity, protic/aprotic. . .),
ligand chemistry (tether, length, bulky...) and the use of
complexing agents (amines, acetylacetone...) help design the
optimal solution formulation to ensure a homogeneous deposi-
tion (viscosity, surface tension) and controlled kinetics for
clean decomposition.>**?" The most commonly adopted
deposition methods are spin-coating, dip-coating, slot-die coat-
ing, ink-jet printing and spray pyrolysis. After deposition, film
drying and decomposition of the organic components occur at
low temperature. The processing temperature, atmosphere,
time, heating/cooling rates enable to control this decomposi-
tion and the conversion process by guiding the evolution of the
intermediate species, cation distribution, densification, for-
mation of defects, and ultimately the crystallization of the
oxide phase (see Fig. 1)."® When epitaxy is pursued the selection
of a lattice matched substrate, which sometimes can be chal-
lenging, is also a crucial step for the oxide synthesis.”?

Mariona Coll graduated in
Chemistry at the Universitat de
Barcelona and holds a PhD in

Materials Science from
Universitat Autonoma de
Barcelona. She was a

postdoctoral researcher at the
University of Maryland and
NIST (USA) for 3 years. At
present, she is a tenured
Scientist at ICMAB-CSIC, Spain.
Her current research interests
include the synthesis and
characterization of functional
oxide thin films and nanostructures with engineered properties
combining nanochemistry and cost effective deposition
methodologies, that can be used for energy and electronic
applications.

Mariona Coll

Chem. Commun., 2023, 59, 13820-13830 | 13821


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cc03030j

Open Access Article. Published on 03 November 2023. Downloaded on 4/6/2026 1:51:04 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

Solution chemistry De

R
- A

Wet film Gel film
[ o. : °
eo . "
®

position

?

spin-coating

Crystallization

"T‘T

Amorphous film

Crystallized film

Pyrolysis

'
Annealing

Fig.1 Sketch of the CSD process including the preparation of the
solution chemistry, deposition and crystallization. The latter involves the
conversion of the wet film to a crystalline film using thermal treatment.

The preparation of crystalline complex oxides by CSD usually
requires temperatures ranging between 400 °C and 900 °C.
Significant progress has been made on developing strategies to
decrease the processing temperature aiming for a more budget-
friendly approach and the possibility to work on temperature-
sensitive substrates. In this spirit, the use of photosensitive
ligands that can be decomposed using light instead of tem-
perature, the self-combustion method, plastic transfer techni-
ques or a selection of substrates with appropriate interface
energy bring higher versatility to the solution methodology
being compatible with traditional amorphous semiconductor
substrates and flexible electronics.**”>> Appropriate control of
the solution concentration, chemistry and deposition condi-
tions permit to modify the film thickness. For example, using
multideposition few millimeter thick single phase complex
oxide films can be obtained.?®>” On the other hand, by means
of ink-jet printing, micrometer-lateral size pitches of 1 mm
thick films can be prepared by a single deposition.*® Remark-
ably, the flexibility that solution processing offers in terms of
chemical formulation enables the preparation of more complex
systems such as nanocomposites. It was demonstrated that two
different functional oxides can be spontaneously crystallized
from a single metal organic solution delivering films with
enhanced performance compared to the individual parts.>
An attractive approach to gain further control of the nanocom-
posite oxide phases and sizes is to add pre-formed nano-
particles in the precursor solution.***! It is worth noting that
CSD also allows preparation of complex oxide nanostructures
by means of nanoporous polymeric templates®® and self-
assembled nanostructures based on strain engineering.*?

On the other hand, ALD is a chemical deposition method
with unrivaled uniformity and conformality due to its unique
self-limiting surface reaction mechanism. Its unprecedented
excellence includes atomic-scale control over the composition
and thickness, superior ability in tuning and engineering
interfaces, and potential compatibility with other production
steps thanks to its mild processing conditions.** In temporal
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Fig. 2 Sketch of an ALD process identifying the sequential pulse of the
precursors separated by purging steps and repeated in a cyclic manner.

ALD the gas-phase precursors are alternately pulsed in the
reaction chamber interleaved by purging steps under vacuum
conditions and at relatively low temperature (<300 °C), see
Fig. 2. The reaction kinetics in ALD depend on several para-
meters including the precursor chemistry, precursor size and
gas flow which will clearly determine the precursor sticking
possibility to specific substrate site, architecture and reactor
type (temporal vs. spatial), and therefore they will define the
deposition regime (diffusion or reaction). At the same time, the
deposition temperature will also influence the reaction mecha-
nism and growth rate which will ultimately determine the film
thickness.>® The ALD processing conditions favor the for-
mation of amorphous or polycrystalline films although the
chemistry of the precursor and the processing time can con-
tribute to obtain crystalline and even epitaxial films (using
appropriate substrate) at lower temperature. Otherwise, post
annealing at high temperature helps achieve a specific degree
of crystallinity. Beyond the preparation of thin films, the
precise control and high step coverage of ALD enables the
preparation of elaborate nanostructures either by area selective
deposition and atomic etching®**® or conformal coating of
nanostructured and porous templates.*"*> Additionally, dedi-
cated reactors such as roll-to-roll, batch and spatial ALD allow
to obtain large and homogeneous coatings.3*37:43:44
Unsurprisingly, oxide materials are one of the most studied
classes of materials synthesized by ALD.*>™*® Accurate control
of precursor pulses, sequence ratio and supercycles'®*”*° is
mandatory to fine tune the stoichiometry and minimize the
formation of secondary phases.’** Additionally, identifying
thermodynamically and chemically compatible precursors
under the same deposition conditions is not an easy task,
especially for multication oxides.>® To simplify this scenario,
there is a growing field on the use of single-source heterobi-
metallic precursors.>®*™® In these precursors, two or more metal
elements are included in the molecular structure, thus render-
ing them very appealing for the preparation of complex oxides
by ALD.” Another feature that contributes to process intricacy is
the fact that the film surface changes constantly with precursor
pulses making the system become a non-equilibrium state. During
the process, the surface morphology, chemistry and surface area
can be easily altered along with the material growth rate, which is
exclusively severe in the case of multication material synthesis
where sometimes the formation of binary oxides is preferred.
Therefore, when precursors with novel chemistries are evaluated
or two or more precursors of unknown reactivity are combined,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Comparison of benefits, challenges and aims of CSD and ALD as deposition techniques to prepare complex oxides

Benefits

Challenges and aims

CSD e Versatility of compositions by mixing stoichiometric amounts of
chemical precursors

e Epitaxy in thin films (>500 °C)

e Micrometer thick films demonstrated

e Versatility to prepare nanocomposites (size, distribution, crystallinity)

e Nanostructures by means of the use of polymer template or interfacial

strain
e Minimum initial investment (no vacuum)

ALD
in simple compositions
e Thin (<300 nm) and ultrathin films

e Conformal coating (3D and complex architectures, nanoparticles)

e Sharp interface
e Low T processing and epitaxy (<300 °C)

e Optimized precursor dose

they represent an imperative challenge for the researcher to
develop the deposition process and requires detailed study of
the precursor adsorption and surface reactions to obtain uniform
growth with controlled film stoichiometry.®>®" In view of all the
above information, cautious design and fine-tuning of the
chemical structures of novel precursors offer great opportunities
to synthesize and engineer simple and complex oxide systems.

As a summary, Table 1 lists the benefits and challenges of
ALD and CSD.

3 Complex oxides on rigid substrates

In this section we will present four different examples of
complex oxides prepared by chemical deposition methods on
rigid substrates developed in our group. The focus is on the
opportunities and intricacies of ALD and CSD to obtain high
quality epitaxial films with atomic control.

BiFeO; (BFO) has attracted great interest as a room tem-
perature multiferroic material.®” In the last ten years, it gained
attention for use in photovoltaic (PV) devices owing to its
relatively small band gap (2.7 eV) and the bulk photovoltaic
effect.®>®* The preparation of epitaxial BFO thin films has been
reported to be challenging. First, from a thermodynamic
standpoint the formation of Bi,sFeO39 and Bi,Fe,Oq secondary
phases are favorable over BiFeO;.°>®” Then, the different
evaporation tendency of Bi versus Fe makes the formation of
defects (i.e. oxygen vacancies) complicated to control.®®®°
Finally, the reaction kinetics, which depend on the synthetic
process (ALD, PLD, CSD) and purity of the precursors can also
promote the formation of specific defects and secondary
phases.®®”®7?> The mild deposition conditions of ALD could
prevent some of these issues. Few studies on the synthesis of
epitaxial BFO by ALD have been reported, mainly because of the
poor availability of compatible precursor chemistries.”>”*
In our group we have investigated the preparation of ALD-BFO

This journal is © The Royal Society of Chemistry 2023

e Precise control of the thickness and composition at an atomic level

e Achieve angstrom-scale roughness

e Improve control of defect density

e Homogeneity in large areas via slot-die coating, dip coating

e Decrease growth temperature through UV-light sensitive
precursors/self-combustion

e Develop new chemistries to broaden the material composition
range

e Improve stoichiometry control in complex compositions

e Develop new chemistries

o Extend area selective deposition/etching from binary to complex
oxides

e Improve deposition rate in thick and complex composition
films

e Batch and roll-to-roll, spatial ALD for large area and
homogeneous deposition

by alternate pulsing of commercially available and chemically
dissimilar bismuth tris(2,2,6,6-tetramethyl-3,5-heptadionate)
[Bi(thd);] and ferrocene [Fe(Cp),] combined with ozone at
250 °C on (001) SrTiO; (STO) single crystal substrates. To
ensure that the Bi: Fe 1:1 cation ratio was achieved minimizing
Bi volatilization, the ALD process ended with Fe-O cycles.”>”>
Nanocrystalline and weakly ferroelectric films were obtained in
the as-deposited stage that evolved into a (00/)-oriented film
showing robust ferroelectricity with an optical bandgap at
2.7 eV after annealing at 650 °C.”° Nonetheless, (110)-oriented
grains were also detected in the final film which are probably
formed because of the distinct precursor chemistry that leads
to non-optimal reactivity and thermal compatibility.”*”®

The use of solution processing to prepare BFO films is a
solid alternative in which epitaxial and polycrystalline films
have been successfully prepared showing suitable properties.®°
In addition, the metal precursor availability and compatibility
allow easy modification of the film stoichiometry and composi-
tion by atomic-scale precursor intermixing to fine tune the
physical properties. Our group performed a meticulous study
of the influence of cation substitution on BFO structure,
morphology, optical and photoferroelectric properties from a
metal-nitrate precursor solution deposited on (001) STO and
processed at 550-650 °C under O, atmosphere.®" Cobalt loads
<30% ensured the formation of pure phase and epitaxial
BiFe; ,Co0,0; (BFCO) films with band gap modulation from
2.7 to 2.4 eV with improved photovoltaic performance while
retaining the ferroelectric behavior. Larger cobalt concentra-
tions, which are interesting to further tune the physical proper-
ties of BFCO,* resulted in the segregation of cobalt oxide
phases. To improve the film quality and stability of these BFCO
films, rare earth co-substitution was assessed as it helps mini-
mizing bismuth volatilization and therefore the formation of
defects.®® Additions of 10% of lanthanum nitrate in BFCO
precursor solution ensured the formation of reproducible epi-
taxial and pure phase La-BFCO films preserving the optical

Chem. Commun., 2023, 59, 13820-13830 | 13823
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Fig. 3 Characterization of solution processed BFCO and La-doped BFCO thin films: (a) XRD 0-20 scans — comparison of BFO, BFCO and La-BFCO films
on STO; (b) Tauc plot extracted from ellipsometry measurements; (c) X-ray absorption spectroscopy measurements from Co L, 3 edge and O K edge;
(d) macroscopic ferroelectric loops measured at room temperature in a device configuration with Pt top contact and Lag 7Sro 3MnO3 bottom contact.

Reproduced from ref. 79 with permission from RSC, copyright 2021.

band gap and the ferroelectric properties.”® X-ray absorption
spectroscopy analysis supported by density functional theory
revealed that the hybridization between Co 3d and O 2p
determines the change in the optical bandgap being narrower
with the coexistence of Co®" and Co®" oxidation states. The
incorporation of La** did not affect the electronic structure or
the optical properties (see Fig. 3). Therefore, the study put
forward an attractive photoferroelectric material to be studied
for unconventional photovoltaics, photo-detectors and opto-
electronic devices.®*®°

Overall, the CSD route allowed us to easily synthesize a wide
variety of BFO chemical compositions and stoichiometries by
simple metal-nitrate intermixing of up to four different pre-
cursors to obtain high quality and pure phase functional
epitaxial films. On the other hand, the use of ALD to prepare
BFO films, while doable, needs further investigation to exploit
the superior capability of ALD to deliver uniform and confor-
mal films and nanostructures with nanometer scale control of
thickness and composition to facilitate the finest tuning of its
multiferroic and photovoltaic properties.

Another fascinating area of research in the field of perovs-
kite oxides is the search for non-toxic and element-abundant
compositions that display simultaneous optical transparency
and electrical conductivity to be used as transparent electrodes
(TCO). Despite the high potential of CSD to process and
engineer novel functional metal oxide materials with controlled
composition, the preparation of perovskite-TCOs by CSD is at
its infancy. There are few studies on n-type TCO films based on
M-doped BaSnO; (M = La, Pr, Nd, Sb)®”*® and also transparent
and metallic La-doped SrTiO; thin films.?* The development of
p-type TCO is intrinsically more challenging. The localized
nature of the O 2p orbitals at the top of the valence band
of most metal oxides hinders the incorporation of shallow
acceptors and large hole effective masses.’”*" La,_,Sr,CrO; is
a strong candidate with reasonably high transparency and p-
type conductivity.®® Therefore, motivated by this challenge, our
recent contribution to this field was the development of a
synthetic CSD procedure for p-type TCO Lag;55ry,5CrOs
(LSCO). We performed a thorough study on the influence of
the solution chemistry based on metal nitrates to ultimately
obtain epitaxial and reasonably smooth films on (001) STO

13824 | Chem. Commun., 2023, 59, 13820-13830

and (001) LaAlO; (LAO) substrates.”® The optimal formulation
appeared to be nitrate precursors in 2-methoxyethanol, acetic
acid and diethanolamine, processed in air which results in
dense, epitaxial and slightly strained films. These LSCO films
display 67% optical transparency in the visible spectrum being as
good as those reported for some of the most promising state of the
art TCOs.”»® The values of the electrical resistivity are roughly
higher than those expected based on the film chemical doping and
strain state and it is attributed to the presence of structural defects.
Monochromated electron energy loss analysis allowed us to
uniquely identify the formation of Cr** and a change in the
hybridized orbitals Cr 3d-O 2p from the top of the valence band
upon Sr-doping, which would be accountable for p-type conduc-
tivity. We envisage that this work will encourage new researchers to
continue investigating the unprecedented class of p-type TCOs
based on perovskites, and keep improving their physical properties
to be ultimately integrated in the next generation transparent
electronic, spintronic and energy storage and conversion devices.

Switching to spinel structure, CoFe,O, (CFO) has stimulated
considerable interest for its remarkable magnetic and electro-
chemical properties.”®®” The cation distribution dramatically
affects the properties and the deposition procedure has a key
role in it.°® The Co-rich ferrite phase is less investigated than
the Fe-rich counterpart although it is predicted to show attrac-
tive magnetic, magneto-optic properties and photoelectrolysis
activity.”>'% In our group we evaluated the epitaxial stabili-
zation at low temperature of the Co-rich ferrite by means of
ALD.®™" Alternate pulsing of cobaltocene [Co(Cp),] and
[Fe(Cp),] combined with ozone as the co-reactant at 250 °C
delivered a series of epitaxial Co,FeO, films from 5 to 25 nm
thickness on both (001) and (110) oriented STO substrates.>
High coercive fields, 15 kOe, and high saturation magnetiza-
tion, 3.3 pp per formula unit, at 10 K were obtained for
10-25 nm films. Thinner films showed smaller saturation
magnetization and a decrease in the coercive field because of
the formation of antiphase boundaries.'**> Note that conformal
coatings of Co,FeO, on nanoporous structures can be easily
achieved by ALD relying on the self-limiting surface reaction of
the technique.'®* Overall, this study demonstrated that ALD is a
suitable technique to stabilize by epitaxial growth complex
oxide phases at low temperature by appropriate selection of

This journal is © The Royal Society of Chemistry 2023
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the precursor chemistry and lattice matched substrate. Soon
after, other reports on the stabilization of metastable phases at
low temperature of polycrystalline’®* and epitaxial®* functional
oxides were demonstrated by ALD.

Rare earth ferrite films, e.g. orthoferrite GdFeO; and garnet
Gd;Fes04,, possess intriguing magnetic and magneto-optical
properties'®>'°® that can open new directions in the field of
spintronics and magnonics.'” """ The synthetic challenge for
the Gd,Fe,O, systems is to obtain pure-phase films to subse-
quently study the potential functional properties arising from
the thin film itself and their interfaces.>''> Fabrication of
Gd,Fe, O, films by ALD remained unexplored. We attempted
to prepare Gd,Fe,O, systems using an ALD-type approach by
first combining monometallic Gd and Fe precursors alternating
Gd-O and Fe-O subcycles, see Fig. 4(a)."*® For that, tailor-made
(tris(V,N'-diisopropyl-2-dimethylamido-guanidinato)gadolinium(r),
[GA(DPDMG);]'™* and bis(N-isopropyl ketoiminate)iron(u),
[Fe(pki),])'*® were employed, together with ozone as a co-
reactant to be deposited on both Si substrate and (001) STO
substrates at 160-250 °C. The obtained films were compared
with those deposited from commercial [Fe(Cp),] and tailor-made
[GA(DPDMG);]. All obtained films were found with negligible
amounts of organic species unveiled from Rutherford backscat-
tering spectrometry. Interestingly, the tailor-made metalorganic
precursors, designed to provide similar thermal behavior,
resulted in the formation of polycrystalline Gd;FesO;, films
coexisting with GdFeO3, Gd,O; and Fe,O; whereas the combination
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Fig. 4 Synthesis of Gd,Fe O, films: (a) combining monometallic Gd and
Fe precursors via supercycles; (b) using a heterobimetallic single source
precursor enabled epitaxial GdFeOz growth on SrTiOsz. Reproduced from
ref. 113 and 116 with permission from RSC, copyright 2021 and Elsevier,
copyright 2020.

This journal is © The Royal Society of Chemistry 2023

View Article Online

ChemComm

of [Fe(Cp),] and [Gd(DPDMG);] mainly favored the formation of
Gd;Fes0;, films coexisting with traces of Gd,O;. The results further
emphasize the influence of the metal-organic precursor composi-
tion to the final complex oxide film composition. An attractive
approach to circumvent the complexity of searching for thermally
compatible precursors is the use of heterobimetallic sources in
which the cations of the targeted oxide are present in the starting
metalorganic complex with the desired stoichiometry. Intrinsic
advantages of bimetallic compounds include simplified precursor
delivery, lowered deposition temperatures, retained stoichiometry
and pre-defined chemical compatibility between the target film and
the precursor.>>**'"” For this, we showcased the epitaxial growth of
GdFeO; films on (001) STO substrates by ALD using a volatile
heterobimetallic Gd-Fe precursor [GdFe(OtBu)s(CsHsN),] contain-
ing Gd:Fe in the required stoichiometric ratio, with ozone as the
coreactant at 200 °C followed by post-treatment at 800 °C, see
Fig. 4(b).""® X-ray photoelectron spectroscopy confirmed close to
nominal cation ratio (Fe:Gd = 0.9) with no N contamination,
indicating successful cation transfer from the precursor and
complete combustion of the ligands. Therefore, the combination
of compatible chemistries with appropriate substrate interface
energy helped promote epitaxial growth of stoichiometric films.

4 Complex oxide freestanding
membranes

The possibility of fabricating freestanding single crystal complex
oxides has stimulated new research in synthetic procedures,
investigating fundamental physics and envisaging a broader spec-
trum of applications for these materials."”***'® The use of a sacri-
ficial layer to obtain high-quality freestanding epitaxial complex
oxide films is emerging as one of the most reliable fabrication
methods. It consists in preparing an epitaxial sacrificial layer that
induces the epitaxial growth of the complex oxide of interest and
then be selectively etched to release the freestanding film. This
process is quite challenging and involves identifying compatible
materials in terms of structure, lattice mismatch and chemical
reactivity, see Fig. 5. Several sacrificial layer compositions have
been developed for the release of epitaxial complex oxide films.

3. Oxide
membrane

Mechanical properties
(crack and wrinkles free)

2.
Functional
Oxide

Epitaxy, strain
Interdiffusion / Sharp interface
Thickness, Functionality

'S
Interaction/adhesion with substrates
(flexible & rigid) !

L 1

Sacrificial
Layer

"\8"" P
o

Structure, Functionality
Epitaxy, Smooth

Stability
Selective etching

Fig. 5 Schematic of the challenges identified in each step of the pre-
paration of a freestanding membrane from a sacrificial layer.
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Metal nitrate route: (c)
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Metal nitrate

Spin-coating

Fig. 6 Overview of the process to prepare epitaxial SAO films from solution processing. (a) Precursor choice, (b) deposition and annealing,
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Some examples of sacrificial layers are La, ,Sto sMnO; (LSMO),"** 2!

SrRu03,'?? YBa,Cu;05,"* and Srv0;'** which have been used to
release films with perovskite structures. Alternative structures
such as brownmillerite SrCo0, 5'** or metal oxides with a rock
salt structure including MgO'*® and BaO'* have also demon-
strated to fulfil the requirements to be used as a sacrificial layer
for the release of epitaxial complex oxides of perovskites and
spinels. The family of Sr;_,M,Al,0 (M = Ba, Ca) has been the
most studied and largely used sacrificial layer for the preparation
of many different freestanding epitaxial complex oxides, which
can be selectively etched with water. Despite its apparent struc-
tural complexity, Sr;Al,0¢ (SAO) shares a compatible lattice
parameter with common perovskite oxides such as STO, a typical
substrate used for the epitaxial growth of many functional
perovskite oxide thin films. The SAO unit cell closely matches
4 unit cells of STO (asao/4 = 3.961 A; agro = 3.905 A), with a
mismatch of only 1%. Thanks to the resemblance in structure,
single-phase epitaxially oriented SAO can be grown on STO.'?
The most typical perovskite oxide membranes prepared from
SAO have been BaTiOs;,'*° BiFeO,;,''%'%° LSMO,'*® STO,3":132
and SrRuO;."** Nevertheless, the SAO sacrificial layer has also
been proved useful to obtain other epitaxial oxide structures
including spinels,"***** Fe;0,,"*® anatase TiO,,"*” amorphous
and polycrystalline oxides'*® and more complex designs such as
heterostructures, superlattices’®""*° and vertically aligned
nanostructures."*®'*" Notoriously, the fabrication of freestand-
ing complex oxides has been mainly limited to the use of high-
vacuum techniques such as PLD, MBE and sputtering. In order
to provide a less-restrictive and more cost-efficient fabrication
approach it is interesting to investigate how far can we go with
chemical deposition approaches. In our group we investigated
the use of CSD to prepare a water soluble SAO sacrificial layer by
studying the viability of two different chemical formulations:
metal nitrates versus metal-organics. A thorough study of the
influence of precursor chemistry on gel decomposition and film
quality allowed us to identify the metal nitrate precursor route as
a robust approach to obtain epitaxial, dense and smooth SAO
films (see Fig. 6)."*> Nonetheless, the ambient-exposure of the
SAO sacrificial layer before depositing the complex oxide con-
verts the top part of the epitaxial SAO film to amorphous.'*?

13826 | Chem. Commun., 2023, 59, 13820-13830

Hence, subsequent ALD deposition of complex oxides such as
CoFe,0,4 (CFO) on this ambient-exposed CSD-SAO resulted in
polycrystalline films.'** From here, polycrystalline membranes
can be obtained and they retain the characteristics of the film
shown before the lift-off. For example, CFO membranes sup-
ported on a polymer are polycrystalline with a smooth surface
(rms = 1 nm), and display similar saturation magnetization
before and after the exfoliation, My = 150 emu cm ™ with
coercivities of H. = 0.7 kOe, Fig. 7. The obtained values of M,
are in line with those reported on epitaxial CFO membranes
prepared from different approaches.**'**7'*¢ Attaching the
membrane to kapton tape permits it to perform studies of the
membrane held at different outward bending radii.'*?

This extreme SAO sensitivity to ambient humidity is a strong
limitation for easy manipulation of the sacrificial layer in air
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Fig. 7 ALD-CFO membranes on PET substrate (a) XRD 6-260 scan and
(b) M(H) measurements at room temperature comparing CFO//STO,
CFO/SAQ//STO and CFO//PET. Reproduced from ref. 143 with permission
from ACS, copyright 2022.
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and restricted the deposition of epitaxial oxides to in situ
approaches. Vacuum thermal annealing under an oxygen atmo-
sphere can successfully recrystallize the SAO surface'** and
obtain epitaxial complex membranes,'*” but a more robust
sacrificial layer would facilitate exploiting its full potential.
Considering that the SAO fast hydrolysis is mostly determined
by the ionicity of the Sr-O bond, performing cation nanoengi-
neering in solution processed SAO, ie. substituting Sr** by
Ca™, can improve its ambient stability and also allow tuning
the SAO lattice parameter from a/4 = 3.96 A for Sr;AlL, 06 to a/4 =
3.81 A for CazAl,04.148

Building on the versatility of CSD to perform cation engi-
neering, we carried out a pioneering study of the influence of
Ca-substitution on solution processed SAO (Sr;_,Ca,Al,Og,
SCAO with x < 3) identifying an improvement in surface film
crystallinity while preserving a smooth surface morphology.
Notoriously, the SCAO films are more resistant to ambient
degradation. For example, SrCa,Al,0Os films exposed to air
and sealed in bags under vacuum for two weeks preserved the
surface crystallinity and smooth morphology. Therefore, the
Ca-substitution favors the manipulation of the SAO sacrificial
layer under less-restricted ambient conditions.™*”

Epitaxial LSMO films have been achieved on vacuum
annealed SCAO sacrificial layers followed by the in situ deposi-
tion using PLD. We have observed that the quality of the SCAO,
i.e. crystallinity and surface morphology (dictated by the Ca
substitution) influences the properties of the LSMO grown on
top."*” The SCAO films with large Ca loads produces strained
and biaxially textured LSMO films that upon lift-off result in a
relaxed membrane with cracks and wrinkles. The electrical
transport properties of the LSMO grown on SCAO are better
than those of LSMO grown on pristine SAO and it is mostly
attributed to the reduced cation interdiffusion between LSMO
and SCAO. Finally, epitaxial and strain-free LSMO membranes
exfoliated from SCAO and transferred on silicon or glass
substrates show a metal-insulator transition at 290 K. Therefore,
we demonstrate that CSD offers a facile route to deliver a series of
sacrificial layer compositions by appropriate intermixing of
chemical precursors and can deliver different complex oxides
membranes including CFO, LSMO, and can be extended to many
more opening new venues to study the behavior of these free-
standing oxides.'*”"149713!

5 Conclusions

Cost-effective chemical deposition approaches are based on the
appropriate combination of chemical precursors, and low or
non-vacuum procedures allow easy tuning of the chemical
composition of the films to tailor the film crystallinity, stability
and physical properties. The richness of CSD relies on the easy
combination of chemical precursors in a solution at ambient
pressure to perform compositional engineering with high accu-
racy. Upon a well-controlled thermal treatment, epitaxial oxides
with suitable properties were obtained. Pivoting on this versa-
tility, cation-engineered and epitaxial BFCO, LSCO and SCAO
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View Article Online

ChemComm

compositions have been successfully prepared with remarkable
structural and physical properties. This approach motivates to
continue pursuing the development of new compositions to
search for novel phenomena in oxides. The use of ALD has
great potential to prepare epitaxial complex oxides at low
temperature and perform conformal coatings as demonstrated
for CFO films. The design of thermodynamically compatible
precursors, monometallic and heterobimetallic, can broaden
the range of feasible complex oxides prepared by ALD. Here we
presented the case example of Gd,Fe,O,. Both techniques are
envisaged to have a relevant role in the synthesis process of
complex oxide membranes. Whereas CSD offers an easy way to
prepare and tune complex oxide compositions, the precise
thickness control in ALD down to the nanometer level will
enable the synthesis and study of few monolayer thick complex
oxide flexible membranes and manipulate their properties by
means of strain.'®'%13%132713% A Jot remains to be understood
at the interface of complex oxides and the mechanical proper-
ties of the membranes. By the same token, it is foreseen that
these chemical routes will contribute and speed up the design
of artificial (and sharp) interface structures, stacking and
twisting dissimilar materials, with almost atomic perfection.
They can open new directions for high-performance oxide
electronic and energy devices.
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