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The obtaining of BiFeOs in the form of a thin film represents a critical issue for its application
in electronic devices since this is the required geometry for the integration of this material in
microelectronic circuits. There are several techniques for this purpose, from those that use
a gas or plasma phase to transport the precursors to the substrate, which would be included
within the PVD or CVD techniques (for its acronym Physical Vapor Deposition and Chem-
ical Vapor Deposition) to those that use a phase liquid for this transport, which would be
included under the CSD (Chemical Vapor Deposition) techniques. However, among the large
number of published papers, there is much controversy about which of them would be most
suitable. It has been clearly demonstrated that all of them have the sufficient capacity to
produce uniform and homogeneous thin films in thickness throughout the entire substrate,
and although in many articles pure BiFeOs films have been obtained with an exploitable
functional response, others have reported the typical drawbacks that usually entails the
obtaining this material: appearance of secondary phases, high leakages or a poor functional
response. Nevertheless, there is a common aspect in the specialized literature that seems
to be in agreement: the first group of techniques require very sophisticated equipment that
involves high energy consumption in terms of temperature and pressure (vaccum), while
the techniques that are based on solutions are characterized by their higher simplicity. In
this context, the purpose of the present review is to summarize the main aspects of each
technique in the obtaining of BiFeOs thin films, from those that are more sophisticated to the
simplest and environmentally benevolent ones, in order to provide an easier understanding

of them.
© 2021 SECV. Published by Elsevier Espania, S.L.U. This is an open access article under the
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Procesamiento de laminas delgadas multiferroicas basadas en BiFeOs: de
la sofisticacién a la simplicidad. Una revision

RESUMEN

La obtencién de BiFeO3 en forma de ldmina delgada representa una cuestién critica para su
aplicacién en dispositivos electrénicos ya que es la geometria requerida para la integracién
de este material en circuitos microelectrénicos. Existen varias técnicas para este fin, desde
las que utilizan una fase gaseosa o plasmatica para transportar los precursores al sustrato,
que se englobarian dentro de las técnicas PVD o CVD (por sus siglas en inglés de Physical
Vapor Deposition y Chemical Vapor Deposition) hasta las que utilizan una fase liquida para
este transporte, que se englobarian dentro de las técnicas CSD (Chemical Vapor Deposition).
Sin embargo, entre el gran numero de trabajos publicados, hay mucha controversia sobre
cudl de ellas seria la mas adecuada. Se ha demostrado claramente que todas ellas tienen
la capacidad suficiente para producir peliculas delgadas uniformes y homogéneas en
espesor a lo largo de todo el sustrato, y aunque en muchos articulos se han obtenido
peliculas puras de BiFeOs; con una respuesta funcional aprovechable, otros han reportado
los tipicos inconvenientes que suele conllevar la obtencién de este material: aparicién de
fases secundarias, corrientes de fuga altas o una pobre respuesta funcional. Sin embargo,
hay un aspecto comun en la literatura especializada que parece coincidir: el primer grupo
de técnicas requiere de equipos muy sofisticados que implican un consumo energético
alto en términos de temperatura y presioén (vacio), mientras que las técnicas que se basan
en disoluciones se caracterizan por su mayor simplicidad. En este contexto, el propdsito
de la presente revision es resumir los principales aspectos de cada técnica en la obtencién
de peliculas delgadas de BiFeOs, desde las mas sofisticadas hasta las mas sencillas y

respetuosas con el medio ambiente, con el fin de facilitar su comprensién.
© 2021 SECV. Publicado por Elsevier Espaiia, S.L.U. Este es un articulo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).

BiFeO; as a single-phase multiferroic material

It is well known that BiFeOs; single-phase ceramics have
been one of the most investigated materials due to their
promising multiferroic properties that could be exploited
at room temperature. However, several drawbacks associ-
ated to the obtaining of an (almost) pure material with a
practical response make it difficult to achieve. Specifically,
three main drawbacks should be taken into account. The
first one would be related to its metastability, since it has
been proposed that the BiFeO3 perovskite phase is metastable
with regards to the co-existent Bi;FesOg9 mullite-type sec-
ondary phase and BijysFeOsg silenite-type secondary phase
[1-3]. The second drawback would be associated to the exis-
tence of a spin canting in the BiFeO3 structure which results
in a weak magnetic moment in its unit cell according with
Dzyaloshinskii-Moriya interaction. Moreover, this net mag-
netic moment exhibits a long-range superstructure consisting
on a spin cycloid with a 64-nm wavelength that is incommen-
surable with the crystallographic structure [4-6]. The result is
that, for single-crystals with size fairly larger than the spin
cycloid, the net magnetization is zero, which at first, pre-
vents a magnetoelectric effect. The third drawback would
be ascribed with a poor electric response, including a low
remanent polarization, high coercive field, low permittivity
(dielectric constant) or low piezoelectric coefficients [7-11].
Nevertheless, it is the high leakages current that it usually
exhibits the most remarkable problem, since it represents

a serious impediment to its explotation in possible prac-
tical applications [7,8,12]. This high conductivity makes its
polarization impossible and therefore prevents their use as
a ferroelectric material. The cycles commonly described in
the literature for BiFeOs; materials, although apparently they
can show a high remanent polarization, have a rounded shape
[13-16], which is characteristic of materials with high electri-
cal conductivity and therefore provide very little information
on the ferroelectric contribution. However, several satisfactory
results have been obtained (in terms of blocking the growth of
secondary phases and reaching a profitable practical response)
for bulk BiFeO3; samples upon doping strategies ruled by a
temperature-dependent kinetic mechanism, leading to a very
narrow stability window in terms of processing temperature
and time [17,18]. Despite the high interest in bulk samples of
this material, which has been verified in the numerous arti-
cles published over so many years, the past recent years have
redirected efforts to a thin film configuration, since certainly,
from the point of view of applications, the utilization of film-
based arrangements can be more realistic when it comes to
miniaturization and integration into microelectronic circuits
for data storage, sensors, spintronics, or visible-light photo-
voltaic devices [19-24].

Multiferroic BiFeO3 thin films

The interest in the obtaining of BiFeOs thin films has trig-
gered stimulating research during the past decade, which has
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involved several range of BiFeO3 doped compositions and what
is even more arduous, the assessment of new methodologies
of diverse complexity [25-30]. Certainly, as mentioned above,
from the point of view of applications, the utilization of film-
based arrangements can be more realistic when it comes to
miniaturization and integration into microelectronic circuits
for data storage, sensors, spintronics, or visible-light photo-
voltaic devices [19-21]. One has to go back to 1986 to find
the first article published in which a BiFeOs thin film has
been obtained [31]. It was fabricated by RF sputtering, which
is based on the transportation of a BiFeOs vapor phase from
the target to the substrate, and its corresponding electrical
and magnetic response is discussed. It was not until 1991
when we can find another article dealing with the obtain-
ing of a BiFeOs thin film, and actually, only four articles were
published during the nineties [32-35], in which BiFeO3 thin
films were obtained with similar techniques to sputtering such
as Pulsed Laser Deposition. It is in the first decade of the
2000s when a general interest in obtaining BiFeOs3 thin films
started to increase exponentially, and it will be growing up to
date. One of the main reason for this interest lies in the fact
that most of those mentioned drawbacks exhibited by bulk
BiFeOs, like its metastibility with regards to the co-existent
BisFesOg and BipsFeOsg secondary phases [2,3,36], its demon-
strated high leakage currents leading to a deprived electrical
behaviour [8-10,15,16] and even a (sometimes) unsatisfactory
magnetic performance due to the exhibited espiral magnetic
ordering [4-6]|, may be solved upon producing the material
in the film geometry [8,37—40]. In a recent review by D. C.
Arnold [8], it is concluded that the low remanent polarization
exhibited by BiFeOs; bulk ceramics can be increased by sev-
eral orders of magnitude when it is processed as a thin film
sample; as the author methodically explains, calculations car-
ried out by LSDA (Local-Spin Density Approximation) predict
that BiFeOs can reach remanent polarization values between
90 and 100 wC/cm?, but, experimentally, values in this range
are only achieved when the material has been produced as
a thin film. However, there are many authors who contradict
this statement, or at least they question whether the improve-
ment of the properties is specifically due to the thin film
configuration itself, and a serious controversy can be found
among the large number of papers published on the subject.
[8]. For example, in 2003 Wang et al. [37] published an article in
which they claimed to improve the saturation magnetization
and the remanent polarization values of BiFeOs films by an
order of magnitude, attributing this improvement to the stress
that is generated by the lack of physical coupling between the
thin film and the substrate (“misfit strain”). On the contrary,
Eerenstein et al. [41], suggested that the improvement in the
multiferroic response of the material and particularly of its
magnetic behaviour is not due to the thin film-substrate inter-
action, but to the presence of Fe?* ions. In response to this
comment, Wang and co-workers admitted the existence of
these cations in the thin films [42], but they further suggested
the possibility of a gradual increase in the angle of the edged
spins with the reduction of the thickness of the thin film and,
therefore, with the stress produced in the interaction with the
substrate. Years later, in 2005, Bai et al. [38] published results in
which they observed how the epitaxial restriction is capable of
breaking the spin cycloid, leading to high magnetization with

very small fields, and later, in 2009, Ryu et al. [39] endorsed
the theory of Wang et al. [37] when observing how the satura-
tion magnetization increased remarkably with the reduction
of the thickness of the thin film and therefore with the “misfit
strain”. More recently, authors such as Tang et al. [40] confirm
again that with increasing thickness of the thin film, magneti-
zation decreases, which would be in line with previous studies,
although they also observed how dielectric properties, ferro-
electric response and leakages improve with this increase in
thickness. As far as the electrical response of the BiFeOs thin
films is concerned, saturated ferroelectric cycles are found
in many published works [37,43,44] although on many occa-
sions it has been observed how these are not very reproducible
results, with a high disparity in the values of remaining
polarization perhaps due to stress-stabilized structural mod-
ifications [37]. Furthermore, electrical conductivity problems
are often also observed when working with BiFeOs thin films
[41,45-48]. Some authors attribute the origin of this high con-
ductivity to the presence of secondary phases such as BiyOs,
BigsFeOsg or y-Fey03 [46,47], while other authors assure that
it is due to the defects structure, specifically the presence of
oxygen vacancies and/or iron ions in +2 oxidation state [41,45].

According to what it has just been described here, the
functional response seems to be dependent on the thick-
ness with which the BiFeOs films are fabricated, although
finding the optimal thickness is still a source of discussion
in the literature [40]. But in addition, other considerations
must be taken into account when working on thin films, like
the rapid volatilization of Bi**, for example. This situation,
which is not uncommon in bulk samples [49], can lead to
a higher concentration of oxygen vacancies and eventually
result in an increased conductivity [50], so it can become par-
ticularly challenging in the film geometry due to the implicit
high surface-to-volume ratio. In line with this issue, Pavlovic
et al. [51] have observed that the film thickness can strongly
affect the stabilization of the BiFeOs; perovskite phase, giv-
ing rise to a high amount of secondary phases if the film is
too thin. These authors work on obtaining BiFeOs thin films
by a solution method followed by a spin-coating deposition
and they affirm that the presence of the BipFe4Og9 mullite-type
phase is increased when dealing with films of very low thick-
ness; the explanation they propose is the aforementioned high
surface-volume ratio: the large exposed surface area implies
that the bismuth oxide, which has high vapor pressure, can
easily evaporate during heat treatment. Consequently, there
would be a loss in stoichiometry (Bi deficiency) and this would
induce the formation of the iron-rich phase (the one with a
mullite-type structure). This can be a serious limitation for the
use of these multiferroic compositions in the field of micro-
electronic circuitry, where film thicknesses in between a few
hundred nanometres and fractions of nanometres are typi-
cally demanded; moreover, the impediment would come not
only from the presence of the iron-rich secondary phase, but
from strong interactions with the substrate: as reported also
by Wang et al., the crystal structure of BiFeO3 can change from
rhombohedral to orthorhombic in epitaxial thin films [37],
with the corresponding modification in the functional prop-
erties. This actually makes the substrate selection a critical
parameter in obtaining BiFeOs in the form of thin films, since
that interaction can also cause preferential orientation, stress
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or texturing. A widely used substrate is that constituted by
Pt(111)/Ti/Si0,/Si [51,52] or Pt(100)/Ti/SiO5/Si [53], since they
can favour the epitaxial growth. For the same reason, the
use of substrates of Si(100) [54], SiO,(100) [55], SrTiOs(111)
[39,56,57], Pt(111)/TiN/SisN4/Si(100) [58] and/or Si substrates
coated with LaNiOs [59,60] are also widely extended. Glass
substrates and indium doped tin oxide (ITO) substrates have
been also used [45]. A very novel practice which is currently
being tested is the possibility to grow BiFeOs thin films on
flexible polymer substrates. The goal is to enable their incor-
poration into next-generation flexible electronics systems [61],
which is one of the fastest growing technologies that our soci-
ety is witnessing today [62-65]. The challenge is great, mainly
because of the thermal incompatibility between the crystal-
lization temperatures of the involved metal oxides (typically
above 600°C) and the thermal stability of the flexible polymer
substrates conventionally used (below 400°C). Even though,
Bretos et al. recently achieved the growth of BiFeOs3 thin films
on flexible plastic substrates by a solution processing involv-
ing three different (but complementary) strategies to induce
the crystallization of the perovskite phase at a lower tem-
perature limit of 325°C [61]. This “three-in-one” approach is
based on the synthesis of metal precursors with a molecu-
lar structure similar to the crystalline structure of the oxide
phase, which additionally allows both photochemical and
internal combustion reactions taking place in the thin films.
The flexible BiFeOs3 thin films obtained from a specifically
designed molecular complex with N-methyldiethanolamine
yield a large remnant polarization of 17.5 pC cm~2, also show-
ing photovoltaic and photocatalytic effects. This result paves
the way for the direct integration of an interesting class of
oxides with photoferroelectric properties in flexible devices
with multiple applications in information and communication
technology, and energy [61].

Finally, it is worth mentioning that the choice of the spe-
cific deposition route is in itself a key factor in defining the
properties and final performance of the obtained thin films.
The main characteristics of some of the processing methods
that are or have been used to fabricate BiFeOs thin films are
detailed below and constitute the core of this review article. In
doing so, one common way to classify these methods and pro-
cessing approaches could be the one that takes into account
the range of thicknesses obtained with each type of deposition
technique. Depending on its value, we will be facing a thin or
thick film production technique. For this reason, and as a gen-
eralized criterion, it is considered that for thickness values less
than 1 pm the technique will be included in a “thin film” pro-
cedure [66]. A more extended classification criterion is that
based on the process that is carried out during the deposi-
tion method, thus existing purely physical or purely chemical
techniques; there exists however a wide range of processes,
such as those based on luminescent discharges or reactive
sputtering, which involve a combination of both chemical
and physical processes, so they should be rather considered
as physical-chemical deposition methods [66]. Eventually, the
most widely used classification, which will also be followed in
this work, is the one that considers the aggregation state of
the medium used to transport the BiFeO3; precursors (or the
BiFeOs itself) and deposit them on the substrate. This classifi-
cation generates two main categories of deposition methods:

those using a vapor (or plasma) phase and those using a liquid
medium.

BiFeO; thin film processing through deposition
methods based on vapor (or plasma) phase
transportation

Within the film deposition methods that use vapor (or plasma)
medium to transport the perovskite phase precursors, there
are two distinct types of processing techniques: Physical Vapor
Deposition (PVD) and Chemical Vapor Deposition (CVD). The
difference between them lies in the fact that in the first block
of techniques it is BiFeOs itself which is sublimated and sub-
sequently transported from the source to the surface of the
substrate, where it condenses forming a thin and solid film
[66]. In the second block, reagents such as Fe;O3; and Biy0s3,
or other iron and bismuth precursors of different complexity
such as [CpFe(CO);], and BiCl; [67], are evaporated and trans-
ported to the surface of the substrate where they react each
other in gas phase. The approach is very similar to PVD, except
that in this last case a chemical reaction occurs prior to depo-
sition. Table 1 summarizes some of the main features of the
BiFeOs-based films that can be produced with each of these
processing methods.

Physical vapor deposition for the obtaining of BiFeO3 thin
films

The PVD methodology encompasses different techniques that
differ from each other in the mechanism they use to subli-
mate the material to be deposited on the substrate. Many of
these techniques have been widely used to obtain BiFeO3 thin
films during the past decade [68-90]. One of the most used
would be the sputtering technique deposition. Actually, close
to 200 articles can be found in the specialized literature for the
obtaining of BiFeOs thin films by using this technique. In this
approach, BiFeOs is previously sublimated by bombardment
with highly energetic ions before being deposited on the sub-
strate surface. This technique uses an ionized plasma which
impacts against a BiFeOs target, hitting the densely packed
group of atoms and producing the subsequent expulsion of
some of them from the surface. The expulsed atoms are then
directed towards the substrate by the action of an electric field.
These atoms, which are not in a state of equilibrium thermo-
dynamic, condense on the substrate surface once they collide
with it (Fig. 1a). The process takes place in a chamber where a
high vacuum has been generated.

This technique has provided very interesting results in the
fabrication of BiFeOs thin films. Rojas et al., for example, have
recently succeeded in obtaining BiFeOs thin films doped with
barium and nickel (Fig. 1b, d and f), observing how an increase
in the partial pressure of oxygen induces important morpho-
logical changes and a reduction of the film thickness (Fig. 1f)
[75]. The films produced display an appreciable distortion of
the rhombohedral symmetry but still they render an inter-
esting and exploitable ferroelectric response. These authors
actually used a processing variant known as RF sputtering,
which is based on the alternation of the electric field in the
vacuum chamber with the use of radio frequencies, in order to
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Table 1 - Summary containing the main results obtained in the synthesis of BiFeO3 thin films by using each of the high

energy consumption techniques based on vapor or plasma phase transportation.

High energy consumption techniques (based on vapor or plasma phase transportation)

Processing method Film composition Substrate Film thickness Functional properties Ref.
PVD
Sputtering BiFeO3 SrTiOs; substrate ~300nm Ferroelectricity: 2r [70]
~64 pnC/cm?
BiFeOs Si (100) substrate - Superparamagnetism due [74]
to secondary iron oxide
phases
Bio]sBao‘ZS Feo‘975Ni0A02503 Pt/TlOz/SlOQ/Sl 180-290 nm Multiferroic: [75]

Ps ~1 uC/cm?
Ms ~40 emu/cm3

BiFeOs p-type Si (100) 300nm Dielectric film exhibiting [76]
a stable insulation
property

BiFeO3 Si Substrate - Optical film: high [77]
refractive index and low
losses

BiFeOs SrTiO; substrate - Ferroelectrictty: [83]
2Pr ~200 wC/cm?

BiFeO3 Pt/Ti/Si0,/Si(100) 2 pm Ferroelectricity and [85]
piezoelectricity:
Ps ~152 nC/cm?
d33 ~120 pm/V

PLD BiFeO3 (111)-oriented SrTiOs 30-200 nm Magnetic response: [39]
substrate Ms ~40 emu/cm? for
30nm thickness
Bi;_xEuxFeOs3 LaNiOs coating 324-419nm Optical properties with [59]
Si(100) substrates refractive index and

extinction coefficient of
2.25and 0.04at2eV

BiFeO3 Platinized silicon 150nm Photoluminescence and [79]
substrates ferroelectric domains
patterns
BiFeO3 (110)-NdGaOs3, 2-3nm High piezoelectric [80]
DyScOs3, GdScOs, response due to the
NdScO3 and PrScOs presence of an MPB
MBE BiFeO3 (111) SrTiOs 35nm Magnetic response: [81]
Ms ~0.04 and 0.03 pB/Fe3+
BiFeO3 SrTiO; coating 40nm G-type antiferromagnetic [82]
Si(100) substrates behaviour + and a residual
ferromagnetism: Ms
~180 emu/cm?
BiFeOs (001) SrTiOs, (101) 75nm = [92]

DyScOs, (011)
DyScOs, (0001)
AlGaN/GaN, and
(0001) 6H-SiC single
crystal substrates

CVD
CVD BiFeO3 Glass substrates and 320nm Multiferroic behaviour [67]
Pt/Si0,/Si wafer with Ps ~8.7 pC/cm?,
coercivity 135 Oe and
—1150e, and Ms
~8.9emu/cm?
MOCVD BiFeO3 SrTiOs; substrates Ultrathin film: Ferroelectric switching [93]
7-10nm behaviour
BiFeO3 (001) SrTiOs ~30nm Magnetic properties: [95]
substrates Ms ~70 emu/cm? and
coercive field ~130 Oe
BiFeO3 IrO,/Si substrates ~600 nm Piezoelectric properties [96]

confirmed by PFM
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Fig. 1 - Sputtering for the obtaining of BiFeO3-base thin films. (a) Schematic representation of the mechanism that takes
place during the formation of an oxide thin film by sputtering. (b) Big 75Bag.25sFeg.975Nig.02503 thin film micrograph obtained
by Scanning Electron Microscopy. Reproduced with permission. [75] Copyright 2016, Springer. (c) Ferroelectric hysteresis
loop for a BiFeOj3 thin film. Reproduced with permission. [85] Copyright 2020, Elsevier. (d) M-H curves for the

Bi0.75Bag 25Feq.975Nig.02503 thin film. Reproduced with permission. [75] Copyright 2016, Springer. (e) BiFeOs3 thin film with a
profile obtained by EDS for bismuth, iron and the silica of the substrate. Reproduced with permission. [85] Copyright 2020,
Elsevier. (f) Thickness decrease for a BiFeOs thin film with the increase of O, partial pressure. Reproduced with permission.

[75] Copyright 2016, Springer.

avoid the accumulation of charge on certain types of targets.
Kaya and co-workers also employed RF sputtering to obtain
BiFeOs films with a thickness about 300 nm and with optimal
dielectric properties for use in capacitors with a certain range
of applied voltages [76]. Another widely used sputtering vari-
ant is magnetron sputtering. In this alternative, a magnetic
field is applied perpendicular to the electric field to increase
the percentage of ions impacting the target (the electric dis-
charge used in conventional sputtering is typically insufficient
for this purpose). Some authors such as Somraniet al. [77] have
used RF sputtering to attain BiFeOs thin films free of secondary

phases and with interesting optical properties, including a
high refractive index and low losses, although the samples
required a subsequent calcination at 700°C to consolidate
the deposition. Moreover, the sputtering technique can also
be used to obtain BiFeOj3 thick films. In a recently published
paper, H. Zhu et al. [85] have produced BiFeOs3 films of around
2 um in thickness which exhibited a giant spontaneous polar-
ization of around 150 pC/cm? (Fig. 1c and e); if confirmed, this
would certainly be a relevant finding, specially since there is a
widespread opinion that such a giant polarization can only be
achieved in strain-induced tetragonal (-like) thin films up to
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Fig. 2 - PLD for the obtaining of BiFeOj3 thin films. (a, b) PLD equipment. Reproduced with permission. [91] Copyright 2020,
Hampstead Psychological Associates. (c) Transmission Electron Microscopy micrograph for a BiFeOj3 thin film obtained with
2-3nm of thickness on a (110)-NdGaO3 orthorrombic-perovskite oriented substrate by PLD. Reproduced with permission.

[80] Copyright 2018, Elsevier.

a few hundred nanometers thick. However, it is important to
mention that the technique has not always given such opti-
mal results. Couture et al. [74], for example, have observed
how after the sputtering deposition at room temperature and
the subsequent calcination step, a BiFeOs thin film is obtained
with a high content of iron phases, such as magnetite and
meghamite, which eventually lead to an unfavourable super-
paramagnetic behaviour and a low saturation magnetization.

Another technique within the PVD grouping would be
Pulsed Laser Deposition (PLD). In essence, the technique is
very similar to sputtering, except that in this case it is a high
power pulsed laser which impacts against the solid to sub-
limate it, producing a laser-target interaction (Fig. 2a and b).
PLD also requires high vacuum and it has been widely used
to obtain BiFeOs films. Crassous et al. [78] used this process-
ing methodology to produce La* doped-BiFeO3 films with
thicknesses below 100nm, observing that there is a direct
relationship between the arrangement of the ferroelectric
domains and the film thickness. Similarly, Prashanthi et al.
[79] obtained BiFeOs films by PLD with photoluminescent char-
acteristics (also noting the need for subsequent calcination),
while Ryu et al. [39] found that the saturation magnetization
of the film obtained by this PLD procedure increased with
decreasing film thickness. More recently, Han et al. [80] have
observed the formation of a morphotropic phase boundary
(MPB) in BiFeOs ultrathin films (just a few nm, as depicted
in Fig. 2c) fabricated by PLD. According to these authors, the

coexistence of the rhombohedral (R3c) and the orthorhom-
bic (Pnma) phases of BiFeOs is driven by an interfacial oxygen
octahedral coupling which is exerted upon using different
orthorrombic substrates. On the other hand, Knoche et al.
[90], have observed a bulk photovoltaic effect in BiFeOs thin
films with stripe-domain pattern as the polarization of light is
modulated from linear to elliptical to circular. This anomalous
character allows the observation of a switch-like photovoltaic
effect, i.e., ON and OFF state, by changing the helicity of circu-
larly polarized light.

Another technique that does not involve a chemical reac-
tion for the deposition of thin films (hence included among
the PVD procedures) would be the Molecular Beam Epitaxy
(MBE). Unlike the previous ones, in this process the solid is
sublimated by the effect of temperature. When the conditions
are suitable, the thin film grows reproducing the crystalline
structure on the surface of the substrate. Some advantages
of this technique include the obtaining of materials with
extraordinary purity, further allowing to modulate the spe-
cific level of doping in each particular composition [66]. It
also permits a specific thickness of the deposited layers along
the growth direction, with atomic resolution and in a repro-
ducible way. In fact, it is possible to control the deposition
of one layer of atoms on another, as well as the directional-
ity of the beams of atoms or molecules towards the substrate
where the crystalline layer is formed, which makes it one of
the most versatile techniques nowadays. Furthermore, this
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Fig. 3 - MBE for the obtaining of BiFeOj3 thin films. (a) RHEED image taken during deposition, which is showing a 2-D growth
front with a 6-fold surface reconstruction after the growth and anneal of 10 unit cells. (b) High resolution STEM image
showing the interface between BFO and the STO substrate. (c) SADP showing BFO grows in a distorted rhombohedral crystal
structure. (d) Room temperature magnetic hysteresis curves for a 40 nm BiFeOj3 film up to 30 KOe. (e) Ms as a function of this
film thickness. Reproduced with permission. [82] Copyright 2013, AIP Publishing. (f) MBE equipment for the obtaining of
thin films. Reproduced with permission. [94] Copyright 2020, Elsevier. (g) Bright-field TEM micrograph of a 35nm thick
0001-oriented BiFeO; film. (h) Selected-area electron diffraction from region covering this film and the substrate. Reflections
from the SrTiO; substrate are indexed. (i) HRTEM micrograph of the film/substrate interface. Reproduced with permission.

[81] Copyright 2007, AIP Publishing.

technique incorporates the conducting in situ characteriza-
tion measurements (e.g. mass spectroscopy, AES, SIMS, SEM,
XRD, etc.) which is no less important in order to optimize pro-
cessing. The strongest drawback, however, resides in the need
for ultra-high vacuum, which significantly raises the cost and
sophistication of the equipment. In fact, it has been used to a
lesser extent in the obtaining of BiFeOs thin films compared
to sputtering and PLD. Nevertheless, BiFeOs thin films free of
secondary phases and with an interesting functional response
have been obtained by MBE technique. In particular, Laugh-
lin et al. [82] deposited films with an exceptional degree of

crystallinity that allowed the distorted rhombohedral struc-
ture of BiFeOs3 to be clearly identified in the transmission
electron microscope (Fig. 3a—c); they also confirmed the mul-
tiferroic response of the films, observing a manifest ferroelec-
tricity by PFM and a G-type antiferromagnetism with a residual
ferromagnetic behaviour that decreased with increasing thick-
ness (Fig. 3d, e). Interestingly, Thlefeld and coworkers [81,92],
whose BiFeOj3 thin film is depicted in Fig. 3g-i, did not find that
this epitaxial growth of the films could substantially improve
the results of a PLD processed sample, at least in terms of
functional response. In line with this, Deepak et al. [93], do
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100 nm

Fig. 4 - CVD for the obtaining of BiFeOj3 thin films. (a) A top-down SEM micrograph, (b) side-on SEM micrograph, (c) a 5 pm
field size AFM image and (d) the corresponding 3D AFM image of the BiFeOs film obtained after annealing at 700 °C.
Reproduced with permission. [67] Copyright 2014, Royal Society of Chemistry. (e) CVD equipment. Reproduced with
permission. [91] Copyright 2020, Hampstead Psychological Associates.

nothesitate to state that the technique, despite providing good
control over the growth of BiFeOs films, tends to create oxygen
vacancies as a consequence of incomplete metallic oxidation,
which eventually leads to n-type conductivity.

Chemical vapor deposition for the obtaining of BiFeOs thin
films

As mentioned, the second block of techniques using a vapor
(or plasma) phase medium for the deposition of the films,
falls under the CVD methodology and requires a chemical
reaction between the vapor/plasma phase precursors on the
substrate. Compared to physical methods, the accuracy of CVD
techniques might be lower, but they still allow monolayers
of deposited material to be obtained and without requiring
such high vacuum pressures and expensive equipment. How-
ever, this methodology also comes with some drawbacks.
The search for the ideal precursor gases or the optimum
reaction conditions to give a product with the appropriate
composition and stoichiometry can be highly arduous. In the
specific case of BiFeOs, problems also arise from the ease of
bismuth to volatilize, so the selection of the bismuth pre-
cursor becomes an essential parameter. For example, Moniz
et al. [67]. used the following non-volatile complex precursor:
[CpFe(CO),-BiCl,], which resulted from the chemical reaction
between [CpFe(CO);], and BiCls, to deposit BiFeOs thin films

with an efficient room-temperature ferromagnetic and ferro-
electric order. The authors also studied the effect of different
calcination temperatures after the CVD process, observing the
unavoidable formation of secondary phases in all the samples
treated below 700°C (Fig. 4).

Other authors have tested the possibility of using
organometallic reagents as precursors that will react and con-
dense on the surface of the substrate in a process which is
known as MOCVD, Metalorganic Chemical Vapor Deposition.
This approach allows for greater control of film thickness
and facilitates homogeneous doping, and so it has been well
received by different groups working on the processing of
BiFeOs thin films. Deepak et al. [93], for example used Fe(thd);
as an iron precursor to control the Bi-volatilization and there-
fore the stoichiometry of the material; their films revealed
a consistent ferroelectricity (PFM confirmed). Thery and co-
workers [95], instead used Fe(tmhd)s as the iron source and
further tested the efficacy of two different bismuth complexes,
Bi(tmhd)s and Bi(mmp)s as Bi precursors. Initially, the XRD
and TEM characterization of the deposited films pointed to the
absence of possible parasitic phases, however, a more detailed
analysis by XPS did reveal the presence of iron-rich phases
which, together with the presence of an observed Fe?*/Fe>*
balance, may be responsible for the good magnetic response of
the obtained films as compared to bulk samples; nevertheless,
the authors suggest that the use of a single precursor con-



BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732

717

(a) * 650°C

Intensity (a.u.)

S J\‘ * * * *
20 (degrees)
2 700°C

> IrO, 110

Intensity (a.u.)
H
Ir0, 101

lro2 211

E
WWL...JL.JW

20 60
20 (degrees)

. 750°C

(c)

*
I

Intensity (a.u.)

20 30 40 50 60
20 (degrees)

500 nm
L —

Fig. 5 - MOCVD for the obtaining of BiFeOs thin films. XRD diffraction patterns and FESEM cross section micrographs of
BifeO3 thin films deposited at (a, d) 650 °C, (b, €) 700 °C, and (c, f) 750 °C. Reproduced with permission. [96] Copyright 2020,

MDPI.

taining both bismuth and iron cations would be the smartest
option for a better control of the stoichiometry. Micard et al.
[96], on the other hand, have just published a paper show-
ing that pure BiFeOs films deposited on IrO,/Si substrates
can be produced by a MOCVD methodology using Bi(phenyl)s
and Fe(tmhd)s as metal precursors, once again showing that
an appropriate selection of reagents and precursors and, in

general, any modification in the processing conditions
applied, can be a determinant factor (Fig. 5).

The main results obtained with each of these processing
methods have been recopilated in Table 1, and in summary,
while it is clear that plasma or vapor phase deposition tech-
niques constitute an interesting group of processing strategies
to produce BiFeOs films with a functional response that can
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be exploited, the contradictions that have been described also
reveal certain disadvantages and reproducibility problems. On
the one hand, although most of these techniques guaran-
tee a high crystallinity rate that could (a priori) provide a
solid multiferroic performance, the control of stoichiometry
still remains a serious drawback that is not easy to solve on
a practical level; specifically, the high volatility of bismuth
can become critical when using some of these procedures,
so the difficulty of reducing or eliminating the formation of
(unwanted) secondary phases is still very much present in
many of the investigations envisaged. On the other hand, all
these techniques imply a high energy consumption in terms
of temperature and/or vacuum (ultra-high vacuum occasion-
ally), which in turn translates into a high economic cost of
the equipment involved and a high degree of sophistication
in the production line. On this basis, and in the interest of
greater simplicity, environmental benevolence and economic
efficiency, the use of processing alternatives with which to
obtain BiFeOs thin films in a more sustainable way is a grow-
ing trend in recent years [97,98]. Moreover, by reducing the
energy involved in the manufacturing process, the spectrum
of accessible materials is significantly broadened, and so the
use of volatile substances and metastable compounds such
as BiFeOs itself, is no longer an obstacle. Needless to say, the
increase in sustainability also has its trade-offs, but even so,
the following section describes some of the most successful
techniques in this respect.

BiFeO;3 thin film processing through deposition
methods based on liquid phase transportation:
chemical solution deposition

Solution deposition methods, often labelled under the
acronym CSD which stands for “Chemical Solution Deposi-
tion”, are at the core of the novel processing approaches
currently being developed to obtain multiferroic BiFeOs thin
films in a simple and sustainable way. In these methods, the
medium for transporting the precursors to the substrate is a
liquid. In a typical procedure, the precursors are dissolved in
a first stage of the applied routine and the obtained solution
is subsequently deposited on the substrate in a second stage.
Finally, a heat treatment at a mild-to-low temperature results
in a homogeneous, dense, consolidated and continuous thin
film throughout the entire substrate. A schematic plot of the
general process is depicted in Fig. 6.

In addition to the implicit low energy consumption, the
CSD methodology can also provide high homogeneity, as well
as high morphological control on the deposited film by vary-
ing the composition, the viscosity of the solution, its pH, or its
concentration [99].

As mentioned above, the CSD methodology comprises
three main stages (heat treatment included) which are exper-
imentally accomplished by applying different techniques. For
the first step of dissolving the precursors, soft chemistry rou-
tines such as the sol-gel process, different chelation processes,
or the so-called metall-organic decomposition process (MOD)
are often practiced. For the second stage of depositing the
precursor solution on the substrate, techniques such as spray-
coating (deposition from an aerosol), dip-coating (coating by

Chemical Solution Deposition

15t stage Fe** Bi**

Obtaining of the precursor solution: \Tl
¢ BiFeO,
J
opine - . ®
Deposition of the precursor solution: 3

Substrate

31 stage

———
00000

Fig. 6 - Characteristic flow chart of a Chemical Solution
Deposition method for the production of a BiFeO3 thin film.

Consolidation heat treatment:

immersion), or spin-coating (deposition by centrifugation) can
be listed [100]. With varying degrees of success, different
combinations of these techniques and routines have been
attempted, but so far the most common and reliable is perhaps
that which uses the sol-gel process to dissolve the (precursor)
cations of interest, followed by a dip-coating or a spin-coating
procedure for deposition. However, it must be mindful that
there are also some published articles in the specialized litera-
ture in which BiFeOs3 films have been obtained with promising
optical, electrical, magnetic and even magnetoelectric prop-
erties by spray-coating (Fig. 7) subsequently after the sol-gel
process [101,102], but certainly, the number of these articles is
considerably fewer.

For the first stage, two types of sol-gel approaches have
been extensively tested, one starting from colloidal disper-
sions and the other one from alkoxides [103,104]. In the
first case, colloidal particles, isolated or mixed with alkali or
alkaline earth ions, are dispersed in a liquid medium. The
destabilization of the sol through the addition of electrolytes
causes the subsequent gelation. The gel is dried and sintered,
normally at temperatures close to 1000°C. These high tem-
peratures are somewhat contrary to the goal of sustainability
and, in fact, even being the easiest sol-gel type process to oper-
ate, it is not used as often [105]. In the second case the sol
is produced by hydrolysis and polycondensation reactions of
metallorganic derivatives in alcoholic solutions; it involves the
use of alcohols to dissolve the metal precursors and thus form
metal alkoxides, which exhibit high reactivity in the presence
of water. The most commonly used alcohols are methanol,
ethanol, 2-methoxyethanol, and 1,3-propanediol [106,107].
The obtained alkoxide is then hydrolyzed by reacting with
a water molecule. Once the hydrolysis reaction has started,
two partially hydrolyzed molecules can join by means of a
condensation reaction, producing chains of M—O—M nature,
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Fig. 7 - Sol-Gel + Spray-Coating for the obtaining of BiFeO3 thin films. (a) Magnetic field dependence of remanent
polarization and coercive field. (b) The variation of magnetoelectric coupling coefficient with magnetic field (inset: M-H loop)
for BiFeO; films. Reproduced with permission. [102] Copyright 2013, Elsevier. (c) Typical leakage current data of the BiFeO3
films varying from 1.0 x 103 to 1.8 x 10-3A/cm? at 8V with increase grain size in the films. Inset: schematic drawing of
device structure. Reproduced with permission. [101] Copyright 2011, AIP Publishing. (d) Cross-sectional micrograph of the
BiFeOs film. (e) Ferroelectric hysteresis loops of BiFeOs films with and without applied magnetic field with particle size of
~63 nm. Reproduced with permission. [102] Copyright 2013, Elsevier. (f) Spray-pyrolysis experimental set-up. Reproduced

with permission. [101] Copyright 2011, AIP Publishing.

releasing a molecule of water or alcohol. Through hydrolysis
and condensation reactions it is possible to create more or less
branched networks or structures (the gel) [103-105,108,109].
Actually, 2-metoxyethanol is widely used for the —OH group
exchange reaction in which metal alkoxide is formed due to its
bidentate nature, leading to the formation of an alcoxide less
prone to hydrolisis, allowing an easy gel formation rather than
precipitation [110]. Additionally, acids, such us acetic acid, or

bases are often used as catalysts species of the involved reac-
tions and/or as chelating agents [111], since they prevent the
excessive tendency of alkoxides to react thus blocking uncon-
trolled reactions [100]. In the obtaining of BiFeOs thin films, it
is frequently to use bismuth nitrate (in excess to compensate
possible Bi, O3 volatilization) and iron nitrate as metal precur-
sors for the preparation of solutions in this first sol-gel stage.
Additionally, on many occasions, ethanolamine is added to
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Fig. 8 - Sol-Gel + Dip-Coating for the obtaining of BiFeO; thin films. (a) Scheme for the dip-coating process. Reproduced with
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BiFeOs thin films after two annealing treatments at 500 °C/1h in which the chelating agent used was citric acid and
polyvinyl alcohol respectively. Reproduced with permission. [115] Copyright 2007, Elsevier. (e) and (f) Ferroelectric hysteresis
loops and M-H loops at different temperatures for a BiFeO3 thin film doped with 30% of La3*. Reproduced with permission.

[116] Copyright 2016, Trans Tech Publications Ltd.

adjust the viscosity, which is particularly essential when it
is subsequently deposited by spin-coating. The final solu-
tions are typically prepared from 0.1 M to 0.3 M concentrations
[54,112], being 0.2 M the most common [34,111,113]. Once the
solution is formed is next deposited by dip-coating or spin-
coating (as indicated other techniques are less common). In
both cases the deposition is carried out on oriented substrates
in which an epitaxial growth of the BiFeO3 grains has been
observed,; this yields satisfactory results in terms of obtaining

BiFeOj3 thin films in absence of secondary phases and with an
interesting functional response. Specifically, in the dip-coating
routine, the substrate is immersed in the precursor solution
for an optimized time so that when it is extracted, a film of the
liquid is dragged and remains adhered to the substrate, thus
covering it completely. The subsequent drying and crystalliza-
tion treatments are then carried out. The formation of the film
on the substrate surface is due to the mechanical fluid balance
between the entrained film and the recedingliquid (Fig. 8a and
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Spin-Coating equipment including a hot plate in (c) used for the drying stage. (d) Cross-sectional FESEM micrograph of a
BiFeO; film obtained by sol-gel + spin coating, in which the spinning process has been repeated 40 times (830 nm thickness).
(e) Room temperature leakage current of BiFeO3 thin films with different thickness. (f) M-H hysteresis loops of BiFeO; films
with different thickness at 300 K. Reproduced with permission. [40] Copyright 2011, The American Ceramic Society.

b). This balance is governed by various forces; viscous resis-
tance and gravitational forces play the most important role,
but forces such as surface tension, inertial force or pressure
also play a relevant role [114]. A competition between these
forces in the region of deposition of the film eventually governs
its thickness [100]. Bearing this in mind, Fruth and co-workers
[115] used this sol-gel plus dip-coating processing strategy
and obtained BiFeOs films with different thickness (Fig. 8c
and d), density and optical constants after subtly playing with
the processing parameters; they also tested the possibilities
of different chelating agents such as citric acid and polyvinyl
alcohol. Later, Hu et al. [116] achieved the preparation of non-
doped BiFeOs thin films and BiFeOs; thin films doped with
30% of La3* by sol-gel + dip-coating on ITO substrates. These
authors observed a rhombohedral perovskite-like structure in
the undoped sample, while a distorted structure was produced
in the doped one. In addition, they confirmed an improve-
ment in both the magnetic and ferroelectric response with the
doping of the material (Fig. 8e and f). In a more recent publi-
cation, B. G. Park [117], however, suggests that this sol-gel +

dip-coating methodology is also not free from the usual
problems surrounding BiFeOs; production, as the thin films
obtained also show the presence of a bismuth-rich secondary
phase.

Alternatively to the dip-coating procedure, the spin-
coating approach is also widely used. The process mainly
involves the deposition of the precursor solution onto a sub-
strate which rotates in a horizontal plane at a certain speed
and for a certain time. Centrifugal forces generated by the
rotation expand the solution throughout the substrate until
it is completely covered [118]. The substrate is kept fixed on
the rotating disc by applying vacuum, thus, while the disc
rotates, the substrate rotates too. During the time in which
the substrate remains rotating, the excess liquid runs off the
edges in a drainage process and the speed of elimination of
the liquid decreases as the thickness of the film increases,
due to the increased viscosity [117]. After the rotation, a dry-
ing treatment is applied to remove the remaining solvent
and reagents, followed by a drying stage and a crystallization
treatment to consolidate the deposited film (Fig. 9a—c). One
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of the main advantages of the spin-coating deposition pro-
cess would be related with the film thickness, which becomes
uniform during the drainage stage. This is due to the fact
that the viscosity does not depend on the shear and so it
does not vary on the substrate. During drainage, the cen-
trifugal force is higher than the force of gravity, generating
a rapid thinning of the layer. The film reaches its final thick-
ness by evaporation after it becomes thin and viscous enough
that it does not flow. In this context, many authors claim to
achieve a pure BiFeO3; phase with an interesting functional
response in the form of a thin film by means of a sol-gel + spin-
coating methodology [40,112,113,119-128]. Tang et al. [40,120],
for example, published several articles in which they man-
aged to obtain well-consolidated BiFeOs films (Fig. 9d), further
studying how the electrical and magnetic properties vary as a
function of thickness [40] (Fig. 9e and f) and grain size [120].
These authors also demonstrated that the concentration of
the precursor solution has a direct influence on the thick-
ness of the deposited films (the higher the concentration, the
thicker the film), but also on their functional microstructure
and the resulting physical properties [54]. In another article,
Quan et al. [58], observed a notable increase in the remnant
polarization and a significant decrease in dielectric losses
when doping BiFeOs films with 20% Ce3*. They attribute this
improvement in electrical properties to a different Fe3*/Fe?*
balance in the doped films. However, the sol-gel + (spin/dip)-
coating technology is also not immune to the usual drawbacks
of the BiFeOs synthesis. In particular, the undesirable pres-
ence of secondary phases also remains a major challenge,
and is currently triggering the design of alternative process-
ing strategies with which the single-phase material could be
produced without scarifying the sustainability goal. Such is
the case of the aqueous-based methodology described in the
following subsection.

BiFeOs thin film processing through an
aqueous solution deposition methodology

As indicated, a recent alternative to obtain BiFeOs films in a
sustainable fashion is based on applying the sol-gel+spin-
coating (or dip-coating) routine described above but intro-
ducing a variant which consists on preparing the precursor
solution (the “sol”) in aqueous medium. In doing so, the toxic
organic solvents used in the conventional sol-gel method to
dissolve the metallic precursors (e.g. 2-methoxyethanol), can
be avoided, further inciding on the sustainability of the pro-
cess. The technique is based on using aqueous solutions of
the precursors, in which the metal ions of interest are stabi-
lized in complexes with chelating ligands such as peroxides
or citrates [129]. These homogeneous precursor solutions are
stable under room temperature and pressure for long peri-
ods of time, and once they have been formed, they are ready
to be deposited on a suitable substrate by spin-coating (or
dip-coating [130]) to obtain thin films. After deposition, any
residual solvent and any agent added to the starting solution
is thermo-oxidatively removed by means of an optimized heat
treatment to eventually produce the pure phase of the metal
oxide. The methodology provides excellent compositional
control (due to the high degree of homogeneity), is cost-

effective, and allows easy deposition of films with a thickness
rate from several hundred nanometers to a few nanometers
[131]. Accordingly, a number of recent articles can be found
where BiFeOs3 thin films with good control over the parasitic
phases can be produced by dissolving the metallic precursors
in an aqueous medium [51,113,130,132,133]. In a typical pro-
cedure, the precursors of the metals of interest (bismuth, iron
and dopants, when used) are first dissolved as individual aque-
ous solutions. As indicated above, this solution stage involves
the use of chelating agents to form stable complexes, such
as citric acid or derived citrates [134-136], and so the most
widely used precursors iron are bismuth citrate (Bi(C¢Hs07)3)
and iron citrate (Fe(CeHs0O7)s3); similar compounds are used
for any other metals being present in the starting formula-
tion. The individual solutions are next combined into a single
BiFeO3-based multi-metal precursor solution (always keeping
the Fe:Bi stoichiometry at the required 1:1 ratio), and this is the
one which will be then deposited on the substrate by spin-
coating, dip-coating or similar procedures. A characteristic
feature of this innovative methodology is that the substrate
requires a pre-treatment that makes its surface hydrophilic
(we are working in aqueous medium), otherwise there is a
risk that the deposited solution will accumulate heteroge-
neously only at certain points of the substrate. There are
several options for this purpose. One of them consists on treat-
ing the substrates under an ultraviolet lamp that breaks the
atmospheric oxygen causing free radicals, which can react
with other O, molecules generating O3 that will be subse-
quently adhered to the surface of the substrate, making it
hydrophilic. Another practice is to introduce the substrate in
a mixture of sulfuric acid and hydrogen peroxide in a 4:1 ratio
respectively. This allows O—H groups to adhere to the surface,
making it hydrophilic as well [137,138]. Once the substrate has
been properly pre-treated, the deposition of the multi-metal
solution can be carried out, followed by the subsequent dry-
ing treatment. As in the non-aqueous methology, the pyrolysis
phase (drying) mustbe divided into several steps, although the
different solvent entails a different firing scheme. Otherwise
morphological heterogeneities and defects such as fissures
and cracks could be generated due to sudden evaporation or
uncontrolled (simultaneous) decomposition of the different
solution reactants [113,139]. This drying is applied each time
a new deposition is performed and, in fact, the total num-
ber of depositions (layers), i.e. the number of times the whole
deposition + drying protocol is repeated (the crystallization
treatment is only carried out once, after all the required lay-
ers have been deposited and dried), represents itself a crucial
parameter when using this aqueous methodology. The num-
ber of layers determines the final thickness of the film, but is
also affects the stabilization of the BiFeO3 phase. In particular,
a low number of layers/depositions can condition the homo-
geneity of the films (uncoated regions on the substrate), but
may also prevent obtaining the single-phase material: when
dealing with thicknesses of just a few tens of nanometres
and, therefore, with high surface-to-volume ratios, the Bi-
vaporisation, the subsequent Bi deficiency and the consequent
formation of the iron-rich Bi;Fe4Og9 phase are again favoured
(Fig. 10a). The situation can be partially amended by increas-
ing the amount of deposited layers, but also assuming that
a high number of depositions could lead to the appearance
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Fig. 10 - Aqueous Solution-Gel + Spin-Coating for the obtaining of BiFeOs thin films. (a) FESEM micrograph of a BiFeO3 thin
film surface obtained through three deposition steps. The large squared-shape grains can be ascribed to a Bi;Fe409
mullita-type phase. (b) XRD patterns after annealing at 600, 650, or 700 °C during 1 h. (c) Cross-Sectional FESEM micrograph
of a BiFeO3 film annealed at 700 °C. Reproduced with permission. [S1] Copyright 2015, Springer. (d) P-E hysteresis loops at
140K of three BiFeO; films doped with titanium (orange curve), neodymium (blue curve) and samarium (green curve). (e)
M-H hysteresis loops at 4K of two BiFeOs films doped with neodymium (blue curve) and samarium (green curve).
Reproduced with permission. [133] Copyright 2020, The Royal Society of Chemistry. (f) Cross-sectional FESEM micrograph of
a 5-layered BiFeOs thin film annealed at 600 °C during 1h. (g) Surface FESEM micrograph of a 5-layered based BiFeO; film
annealed at 600 °C during 1h. Reproduced with permission. [113] Copyright 2018, Elsevier. (h) Cross-sectional FESEM
micrograph of an 8-layered based BiFeOj3 thin film annealed at 600 °C during 1 h. (I) Surface FESEM micrograph of an
8-layered based BiFeOj3 film annealed at 600 °C during 1 h. Reproduced with permission. [133] Copyright 2020, The Royal
Society of Chemistry.
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of micro-cracks in the films [40]. This other inconvenience
is actually due to the residual stresses created by the mis-
match of the thermal expansion coefficients between the
deposited layers: after each deposition, a new a drying process
is carried out and this means that the first deposited layers
indeed accumulate several pyrolysis treatments. Finally, the
whole procedure ends with a crystallization treatment which
also has its science. For example, it has been observed that
annealing temperatures above 600°C favour the presence of
secondary phases such as the iron-rich Bi;Fe4O9 mullite [51];
Again, this occurs as a direct consequence of the volatilization
of bismuth, which in this case increases with increasing tem-
perature (Fig. 10b and c). Moreover, the interaction with the
platinum substrate may further contribute to this effect, since
at high temperature bismuth can also diffuse from the film
into the substrate, accumulating beneath the Pt-layer of the
electrode or even forming a Pt—Bi alloy [140,141]. With all this
in mind, our research team has recently succeeded in obtain-
ing a suitably doped, phase-pure BiFeOs thin film material
applying an aqueous solution-gel process plus spin-coating
deposition strategy [133]. Our experiments indicated high reli-
ability for the tested methodology, allowing for the production
of homogeneous dense films at temperatures as low as 600°C
and with a tuneable multiferroic response (Fig. 10d-i). The
whole process is conducted in water, no vacuum settings nor
sophisticated equipment is required and despite the low tem-
perature processing conditions, an effective microstructural
control is achieved at the nanoscale, which is attributed to
effective pinning of the dopants inside the BiFeO3; perovskite
structure of since the very beginning of the ferrite formation
in the film. This avoids extensive diffusion or segregation of
the dopants to the grain boundaries [17,142] as well as to the
film interfaces [143], and further facilitates the stabilization
of the parent perovskite compound against the formation of
unwanted secondary phases.

The main results obtained with each of these process-
ing methods that involve a liquid medium for the precursor
transportation to the substrate (CSD methods) have been
summarized in Table 2. As depicted, all of these techniques
(including those which requires a high energy consumption
and sophistication) allow the obtaining of BiFeO3 films with
a functional response that can be exploited. However, there
are still contradictions that have been described throughout
the specialized literature, which highlights the controversy
that also exists in the use of this methodology. Neverthe-
less, all of them present a common aspect: it is clear that
the CSD techniques reduce the energy consumption, which
inevitably occurs in techniques that use a vapor or plasma
phase, and they imply an evident simplicity in their equip-
ment. Moreover, the alternative of the CSD methods which
uses an aqueous medium increases even more the sustain-
ability of this techniques for the simple fact of avoiding the use
of the organic solvents typically used in a conventional sol gel
method, keeping therefore an eye on environmental aspects.
As has been demonstrated, the aqueous solution-gel + spin-
coating method allows the obtaining of a homogeneous and
uniform film at relatively low temperature avoiding the use of

the mentioned organic solvents and without the need to set
vacuum pressures [130,144], thus emphasizing the simplicity
and sustainability of the process.

Summary and outlook

BiFeOs thin films can be satisfactorily obtained in terms of
thickness homogeneity and uniformity along the whole sub-
strate through any of the techniques described: those based on
a gas or plasma phase for the precursors transportation to the
substrate, including those which may also involve a chemical
reaction between precursors, or those based on a liquid pre-
cursor solution for the mentioned transportation. However,
there is still a strong controversy regarding the technique that
provides better results in terms of the absence of secondary
phases and an effective functional response. Moreover, there
are many parameters that can significantly influence in the
searched result and must be taken into account, such as those
typically involved in techniques based on rotational and cen-
trifugal forces spreading the precursor solution: the rotation
speed, rotation time, solution concentration, solution viscos-
ity, and needless to mention the chosen substrate as well as
the corresponding drying and crystallization temperatures.
Nevertheless, it seems clear that there is an important dif-
ference in the energy consumed by each technique (in terms
of temperature and pressure), being the aqueous solution-
gel + spin-coating methodology the one involving a higher
sustainability from an energetic, ecologic and economical
point of view. Beyond the used technique, current and future
research in the obtaining of BiFeOs thin films still at the
forefront in the search of functional advanced materials and
endeavours its conversion into a technology of practical appli-
cation. Some of the future research perspectives will focus on
advancing with the study of the mechanisms that stabilize
the perovskite phase against the secondary phases which typi-
cally coexist, something thatis already quite advanced in bulk,
but in thin films imply tackling new challenges and new fron-
tiers basically due to the nano dimensions of the final material
(new phenomena and behaviours occur at the nano scale). On
the other hand, parameters of the processing conditions will
be further addressed in order to integrate BiFeO; into flexi-
ble electronics, a field that is currently particularly prominent.
Likewise, there is a lot of work to be done in the develop-
ment and optimization of new dopant formulations and/or
new compositions (e.g. composite systems), with which to
achieve that the usual restrictions derived from the simulta-
neous coexistence of ferroelectricity and ferromagnetism (and
which are even more noticeable in laminar geometry) cease to
be a limiting factor and allow, not only a better multiferroic
response, but also an effective magnetoelectric coupling that
could be applied in commercial devices, which is not yet fea-
sible. It seems clear in any case that the research for BiFeOs
thin films with increasing performance will continue to be a
common practice in the coming years, so choosing the most
appropriate method will continue to be a critical issue that
will also require extensive knowledge.
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Table 2 - Summary containing the main results obtained in the synthesis of BiFeO3 thin films by using Chemical

Solution Deposition techniques.

Low energy consumption techniques (based on a liquid phase transportation): CSD

Processing method Film composition Substrate Film thickness Functional properties Ref.

Conventional sol-gel method
+Spry coating BiFeOs Ultra cleaned glass Measured in the Large band gap for small [101]
substrate range of 1.8-2.2 pm grain size films (12nm): e.g.
~3.2eV. Low leakage
current in the smaller grain
size films.
BiFeO3 Glass substrate 1.8 um Ps and Ec values are [102]
doubled when the particle
size varied from 12 to
42 nm. Strong coupling
between the magnetic and
the ferroelectric orders at
room temperature
decreasing with particle

size.
+Dip coating BiFeO3 Glass, quartz and 2 um Multiferroic response [45]
indium doped tin observed. Both hysteresis
oxide (ITO) curves failed to attain
substrate. saturation. Films ~90%
transparency (e.g.
~2.88-3.03eV)
BiFeOs; and Glass/ITO substrate = Ms increases from [116]
BigsLagsFeOs 4.59 emu/cm? to

17.13 emu/cm? with 30%
Bi%* substituted by La3*. 2Pr
and 2Ec vary from

31.8 wC/cm? and 29.5kV/cm
to 39.2 uC/cm? and
10.5kV/cm. Photovoltaic
effect in Big yLag 3FeOs thin

film.
BiFeO3 Polycarbonate - Films absorbing UV and [117]
surface visible light up to 600 nm.

E.g. ~2.3eV, suggesting
photocatalytic activity in
visible region.

+Spin coating BiFeOs Pt/Ti/SiO,/Si (100) 210-830nm Effect of increasing [40]

substrate thickness: Dielectric

constant enhanced, leakage
current reduced,
magnetization and
magnetodielectric
decreased. Optimized
thickness: 400-600 nm.

BiFeO3 n-type Si (100) 189-474nm Effect of decreasing [54]
substrate individual layer thickness:
Magnetization increased
(Highest

Ms =18.3 emu/cm?),
dielectric constant
decreased, magnetoelectric
coupling increased

Bi;_xCexFeO3 (x=0, Pt(111)/TiN/Si3N4/Si = Pr ~1.08, 1.43 and [58]
0.05, 0.1, 0.15 and (100) substrate 2.04 wC/cm? and Ec ~120,
0.20) 112 and 123kV/cm. Leakage

current density of the

Bip 3Cep2FeO3 capacitor ~2
orders of magnitude lower
than that of the BiFeO3
counterpart.
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Table 2 - (Continued)

Low energy consumption techniques (based on a liquid phase transportation): CSD

Processing method Film composition Substrate Film thickness Functional properties Ref.
BiFeO3 Pt/Ti/Si0,/Si (100) ~560nm er and tan($) increases and [120]
substrate decreases within the initial

hour. Leakages decrease
and then increase with
dwell time for |T
annealing. For 1T they
decrease and then increase
and finally decrease again.
Ferroelectric Ec is decreased
with 1T annealing.

BiFeOs (111) Pt/Ti/SiO,/Si 80nm, 100 nm and Pr=0.36 and 0.88 nC/cm? [125]
substrates 180 nm while Ps=0.69 and
1.87 wC/cm? for 100 and
130 nm films.

Ms =95 emu/cm? for 130 nm
films (VSM). Ms =12 and

70 emu/cm? for 100 and

130 nm films (SQUID).

BiFe; TixO3 (111) Pt/Ti/Si0,/Si ~190nm Ti**-doping increases both [126]
(x=0.05, 0.1, and substrates Ps and Pr=25.9 and
0.15) 9.39 uC/cm? (x=0.05) and

32.5 and 16.2 pC/cm?
(x=0.1). Leakages lowered
one to two orders of
magnitude. Ms=21 and
30 emu/cm? (x=0.05 and
0.1). Ms reduced doping

with Ti%.
BiFeO3 Silicon (100) ~1pm Ti, V, Mn, Cu and [127]
BiFeq .07 Tio.0303 substrates Zn-doping: small increase
BiFeq,07V0.0303 in Ms. A higher increase
BiFeq,07Cro.0303 with Cr, Co and Ni doping.
BiFe 07Mno,0303 The highest value of Ms
BiFe(,07C00.,0303 (8.5emu/cm—3) and Hc (173
BiFe 07Nio.0303 Oe) occurs in the Cr-doped
BiFe(,07Cu0.0303 samples, but negative effect
BiFeo 072100303 on the electrical properties.
High leakages.
BiFeO3 Pt/Ti/Si0,/Si (100) 10-20 nm At 80K, Pr and Ec [112]
substrate and ~100 pC/cm? and
Pt/sapphire (0001) 0.4 MV/cm at 2MV/cm
structures electric applied field.

Polarization ~10% smaller
in the film on Si.

BiFeOs Pt/Ti/Si0,/Si(100) 400 nm Leakage current ~10~28 [128]
A/cm? at room
temperature. Pr ~90 p.C/cm?
at 80K and the piezoelectric
coefficient ds3 ~50 pm/V.

Aqueous solution-gel method
+Dip coating BiFeO3 Silica-Soda-Lime 180nm and ~360 nm Optical properties: [115]
glass substrate Refractive index n up to 1.6
and extinction coefficient k
up to 0.12 for A =0.55 um
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Table 2 - (Continued)

Low energy consumption techniques (based on a liquid phase transportation): CSD

Processing method Film composition Substrate Film thickness Functional properties Ref.
BiFeO3 Stainless steel A thin - [130]
substrate sublayer ~ 100 nm
and a thicker one
<1pm.
+Spin coating BiFeOs Pt(80nm)/TiOx(30nm)/  1-, 3-, 6- and 3-Layered BiFeOj3 films [51]
BiFe; 4TiyOs3, where Si0,/Si substrate 8-layers. No BiFeO; films annealed at
x=0.05, 0.1, 0.15 or thickness value 700 °C exhibit lower
0.20 reported. magnetization values.
Ti**-doping reduces Ms
further in comparison to
non doped films annealed
at 700C.
Bip.ggsSmg 12oFeO3 and Si/SiO; (100) Single phase ~90nm - [113]
a composite substrate and
Bio_ggsmo_lz FEO3/Bi3_QSmo_gTi3012 composite ~100nm
Big ggSmo 12FeO3 Pt(111)Ti/Si0,/Si 250 nm Ti*-dpoing: [133]
Bio.gsNdg 15FeO3 substrate Prt =15 pC/cm?, Mr* =—
BiFeolgsTio,os FeOs3 025 511134r +Ti4*»d0ping:

Big 8gSmo 12F€0.95 Tio.0503.025
Big gsNdo.15Fe0.95 Tio.0503.025

Pr+ =27 pC/cm?,
Mr* =47 emu/mol
Nd3* + Ti**-doping
Prt =12 pC/cm?,
Mr* =77 emu/mol

Acknowledgements

This work was conducted within the FPI program (Ref:
BES-2014-067779). It was supported by the Spanish Min-
istry of Economy and Competitiveness (MINECO) through
MAT2016-80182-R and MAT2013-40722-R projects. D.G.C. also
acknowledges the Fundacién General CSIC (ComFuturo Pro-
gram) for the financial support.

REFERENCES

[1] M. Valant, A.K. Axelsson, N. Alford, Peculiarities of a

solid-state synthesis of multiferroic polycrystalline BiFeOs,

Chem. Mater. 19 (2007) 5431,

http://dx.doi.org/10.1021/cm071730+.

S.M. Selbach, M.A. Einarsrud, T. Grande, On the

thermodynamic stability of BiFeOs;, Chem. Mater. 21 (2009)

169, http://dx.doi.org/10.1021/cm802607p.

[3] M.S. Bernardo, T. Jardiel, M. Peiteado, A.C. Caballero, M.

Villegas, Reaction pathways in the solid state synthesis of

multiferroic BiFeOs, J. Eur. Ceram. Soc. 31 (2011) 3047,

http://dx.doi.org/10.1016/j.jeurceramsoc.2011.03.018.

D. Lebeugle, D. Colson, A. Forget, M. Viret, P. Bonville, J.F.

Marucco, S. Fusil, Room-temperature coexistence of large

electric polarization and magnetic order in BiFeOs single

crystals, Phys. Rev. B Condens. Matter. 76 (2007) 024116,

http://dx.doi.org/10.1103/PhysRevB.76.024116.

I. Sosnowska, T.P. Neumaier, E. Steichele, Spiral magnetic

ordering in bismuth ferrite, J. Phys. C Solid State Phys. 15

(1982) 4835-4846,

http://dx.doi.org/10.1088/0022-3719/15/23/020.

[6] J. Bertinshaw, R. Maran, S.J. Callori, V. Ramesh, J. Cheung,
S.A. Danilkin, W.T. Lee, S. Hu, J. Seidel, N. Valanoor, C.
Ulrich, Direct evidence for the spin cycloid in strained

[2

4

[5

[7

8

[9

nanoscale bismuth ferrite thin films, Nat. Commun. 7
(2016) 12664, http://dx.doi.org/10.1038/ncomms12664.

] C.-H. Yang, D. Kan, I. Takeuchi, V. Nagarajan, J. Seidel,

Doping BiFeOs: approaches and enhanced functionality,

Phys. Chem. Chem. Phys. 14 (2012) 15953-15962,

http://dx.doi.org/10.1039/c2cp43082g.

D.C. Arnold, Composition-driven structural phase

transitions in rare-earth-doped BiFeO3; ceramics: a review,

IEEE Trans. Ultrason. Ferroelectr. Freq. Control. 62 (2015)

62-82, http://dx.doi.org/10.1109/TUFFC.2014.006668.

] D. Kan, CJ. Long, C. Steinmetz, S.E. Lofland, I. Takeuchi,
Combinatorial search of structural transitions: systematic
investigation of morphotropic phase boundaries in
chemically substituted BiFeOs, J. Mater. Res. 27 (2012)
2691-2704, http://dx.doi.org/10.1557/jmr.2012.314.

[10] D.O. Alikin, A.P. Turygin, J. Walker, T. Rojac, V.V.

Shvartsman, Ya.V. Shur, A.L. Kholkin, Quantitative phase
separation in multiferroic Big ggSmg 1,FeO3 ceramics via
piezoresponse force microscopy, J. Appl. Phys. 118 (2015)
072004, http://dx.doi.org/10.1063/1.4927812.

[11] C. Gumiel, M.S. Bernardo, P.G. Villanueva, D.G. Calatayud, M.

Peiteado, T. Jardiel, Two-step doping approach releasing the
piezoelectric response of BiFeO3 bulk ceramics co-doped
with titanium and samarium, Bol. Soc. Esp. Ceram. V 59
(2020) 81-87, http://dx.doi.org/10.1016/j.bsecv.2019.07.002.

[12] G. Catalan, J.F. Scott, Physics and applications of bismuth

ferrite, Adv. Mater. 21 (2009) 2463-2485,
http://dx.doi.org/10.1002/adma.200802849.

[13] Y.P. Wang, L. Zhou, M.F. Zhang, X.Y. Chen, J.-M. Liu, Z.G. Liu,

Room- temperature saturated ferroelectric polarization in
BiFeOs ceramics synthesized by rapid liquid phase
sintering, Appl. Phys. Lett. 84 (2004) 1731-1733,
http://dx.doi.org/10.1063/1.1667612.

[14] AK. Pradhan, K. Zhang, D. Hunter, J.B. Dadson, G.B. Loiutts,

Magnetic and electrical properties of single-phase
multiferroic BiFeOs, J. Appl. Phys. 97 (2005) 1-4,
http://dx.doi.org/10.1063/1.1881775.

[15] V.R. Palkar, J. John, R. Pinto, Observation of saturated

polarization and dielectric anomaly in magnetoelectric


dx.doi.org/10.1021/cm071730+
dx.doi.org/10.1021/cm802607p
dx.doi.org/10.1016/j.jeurceramsoc.2011.03.018
dx.doi.org/10.1103/PhysRevB.76.024116
dx.doi.org/10.1088/0022-3719/15/23/020
dx.doi.org/10.1038/ncomms12664
dx.doi.org/10.1039/c2cp43082g
dx.doi.org/10.1109/TUFFC.2014.006668
dx.doi.org/10.1557/jmr.2012.314
dx.doi.org/10.1063/1.4927812
dx.doi.org/10.1016/j.bsecv.2019.07.002
dx.doi.org/10.1002/adma.200802849
dx.doi.org/10.1063/1.1667612
dx.doi.org/10.1063/1.1881775

728 BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732

BiFeOjs thin films, Appl. Phys. Lett. 80 (2002) 1628,
http://dx.doi.org/10.1063/1.1458695.

[16] J.E. Scott, Ferroelectrics go bananas, J. Phys. Condens.
Matter. 20 (2008) 021001,
http://dx.doi.org/10.1088/0953-8984/20/02/021001.

[17] M.S. Bernardo, T. Jardiel, M. Peiteado, F.J. Mompean, M.
Garcia-Hernandez, M.A. Garcia, M. Villegas, A.C. Caballero,
Intrinsic compositional inhomogeneities in bulk Ti-doped
BiFeOs: microstructure development and multiferroic
properties, Chem. Mater. 25 (2013) 1533,
http://dx.doi.org/10.1021/cm303743h.

[18] C. Gumiel, T. Jardiel, M.S. Bernardo, P. Villanueva, U. Urdiroz,
F. Cebollada, C. Aragd, A.C. Caballero, M. Peiteado,
Combination of structural and microstructural effects in
the multiferroic response of Nd and Ti co-doped BiFeOs;
bulk ceramics, Ceram. Int. 45 (2019) 5276,
http://dx.doi.org/10.1016/j.ceramint.2018.11.225.

[19] S.Y. Yang, J. Seidel, S.J. Byrnes, P. Shafer, C.H. Yang, M.D.
Rossell, P. Yu, Y.H. Chu, J.F. Scott, ].W. Ager, L.W. Martin, R.
Ramesh, Above-bandgap voltages from ferroelectric
photovoltaic devices, Nat. Nanotechnol. 5 (2010) 143,
http://dx.doi.org/10.1038/nnano.2009.451.

[20] J.C. Yang, Q. He, P. Yu, Y.H. Chu, BiFeOs thin films: a
playground for exploring electric-field control of
multifunctionalities, Annu. Rev. Mater. Res. 45 (2015)
249-275,
http://dx.doi.org/10.1146/annurev-matsci-070214-020837.

[21] R. Ramesh, N.A. Spaldin, Multiferroics: progress and
prospects in thin films, Nat. Mater. 6 (2007) 21-29,
http://dx.doi.org/10.1038/nmat1805.

[22] S. Gupta, M. Pal, M. Tomar, R. Guo, A. Bhalla, V. Gupta,
Ferroelectric and magnetic domain mapping of
magneto-dielectric Ce doped BiFeOjs thin films, J. Alloys
Compd. 882 (2021) 160698,
http://dx.doi.org/10.1016/j.jallcom.2021.160698.

[23] L. Wu, J. Li, C. Liu, R. Zheng, J. Li, X. Wang, M. Li, J. Wei,
Inkjet printed BiFeOs thin films with non-volatile resistive
switching behaviors, Phys. Lett. A 404 (2021) 127406,
http://dx.doi.org/10.1016/j.physleta.2021.127406.

[24] Y. Gonzélez-Abreu, S.P. Reis, EE. Freitas, J.A. Eiras, E.B.
Araujo, Effects of crystallization kinetics on the dielectric
and electrical properties of BiFeO; films, J. Adv. Dielectr. 11
(2021) 2140007,
http://dx.doi.org/10.1142/52010135X21400075.

[25] W.H. Kim, ].Y. Son, H.M. Jang, Confinement of ferroelectric
domain-wall motion at artificially formed
conducting-nanofilaments in epitaxial BiFeOs thin films,
ACS Appl. Mater. Interfaces 6 (2014) 6346-6350,
http://dx.doi.org/10.1021/am501630k.

[26] W. Sun, J.F. Li, Q. Yu, L.Q. Cheng, Phase transition and
piezoelectricity of sol-gel-processed Sm-doped BiFeOs; thin
films on Pt(111)/Ti/SiO,/Si substrates, J. Mater. Chem. C 3
(2015) 2115-2122, http://dx.doi.org/10.1039/C4TC02886D.

[27] L. Bretos, R. Jimenez, D. Perez-Mezcua, N. Salazar, J. Ricote,
M.L. Calzada, Low-temperature liquid precursors of
crystalline metal oxides assisted by heterogeneous
photocatalysis, Adv. Mater. 27 (2015) 2608,
http://dx.doi.org/10.1002/adma.201405857.

[28] M. Tomczyk, I. Bretos, R. Jiménez, A. Mahajan, E.V. Ramana,
M.L. Calzada, P.M. Vilarinho, Direct fabrication of BiFeO;
thin films on polyimide substrates for flexible electronics, J.
Mater. Chem. C 5 (2017) 12529,
http://dx.doi.org/10.1039/C7TC04571A.

[29] LS. Golovina, M. Falmbigl, A.V. Plokhikh, T.C. Parker, C.
Johnson, J.E. Spanier, Effect of annealing conditions on the
electrical properties of ALD-grown polycrystalline BiFeOs
films, J. Mater. Chem. C 6 (2018) 5462,
http://dx.doi.org/10.1039/C7TCO5755E.

[30] Q. Zhang, H.H. Huang, D. Sando, M. Summers, P. Munroe, O.
Standard, N. Valanoor, Mixed-phase bismuth ferrite thin
films by chemical solution deposition, J. Mater. Chem. C 6
(2018) 2882, http://dx.doi.org/10.1039/C7TCO5841A.

[31] T. Fujii, S. Shimizu, A. Kajima, T. Miyama, Film fabrication
of solid solution of the BiFeO3;-BaTiO; system by rf-reactive
sputtering, J. Magn. Magn. Mater. 54-57 (1986) 1303-1304,
http://dx.doi.org/10.1016/0304-8853(86)90829-2.

[32] B.U.M. Rao, G. Srinivasan, V.S. Babu, M.S. Seehra, Magnetic
properties of amorphous BiFeO3;-PbZrO; sputtered films, J.
Appl. Phys. 69 (1991) 5463-5465,
http://dx.doi.org/10.1063/1.348010.

[33] C.W. Huang, Y.H. Chu, Z.H. Chen, J. Wang, T. Sritharan, L.
Chen, Q. He, R. Ramesh, Strain-driven phase transitions
and associated dielectric/piezoelectric anomalies in BiFeO3
thin films, IEEE Trans. Inform. Theory 39 (1993) 1049-1053,
http://dx.doi.org/10.1063/1.3499658.

[34] S.B. Emery, FJ. Rueckert, B.O. Wells, C.-J. Cheng, V.
Nagarajan, D. Kan, I. Takeuchi, S.P. alpay, Phase coexistence
near a morphotropic phase boundary in Sm-doped BiFeOs;
films, IEEE Trans. Magn. 30 (1994) 4002-4004,
http://dx.doi.org/10.1063/1.3481065.

[35] K. Ueda, H. Tabata, T. Kawai, Coexistence of ferroelectricity
and ferromagnetism in BiFeO3-BaTiO3 thin films at room
temperature, Appl. Phys. Lett. 75 (1999) 555-557,
http://dx.doi.org/10.1063/1.124420.

[36] M.S. Bernardo, T. Jardiel, M. Peiteado, A.C. Caballero,
Metastable nature of donor-doped BiFeOs; obtained by
mechanochemical synthesis, J. Ceram. Soc. Jpn. 124 (2016)
92-97, http://dx.doi.org/10.2109/jcersj2.15191.

[37] J. Wang, ].B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B.
Liu, D. Viehland, V. Vaithyanathan, D.G. Schlom, U.V.
Waghmare, N.A. Spaldin, K.M. Rabe, M. Wuttig, R. Ramesh,
Epitaxial BiFeO; multiferroic thin film heterostructures,
Science 299 (2003) 1719-1722,
http://dx.doi.org/10.1126/science.1080615.

[38] E. Bai, J. Wang, M. Wuttig, J. Li, N. Wang, A.P. Pyatakov, A K.
Zvezdin, L.E. Cross, D. Viehland, Destruction of spin cycloid
in (111)c-oriented BiFeOs thin films by epitiaxial constraint:
enhanced polarization and release of latent magnetization,
Appl. Phys. Lett. 86 (2005) 1-3,
http://dx.doi.org/10.1063/1.1851612.

[39] S. Ryu, J.-Y. Kim, Y.-H. Shin, B.-G. Park, J.Y. Son, H.M. Jang,
Enhanced magnetization and modulated orbital
hybridization in epitaxially constrained BiFeOs thin films
with rhombohedral symmetry, Chem. Mater. 21 (2009)
5050-5057, http://dx.doi.org/10.1021/cm9014496.

[40] X. Tang, J. Dai, X. Zhu, J. Lin, Q. Chang, D. Wu, W. Song, Y.
Sun, Thickness-dependent dielectric, ferroelectric, and
magnetodielectric properties of BiFeOs thin films derived by
chemical solution deposition, J. Am. Ceram. Soc. 95 (2012)
538-544, http://dx.doi.org/10.1111/j.1551-2916.2011.
04920.x.

[41] W. Eerenstein, F.D. Morrison, J. Dho, M.G. Blamire, J.F. Scott,
N.D. Mathur, Comment on “Epitaxial BiFeO3; multiferroic
thin film heterostructures”, Science 307 (2005) 1203,
http://dx.doi.org/10.1126/science.1105422.

[42] J. Wang, A. Scholl, H. Zheng, S.B. Ogale, D. Viehland, D.G.
Scholm, N.A. Spalding, K.M. Rabe, M. Wuttig, L. Mohaddes,
J. Neaton, U. Waghmare, T. Zhao, R. Ramesh, Response to
comment on “Epitaxial BiFeO; multiferroic thin film
heterostructures”, Science 307 (2005) 1203,
http://dx.doi.org/10.1126/science.1103959.

[43] R.R. Das, D.M. Kim, S.H. Baek, C.B. Eom, Synthesis and
ferroelectric properties of epitaxial BiFeO3 thin films grown
by sputtering, Appl. Phys. Lett. 88 (2006) 242904,
http://dx.doi.org/10.1063/1.2213347.


dx.doi.org/10.1063/1.1458695
dx.doi.org/10.1088/0953-8984/20/02/021001
dx.doi.org/10.1021/cm303743h
dx.doi.org/10.1016/j.ceramint.2018.11.225
dx.doi.org/10.1038/nnano.2009.451
dx.doi.org/10.1146/annurev-matsci-070214-020837
dx.doi.org/10.1038/nmat1805
dx.doi.org/10.1016/j.jallcom.2021.160698
dx.doi.org/10.1016/j.physleta.2021.127406
dx.doi.org/10.1142/S2010135X21400075
dx.doi.org/10.1021/am501630k
dx.doi.org/10.1039/C4TC02886D
dx.doi.org/10.1002/adma.201405857
dx.doi.org/10.1039/C7TC04571A
dx.doi.org/10.1039/C7TC05755E
dx.doi.org/10.1039/C7TC05841A
dx.doi.org/10.1016/0304-8853(86)90829-2
dx.doi.org/10.1063/1.348010
dx.doi.org/10.1063/1.3499658
dx.doi.org/10.1063/1.3481065
dx.doi.org/10.1063/1.124420
dx.doi.org/10.2109/jcersj2.15191
dx.doi.org/10.1126/science.1080615
dx.doi.org/10.1063/1.1851612
dx.doi.org/10.1021/cm9014496
dx.doi.org/10.1111/j.1551-2916.2011.04920.x
dx.doi.org/10.1111/j.1551-2916.2011.04920.x
dx.doi.org/10.1126/science.1105422
dx.doi.org/10.1126/science.1103959
dx.doi.org/10.1063/1.2213347

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732 729

[44] J. Wu, J. Wang, D. Xiao, J. Zhu, Resistive hysteresis in BiFeO3
thin films, Mater. Res. Bull. 46 (2011) 2183-2186,
http://dx.doi.org/10.1016/j.materresbull.2011.07.030.

[45] S. Das, S. Basu, S. Mitra, D. Chakravorty, B.N. Monda, Wet
chemical route to transparent BiFeOs films on SiO,
substrates, Thin Solid Films 518 (2010) 4071-4075,
http://dx.doi.org/10.1016/j.tsf.2009.10.138.

[46] H. Béa, M. Bibes, A. Barthélémy, K. Bouzehouane, E. Jacquet,
A.Khodan, J.-P. Contour, S. Fusil, F. Wyczisk, A. Forget, D.
Lebeugle, D. Colson, M. Viret, Influence of parasitic phases
on the properties of BiFeO3 epitaxial thin films, Appl. Phys.
Lett. 87 (2005) 072508, http://dx.doi.org/10.1063/1.2009808.

[47] A. Lahmara, K. Zhao, S. Habouti, M. Dietze, C.-H. Solterbeck,
M. Es-Souni, Off-stoichiometry effects on BiFeOs thin films,
Solid State Ion. 202 (2011) 1-5,
http://dx.doi.org/10.1016/j.ss1.2011.03.017.

[48] H. Ke, W. Wang, Y. Wang, H. Zhang, D. Jia, Y. Zhou, X. Lu, P.
Withers, Dependence of dielectric behavior in BiFeOs
ceramics on intrinsic defects, J. Alloys Compd. 541 (2012)
94-98, http://dx.doi.org/10.1016/j.jallcom.2012.06.110.

[49] M.S. Bernardo, T. Jardiel, A.C. Caballero, M. Bram, J.
Gonzalez-Julian, M. Peiteado, Electric current activated
sintering (ECAS) of undoped and titanium-doped BiFeO3
bulk ceramics with homogeneous microstructure, J. Eur.
Ceram. Soc. 39 (2019) 2042-2049,
http://dx.doi.org/10.1016/j.jeurceramsoc.2019.01.045.

[50] M.S. Bernardo, Synthesis, microstructure and properties of
BiFeO3-based multiferroic materials: a review, Bol. Soc. Esp.
Ceram. V 53 (2014) 1-14, http://dx.doi.org/10.3989/cyv.12014.

[51] N. Pavlovic, J. D'Haen, H. Modarresi, A. Riskin, C. De
Dobbelaere, M.J. Van Bael, K. Temst, A. Hardy, M.K. Van Bael,
BiFeOs thin films via aqueous solution deposition: a study
of phase formation and stabilization, J. Mater. Sci. 50 (2015)
4463-4476, http://dx.doi.org/10.1007/s10853-015-8987-z.

[52] HK. Jo, S.S. Kim, D. Do, Fabrication and properties of
xBiFeO3-(1—x)Bis Ti3O1, system by sol-gel process, J. Sol-Gel
Sci. Technol. 49 (2009) 336-340,
http://dx.doi.org/10.1007/s10971-008-1868-z.

[53] J. Chen, Z. Tang, Y. Bai, S. Zhao, Multiferroic and
magnetoelectric properties of BiFeO3/BisTi30,, bilayer
composite films, J. Alloys Compd. 675 (2016) 257-265,
http://dx.doi.org/10.1016/j.jallcom.2016.03.119.

[54] X. Tang, J. Dai, X. Zhu, L. Yin, R. Ang, W. Song, Z. Yang, Y.
Sun, Individual-layer thickness effects on the preferred
c-axis-oriented BiFeOj3 films by chemical solution
deposition, J. Am. Ceram. Soc. 93 (2010) 1682-1687,
http://dx.doi.org/10.1111/j.1551-2916.2010.03622.x.

[55] S.K. Lee, B.H. Choi, D. Hesse, Epitaxial growth of
multiferroic BiFeOs thin films with (101) and (111)
orientations on (100) Si substrates, Appl. Phys. Lett. 102
(2013) 242906, http://dx.doi.org/10.1063/1.4811484.

[56] L.-T. Bae, H. Naganuma, T. Ichinose, K. Sato, Thickness
dependence of crystal and electronic structures within
heteroepitaxially grown BiFeOs thin films, Phys. Rev. B 93
(2016) 064115, http://dx.doi.org/10.1103/PhysRevB.93.064115.

[57] S.-H. Kim, J.-W. Jeong, J.-W. Lee, S.-C. Shin, Enhancement of
saturation magnetization in epitaxial (111) BiFeOs films by
magnetic annealing, Thin Solid Films 517 (2009) 2749-2752,
http://dx.doi.org/10.1016/j.tsf.2008.11.111.

[58] Z. Quan, H. Hu, S. Xu, W. Liu, G. Fang, M. Li, X. Zhao, Surface
chemical bonding states and ferroelectricity of Ce-doped
BiFeOj3 thin films prepared by sol-gel process, J. Sol-Gel Sci.
Technol. 48 (2008) 261-266,
http://dx.doi.org/10.1007/s10971-008-1825-x.

[59] J. Liu, H. Deng, H. Cao, X. Zhai, J. Tao, L. Sun, P. Yang, J. Chu,
Influence of rare-earth elements doping on structure and
optical properties of BiFeOs thin films fabricated by pulsed

laser deposition, Appl. Surf. Sci. 307 (2014) 543-547,
http://dx.doi.org/10.1016/j.apsusc.2014.04.071.

[60] Y.-T. Liu, C.-S. Ku, S.-J. Chiu, H.-Y. Lee, S.-Y. Chen, Ultrathin
oriented BiFeOs films from deposition of atomic layers with
greatly improved leakage and ferroelectric properties, ACS
Appl. Mater. Interfaces 6 (6) (2014) 443-449,
http://dx.doi.org/10.1021/am404498y.

[61] L. Bretos, R. Jiménez, J. Ricote, R. Sirera, M.L. Calzada,
Photoferroelectric thin films for flexible systems by a
three-in-one solution-based approach, Adv. Funct. Mater. 30
(2020) 2001897, http://dx.doi.org/10.1002/adfm.202001897.

[62] Y.S. Rim, S.-H. Bae, H. Chen, N. De Marco, Y. Yang, Recent
progress in materials and devices toward printable and
flexible sensors, Adv. Mater. 28 (2016) 4415,
http://dx.doi.org/10.1002/adma.201505118.

[63] A. Nathan, A. Ahnood, M.T. Cole, S. Lee, Y. Suzuki, P. Hiralal,
F. Bonaccorso, T. Hasan, L. Garcia-Gancedo, A. Dyadyusha,
S. Haque, P. Andrew, S. Hofmann, J. Moultrie, D. Chu, A.J.
Flewitt, A.C. Ferrari, M.J. Kelly, J. Robertson, G.AJ.
Amaratunga, W.I. Milne, Flexible Electronics: The Next
Ubiquitous Platform, Proc. IEEE, vol. 100, 2012, pp. 1486,
http://dx.doi.org/10.1109/JPROC.2012.2190168.

[64] W.S. Wong, A. Salleo, Flexible Electronics: Materials and
Applications, Springer, New York, 2009.

[65] S. Yugang, J.A. Rogers, Inorganic semiconductors for flexible
electronics, Adv. Mater. 19 (2007) 1897,
http://dx.doi.org/10.1002/adma.200602223.

[66] E. Nieto, J.F. Fernandez, P. Duran, C. Moure, Peliculas
delgadas: fabricaciéon y aplicaciones, Bol. Soc. Esp. Ceram. V
35 (1994) 245-258.

[67] S.J.A. Moniz, R. Quesada-Cabrera, C.S. Blackman, J. Tang, P.
Southern, PM. Weaverd, C.J. Carmalta, A simple, low-cost
CVD route to thin films of BiFeOs for efficient water
photo-oxidation, J. Mater. Chem. A 2 (2014) 2922,
http://dx.doi.org/10.1039/c3ta14824f.

[68] C. Ternon, J. Thery, T. Baron, C. Ducros, F. Sanchette, J.
Kreisel, Structural properties of films grown by magnetron
sputtering of a BiFeOjs target, Thin Solid Films 515 (2006)
481-484, http://dx.doi.org/10.1016/j.tsf.2005.12.267.

[69] C.C. Lee, ].M. Wu, Effect of film thickness on interface and
electric properties of BiFeOs thin films, Appl. Surf. Sci. 253
(2007) 7069-7073,
http://dx.doi.org/10.1016/j.apsusc.2007.02.060.

[70] X. Qi, W.-C. Chang, J.-C. Kuo, L.-G. Chen, Y.-C. Chen, C.-H. Ko,
J.-C.-A. Huang, Growth and characterisation of multiferroic
BiFeOs3 films with fully saturated ferroelectric hysteresis
loops and large remanent polarisations, J. Eur. Ceram. Soc.
30 (2010) 283-287,
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.05.038.

[71] RY. Zheng, X.S. Gao, Z.H. Zhou, J. Wang, Multiferroic BiFeO3
thin films deposited on SrRuOs buffer layer by rf sputtering,
J. Appl. Phys. 101 (2007) 054104,
http://dx.doi.org/10.1063/1.2437163.

[72] RY. Zheng, C.H. Sim, J. Wang, S. Ramak, Effects of SRO
buffer layer on multiferroic BiFeOs thin films, J. Am. Ceram.
Soc. 91 (2008) 3240-3244,
http://dx.doi.org/10.1111/j.1551-2916.2008.02536.x.

[73] Y.-H. Lee, J.-M. Wu, Y.-L. Chueh, L.-J. Chou,
Low-temperature growth and interface characterization of
BiFeOs3 thin films with reduced leakage current, Appl. Phys.
Lett. 87 (2005) 172901, http://dx.doi.org/10.1063/1.2112181.

[74] P. Couture, G.V.M. Williams, J. Kennedy, J. Leveneur, P.P.
Murmu, S.V. Chong, S. Rubanov, Nanocrystalline
multiferroic BiFeOs thin films made by room temperature
sputtering and thermal annealing, and formation of an iron
oxide-induced exchange bias, J. Alloys Compd. 695 (2017)
3061-3068, http://dx.doi.org/10.1016/j.jallcom.2016.11.344.


dx.doi.org/10.1016/j.materresbull.2011.07.030
dx.doi.org/10.1016/j.tsf.2009.10.138
dx.doi.org/10.1063/1.2009808
dx.doi.org/10.1016/j.ssi.2011.03.017
dx.doi.org/10.1016/j.jallcom.2012.06.110
dx.doi.org/10.1016/j.jeurceramsoc.2019.01.045
dx.doi.org/10.3989/cyv.12014
dx.doi.org/10.1007/s10853-015-8987-z
dx.doi.org/10.1007/s10971-008-1868-z
dx.doi.org/10.1016/j.jallcom.2016.03.119
dx.doi.org/10.1111/j.1551-2916.2010.03622.x
dx.doi.org/10.1063/1.4811484
dx.doi.org/10.1103/PhysRevB.93.064115
dx.doi.org/10.1016/j.tsf.2008.11.111
dx.doi.org/10.1007/s10971-008-1825-x
dx.doi.org/10.1016/j.apsusc.2014.04.071
dx.doi.org/10.1021/am404498y
dx.doi.org/10.1002/adfm.202001897
dx.doi.org/10.1002/adma.201505118
dx.doi.org/10.1109/JPROC.2012.2190168
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1040
dx.doi.org/10.1002/adma.200602223
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1050
dx.doi.org/10.1039/c3ta14824f
dx.doi.org/10.1016/j.tsf.2005.12.267
dx.doi.org/10.1016/j.apsusc.2007.02.060
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.038
dx.doi.org/10.1063/1.2437163
dx.doi.org/10.1111/j.1551-2916.2008.02536.x
dx.doi.org/10.1063/1.2112181
dx.doi.org/10.1016/j.jallcom.2016.11.344

730

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732

(73]

(76]

(771

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(83]

(86]

(87]

G. Rojas-George, A. Concha-Balderrama, H. Esparza-Ponce,
J. Silva, J.T.E. Galindo, M.P. Cruz, J.J. Gervacio, O.A. Graeve, G.
Herrera, L. Fuentes, A. Reyes-Rojas, Local polarization
switching in Ba-Ni co-doped BiFeOj3 thin films with low
rhombohedral-symmetry distortion, J. Mater. Sci. 51 (2016)
2283-2291, http://dx.doi.org/10.1007/s10853-015-9530-y.

S. Kaya, E. Yilmaz, A. Aktag, J. Seidel, Characterization of
interface defects in BiFeO; metal-oxide-semiconductor
capacitors deposited by radio frequency magnetron
sputtering, J. Mater. Sci. Mater. Electron. 26 (2015)
5987-5993, http://dx.doi.org/10.1007/s10854-015-3174-1.

N. Somrani, A. Maaloul, H. Saidi, L. Stafford, M. Gaidi,
Microstructural and optical properties tuning of BiFeOs thin
films elaborated by magnetron sputtering, J. Mater. Sci.
Mater. Electron. 26 (2015) 3316-3323,
http://dx.doi.org/10.1007/510854-015-2833-6.

A. Crassous, T. Sluka, C.S. Sandu, N. Setter, Thickness
dependence of domain-wall patterns in BiFeOs; thin films,
Ferroelectrics 480 (2015) 4148,
http://dx.doi.org/10.1080/00150193.2015.1012414.

K. Prashanthi, M. Gupta, Y.Y. Tsui, T. Thundat, Effect of
annealing atmosphere on microstructural and
photoluminescence characteristics of multiferroic BiFeOs
thin films prepared by pulsed laser deposition technique,
Appl. Phys. A 110 (2013) 903-907,
http://dx.doi.org/10.1007/s00339-012-7194-x.

MJ. Han, YJ. Wang, D.S. Ma, Y.L. Zhu, Y.L. Tang, Y. Liu, N.B.
Zhang, ].Y. Ma, X.L. Ma, Coexistence of rhombohedral and
orthorhombic phases in ultrathin BiFeO; films driven by
interfacial oxygen octahedral coupling, Acta. Mater. 145
(2018) 220-226,
http://dx.doi.org/10.1016/j.actamat.2017.12.038.

J.E. Ihlefeld, A. Kumar, V. Gopalan, D.G. Schlom, Y.B. Chen,
X.Q. Pan, T. Heeg, J. Schubert, X. Ke, P. Schiffer, J. Orenstein,
L.W. Martin, Y.H. Chu, R. Ramesh, Adsorption-controlled
molecular-beam epitaxial growth of BiFeOs, Appl. Phys.
Lett. 91 (2007) 071922, http://dx.doi.org/10.1063/1.2767771.
R.P. Laughlin, D.A. Currie, R. Contreras-Guererro, A.
Dedigama, W. Priyantha, R. Droopad, N. Theodoropoulou, P.
Gao, X. Pan, Magnetic and structural properties of BiFeOs
thin films grown epitaxially on SrTiOs/Si substrates, J. Appl.
Phys. 113 (2013) 17D919, http://dx.doi.org/10.1063/1.
4796150.

H. Zhu, Y. Zhao, Y. Wang, Orientation dependent leakage
current behaviors and ferroelectric polarizations of off-axis
sputtered BiFeOs; thin films, J. Alloys Compd. 803 (2019)
942-949, http://dx.doi.org/10.1016/j.jallcom.2019.06.343.

B. Colson, V. Fuentes, Z. Konstantinovié, D. Colson, A.
Forget, N. Lazarevi¢, M. S¢éepanovi¢, Z.V. Popovié, C.
Frontera, L1. Balcells, B. Martinez, A. Pomar, Self-assembled
line network in BiFeOjs thin films, J. Magn. Magn. Mater. 509
(2020) 166898,
http://dx.doi.org/10.1016/j.jmmm.2020.166898.

H. Zhu, Y. Yang, W. Ren, M. Niu, W. Hu, H. Ma, J. Ouyang,
Rhombohedral BiFeOj; thick films integrated on Si with a
giant electric polarization and prominent piezoelectricity,
Acta. Mater. 200 (2020) 305-314,
http://dx.doi.org/10.1016/j.actamat.2020.09.022.

W. Zheng, D. Zheng, D. Li, P. Li, L. Zhang, J. Gong, X. Pang, C.
Jin, X. Zhang, H. Bai, Strain control of phase transition and
magnetic property in multiferroic BiFeOs thin films, Thin
Solid Films 695 (2020) 137741,
http://dx.doi.org/10.1016/j.tsf.2019.137741.

M. Niu, H. Zhu, Y. Wang, J. Yan, N. Chen, P. Yan, J. Ouyang,
Integration-friendly, chemically stoichiometric BiFeOs; films
with a piezoelectric performance challenging that of PZT,
CS Appl. Mater. Interfaces 30 (2020) 33899-33907,
http://dx.doi.org/10.1021/acsami.0c07155.

[88] X.Yin, C. Chen, Z. Fan, M. Qin, M. Zeng, X. Lu, G. Zhou, X.
Gao, D. Chen, J.-M. Liu, Coexistence of multiple
morphotropic phase boundaries in strained La-doped
BiFeOjs thin films, Mater. Today Phys. 17 (2021) 100345,
http://dx.doi.org/10.1016/j.mtphys.2021.100345.

[89] X. Qiao, W. Geng, Y. Sun, D. Zheng, Y. Yang, ]. Meng, J. He, K.
Bi, M. Cui, X. Chou, Robust in-plane polarization switching
in epitaxial BiFeOs films, J. Alloys Compd. 852 (2021) 156988,
http://dx.doi.org/10.1016/j.jallcom.2020.156988.

[90] D.S. Knoche, M. Steimecke, Y. Yun, L. Miihlenbein, A.
Bhatnagar, Anomalous circular bulk photovoltaic effect in
BiFeOj3 thin films with stripe-domain pattern, Nat.
Commun. 282 (2021),
http://dx.doi.org/10.1038/s41467-020-20446-21093.

[91] M.N. Shalaby, M.M. Saad, Advanced material engineering
and nanotechnology for improving sports performance and
equipment, Int. J. Psychosoc. Rehabil. 24 (2020) 2314-2322,
http://dx.doi.org/10.37200/IJPR/V24110/PR300246.

[92] J.F. Thlefeld, W. Tian, Z.-K. Liu, W.A. Doolittle, M. Bernhagen,
P. Reiche, R. Uecker, R. Ramesh, D.G. Schlom,
Adsorption-controlled growth of BiFeO3; by MBE. Integration
with wide band gap semiconductors, IEEE Trans. Ultrason.
Ferroelectr. Freq. Control. 56 (2009) 19686967,
http://dx.doi.org/10.1109/TUFFC.2009.1216.

[93] N. Deepak, P. Carolan, L. Keeney, P.F. Zhang, M.E. Pemble,
R.W. Whatmore, Bismuth self-limiting growth of ultrathin
BiFeOs films, Chem. Mater. 27 (2015) 6508-6515,
http://dx.doi.org/10.1021/acs.chemmater.5b03034.

[94] O. Nur, M. Willander, Chapter 3 — Conventional
nanofabrication methods, in: Low Temperature Chemical
Nanofabrication, Recent Progress, Challenges and Emerging
Technologies Micro and Nano Technologies, 2020, pp. 49-86,
http://dx.doi.org/10.1016/B978-0-12-813345-3.00003-4.

[95] J. Thery, C. Dubourdieu, T. Baron, C. Ternon, H. Roussel, F.
Pierre, MOCVD of BiFeOs; thin films on SrTiO3;, Chem. Vapor.
Depos. 13 (2007) 232-238,
http://dx.doi.org/10.1002/cvde.200606571.

[96] Q. Micard, G.G. Condorelli, G. Malandrino, Piezoelectric
BiFeOj3 thin films: optimization of MOCVD process on Si,
Nanomaterials 10 (2020) 630,
http://dx.doi.org/10.3390/nan010040630.

[97] K.G.S. Ranmohotti, E. Josepha, J. Choi, ].X. Chang, ].B. Wiley,
Topochemical manipulation of perovskites:
low-temperature reaction strategies for directing structure
and properties, Adv. Mater. 23 (2011) 442-460,
http://dx.doi.org/10.1002/adma.201002274.

[98] M. Yoshimura, Soft solution processing: concept and
realization of direct fabrication of shaped ceramics
(nano-crystals, whiskers, films, and/or patterns) in
solutions without post-firing, J. Mater. Sci. 41 (2006)
1299-1306, http://dx.doi.org/10.1007/s10853-006-7262-8.

[99] T.W. Kueper, S.J. Visco, L.C. De Jonghe, Thin-film ceramic
electrolytes deposited on porous and non-porous
substrates by sol-gel techniques, Solid State Ion. 52 (1992)
251-259, http://dx.doi.org/10.1016/0167-2738(92)90113-4.

[100] M. Biswas, P-C. Su. Chemical solution deposition technique
of thin-film ceramic electrolytes for solid oxide fuel cells.
In: Nikolay N, editors. Modern Technologies for Creating the
Thin-film Systems and Coatings, Nikitenkov, 2017, ISBN
978-953-51-3004-8, http://doi.org/10.5772/66125.

[101] A.R. Venkateswarlu, G.D. Varma, R. Nath, Optical and
electrical properties of spray pyrolysis deposited
nano-crystalline BiFeOs films, AIP Adv. 1 (2001) 042140,
http://dx.doi.org/10.1063/1.3662093.

[102] V.A. Reddy, N.P. Pathak, R. Nath, Magnetoelectric coupling
of spray pyrolysis deposited multiferroic BiFeOs films, Thin
Solid Films 527 (2013) 358-362,
http://dx.doi.org/10.1016/j.tsf.2012.12.053.


dx.doi.org/10.1007/s10853-015-9530-y
dx.doi.org/10.1007/s10854-015-3174-1
dx.doi.org/10.1007/s10854-015-2833-6
dx.doi.org/10.1080/00150193.2015.1012414
dx.doi.org/10.1007/s00339-012-7194-x
dx.doi.org/10.1016/j.actamat.2017.12.038
dx.doi.org/10.1063/1.2767771
dx.doi.org/10.1063/1.4796150
dx.doi.org/10.1063/1.4796150
dx.doi.org/10.1016/j.jallcom.2019.06.343
dx.doi.org/10.1016/j.jmmm.2020.166898
dx.doi.org/10.1016/j.actamat.2020.09.022
dx.doi.org/10.1016/j.tsf.2019.137741
dx.doi.org/10.1021/acsami.0c07155
dx.doi.org/10.1016/j.mtphys.2021.100345
dx.doi.org/10.1016/j.jallcom.2020.156988
dx.doi.org/10.1038/s41467-020-20446-z1093
dx.doi.org/10.37200/IJPR/V24I10/PR300246
dx.doi.org/10.1109/TUFFC.2009.1216
dx.doi.org/10.1021/acs.chemmater.5b03034
dx.doi.org/10.1016/B978-0-12-813345-3.00003-4
dx.doi.org/10.1002/cvde.200606571
dx.doi.org/10.3390/nano10040630
dx.doi.org/10.1002/adma.201002274
dx.doi.org/10.1007/s10853-006-7262-8
dx.doi.org/10.1016/0167-2738(92)90113-4
http://doi.org/10.5772/66125
dx.doi.org/10.1063/1.3662093
dx.doi.org/10.1016/j.tsf.2012.12.053

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732 731

[103] Y. Castro, A. Duran, Control of degradation rate of Mg alloys
using silica sol-gel coatings for biodegradable implant
materials, J. Sol-Gel Sci. Technol. 90 (2019) 198-208,
http://dx.doi.org/10.1007/s10971-018-4824-6.

[104] H. Schmidt, Considerations about the sol-gel process: from
the classical sol-gel route to advanced chemical
nanotechnologies, J. Sol-Gel Sci. Technol. 49 (2006) 115,
http://dx.doi.org/10.1007/s10971-006-9322-6.

[105] X. Wang, Preparation, Synthesis and Application of Sol-Gel
Method, Université de Montpellier, 2020.

[106] R.W. Schwartz, T.L. Reichert, P.G. Clem, D. Dimos, D. Liu, A
comparison of diol and methanol-based chemical solution
deposition routes for PZT thin film fabrication, Integr.
Ferroelectr. 18 (1997) 275-286,
http://dx.doi.org/10.1080/10584589708221705.

[107] S.D. Ramamurthi, D.A. Payne, Structural investigations of
prehydrolyzed precursors used in the sol-gel processing of
lead titanate, J. Am. Ceram. Soc. 73 (1990) 2547-2551,
http://dx.doi.org/10.1111/j.1151-2916.1990.tb07633.x.

[108] C.J. Brinker, G.W. Scherer, Sol — gel — glass: I. Gelation gel
structure, J. Non-Cryst. Solids 70 (1985) 301-322,
http://dx.doi.org/10.1016/0022-3093(85)90103-6.

[109] M. Kallala, C. Sanchez, B. Cabane, SAXS study of gelation
and precipitation in titanium-based systems, J. Non-Cryst.
Solids 147-148 (1992) 189-193,
http://dx.doi.org/10.1016/S0022-3093(05)80616-7.

[110] M. Paranthaman, S.S. Shoup, D.B. Beach, R.K. Williams, E.D.
Specht, Epitaxial growth of BaZrO; films on single crystal
oxide substrates using sol-gel alkoxide precursors, Mater.
Res. Bull. 32 (1997) 1697-1704,
http://dx.doi.org/10.1016/S0025-5408(97)00159-1.

[111] SSW. Y], S.S. Kim, J.W. Kim, H.K. Jo, D. Do, W.-J. Kim,
Multiferroic properties of BiFeO3/Bis Ti3O1, double-layered
thin films fabricated by chemical solution deposition, Thin
Solid Films 517 (2009) 6737-6741,
http://dx.doi.org/10.1016/j.tsf.2009.05.029.

[112] SK. Singh, H. Ishiwara, K. Maruyama, Enhanced
polarization and reduced leakage current in BiFeOs thin
films fabricated by chemical solution deposition, J. Appl.
Phys. 100 (2006) 064102, http://dx.doi.org/10.1063/1.2338836.

[113] C. Gumiel, T. Vranken, M.S. Bernardo, T. Jardiel, A. Hardy,
M.K. Van Bael, M. Peiteado, Thin film composites in the
BiFeO3-Bi;TizO;, system obtained by an aqueous
solution-gel deposition methodology, Bol. Soc. Esp. Ceram.
V 57 (2018) 19-28,
http://dx.doi.org/10.1016/j.bsecv.2017.09.001.

[114] L.E. Scriven, Physics and applications of dip coating and
spin coating, MRS Proceedings, Symposium H-Better
Ceramics Through Chemistry III, 717 121 (1988),
http://dx.doi.org/10.1557/PROC-121-717.

[115] V. Fruth, M. Popa, J.M. Calderon-Moreno, E.M. Anghel, D.
Berger, M. Gartner, M. Anastasescu, P. Osiceanu, M.
Zaharescu, Chemical solution deposition and
characterization of BiFeOs thin films, J. Eur. Ceram. Soc. 27
(2007) 4417-4420,
http://dx.doi.org/10.1016/j.jeurceramsoc.2007.02.175.

[116] B.L. Hu, Z.Z. Li, H.Q. Zhang, S.Y. Chen, Q.Y. Ye, J.F. Zhao, Y.
Zhao, Z.G. Huang, Preparation and properties of La-doped
BiFeOs thin films, Mater. Sci. Forum. 848 (2016) 645-651,
http://dx.doi.org/10.4028/www.scientific.net/MSF.848.645.

[117] B.G. Park, Bismuth ferrite thin film coated on polycarbonate
surface and its photocatalytic properties in visible Light,
Mater. Lett. 285 (2021) 129006,
http://dx.doi.org/10.1016/j.matlet.2020.129006.

[118] J. Taylor, Spin colating: an overview, Met. Finish. 99 (2001)
16-21, http://dx.doi.org/10.1016/S0026-0576(01)80527-4.

[119] S.M.H. Shah, A. Akbar, S. Riaz, S. Atig, S. Naseem, Magnetic
structural dielectric properties of Bi;_xKxFeOs thin films

using sol-gel, IEEE Trans. Magn. 50 (2014) 14544337,
http://dx.doi.org/10.1109/TMAG.2014.2310691.

[120] X. Tang, X. Zhu, J. Dai, Y. Sun, Self-limited grain growth,
dielectric, leakage and ferroelectric properties of
nanocrystalline BiFeOs thin films by chemical solution
deposition, Acta Mater. 61 (2013) 1739-1747,
http://dx.doi.org/10.1016/j.actamat.2012.11.048.

[121] J. Zeng, Z.H. Tang, M.H. Tang, D.L. Xu, Y.G. Xiao, B.W. Zeng,
L.Q. Li, Y.C. Zhou, Enhanced ferroelectric, dielectric and
leakage properties in Ce and Ti co-doping BiFeOs thin films,
J. Sol-Gel Sci. Technol. 72 (2014) 587-592,
http://dx.doi.org/10.1007/s10971-014-3481-7.

[122] Z.1i, Y. Zhao, W. Li, R. Song, Y. Zhang, W. Zhao, Z. Wang, Y.
Peng, W. Fei, Enhanced energy storage properties of
amorphous BiFeOs/Al,03; multilayers, J. Mater. Res. Technol.
11 (2021) 1852-1858,
http://dx.doi.org/10.1016/j.jmrt.2021.01.078.

[123] L. Liy, K. Xu, Q. Li, J. Daniels, H. Zhou, J. Li, J. Zhu, J. Seidel,
J.-F. Li, Giant, domain wall conductivity in self-assembled
BiFeOs; nanocrystals, Adv. Funct. Mater. 31 (2021) 2005876,
http://dx.doi.org/10.1002/adfm.202005876.

[124] G. Tan, X. Ren, Y. Liu, M. Guo, L. Lv, J. Li, M. Xue, H. Ren, A.
Xia, W. Liu, Diode-like rectification characteristics of
BiFeOs3-based/Zn;_Ni Fe, 04 bilayered films for application
of ferroelectric field effect transistors, J. Alloys Compd. 851
(2021) 156818,
http://dx.doi.org/10.1016/j.jallcom.2020.156818.

[125] Y. Wang, Q.-H. Jiang, H.-C. He, C.-W. Nan, Multiferroic
BiFeOs thin films prepared via a simple sol-gel method,
Appl. Phys. Lett. 838 (2006) 142503,
http://dx.doi.org/10.1063/1.2191947.

[126] Y. Wang, C.-W. Nan, Enhanced ferroelectricity in Ti-doped
multiferroic BiFeOjs thin films, Appl. Phys. Lett. 89 (2006)
052903, http://dx.doi.org/10.1063/1.2222242.

[127] P. Kharel, S. Talebi, B. Ramachandran, A. Dixit, V.M. Naik,
M.B. Sahana, C. Sudakar, R. Naik, M.S.R. Rao, G. Lawes,
Structural, magnetic, and electrical studies on
polycrystalline transition-metal-doped BiFeOs thin films, J.
Phys. Condens. Matter. 21 (2009) 036001,
http://dx.doi.org/10.1088/0953-8984/21/3/036001.

[128] SK. Singh, R. Ueno, H. Funakubo, H. Uchida, S. Koda, H.
Ishiwara, Dependence of ferroelectric properties on
thickness of BiFeOj3 thin films fabricated by chemical
solution deposition, Jpn. J. Appl. Phys. 44 (2005) 8525,
http://dx.doi.org/10.1143/]JAP.44.8525.

[129] A. Hardy, J. D’Haen, L. Goux, D. Wouters, M.K. Van Bael, H.
Van den Rul, J. Mullens, Aqueous chemical solution
deposition of ferroelectric Ti** cosubstituted (Bi,La)sTizO1,
thin films, Chem. Mater. 19 (2007) 2994-3001,
http://dx.doi.org/10.1021/cm070101x.

[130] M. Popa, S. Preda, V. Fruth, K. Sedlackové, C. Balazsi, D.
Crespo, .M. Calderén-Moreno, BiFeO; films on steel
substrate by the citrate method, Thin Solid Films 517 (2009)
2581-2585, http://dx.doi.org/10.1016/j.tsf.2008.10.030.

[131] A. Hardy, H. Van den Rul, M.K. Van Bael, J. Mullens,
Hyphenated thermal analysis for in situ study of
(Bi,Nd)4Ti30,, formation from aqueous solution-gel
synthesis, J. Therm. Anal. Calorim. 96 (2009) 955-960,
http://dx.doi.org/10.1007/s10973-009-0051-2.

[132] A. Hardy, S. Gielis, H. Van den Rul, J. D’Haen, M.K. Van Bael,
J. Mullens, Effects of precursor chemistry and thermal
treatment conditions on obtaining phase pure bismuth
ferrite from aqueous gel precursors, J. Eur. Ceram. Soc. 29
(2009) 3007-3013,
http://dx.doi.org/10.1016/j.jeurceramsoc.2009.05.018.

[133] C. Gumiel, T. Jardiel, D.G. Calatayud, T. Vranken, M.K. Van
Bael, A. Hardy, M.L. Calzada, R. Jiménez, FJ. Mompedn, M.
Garcia-Hernandez, A.C. Caballero, M. Peiteado,


dx.doi.org/10.1007/s10971-018-4824-6
dx.doi.org/10.1007/s10971-006-9322-6
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
http://refhub.elsevier.com/S0366-3175(21)00072-8/sbref1245
dx.doi.org/10.1080/10584589708221705
dx.doi.org/10.1111/j.1151-2916.1990.tb07633.x
dx.doi.org/10.1016/0022-3093(85)90103-6
dx.doi.org/10.1016/S0022-3093(05)80616-7
dx.doi.org/10.1016/S0025-5408(97)00159-1
dx.doi.org/10.1016/j.tsf.2009.05.029
dx.doi.org/10.1063/1.2338836
dx.doi.org/10.1016/j.bsecv.2017.09.001
dx.doi.org/10.1557/PROC-121-717
dx.doi.org/10.1016/j.jeurceramsoc.2007.02.175
dx.doi.org/10.4028/www.scientific.net/MSF.848.645
dx.doi.org/10.1016/j.matlet.2020.129006
dx.doi.org/10.1016/S0026-0576(01)80527-4
dx.doi.org/10.1109/TMAG.2014.2310691
dx.doi.org/10.1016/j.actamat.2012.11.048
dx.doi.org/10.1007/s10971-014-3481-7
dx.doi.org/10.1016/j.jmrt.2021.01.078
dx.doi.org/10.1002/adfm.202005876
dx.doi.org/10.1016/j.jallcom.2020.156818
dx.doi.org/10.1063/1.2191947
dx.doi.org/10.1063/1.2222242
dx.doi.org/10.1088/0953-8984/21/3/036001
dx.doi.org/10.1143/JJAP.44.8525
dx.doi.org/10.1021/cm070101x
dx.doi.org/10.1016/j.tsf.2008.10.030
dx.doi.org/10.1007/s10973-009-0051-2
dx.doi.org/10.1016/j.jeurceramsoc.2009.05.018

732

BOLETIN DE LA SOCIEDAD ESPANOLA DE CERAMICA Y VIDRIO 61 (2022)708-732

[134]

[135]

[136]

[137]

[138]

[139]

Nanostructure stabilization by low-temperature dopant
pinning in multiferroic BiFeOs-based thin films produced by
aqueous chemical solution deposition, J. Mater. Chem. C 8
(2020) 4234, http://dx.doi.org/10.1039/c9tc05912a.

A. Hardy, D. Mondelaers, M.K. Van Bael, . Mullens, L.C. Van
Poucke, G. Vanhoyland, J. D’Haen, Synthesis of (Bi,La)4TizO12
by a new aqueous solution-gel route, J. Eur. Ceram. Soc. 24
(2004) 905-909,
http://dx.doi.org/10.1016/S0955-2219(03)00420-5.

A. Hardy, G. Vanhoyland, M.K. Van Bael, J. Mullens, L. Van
Poucke, A statistical approach to the identification of
determinant factors in the preparation of phase pure
(Bi,La)4Ti3042 from an aqueous citrate gel, J. Eur. Ceram.
Soc. 24 (2004) 2575-2581,
http://dx.doi.org/10.1016/j.jeurceramsoc.2003.09.018.

A. Hardy, K. Van Werde, G. Vanhoyland, M.K. Van Bael, J.
Mullens, L.C. Van Poucke, Study of the decomposition of an
aqueous metal-chelate gel precursor for (Bi,La)sTizO12 by
means of TGA-FTIR, TGA-MS and HT-DRIFT, Thermochim.
Acta 397 (2003) 143-153,
http://dx.doi.org/10.1016/50040-6031(02)00272-1.

M.K. Van Bael, D. Nelis, A. Hardy, D. Mondelaers, K. Van
Werde, J. D’Haen, G. Vanhoyland, H. Van Den Rul, J. Mullens,
L.C. Van Poucke, F. Frederix, D.J. Wouters, Aqueous chemical
solution deposition of ferroelectric thin films, Integr.
Ferroelectr. 45 (2010) 113-122,
http://dx.doi.org/10.1080/10584580215353.

N. Sato, Y. Shimogaki, O3-TEOS CVD film formation on
thermal SiO, pre-coated with ethanol, ECSJ. Solid State Sci.
Technol. 1 (2012) N73-N78,
http://dx.doi.org/10.1149/2.002205jss.

A. Hardy, S. Van Elshocht, J. D’'Haen, O. Douhéret, S. De
Gendyt, C. Adelmann, M. Caymazx, T. Conard, T. Witters, H.

[140]

[141]

[142]

[143]

[144]

Bender, O. Richard, M. Heyns, M. D’Olieslaeger, M.K. Van
Bael, J. Mullens, Aqueous chemical solution deposition of
ultrathin lanthanide oxide dielectric films J, Mater Res. 22
(2007) 3484-3493, http://dx.doi.org/10.1557/JM.R.,2007.0433.
M.L. Calzada, A. Gonzalez, J. Garcia-Lopez, R. Jimenez,
Crystallization, heterostructure, microstructure, and
properties of ferroelectric strontium bismuth tantalate
films derived from tantalum glycolate solutions, Chem.
Mater. 15 (2003) 47754783,
http://dx.doi.org/10.1021/cm031065.

M.L. Calzada, R. Jimenez, A. Gonzalez, J. Garcia-Lopez, D.
Leinen, E. Rodriguez-Castellon, Interfacial phases and
electrical characteristics of ferroelectric strontium bismuth
tantalate films on Pt/TiO, and Ti/Pt/Ti heterostructure
electrodes, Chem. Mater. 17 (2005) 1441-1449,
http://dx.doi.org/10.1021/cm0489964.

C. Gumiel, M.S. Bernardo, P.G. Villanueva, T. Jardiel, J. De
Frutos, A.C. Caballero, M. Peiteado, Solid state diffusion and
reactivity in the multiferroic BiFeO3-BisTi3O1, system, J.
Mater. Sci. 52 (2017) 4042-4051,
http://dx.doi.org/10.1007/s10853-016-0666-1.

S. Yakovlev, J. Zekonyte, C.H. Solterbeck, M. Es-Souni,
Interfacial effects on the electrical properties of multiferroic
BiFeOs3/Pt/Si thin film heterostructures, Thin Solid Films 493
(2005) 24-29, http://dx.doi.org/10.1016/j.tsf.2005.06.020.

S. Gielis, M. Ivanov, N. Peysa, E.J. Van den Ham, N. Pavlovic,
J. Banys, A. Hardy, M.K. Van Bael, Aqueous chemical
solution deposition of ultra high-k LuFeOs thin films, J. Eur.
Ceram. Soc. 37 (2017) 611-617,
http://dx.doi.org/10.1016/j.jeurceramsoc.2016.08.042.


dx.doi.org/10.1039/c9tc05912a
dx.doi.org/10.1016/S0955-2219(03)00420-5
dx.doi.org/10.1016/j.jeurceramsoc.2003.09.018
dx.doi.org/10.1016/S0040-6031(02)00272-1
dx.doi.org/10.1080/10584580215353
dx.doi.org/10.1149/2.002205jss
dx.doi.org/10.1557/JM.R.,2007.0433
dx.doi.org/10.1021/cm031065
dx.doi.org/10.1021/cm048996q
dx.doi.org/10.1007/s10853-016-0666-1
dx.doi.org/10.1016/j.tsf.2005.06.020
dx.doi.org/10.1016/j.jeurceramsoc.2016.08.042

	Thin film processing of multiferroic BiFeO3: From sophistication to simplicity. A review
	BiFeO3 as a single-phase multiferroic material
	Multiferroic BiFeO3 thin films
	BiFeO3 thin film processing through deposition methods based on vapor (or plasma) phase transportation
	Physical vapor deposition for the obtaining of BiFeO3 thin films
	Chemical vapor deposition for the obtaining of BiFeO3 thin films

	BiFeO3 thin film processing through deposition methods based on liquid phase transportation: chemical solution deposition
	BiFeO3 thin film processing through an aqueous solution deposition methodology
	Summary and outlook
	Acknowledgements
	References


