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A B S T R A C T

Complex oxide thin films of high quality, such as the multiferroic BiFeO3 (BFO) material, are required for
integrated oxides electronics. However, the properties of these materials are strongly dependent on their crys-
talline orientation and their optimal performances are usually obtained on expensive single-crystal substrates. A
lower cost alternative approach is the use of oxide nanosheets seed layers that can be deposited on any substrate,
including silicon (Si) used in CMOS technology, for the growth of complex oxides with the desired crystal-
lographic orientation. In this work, BFO films were deposited by chemical solution deposition using polymeric
precursor method. First, the optimization of synthesis parameters was performed on amorphous silica and on
(100)Si substrates. The structural and microstructural characterizations revealed a polycrystalline growth of the
BFO films on both substrates and showed the influence of the synthesis temperature, in particular to obtain the
pure perovskite phase. The influence of a two-dimensional nanosheets seed layer was then investigated.
Ca2Nb3O10

− nanosheets were prepared by the exfoliation process of HCa2Nb3O10 phase that is obtained by
cation exchange of the layered KCa2Nb3O10 niobate in an acidic solution. The nanosheets were deposited directly
on both substrates by Langmuir–Blodgett process, followed by the subsequent deposition of BFO by chemical
solution deposition. X-ray diffraction and transmission electronic microscopy experiments showed a highly or-
iented (100) growth of the BFO thin films confirming the great interest of two-dimensional nanosheets seed
layers.

1. Introduction

In microelectronics, the ever decrease of device dimensions, i.e. the
miniaturization of the electronic elements, arrives at a limit due to
intrinsic physical limitations for Si-based electronics. In addition to
miniaturization, the integration of multifunctional materials can offer
the inclusion of advanced functionalities of the marketed devices. In
this context, complex oxides have potential applications due to their
wide range of versatile functionalities. However, the properties of these
multifunctional materials are strongly dependent on their crystalline
orientation. Thus deposition on costly and sized-limited single-crystal
substrates is usually required to obtain high performances. For in-
tegrated oxide electronic, it is possible to use two-dimensional (2D)
oxide nanosheets seed layers that can be deposited on any substrate,
including silicon used in CMOS technology, and to grow complex oxides
with the desired crystallographic orientation. Highly oriented

perovskites (SrTiO3, Pb(Zr,Ti)O3, etc.) and binary oxide films (such as
TiO2, ZnO) have been obtained on glass, silicon or stainless steel sub-
strates using 2D nanosheets seed layers with different crystallographic
properties in the 2D network, for example square lattice for
Ca2Nb3O10

− or hexagonal lattice for MoO2
0.4− [1–6].

Among many functional oxides, multiferroic materials are of first
interest thanks to their both ferroelectric and ferromagnetic properties
and the possible magnetoelectric coupling. In particular, the BiFeO3

(BFO) material has attracted much attention because of its room tem-
perature multiferroic properties [7]. In fact, this material has a rhom-
bohedral distorted perovskite structure and presents high ferroelectric
and magnetic transition temperatures: 1103 K for Tc (Curie tempera-
ture) and 643 K for TN (Néel temperature) in bulk material, respec-
tively. These properties, including magnetoelectric coupling effects,
make this material very promising for multifunctional devices in dif-
ferent fields of applications (electronics, spintronics, piezotronics, etc.)
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[8]. Moreover, it is a non-toxic and lead free material.
Many different deposition methods have been used to grow BFO

thin films including pulsed laser deposition [9,10], chemical vapor
deposition [11,12], sputtering [13,14] and chemical solution deposi-
tion using the sol-gel process [15,16] or the polymeric precursor
method [17,18]. The chemical solution deposition (CSD) consists in the
deposition of a solution on a substrate, typically by dip or spin coating,
followed by subsequent annealing treatments of the wet film in order to
crystallize the desired material [19]. The CSD presents various ad-
vantages: the possibility of depositing on large area surfaces, a precise
control of the stoichiometry, low temperatures of synthesis and the use
of simple equipment without vacuum or controlled atmosphere ne-
cessity. To prepare the coating solution, the polymeric precursor
method, derived from the Pechini process [20], is particularly attractive
because it is carried out in aqueous media with the use of relatively
cheap precursors [21–23].

In this context, the aim of the present work is to study the growth of
BFO thin films by CSD, using polymeric precursor method, on amor-
phous silica and (100) silicon substrates. In particular the influence of
2D oxide nanosheets seed layers was investigated in order to provide a
low-cost route for the integration of oriented BFO thin films which is
favorable for high performances in microelectronics. The calcium nio-
bate nanosheet with pseudo-perovskite structure, Ca2Nb3O10

−, was
selected as seed layer to promote the oriented growth of BFO because
its crystallographic 2D unit cell is close to that of the perovskite.

2. Experimental details

2.1. Synthesis of BFO films by CSD

The BFO thin films were prepared by CSD using the polymeric
precursor method to prepare the coating solution. This method based
on the Pechini process [20] consists in preparing a polymeric resin
where the metallic ions are uniformly dispersed at the atomic level.
This resin is obtained by complexing the metallic cations with citric
acid in an aqueous solution. Then the addition of ethylene glycol pro-
vokes the polymerization of these metal citrates at a slightly increased
temperature. The precursors used in this study were bismuth nitrate Bi
(NO3)3••5H2O, iron nitrate Fe(NO3)3••9H2O, monohydrated citric acid
C6H8O7

.H2O and ethylene glycol C2H6O2. In a first step, the bismuth
and iron solutions were prepared separately. The iron citrate solution
was prepared by dissolving citric acid and iron nitrate in water, and
ethylene glycol was then added. The bismuth precursor was first dis-
solved in ethylene glycol in order to avoid the formation of insoluble
bismuth oxynitrate and then citric acid was introduced. For each ca-
tionic solution of iron and bismuth, the [citric acid:cation] molar ratio
was [3:1] and the [citric acid:ethylene glycol] mass ratio was [40:60].
In a second step, the two cationic solutions were mixed in appropriate
amounts (Bi:Fe= 1:1) and heated at 90 °C under stirring. An excess of
5% in mass of Bi was added aiming to minimize the bismuth loss during
the subsequent thermal treatments [17,18]. Indeed the pure phase
could not be obtained without bismuth addition. The viscosity of the
obtained polymeric resin was then adjusted to ~ 40 cP by controlling
the water content (by addition or evaporation of water) and measured
using a Brookfield DVII - Pro-viscometer.

The obtained coating solution was spin coated at 1000 rpm for 3 s
followed by a rotational speed at 4000 rpm for 10 s (Spin 150 SPS
Europe) on amorphous silica (surface: 10×10 mm2, 0.5 mm thick) and
on (100)Si substrates (surface: 10×10 mm2, 0.7 mm thick). The wet
films were then submitted to two thermal treatments in air (i) pyrolysis
at 400 °C for 3 h to eliminate the organic matter, (ii) calcination in the
range 450 °C–600 °C for 2 h in order to determine the optimal tem-
perature of the phase synthesis on both substrates. Two layers of
coating solution were deposited for each film. The pyrolysis was carried
out after each deposition step, whereas the crystallization treatment
was only performed once the 2 layers were deposited. In order to study

the influence of a 2D nanosheets seed layer, BFO films (2 layers) were
also deposited by CSD on Ca2Nb3O10

− nanosheets layers previously
deposited on both substrates by Langmuir-Blodgett process.

2.2. Synthesis of nanosheets seed layers by Langmuir–Blodgett process

The synthesis of oxide nanosheets is based on the exfoliation of
layered phases [1–6,24]. In this present work, the layered perovskite
Dion–Jacobson KCa2Nb3O10 phase (P21/m, a=7.741 Å, b=7.707 Å,
c=14.859 Å, β=97.51°, JCPDS card No. 01-075-9853) was first
synthesized by solid state reaction at 1100 °C for 10 h from K2CO3,
Nb2O5 and CaCO3 precursors in a molar ratio of 1.35:4:3. The po-
tassium calcium niobate was then protonated by exchange in 6M HNO3

for 3 days. During this step, the potassium ions K+, located between
negatively charged perovskite slabs (made of three NbO6 corner-shared
octahedra layers) are exchanged by protons, to form hydrated proto-
nated HCa2Nb3O10 0

.1•5H2O compound (a=3.854 Å, c=16.225 Å,
JCPDS card No. 00-39-0915). The protonated phase was then exfoliated
by reaction with tetra(n‑butyl)ammonium hydroxide (TBAOH) in a
molar ratio 1:1 for 14 days. The exfoliated (TBA+, Ca2Nb3O10

−) na-
nosheets thus form a stable aqueous colloidal suspension.

After dilution, the colloidal suspension was deposited on amorphous
silica and (100)Si by Langmuir–Blodgett process [25–27] with a KSV
NIMA instrument. In this method, the colloidal suspension was placed
in a trough. The nanosheets float at the air/water interface due to the
moderate amphiphilic role of tetra(n‑butyl)ammonium cations. Subse-
quently, the substrate was immersed vertically in the suspension and
two barriers were then moved to compress the air-liquid interface
(compression speed of 0.5 mm.s−1) until an optimized surface pressure
of 15 mN.m−1. The substrate was then slowly withdrawn from the
dispersion and the obtained nanosheets seed layer was then dried at
110 °C for 1–2 h and treated under UV light for 45 min to remove water
and to decompose TBA+ ions.

2.3. Characterizations

The structural characteristics were investigated by X-ray diffraction
(XRD) by using a θ-2θ diffractometer (D8 Advance, BRUKER) with a
monochromatized CuKα1 wavelength (λ=1.54056 Å). The surface and
the cross-section of the films were observed at 10 kV by scanning
electron microscopy (SEM, JSM 7100F, JEOL) in order to determine
their morphology and their thickness. Atomic Force microscopy (AFM)
images were performed (NT-MDT NTEGRA) with silicon point probe.

Transmission electron microscopy (TEM) experiments were per-
formed using a LaB6 Jeol 2100 instrument equipped with an Oxford
Aztec 80 mm2 SDD device for EDXS analysis. Transmission electron
brightfield and electron diffraction patterns were recorded using a
GATAN Orius SC200D CCD (charge coupled device) camera and high-
resolution images were recorded using a GATAN US 1000XP camera.
Plane-view film samples were obtained by scratching the thin film from
the substrate with a diamond tip and by collecting the obtained frag-
ments on an amorphous carbon copper grid (Agar). Cross-section
samples were obtained by cutting thin films samples into slabs of ~
0.5×1.8mm. Two slabs were glued together with film sides facing
each other, then thinned by using diamond-lapping films, followed by
dimpling with diamond pastes and Ar-milling in a 1010 Fischione in-
strument.

3. Results and discussion

3.1. BFO thin films grown on amorphous silica and (100)Si

Fig. 1a and 1b show the XRD patterns obtained for BFO films de-
posited on amorphous silica and (100)Si, respectively, and heat-treated
at different temperatures. The pure BFO phase was obtained for all the
synthesis temperatures on both substrates except for 600 °C where some
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additional peaks of weak intensity were observed. Many authors have
reported the presence of secondary phases such as Bi2O3, Bi2Fe4O9 or
iron oxides in BFO thin films synthesized by different methods and
often deposited on Pt/Ti/SiO2/ Si substrates [9,10,15,17,18]. The
presence of these phases mainly depends on the deposition or heat
treatment temperatures of the films. However, F. Tyholdt et al. have
reported the possible presence of Bi2SiO5 phase for a BFO film de-
posited on glass substrate by CSD and treated at 600 °C [15]. In this
present work, the additional peaks of weak intensity at 2θ=11.6°,
23.3°and 35.3° observed at 600 °C can be ascribed to the (200), (400)
and (600) reflections of Bi2SiO5, respectively (Cmc21, a=15.217 Å,
b=5.477 Å and c=5.325 Å, JCPDS card No. 00-036-0287). The small
extra peak at 2θ=29.2° can be attributed to the main peak of the bulk
Bi2SiO5 phase, i.e. the (311) reflection. The formation of the (100)
highly oriented Bi2SiO5 is probably due to a reaction of BFO with the
substrate at 600 °C.

For all samples, the BFO peaks were indexed in the rhombohedral
structure (R3m, a=3.962 Å, α=89.40°, JCPDS card No. 01-074-2016)
and as expected, no preferential orientation was observed on both
substrates (polycrystalline films). Indeed, random orientation of BFO is
not surprising on amorphous substrate such as silica, and on silicon
(cubic structure, a=5.430 Å, JCPDS No. 00-27-1402) due to the in-
compatibility between their respective crystalline structure and the
presence of amorphous SiO2 on the substrate surface which is not re-
moved with CSD method.

The SEM and AFM images of the films obtained at 500 °C on silica
and on (100)Si are displayed in Fig. 2. The films are crack-free and
homogeneous on both substrates and present similar microstructures
(Fig. 2a,b) with a uniform grain size around 80 nm (Fig. 2c,d). No
significant change of the microstructure was observed in SEM images as
a function of heat treatment temperature (not shown here). The films
have a thickness around 200 nm and 150 nm on silica and (100)Si re-
spectively, as observed on the SEM cross-sectional views (insets
Fig. 2a,b).

Fig 1. XRD patterns of BFO thin films deposited on silica (a) and on (100)Si (b)
and heat-treated at different temperatures.

Fig 2. SEM and AFM images of BFO thin films synthesized at 500 °C on silica (a,c) and on (100)Si (b,d).
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3.2. BFO thin films grown on nanosheets seed layers

Fig. 3a and 3b show the XRD patterns obtained for BFO films de-
posited on nanosheets/silica and on nanosheets/(100)Si respectively,
and calcined at 500 °C-2 h. In contrast to the polycrystalline films di-
rectly deposited on silica and Si at this temperature, two intense peaks
can be observed and indexed as (100) and (200) reflections of the
distorted perovskite structure of BFO, which indicate clearly that the
films deposited on nanosheets present a highly (100) oriented growth.
The Ca2Nb3O10

−nanosheets have a perovskite-related structure with a
2D pseudo-square lattice of a close to 0.386 nm [1], which is close to
the BFO lattice parameter (a=0.3962 nm), giving a small lattice mis-
match of +2.64%. Thus nanosheets seed layer can induce an oriented
growth of BFO, synthesized by CSD, even on amorphous substrates or
on substrates presenting structural incompatibilities. The mechanism of
the film growth is a local epitaxy of the BFO phase on each nanosheet.

Nagasaka et al. [28] reported the preferential (100) growth of Mn-
doped BFO films (300 nm thick) synthesized by CSD (using

methoxyethanol solvent) at 500 °C on Ca2Nb3O10 nanosheets layers
previously deposited on (111)Pt/TiO2/(100)Si and (111)Pt/ stainless
steel substrates. In the case of platinized silicon substrate, the presence
of the Bi2Fe4O9 secondary phase was observed. Dral et al. [29] reported
the epitaxial growth of a stack of SrTiO3 (42 nm thick), SrRuO3 (18 nm)
and BiFeO3 (20 nm) grown by pulsed laser deposition at 700 °C on
Ca2Nb3O10

− nanosheets layers previously deposited on (001) phlogo-
pite mica substrates. In our case, phi-scans XRD patterns (not shown
here) performed with a 4-circle texture diffractometer revealed no in-
plane preferential orientation of the BFO films. This result is not sur-
prising since the nanosheets of several micrometers in lateral size are
randomly turned on the substrates surface (Fig. 4).

On the XRD patterns of Fig. 3a and 3b, some other peaks of weak
intensities can be observed that could be attributed to a reaction of the
nanosheets with BFO and/or with the substrate leading to the formation
of secondary phases, possibly Bi5.96Ca1.76Nb0.28O11.14 (JCPDS card No.
00-079-9855) for the peak located at 2θ=19.8° However, it is quite
difficult to confirm with certainty the composition of this phase with
only one visible peak. H. Yan et al. [30] reported reaction of Ti0.87O2

nanosheet seeds with grown TiO2. However, in their case, the reaction
occurred because of the similar composition. The other observed extra
peaks may correspond to the preferential orientation of a layered phase
with a lattice constant equal to about c=14.1–14.3 Å. In order to check
if these last peaks may be associated to some of the nanosheets, XRD
pattern was performed on a nanosheets layer deposited on Si. Magni-
fication of this pattern (Fig. 3c) displays peaks corresponding to an
inter-reticular distance of about 15.4 Å, in agreement with a previous
study [31]. The shift of the extra peaks observed in the BFO films on
nanosheets (from 15.4 to 14.1–14.3 Å) may correspond to the formation
of a layered Bi/Si-Ca2Nb3O10. Further investigations are underway to
determine the exact composition of these secondary phases.

The TEM-EXDS analyses performed on the films confirmed the
presence of Bi, Fe, O, Ca and Nb with a Bi/ Fe molar ratio equal to 1.

The SEM and AFM images of the films deposited on nanosheets seed
layers on both substrates are displayed in Fig. 4. The films are relatively
dense and homogeneous (Fig. 4a,b) with a uniform grain size around
80 nm (Fig. 4c,d) and present similar microstructures to those obtained
for the films directly deposited on bare substrates. They have a thick-
ness around 150 nm, as observed on the cross-sectional views (insets in
Fig. 4a,b). Fig. 4e and 4f show the AFM images of the nanosheets de-
posited on silica and (100)Si by Langmuir–Blodgett process, before the
BFO deposition. Nanosheets of several micrometers lateral size are
clearly observed with a relatively good coverage on both substrates.

The TEM images performed on the BFO film deposited on na-
nosheets/(100)Si are displayed in Fig. 5. The in-plane view (Fig. 5a)
revealed that the film is made of 50–100 nm wide crystals. Fig. 5b
shows a [100] zone axis selected-area electron diffraction pattern of the
film from an in plane-view specimen, in agreement with the preferential
orientation observed by XRD. On the cross-sectional view (Fig 5c), the
thickness of the 2 slabs of the film glued together is estimated to
640 nm, thus a film thickness of ~ 320 nm. Other areas observed by
TEM (not shown) indicate local variations of film thickness from 150 to
400 nm. The BFO film is made of small grains and present some por-
osities.

Fig. 5d is a high magnification TEM micrograph of the cross-sec-
tional sample, showing the morphology of the BFO film on the na-
nosheets/Si substrate. It can be observed the SiO2 layer (in white) and
above a layer with a continuous 6 nm thick layer. The secondary phase
previously observed by XRD, possibly identified as
Bi5.96Ca1.76Nb0.28O11.14, could be located in this 6 nm thick layer.

4. Conclusions

Single-phase BFO thin films were obtained at 400°−500 °C by CSD
using polymeric precursor method on bare amorphous silica and (100)
Si substrates. These randomly oriented films present homogeneous

Fig 3. XRD patterns of BFO thin films synthesized at 500 °C on nanosheets
(NS)/silica (a) and on nanosheets (NS)/(100)Si (b). Magnification of XRD
pattern of nanosheets (NS)/ Si (c).
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microstructures with uniform grains size of 80 nm. The introduction of
a nanosheets seed layer did not change the films microstructure but
induced a highly oriented (100) growth of BFO on both substrates.
However, secondary phases were observed that could be attributed to
Bi5.96Ca1.76Nb0.28O11.14 and to a layered Bi/ Si-Ca2Nb3O10 with a lattice
constant equal to about c=14.1–14.3 Ă. These results are nevertheless
promising to provide a low-cost route for the integration of oriented
BFO thin films in microelectronics. Indeed, the methods of synthesis for
BFO thin films as well as for the nanosheets seed layer use low-cost
precursors and simple equipment, and enable large area of deposition at
low temperature on inexpensive substrates.
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