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(Bi,.Na, ), Ba TiO, (BNBT), which exhibits compositions for the morphotropic phase boundary (MPB) where exist an :
intimate coexistence of the rhombohedral and tetragonal structures, is being considered as promising lead-free alternative :
to the well known Pb(Zr ,Ti, )O, (PZT). In this work, BNBT thin films were fabricated by chemical solution deposition :
(CSD) with a wide range of compositions (x~0.050-0.150) onto Pt/ TiO,/SiO,/(100)Si substrates. Structural studies by X-ray :
diffraction (A ~1.5406 A) using a four-circle goniometer were carried out to determine the crystalline structure of the films.
Rietveld analysis of the experimental X-ray patterns showed different volume fractions of the rhombohedral and tetragonal
phases as a function of the Ba?* content and the coexistence of both phases, characteristic of a MPB region, for x~0.055-0.080.
Finally, Rutherford backscattering experiments (RBS) were performed to determine the compositional profile of the films.
This study revealed a homogenous composition of the BNBT films with abrupt film/substrate interfaces.

Keywords: Thin films, lead-free ferroelectrics, morphotropic phase boundary.

Evolucién de la estructura cristalina en ldminas delgadas de (Bi ,Na ,), Ba TiO, préximas a la Frontera de Fase Morfotr6pica
El (Bi,,Na .), Ba TiO, (BNBT), considerado un posible candidato sin plomo para substituir al Pb(Zr,Ti, )O, (PZT), presenta
una frontera de fase morfotrépica donde se da la coexistencia de las estructuras tetragonal y romboédrica. En este trabajo,
se han fabricado ldminas delgadas de BNBT por depésito quimico de disoluciones (CSD) con composiciones comprendidas
entre x~ 0.050 y x~ 0.150 sobre substratos de Pt/TiO,/SiO,/(100)Si. En dichas ldminas se ha llevado a cabo un estudio
estructural empleando difraccién de rayos X (DRX) (r_,~1.5406 A) y un goniémetro de cuatro circulos. El anlisis Rietveld de :
los patrones experimentales de DRX mostroé: i) diferentes fracciones volumeétricas para las fases romboédrica y tetragonal, en :
funcién del contenido de Ba?* ii) la coexistencia de ambas estructuras, caracteristico de una regiéon MPB, para composiciones :
con x~0.055-0.080. Finalmente, se determiné el perfil composicional de las ldminas de BNBT por espectroscopia de
retrodispersién Rutherford (RBS). Este estudio demostré que las ldminas de BNBT presentan una composicién homogénea
e intercaras abruptas ldmina/substrato.

Palabras clave: Laminas delgadas, ferroeléctricos sin plomo, frontera de fase morfotrépica.

1. INTRODUCTION

Lead-Zirconium-Titanium oxide Pb(Zr Ti )O, (PZT), a
solid solution of ferroelectric PbTiO, and antiferroelectric
PbZrO, (1), has drawn considerable interest for memories,
actuators, sensors and transductors. An enhancement of
dielectric, ferroelectric and piezoelectric properties has
been reported for compositions close to the morphotropic
phase boundary (MPB) (2) where the coexistence of two
ferroelectric phases leads to a large number of polarization
directions related to crystallographic orientations, resulting
in anomalously high piezoelectric properties. Nevertheless,
European directives have put restriction on the use of
hazardous substances such as lead, for electronic components.
Therefore, there is a high interest in substituting the most
used ferro-piezoelectric material, the PZT, by lead-free ferro-
piezoelectric compounds (3).

Bismuth sodium titanate (Bi Na, )TiO, (BNT) (4)
is considered an excellent candidate as a key material
of lead-free piezoelectric ceramics. BNT presents a
perovskite structure with rhombohedral symmetry at room
temperature, a phase transition from rhombohedral to
tetragonal between 528-673 K and from tetragonal to cubic
above 813 K (5).

BNT exhibits a strong ferroelectric response (Pr~38 uC/
cm?). However, it is difficult to obtain poled bulk ceramics
due to the large coercive field (Ec~76 kV/cm). To facilitate
the poling process, different solid solutions of BNT with other
perovskites, such as binary systems containing Bi K . TiO, (6),
BiFeO, (7), BaTiO,(8), or ternary systems like Bi, ,Na, , TiO~
BaTiO,-Bi, K, ,TiO, (9) or Bi, ,Na, ,TiO,-Bi, K  TiO,-BiFeO,

(10), have been studied.
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Among these solid solutions, mixtures of bismuth sodium
titanate (Bi,,, Na, /2)T103 (BNT) and barium titanate BaTiO,
(BT) in the MPB region (Bi Na .), Ba TiO,- (BNBT) are being
studied in deep. A significant controversy related to the MPB
region for the BNBT composition is found in the literature
(11-14). Recent works, based on the variation of the electrical
properties and in-situ synchrotron diffraction analysis, have
positioned the MPB region for BNBT bulk ceramics for x
values between 0.050 and 0.110, where the transition from the
space group R3m to the P4Amm one occurs (15).

Ferroelectric materials are of high interest for integrating
with MEMSs (Microelectromechanical systems) because of
their high piezoelectric response (16-17). For these applications,
the ferroelectric has to be prepared in thin film form onto
substrates. However, properties of the thin film differ from
those of bulk ceramics, which is mainly associated to small
grain size, development of microstrains or variations in the
compositional depth profile. This can produce a shift in the
MPB region in the film compared with bulk ceramics and a
decrease in the properties (17-19).

In this work, the MPB region of solution derived lead-
free (Bi,,Na ), Ba TiO, (BNBT) films is determined by
X-ray diffraction. The compositional depth profiles obtained
by Rutherford backscattering spectroscopy (RBS) and the
micrographs from scanning electron microscopy of the MPB
BNBT films have been also studied, inferring from these the
optimum conditions to obtain thin films with appropriate
functionalities.

2. EXPERIMENTAL PROCEDURE
2.1. Solutions, powders and thin films

A precursor sol of (Bi,,Na,)TiO, (BNT), and a precursor
solution of BaTiO, (BT) were prepared following a solution
method reported elsewhere (20-22). BNT sol and BT solution
were mixed in order to obtain (Bi , Na ), Ba TiO, solutions
(BNBT) with the stoichiometric nominal compositions and
with different content of Ba?* (x~0.035, 0.055, 0.080 y 0.100).
Hereafter, the resulting precursor solutions will be denoted
BNBT3.5, BNBT5.5, BNBT8.0 and BNBT10.0.

The solutions were dried at 393 K for 72h and the
resulting amorphous powders were annealed at 1173 K for
1h in air with a low heating and cooling rates, thus obtaining
crystalline powders.

Diluted BNBT solutions (~0.2 mol/L) in ethanol (C,HO,
Sigma- Aldrich, 99.4 %) were deposited onto Pt/TiO,/SiO,/
(100)Si substrates (Radiant Technologies) by spin coating at
2000 rpm for 45 s and dried at 623 K for 60 s, in a hot plate. The
gel layers were crystallized by rapid thermal processing (RTP,
JetStar 100T JIPELEC) in an oxygen atmosphere at 923 K for 60 s
(heating rate of ~303K-s™). Six layers of the diluted solutionwere
successively deposited, dried and crystallized to obtain thin
films with a thickness of ~300 nm. Films are referred to with the
same names than the corresponding precursor solution.

2.2. Characterization of the crystalline powders and thin
films

The crystalline phases developed in the BNBT powders
with the different amounts of Ba* were monitored by X-Ray

Diffraction (XRD). A Bruker D8 Advance and a Siemens D500
powder diffractometers with a Cu anode (A~1.5406 A) were
used to carry out the measurements. The Siemens equipment
had installed a k filter.

Diffraction patterns of the powders were measured in the
26 interval between 20° and 60°, with a step of 0.05° per each 3s.
More detailed patterns were recorded in the 26 intervals between
39.0-41.0° and 46.0-47.5°, using a step of 0.005° per each 5s. (111)
and (002)/(200) tetragonal reflections, and (1 11)/(111) and (200)
rhombohedral reflections were collected in these intervals. The
experimental patterns were analyzed with the V1-40 program,
fitting the peaks to pseudo-Voigt functions (23).

Thin films were measured using an X-ray four-circle
diffractometer (Huber) equipped with a position-sensitive
detector (Model CPS-120, Inel, Inc). Complete XRD patterns
of 120° in 6-28 were obtained for each positions using a tilt
angle from %=0° to 55°, azimuthal angle from ¢=0 to 355° and
a regular grid of 5x5°.

Calculations were performed with the Materials Analysis
Using Diffraction package (MAUD), in which not only
the reflections of the perovskite structure (rhombohedral/
tetragonal) but also from the Pt(111) top layer of the substrate
were included for the Rietveld refinement. This makes
possible to determine the cell size and volume fraction of the
phases ascribed to the reflections coming from the perosvkite
film and the contribution of the Pt(111) based on the layered
method implemented in the software (24).

To obtain a detailed compositional depth profile of the
films, Rutherford backscattering spectra (RBS) were collected
with the 5 MeV HVEE Tandetron accelerator sited in the
Centro de Microanalisis de Materiales de Madrid (CMAM).
The RBS experiments were carried out using 2 MeV He* ions
and a silicon surface barrier detector located at a scattering
angle of 170°. The energy resolution of the detector is 16 keV
for an ion dose of 10 uC. The experimental spectra were fitted
with the software programs RBX (25) and SIMRA (26).

Micrographs (cross-section and plane view) of the thin
films were obtained from a Field Emission Gun Scanning
Electron Microscopy (FEG-SEM, Nova Nanosem 230).

3. RESULTS AND DISCUSSION
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Figure 1. XRD patterns of powders using different BNT/BT molar ra-
tios and recorded in the 26 range of 20.0- 60.0°. * are ascribed to sec-
ondary phases.
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Figure 2. XRD patterns in the 26 interval of a) 39.0° - 41.0° and b) 46.0° - 47.5¢, which show the evolution from rhombohedral to tetragonal symmetry

as a function of the Ba* content.

Figure 1 shows the XRD experimental patterns between
26 values of 20.0° and 60.0° of the crystalline powders derived
from the BNBT solutions. A perovskite structure is observed
for the powders with the detection of a minor secondary
phase, identified as close to the Bi,Ti,O, Fd3m (JCPDS 32-
118). R3m rhombohedral space group, described considering
the rhombohedral axes, and P4mm tetragonal space group
have been used to index the recorded patterns of the powders,

according to the recent structural studies published for BNBT
bulk ceramic (23).

The perovskite diffraction peak profiles, between 26
values of 39.0°-41.0° and 46.0°-47.5°, for the BNBT powders
as a function of the composition of the solid solution have
been analyzed (Figure 2). The peaks shift towards lower 20
angles with increasing the barium content. The reason is the
larger size of the Ba* compared to the Bi** and Na*; therefore,
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Figure 3. The deconvolution using Pseudo-Voight 2 functions of the X-ray recorded peaks corresponding to the BNBT 5.5 powders in the 26 inter-
vals of a) 39.0-41.0° (reliability ~4.9 %) b) 46.0-47.5° (reliability ~2.8 %). For the BNBT 8.0 powders the experimental and fitted peaks are shown in
the 26 ranges of c) 39.0-41.0° (reliability ~4.0 %) d) 46.0-47.5° (reliability ~4.9 %) corresponding to the BNBT8.0 powders. Both show the coexistence

of the rhombohedral and tetragonal structures.
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the interplanar spacing of the unit cell become larger as the
content of Ba®* increases.

The (111)/(111) and (200) reflections of the rhombohedral
(R) phase at values of 20 ~40.5° and ~47.0°, respectively, are
recorded for the BNBT3.5 (Figure 2). On the contrary, the (111)
and (002)/(200) reflections corresponding to the tetragonal (T)
phase appear for the BNBT10.0 powders at ~40.0° and ~46.5°
(Figure 2). The larger broadening of the peaks at 20 values
~46.5° than that of the peaks of the BNBT3.5 powders could
be explained by tetragonality ascribed to the splitting of the
(002)/(200) reflections presented for samples with a large BT
content (above x~0.080).

The shoulder observed between 26 values of 39.0°-41.0° and
46.0°-47.5° for the BNBT5.5 and BNBTS8.0 powders can indicate
a coexistence of rhombohedral and tetragonal structures in
these powders. These experimental peaks were modeled using
a PseudoVoight-2 function (Figure 3). The peaks between 26~
39.0-41.0° were well fitted to the (111)T and (111)/(111)R
reflections (Figures 3a and 3c), whereas those between 26~
46.0-47.5° were fitted to the (002)/(200)T and (200)R reflections
(Figures 3b and 3d).

Unlike the XRD analysis of the powders, the microstrains
and small grain size developed in thin films during the
crystallization do not make possible their appropriate
structural study using a conventional diffractometer. Both
produce a large broadening of the XRD peaks of the films. In
addition, some peaks from the substrate appear overlapped
to those of the crystalline films. For the former reasons,
structure analysis of the films is carried out using a four-circle
diffractometer. The experimental XRD patterns have been
fitted using the MAUD software (24) in order to determine
the crystalline structure associated with the BNBT perovskite
films and the Pt-bottom electrode layer of the substrate.

Figures 4 and 5 show the experimental and calculated
profiles for the BNBT5.5 and BNBT8.0 films, respectively.
Note the characteristic reflections of the perovskite observed
for both films, without the detection of the second phases
observed for the corresponding powders. In addition to
the explained difficulties in the structural analysis of thin
films, these samples present coexistence of rhombohedral
(R3m)/tetragonal (P4mm) crystalline phases. Therefore, data
acquisition of full diagrams for each (x,¢) position was

necessary using the four-circle diffractometer. From this
study, it is observed that the MPB region is situated at x~0.055-
0.080. Unlike the results reported for other authors for BNBT
thin films (17-19), the MPB region here determined for films
is located close to that reported for bulk ceramics and also to
that obtained here for the corresponding powders (15, 23). The
Rietveld refinement carried out on the experimental patterns
of Figure 4 and 5 reveals the volume phase in the films of
the rhombohedral and tetragonal structures. The refinement
performance on BNBT5.5 and BNBT 8.0 films shows not only
the coexistence of rhombohedral and tetragonal structures
already observed in the corresponding powders (figure 3),
but also the development of different crystalline structures,
as demonstrated by the calculation of the volume fraction of
the rhombohedral/ tetragonal phases for the BNBT 5.5 and
BNBT 8.0 thin films. In the case of the BNBT5.5 film a large
volume phase is obtained for the rhombohedral cell (~70 %)
whereas the refinement of the XRD patterns for BNBT8.0
showed a volume fraction for the rhombohedral structure
around ~33 %. On the contrary, the BNBT3.5 film is well fitted
to a single rhombohedral phase, whereas that of the BNBT10.0
film fits to a single tetragonal structure.

Note that the crystallization of the films is carried out at
923K by a rapid thermal process (heating rate of ~30 K-s™),
whereas a conventional annealing at 1173K (heating rate of
~10 K'min™) is used to obtain the crystalline powders. The
differences in the thermal treatments used for the preparation
of the films and the powders, and the extrinsic effect related to
the special configuration of the thin film form, where a BNBT
layer is supported onto a substrate, determine the variations
in the crystalline structures of the BNBT 5.5 and BNBT 8.0 thin
films and powders.

In the case of the BNBT5.5 and BNBTS8.0 films, broad
peaks, which are fitted considering the coexistence of
rhombohedral and tetragonal structures, are observed for the
full 26 diagrams, using tilt angles from x=25° to 55°(insets of
figure 4 and 5). From the patterns obtained with x=0° to 20°,
the large intensity of the peaks around 26~40° and ~47° reveals
the contribution of the reflections attributed to the (111)
and (200) of the Pt-electrode of the substrate, respectively.
However, for higher y angles no change in the intensity of
the reflections is observed. These reflections would be only
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Figure 4. Experimental X-ray diagrams for BNBT5.5 thin film and their
corresponding fitted recorded for tilted angles from y= 0° to 55°, azi-
muthal angle of $=20 ° and in the 28 interval from 0° to 120°. Insets
show the experimental XRD pattern (dotted line) and the calculated
profile (solid line).

Figure 5. Experimental X-ray diagrams for BNBT8.0 thin film and their
corresponding fitted recorded for tilted angles from y= 0° to 55°, azi-
muthal angle of $=20 ° and in the 28 interval from 0° to 120°. Insets
show the experimental XRD pattern (dotted line) and the calculated
profile (solid line).
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Figure 6. Compositional depth profile of the BNBT5.5 thin film de-
posited onto Pt/ TiO,/SiO,/Si(100) substrate measured by RBS, using
a 2 Mev He' beam and a barrier detector at 6= 170°. Inset show the
schematic cross sectional representation of the film inferred from the
simulation.
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associated with the perovskite, therefore indicating that the
films are not textured.

These results clearly indicate for these BNBT polycrystalline
thin films and their corresponding powders a progressive
change from the rhombohedral to the tetragonal symmetry
as a function of the Ba** content for a composition range
around x ~ 0.055-0.080, where both structures coexist. This is
characteristic of a MPB region. In addition, it has to be noted
that the special conditions of processing of the films (rapid
thermal treatment with a rapid heating rate of ~303 K-s* and
oxygen atmosphere) hinder the formation of the secondary
phases observed in the corresponding powders processed in
a conventional oven.

According to the RBS spectra, homogenous compositional
depth profiles have been obtained for the BNBT films.
Representative experimental and calculated profiles are
shown in Figure 6 for the BNBT5.5 film (25, 26). For the
calculation of the bulk film thickness, the theoretical density of
the (Bi,Na ) TiO, perovskite (5.92g cm?) has been considered.
A good agreement is obtained for a ~325 nm thick film with

Figure 7. Cross-section and plan-view FEGSEM micrographs of the a),b) BNBT5.5 thin film and c), d) BNBT8.0 thin film.

Bol. Soc. Esp. Ceram. Vidr. Vol 53. 1, 21-26, Enero-Febrero 2014. ISSN 0366-3175. elSSN 2173-0431. doi: 10.3989/cyv.32014 25



D. PEREZ-MEZCUA, M. L. CALZADA, . BRETOS, J. RICOTE, D. CHATEIGNER, R. ESCOBAR-GALINDO, R. JIMENEZ AND R. SIRERA

a (BiNa.),,,.Ba, . TiO, composition and an abrupt interface
between the film and the substrate. This thin interface is
ascribed to a Bi Pt layer, consequence of the reaction between
the Bi from the film and the Pt from the bottom electrode of
the substrate (27).The thickness of this interface is estimated
to be of a ~5 % of the total thickness which is close to the
resolution limit of the technique. The content of Na* could
not be determined by RBS due to the low atomic number of
this element. Besides, the energy of the backscattered ions
associated with Na overlaps those of Ti and O elements.

The microstructures of the BNBT5.5 and BNBTS8.0 thin
films have been investigated by Scanning Electron Microscopy
(Figure 7). Thicknesses of ~ 340 nm and ~ 280 nm have been
calculated from these micrographs for the BNBT5.5 and
BNBTS8.0 films, respectively. These thickness values are of
the same order as those obtained by RBS, which is indicative
of the formation of single perovskite films with the nominal
composition and without secondary phases, porosity or thick
interfaces.

4. CONCLUSIONS

For the solution-derived (Bi,.Na ), Ba TiO, (BNBT) thin
films of this work, the crystalline structure could be tailored
with the Ba?content of the solid solution. An evolution from
the rhombohedral to the tetragonal structure with the increase
of the Ba*" content is observed in these BNBT films.

The MPB region for the BNBT thin films is located
for x~0.055-0.080, where X-ray diffraction data have been
fitted considering the coexistence of a tetragonal and a
rhombohedral phase. These results support recent structural
studies carried out in BNBT bulk ceramics as well as data here
included for powders.

These BNBT thin films processed by CSD and crystallized
by RTP treatments have homogeneous microstructures and
compositional depth profiles without appreciable film / substrate
interfaces. This joined to the coexistence of rhombohedral and
tetragonal crystalline structures in the MPB region for x~0.055-
0.080 make possible to predict in these MPB-BNBT films
appropriate functional properties of interest for applications.
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