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In this work, ferroelectric (BiysNagys);_.Ba,TiO3 thin films
were fabricated by chemical solution deposition (CSD) with
compositions x = 0.050-0.150. Stoichiometric thin films (here-
inafter BNBT) and others containing 10 mol% excesses of
Bi** and Na* (BNBTxs) were spin coated onto Pt/TiO,/
Si0,/(100)Si substrates and crystallized by rapid thermal pro-
cessing at 650°C for 60 s in oxygen atmosphere. Crystalline
structure is studied by X-ray diffraction using Cu anode
(hcu = 1.5406 A) and synchrotron radiation (A = 0.97354 A).
Rietveld refinement showed the coexistence of rhombohedral/
tetragonal phases in the BNBT films for x values close to those
reported for (BigsNays);_.Ba,TiO; bulk ceramics. Different
volume fractions of the rhombohedral/tetragonal phases are
detected as a function of the Ba®" content. An apparent shift
of the position of the morphotropic phase boundary (MPB) is
observed in the BNBTxs films. Here, the MPB region appears
for nominal Ba”>* molar values of x ~0.10 and the experi-
ments using a grazing-incidence synchrotron radiation indicate
the existence of a crystalline phase with pyrochlore structure
at the film surface. Rutherford backscattering experiments
(RBS) revealed that the bismuth excess is not volatilized during
the crystallization of the BNBTxs films which present inhomo-
geneous compositional depth profile and thick Bi, Pt bottom
interfaces. The MPB BNBT films with x ~ 0.055 have a homo-
geneous compositional depth profile without appreciable bottom
interfaces. Scanning electron micrographs reveal less porosity
and higher grain sizes in the stoichiometric films than in those
with Bi** and Na™ excesses.

I. Introduction

EAD zirconate titanate Pb(Zr.Ti;_,)O; (PZT) is the

most widely used ferroelectric material in devices such
as microactuators, transducers or microsensors, due to its
excellent piezoelectric properties.' PZT presents an enhance-
ment of the ferro-piezoelectric properties near the morpho-
tropic phase boundary (MPB), composition in the phase
diagram where rhombohedral and tetragonal -crystalline
phases coexist. It has been reported that the apparent contin-

D. Damjanovic—contributing editor

Manuscript No. 33416. Received June 24, 2013; approved November 9, 2013.
fAuthor to whom correspondence should be addressed. e-mail: lcalzada@icmm.csic.es

Caen 14050, France

uous phase transition through this region is mediated by
intermediate phases of monoclinic symmetry,” which results
in a high electromechanical response of the MPB-PZT mate-
rials associated with a symmetry-allowed polarization rota-
tion.>* However, new legislations enforce on alternative
nonhazardous materials in contrast to the lead-based PZT.
This has led to a high increase in the study of lead-free ferro-
electric systems for the last years.>®

Bismuth sodium titanate (Big sNags)TiO; (BNT)” has been
shown as a possible candidate to replace lead-based ferro-
piezoelectric materials. The crystalline structure of the pure
BNT perovskite has been deeply investigated in single crystal
materials. Jones and Thomas have detected cubic, rhombohe-
dral, and tetragonal phases which belong to the space groups
Pm3m, R3c, and P4mm, respectively.®® Two regions of coex-
istence of phases are found: a rhombohedral/tetragonal
region around 255°C—400°C and a tetragonal/cubic region in
the range of 500°C-540°C. Recent electron-diffraction studies
have shown a complex and disorder structure for BNT cera-
mic suggesting a random distribution of the Bi** and Na™
A-cations, which leads to an octahedral tilt disorder and to
changes in crystal symmetry, proposing the Cc symmetry as
the average one obtained from X-ray diffraction measure-
ments.' All of these works reveal the complexity and the
controversy that exist on the BNT crystalline structure.

Although BNT shows ferroelectricity at room temperature,
with a relatively large remnant polarization (P, ~ 38 pC/cm?)
and high Curie temperature (7, ~ 320°C),!' the material suf-
fers from important disadvantages for practical applications
derived from its high conductivity and large coercive field.
To solve these drawbacks, solid solutions of BNT with
different perovskite oxides have been studied, such as
BNT-BaTiOs,'"'>  BNT-BiFeOs,"> BNT-Bij 5K sTiOs,"
and BNT-Ba, sSr;TiO;,"° trying to decrease conductivity
and coercive field of pure BNT and thus making possible the
applicability of the material. Among these solid solutions,
mixtures of BNT and Dbarium titanate, BaTiO;3,
(Bip.sNag s);_Ba, TiO; (BNBT), are being considered as a
promising lead-free alternative to the MPB-PZT. This system
also presents a rhombohedral-tetragonal MPB region, where
bulk ceramics have shown enhanced dielectric, ferroelectric,
and piezoelectric responses.''''® However, a controversy con-
cerning the crystalline structure and the BaTiO; (BT) content
of the MPB region for bulk ceramics and single crystals still
exists.!”* Based on the variation in the electrical properties
and in situ synchrotron diffraction analysis, the MPB region
for BNBT bulk ceramics has been positioned for x between
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0.055 and 0.110, where the transition from the R3c¢/R3m
space group to P4mm occurs.'”? For x = 0.060, an electric
field-induced second-order phase transition?' with a signifi-
cant volume variation has been described.”>>® However,
recent works also indicate the existence in BNBT bulk
ceramics of a P4bm relaxor phase for compositions between
x =0.055 and 0.080 and a P4mm ferroelectric phase for
x = 0.100-0.110. This second MPB vanishes when an electric
field is applied. These energetically close phases explain the
hig1714piezoelectric response reported for BNBT bulk materi-
als.”

The fabrication of BNBT thin films is required for the inte-
gration of lead-free ferroelectric materials into complementary
metal oxide semiconductors process avoiding the interfacial
reactions with the substrate and the cross-contamination by
elements of high volatility. BNBT solid solutions contain two
high-vapor pressure elements (Bi** and Na™) that can be eas-
ily lost by volatilization from the film during the crystallization
annealing. This implies the need of incorporating small
excesses of the volatile elements into the film to surmount the
possible compositional deficiency, as the main difference with
respect to the conventional processing of bulk ceramics.> 8
For a thin-film configuration, it is expected that extrinsic and
intrinsic effects should determine the composition and the
crystalline structure of the BNBT perovskite in the MPB
region. However, the literature concernin% the study of these
effects on MPB-BNBT thin films is scarce.”~'

This work studies the crystalline structure and composi-
tional depth profile of solution-derived BNBT perovskite
thin films on Pt-coated Si substrates. Precursor solutions
with and without Bi** and Na® excesses are used.
(Bip.sNag s);_Ba, TiO3 films with a wide range of nominal
compositions, 0.035 < x < 0.150, are analyzed. A shift of the
MPB region is observed as a function of the nominal compo-
sition, which also affects to the compositional depth profile
and microstructure of the resulting films. The optimum con-
ditions to obtain BNBT thin films in the MPB are inferred
from this study, whereby an improved dielectric, ferroelectric,
and piezoelectric performance of the material is expected;
which should allow the preparation of films with improved
properties. These properties are shown in the Part II of this
study.®

II. Experimental Procedure

(1) Solutions and Thin Films

Two precursor sols of (BigsNag 5)TiOs3, without/with 10 mol
% excess of Bi*" and 10 mol% excess of Na ', denoted as
BNT and BNTxs, respectively, were synthesized by refluxing
for 8 h in air sodium acetate tri-hydrated (Na(OCOCH3)
3H,O; Aldrich, 99%), bismuth acetate (Bi(OCOCHs3);;
Aldrich, 99.99%), and titanium di-isopropoxide bis-acetyl-
acetonate (Ti(OC3H7),(CH;COCHCOCH;),; Aldrich, 75%)
in a mixture of 1,3-propanediol, acetic acid and water.?> The
molar ratio of Ti** to any of the solvents was 1.0:10.0 and
the Ti*":Na™:Bi** molar ratio of the metal reagents was
2.0:1.0:1.0 for the BNT sol and 2.0:1.1:1.1 for the BNTxs sol.
Distilling off the byproducts in a volume of 80 vol% of the
equivalent 2-propanol contained in the sols led to orange sols
with an equivalent concentration of (BigsNags)TiOz of
~0.60 mol/L.

To prepare the BaTiO; (BT) precursor solution, barium
carbonate (BaCOs; Alfa Aesar, 99.997%) was dissolved in
propionic acid and propionic anhydride at 140°C for 2 h.
Then, titanium tetra-butoxide (Ti(O(CH,);CH;)4; Aldrich,
99%) and 2,4-pentadione (CsHgO,; Aldrich, 99%) were
added. Finally, the mixture was diluted with 1-butanol
(C4Ho0O; Sigma-Aldrich, 99.4%) to obtain a yellow solution
with an equivalent concentration of BaTiOs of 0.30 mol/L.*

BNT sols and BT solutions were mixed to obtain
(Big.soNag.s0);_Ba, TiO3 solutions with the stoichiometric
nominal compositions and with different Ba®® contents
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(x =0.035, 0.055, 0.08; y=0.10). Hereinafter, the
resulting precursor solutions will be denoted as BNBT3.5,
BNBTS5.5, BNBT8.0, and BNBT10.0. On the other hand,
BNTxs sols and BT solutions were mixed to obtain
(Bi0‘55Na0'55;1,,\.BaxTiO“O solutions containing a 10 mol%
excess of Bi’ " and a 10 mol% excess of Na™, and with dif-
ferent Ba®>" contents (x = 0.055, 0.100, 0.150), hereinafter
BNBTS5.5xs, BNBT10.0xs, and BNBT15.0xs.

Diluted solutions with dried ethanol (0.2 mol/L) were
deposited onto Pt/TiO,/SiO,/(100)Si substrates (Radiant
Technologies) by spin coating at 2000 rpm for 45 s and dried
at 350°C for 60 s, in a hot plate. The substrates were prean-
nealed at 700°C for 5 min (~30°C/s, O,). The as-deposited
amorphous films were crystallized by rapid thermal process-
ing (RTP; JetStar 100T JIPELEC) in an oxygen atmosphere
at 650°C for 60 s and a heating rate of ~30°C/s. Deposition,
drying and crystallization were repeated six times to obtain
crystalline films with thickness between 350 and 550 nm.
Films were labeled with the same names as the corresponding
precursor solutions.

(2) Characterization of the Thin Films

A detailed structural analysis of the crystalline phases (rhom-
bohedral and/or tetragonal) developed in the BNBT and
BNBTxs films was carried out using a closed Eulgrian goni-
ometer equipped with a Cu anode(A = 1.5406 A), a 120°
position sensitive detector and a graphite primary monochro-
mator. Full spectra of 120° in 20 were collected with a regu-
lar grid of 5° x 5°in y and ¢, with y from 0° to 50° and ¢
from 0° to 355°. A Rietveld refinement was carried out using
these X-Ray diffraction patterns. Calculations were made
with the Material Analysis Using Diffraction Package
(MAUD).* Note that the reflections of the Pt bottom elec-
trode at 20 of ~40°, 47°, 68°, 81°, and 86° and signals of the
rhombohedral and tetragonal crystalline phases overlap. This
makes necessary the use of two different layers to perform
the refinement of the experimental profiles: one layer for the
perovskite (rhombohedral R3m and/or tetragonal P4mm)
and another one for the Pt (100% volume fraction of cubic
F3mm).

Grazing-incidence scattering analysis was carried out at
the beamline 11-3 of Stanford Synchrotron Radiation Light-
source (Stanford). A two-dimensional (2D) position sensitive
detector calibrated with a LaBg standard sample, a X-ray
wavelength of A =0.97354 A, a sample detector distance of
180 mm, a pixel and a spot size of 0.1 mm, and incidence
angles between 0.1° and 5.0° were used. Experimental pat-
terns were obtained by integration of the Debye rings pro-
cessed by the software Fit-2D and these patterns were
simulated with the software Anaelu.?>-3¢

For the study of the compositional depth profile of the
films, Rutherford backscattering spectroscopy (RBS) experi-
ments were performed with the 5 MV HVEE Tandetron
accelerator. The RBS experiments were carried out using
2 MeV He" ions and the data were acquired with a silicon
surface barrier detector located at a scattering angle of 170°,
with an energy resolution of 16 keV at an ion dose of 10 pC.
The experimental spectra were fitted with the software RBS®’
and SIMNRA.**

Surface and cross-section images of the thin films were
obtained by field-emission gun scanning electron microscopy
(FEG-SEM; Nova Nanosem 230).

III. Experimental Results and Discussion

The special characteristics of thin films make difficult a
detailed XRD structural analysis by using a conventional dif-
fractometer with a Bragg—Brentano configuration, like that
usually used to characterize powders and bulk ceramics. In
fact, for thin films XRD reflections have a pronounced
broadening due to the small grain size and the stresses
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Table I. Crystallographic Data Calculated by X-Ray Rietveld Refinement of the Experimental XRD Patterns Measured with the
Four-Circle Diffractometer, for the BNBT Thin Films
BNBTS5.5 BNBTS.0
BNBT3.5 BNBT10.0

Crystal system Rhombohedral Rhombohedral Tetragonal Rhombohedral Tetragonal Tetragonal
Space group R3m R3m P4mm R3m P4mm Pdmm
ar(A)/ar (A) 3.81668(7) 3.85711(2) 3.87076(1) 3.8532(5) 3.8681(0) 3.86840(9)
ar(®)/cr (A) 89.861(1) 89.4604(6) 3.88997(2) 89.596(6) 3.8917(1) 3.8905(2)
Volume fraction (%) 99.(9) 71.(0) 28.9(7) 33.1(7) 66.(8) 99.(0)
> 1.083 1.153 1.215 1.165

Table II. Crystallographic Data Calculated by X-Ray Rietveld Refinement of the Experimental XRD Patterns Measured with the
Four-Circle Diffractometer, for the BNBTxs Thin Films
BNBT10.0xs

BNBTS.5xs BNBT15.0xs
Crystal system Rhombohedral Rhombohedral Tetragonal Tetragonal
Space group R3m R3m P4dmm P4dmm
ar(A)/ar (A) 3.8630(0) 3.8681(5) 3.8732(9) 3.868(5)
ar(®)/cT (A) 89.498(8) 89.61(6) 3.8947(8) 3.888(9)
Volume fraction (%) 99.(0) 82.(4) 17.(5) 99.(4)
x’ 1.180 1.162 1.145

induced by the substrate. Besides, some peaks from the sub-
strate can appear overlapped to those of the crystalline film.
Therefore, the analysis of the films included in this work has
been carried out using a four-circle diffractometer with a Cu
anode  (Ac, = 1.5406 A) and  grazing-incidence = X-ray
synchrotron radiation scattering (A = 0.9797 A).

The Rietveld analysis of the XRD experimental data mea-
sured with the four-circle diffractometer reveals important
information about the crystalline structure of the films
derived from the BNBT and BNBTxs solutions. Crystalline
structures of the BNBT bulk ceramics are taken as refer-
ences for the refinement. Therefore, R3m rhombohedral and
P4mm tetragonal'®>* space groups are simultaneously used
for fitting the experimental data. The calculated cell parame-
ters, volume fraction of both crystalline structures and
goodness-of-fit (chi squared, y*) are given in Tables I and
II. Lattice parameters for the films are of the same order as
those reported for their bulk counterparts.'”>* In the case
of the BNBT films, the crystalline structure of the BNBT3.5
film is fitted to a rhombohedral phase, whereas that of the
BNBT10.0 film fits to a tetragonal structure. We find the
crystalline structure of the BNBTS.5 film is well fitted to a
mixture of the rhombohedral and tetragonal phases, being
larger the volume fraction of the former one, ~70%; this is
close to a recent work reported for bulk ceramics.>! The
BNBTS.0 film also exhibits both rhombohedral and tetrago-
nal phases, but in this case the volume fraction of the
tetragonal phase is larger, ~67%. The BNBTxs films show a
similar evolution of the crystalline phases, but now the
MPB seems to be shifted toward larger contents of BT.
Thus, the XRD pattern of the BNBTI10.0xs shows the
coexistence of rhombohedral and tetragonal phases,
obtaining a ~82% volume fraction of the former one. For
the BNBTS5.5xs film, a good fitting is obtained for a rhom-
bohedral phase, whereas the experimental profile for the
BNBT15.0xs film denotes the presence of a tetragonal
structure.

Figure 1 shows the experimental and calculated profiles by
Rietveld analysis from the XRD data of the BNBTS.5 and
BNBT10.0xs thin films, compositions which are in the MPB
region according to the results of Tables I and II. Note that
the (111) and (200) reflections of the Pt bottom electrode at
20 ~ 40° and 260 ~ 47°, respectively, and the (I111)T, (111)/
(IT1)R as well as (002)/(200)T, (200)R reflections of the

rhombohedral (R) and tetragonal (T) crystalline phases over-
lap. This made necessary the use of a Pt layer for the adjust-
ment of the profiles, as it has been already noted in Section
1(2).

Reflections corresponding to the perovskite structure are
observed in both films without the detection by XRD of sec-
ondary phases. A good fitting for the BNBT and BNBTxs
films between the experimental and calculated profiles was
completed, when coexistence of the rhombohedral and tetrag-
onal phases is assumed for some of the compositions of the
films, which is distinctive of a MPB region. This region is
around 5.5%-8.0% molar ratio of BT for the BNBT films,
which is in agreement with data reported for bulk ceramics."”
However, the MPB shifts toward higher nominal values of BT
(around 10.0 mol% BT) in the case of the BNBTxs films pre-
pared with Bi** and Na™ excesses. This “apparent” change
in the MPB position toward a larger amount of BT incorpo-
rated into the BNBT solid solution when Bi*" and Na™*
excesses are used has been previously reported for these films
prepared by both chemical and physic methods.>>>' This
would indicate that the excesses added to the system are not
completely lost by volatilization during the crystallization
annealing, thus remaining into the final composition of the
film. These excesses might be incorporated into the BNT
perovskite. Then, Ti ions should be transferred from the BT
composition to the BNT perovskite, thus leaving free BaO.
The result is an “apparent” movement of the MPB, but the
true scenario is that the MPB in these BNBTxs films should
be close to that observed for the BNBT films without excesses,
but now free BaO should appear in the BNBTxs films. If only
a partial incorporation of the Bi** and Na™ excesses into the
BNT perovskite structure is produced, then, in addition to
BaO, Bi,0;, and Na,O residuals not lost by volatilization
should be present in the film, as well as secondary phases
resulting from the possible combination of these oxides.

To analyze in deep the crgstalline structure of films pre-
pared from solutions with Bi’ " and Na™ excesses and thus
be able to explain the apparent shift of the MPB region in
these films, the BNBT10.0xs film has been characterized by
grazing-incidence X-ray synchrotron radiation scattering
(Fig. 2). Two different 2D experimental patterns of this film
are shown in Fig. 2, obtained with low [penetration depth
~70 nm, Fig. 2(a)] and high [penetration depth ~200 nm,
Fig. 2(b)] grazing incidence angles. Note that a characteristic
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Debye ring associated with a pyrochlore structure, Bi,Ti,O;
Fd3m (JCPDS 32- 118), is identified in the 2D pattern
obtained with an incidence angle of 0.05°, which does not
appear in the pattern measured with a higher incidence angle
of 0.15°. This would indicate the presence of this secondary
phase at the top surface of the film, but not in the bulk. On
the other hand, the splitting of the peaks assigned to the
R3m and P4mm phases, which is not possible to be observed
in the analysis of the films with the four-circle diffractometer,
is now detected in the synchrotron radiation patterns. The
(I11)T and (111)/(111) R reflections at 26 values around 25°
as well as (200)/(002)T and (200)R at around 29° are very
close. Besides, these peaks show a large broadening produced
by the small grain size and large stresses characteristic of thin
films. This makes the separation of these reflections difficult.
In addition, peaks recorded at 26 values higher than 27° can-
not be analyzed for these film samples due to the overlapping
with the reflections associated with the Pt bottom electrode.
In spite of this, the X-ray synchrotron radiation patterns of
Fig. 2 could be fitted to a rhombohedral and a tetragonal
phase, R3m and P4mm space groups, respectively [Figs. 2(c)
and (d)], taking into account the refinement done with the
MAUD program from the XRD experimental data of
Tables I and II and those results reported in the litera-
ture.'”**3%4% The larger broadening of the peaks associated
with the R phase than to the T one should be ascribed to
smaller crystallite size and larger cell strains in the former
than in the latter. These results support the possible existence
of a mixture of the tetragonal and rhombohedral crystalline
phases. The calculated lattice parameters indicated in the

30000 ' T T T K -‘%l T T
L (a) 7~

Experimental
Fitted

N

(4]

o

o

o
T

u
N
o
=]
=
=1

T

-

o

o

o

o
T

o

o

(=]

o
T

7/ Ba

600 800 1000 1200 1400 1600 1800 2000

Energy (KeV)
100 LI T LI | T L — | R
(c)
- Pt
80 | 4
R I
& 60| o a .
B
g 40
E E
= Ti b
20 - -
Bi
Ba\ Na ~
0 L 1
0 1x10"  2x10™®  3x10®  4x10™  5x10"

Depth (atom/cm’)

(BigpsNags);_Ba,TiO3 Thin Films. Part I 1273

Fig. 2 are close to values shown in the Table II. Similar vol-
ume fractions referred to the bulk film are also calculated for
both crystalline structures; ~89% of rhombohedral phase and
~11% of tetragonal one. However, these values change at the
surface of the film with a higher volume fraction of tetrago-
nal phase than rhombohedral one; ~58% and ~39%, respec-
tively. The observation of a pyrochlore crystalline structure
at the film surface and the larger content of a tetragonal
phase here than in the bulk film could be related to the vola-
tilization of the Bi*" and Na™ from the film surface.

Therefore, X-ray diffraction analysis of the films carried
out by synchrotron radiation scattering shows differences in
their crystalline structure from the top surface to the bulk
film. To confirm possible compositional changes associated
with these differences in crystalline structure, RBS has been
used to determine variations in the compositional depth pro-
files of the films. These RBS experiments have been carried
out in the BNBT5.5 and BNBT10.0xs thin films, both in the
MPB region. As an example, the experimental and fitted
RBS spectra of the BNBTS.S sample are displayed in
Fig. 3(a) together with the individual contribution of the dif-
ferent elements present in the film. Despite the complexity of
the sample, a precise fitting of the experimental data was
obtained using a multilayer approximation to describe the
structure of the film.

Figure 3(b) shows the comparison between the experimen-
tal RBS spectra of the BNBTS5.5 and BNBT10.0xs films.
Two major differences are observed related to (i) the total
thickness of the film and (ii) the quality of the film/Pt-coated
substrate interface. Assuming the theoretical density of the
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Fig. 3. (a) Rutherford backscattering experiments (RBS) experimental and fitted spectra of the BNBTS.5 film. The contributions of the
elemental spectra are also displayed. (b) Comparison of the RBS spectra obtained for the BNBTS5.5 and BNBT10.0xs films. In the inset, a zoom
of the 1600-2000 keV region is shown, where the surface Bi and Ba are indicated by dotted vertical lines. The concentration depth profiles of the
different cations forming the perovskite films are plotted for the (c) BNBTS5.5 and (d) BNBT10.0xs thin films.
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(Bip.sNag 5)TiO5 perovskite (5.92 g cm73),41 the total thick-
ness of the BNBTS.5 and BNBT10.0xs films was found to be
of ~350 + 5 nm and ~400 + 5 nm, respectively. These thick-
nesses will be later compared to the ones measured by FEG-
SEM observations and related to changes in the bulk density
of the films. Besides, it is worth noting the difference in the
slopes of the spectra recorded at energies below 1500 keV,
this is a clear indication of the formation of an interface by
the reaction between the film and the Pt-coated Si substrate.
The interface was found to be unambiguously thicker for the
BNBT10.0xs film. Finally, a zoom of the RBS spectra in the
1600-2000 keV region is shown in the inset of Fig. 3(b), to
denote the small differences detected in the stoichiometry of
the films. For example, changes of ~I at.% (close to the
RBS detection limit) on the bismuth and barium concentra-
tion in the films can be assessed due to the large cross section
of helium ions with these particular elements.

For both samples, a good matching between experimental
and fitted RBS spectra was completed assuming three differ-
ent compositional zones [Figs. 3(c) and (d)]; (i) a top surface
deficient in bismuth, (ii) a bulk film with the nominal compo-
sition of the perovskite, and (iii) an interface of reaction
between the bulk film and the Pt bottom electrode. A very
thin top deficient bismuth surface (~3%) was found for both
films. This is produced by volatilization of this element at
the film surface. It is also expected a sodium deficiency here
because of its low melting point; however, the low atomic
number of this element prevented its detection by RBS. The
bulk films exhibit a nominal composition of (BiysNag 5)9.945-
BaO,OSSTiO3 for the BNBTS.5 film and of Bi0‘55N30'55)0'900_
Bag 199TiO3 for the BNBT10.0xs film, and a thickness of
~325 and ~375 nm for the former and later, respectively. The
theoretical density of the (BigsNags)TiO3 perovskite was
used for the calculation of the film thickness. Simulation of
both films shows a large difference just at the bottom inter-
face between the perovskite film and the Pt electrode.
Whereas the BNBTS5.5 film has an abrupt interface, what the
BNBT10.0xs film shows is a progressive increase in the Bi, Pt
content in the proximity of the platinum.** This interface is
significantly thick for the BNBT10.0xs film (~40%), where a
pure platinum layer can never be simulated.

Therefore, according to this RBS compositional depth
profile study, the BNBTS.5 film shows a thin bismuth-defi-
cient top surface, a ~325-nm-thick bulk film with the stoichi-
ometric perovskite composition and an abrupt Pt-film
interface. The BNBT10.0xs film shows a similar thin bis-
muth-deficient top surface, followed by a ~375-nm-thick bulk
film with the nominal composition containing the added
Bi** and Na™ excesses, and a thick Bi Pt interface. The
presence of a Bi®-deficient surface layer in the BNBT10.0xs
film could explain the presence of the pyrochlore secondary
phase detected by synchrotron radiation at the surface of the
BNBTxs10.0 thin film. The formation of this secondary
phase together with the observation of a larger volume frac-
tion of the tetragonal crystalline structure with respect to the
rhombohedral one at the surface of the BNBT10.0xs film
would be in agreement with the small loss of bismuth mea-
sured. Concerning the thickness of the film, FEG-SEM
cross-section images resulted in average thicknesses of ~340
and ~550 nm for the BNBTS5.5 and BNBTI10.0xs films,
respectively [see Figs. 4(a) and (b)]. Comparing these values
to those calculated from the RBS simulations (BNBTS.5
~350 nm and BNBT10.0xs ~400 nm), a close agreement is
observed for the BNB5.5 film (only a ~3% of deviation),
whereas a large deviation occurs for the BNBT10.0xs one
(~25%). This difference would be related to changes in the
bulk density of the film due to the larger porosity of the
BNBT10.0xs film, as micrographs in Fig. 4(b) show, or to
the existence of nondetected secondary phases. Note that the
FEG-SEM plan view of the BNBTS.5 film [Fig. 4(a)] pre-
sents a homogenous microstructure with cohesive grains.
However, the bulk of the BNBT10.0xs film [Fig. 4(b)] seems
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Fig. 4. Field emission gun scanning electron microscopy
micrographs (cross sections and plane view) of (a) BNBTS.5 and (b)
BNBT10.0xs thin films.

to be denser than its surface. This could be associated with
the crystalline structure and compositional results obtained
by grazing-incidence synchrotron radiation and RBS. Assum-
ing the thickness of the film to be of 550 nm (as measured
by SEM), a density of ~4.3 g cm ™ is obtained after the RBS
fitting, thus with a calculated porosity of 25%-30%.

From the results of this work, we can hypothesize that the
functional properties of these films should be enhanced in
those with compositions in the MPB region, 5.5%-8.0%
molar ratio of BT for the BNBT films. The BNBTxs films,
containing Bi*" and Na™ excesses, show an “apparent” shift
of the MPB region, observing a mixture of rhombohedral
and tetragonal phases for nominal molar values of
x ~10.0%. A superior performance is expected for the
MPB-BNBT films, as a homogeneous compositional profile
is observed by RBS with abrupt film—substrate interfaces. On
the contrary, the MPB-BNBTxs films, which show porosity,
a secondary pyrochlore phase, and a large amount of the
tetragonal phase at the surface exhibit, in addition, an inho-
mogeneous compositional depth profile and thick Bi, Pt bot-
tom interfaces,* all of these probably ascribed to a
nonuniform distribution of the A-cations in the perovskite
structure. These structural and compositional characteristics
of these films should affect the ferroelectric response of the
material.*?
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IV. Conclusions

1. The MPB of solution-derived (BiysNags);_.Ba,TiO3
(BNBT) thin films 1is located in the range of
0.055 < x < 0.080 in accordance with most works
reported for bulk ceramics of these compositions.

2. For BNBTxs films containing Bi*" and Na™ excesses,
the MPB is observed close to nominal values of
x ~ 0.10. This suggests that the Bi’" and Na®
excesses, to a large extent, remain in the bulk film total
or partially incorporated into the A-sites of the perov-
skite. This would result in the transfer of Ti ions from
BaTiO; to (BipsNags)TiO;, thus resulting in an
“apparent” but not true movement of the MPB, in
presence of free BaO and in the formation of second-
ary phases and interfaces.

3. According to these results, the use of the volatile
element excesses within the processing of solution-
derived BNBT thin films is, in principle, not required
with the processing conditions here used to achieve
crystalline perovskite thin films in the proximity of the
MPB with homogeneous compositional profiles.
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