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Abstract 

The preparation of (Bi0.50Na0.50)1-xBaxTiO3 films requires a 

compositional/structural control, as they determine the functionality of these materials. 

We report a systematic compositional and structural analysis on (Bi0.50Na0.50)1-xBaxTiO3 

films fabricated by chemical solution deposition. The effects of incorporating Na(I) and 

Bi(III) excesses are analyzed through the comparison of the compositional depth 

profiles of stoichiometric films (BNBT) and films containing excesses (BNBTxs). 

Heterogeneous compositional profiles with larger bismuth content close to the 

substrate and thicker film-substrate interfaces are observed in BNBTxs, unlike 

stoichiometric films, which show atomic concentrations that correspond to the nominal 

composition of the precursor solution. Excesses induce structural differences in depth, 

observing a shift of the region of coexistence of rhombohedral and tetragonal phases 

(morphotropic phase boundary) towards higher x values and the formation of thick film-

substrate interfaces. In contrast, stoichiometric films have homogeneous compositional 

and structural profiles with the MPB placed close to that described for bulk ceramics. 
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Introduction 

High performance piezoelectric ceramics, which are widely used in micro- and 

nano-electromechanical systems (MEMS and NEMS), are mainly based on the lead 

zirconate titanate Pb(ZrxTi1-x)O3, (PZT) [1, 2]. The main concern over the use of this 

material is its environmental impact, related to the pollutant lead content. Thus, the 

search of lead-free alternatives is attracting much attention [3-5].  
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Among the lead-free materials, (Bi0.5Na0.5)TiO3 (BNT) [6] is an example of a 

distorted perovskite where the charge difference between sodium and bismuth cations 

is large enough to provide an energy ordering in the system. This results in a complex 

nano-domain structure, which confers it a particular electric response [7].  

The main drawbacks of BNT, which limit its applications, are the high 

conductivity and coercive field. These make difficult the poling process and thus, 

modified BNT compositions are being used [8]. Among them, (Bi0.5Na0.5)1-xBaxTiO3 

(BNBT) is considered an attractive system to be studied as it presents a morphotropic 

phase boundary (MBP), similarly to PZT, where the electromechanical properties are 

maximized [9].  

The MPB can be defined as the composition at which a phase transition occurs 

between two adjacent crystalline phases that have equal Gibbs free energy [10]. The 

optimization of the ferro-piezoelectric properties at the MPB of BNBT was originally 

explained by the coexistence of tetragonal and rhombohedral phases [11]. However, 

the phase transformation seems to be promoted not only by the composition but also 

by the temperature or even by an electric field; in this way the MPB in BNBT materials 

could be modified during the poling process [12, 13]. It has been reported that the 

phase transition at the MPB occurs through intermediate phases of monoclinic 

symmetry [14,15]. Furthermore, recently the structures observed at long-range order 

have been found to be different from those detected at short-range order (nano-scale) 

in nanostructured BNBT ceramics [16], which shows the complexity of the 

crystallographic structure of these compositions. 

Besides, it has been reported that for compositions with x between 0.055 and 

0.12 the BNBT solid solution exhibits a variety of different crystalline structures. This 

has caused some controversy, that has not been settled fully yet. For compositions 

between x ~0.06 and x ~0.10, a cubic phase (Pm  m space group) is determined by X-

ray diffraction for unpoled BNBT [17,18]. This cubic structure is described as a 

multiphase system, which at short-range order is constituted by tetragonal nano-

regions (P4bm space group) with antiferroelectric or ferroelectric response, and 

ferroelectric rhombohedral regions (R3c space group). This structural model is in 

agreement with the relaxor-ferroelectric behavior reported in the literature for these 

materials [19]. However, according to Jo et al, a structural evolution from rhombohedral 

R3c/R3m to tetragonal P4mm occurs in the compositional range of 0.055<x<0.100 [20]. 

Free energies of these crystalline structures are very similar; thus, in BNBT bulk 

materials with close nominal compositions, different crystalline structures can be found. 

If the determination of crystalline structures seems not to be clarified in bulk materials, 

it becomes a challenge in polycrystalline thin films. 

The need to integrate this lead-free piezoelectric material in microelectronic 

devices makes the fabrication of thin films essential. The high compositional control 

required to obtain films with compositions close to the MPB in these complex oxides 

makes chemical solution deposition (CSD) one of the most appropriate techniques to 

fabricate BNBT thin films [21]. For the processing it must be taken into account that the 

BNBT solid solution contains two elements of high volatility, Na(I) and Bi(III). Their loss 

by volatilization during any of the thermal processes needed in CSD disrupts the 

compositional balance of the thin films. In principle, high volatilization rates are 



expected due to the high surface/volume ratio inherent in thin films. Traditionally 

excesses of these two volatile elements are incorporated in the precursor solutions to 

compensate the loss during the films annealing [22-25]. It has been reported that the 

use of these excesses produces displacements of the MPB position for thin films [25] 

but the associated compositional and structural changes that lead to this shift are 

poorly understood. 

Here, we show our recent results in solution derived (Bi0.50Na0.50)1-xBaxTiO3 thin 

films, concerning the effects on their composition and crystalline structure produced by 

the use of Na(I) and Bi(III) excesses in the precursor. At the same time, we explore in 

depth the diversity of crystalline phases present in these films with compositions 

around the MPB. The study is carried out by Rutherford Backscattering Spectroscopy 

and X-ray diffraction for a wide range of x values (with x from 0.035 to 0.150), including 

those reported as being in the MPB region for bulk ceramics. The structure of the 

(Bi0.50Na0.50)1-xBaxTiO3 thin films is studied in comparison with their counterpart bulk 

ceramics prepared following an identical chemical route. The complexity of these 

analysis and the interest of getting information about the structural profiles of the films 

have required the use of Grazing-incidence X-ray diffraction (GIXRD) with synchrotron 

radiation. New insights on the peculiarities of the crystalline characteristics of 

polycrystalline BNBT thin films arise from the discussion of the results of this work. 

 

Experimental Procedure 

Details of the synthesis for (Bi0.50Na0.50)1-xBaxTiO3 precursor solutions can be 

found elsewhere [22, 26]. It can be summarized as follows: (Bi0.50Na0.50)1-xBaxTiO3 

precursor solutions were synthesized by a hybrid route. Solutions with the 

stoichiometric nominal compositions and different Ba(II) contents (x=0.035, 0.055 and 

0.100) were prepared; they are denoted as BNBT3.5, BNBT5.5 and BNBT10.0, 

respectively.  Similarly, (Bi0.55Na0.55)1-xBaxTiO3.30 nominal solutions containing a 10 

mol% excess of Na(I) and a 10 mol% excess of Bi(III), and with different concentrations 

of Ba(II) (x=0.055, 0.100, 0.150), hereinafter BNBTxs5.5, BNBTxs10.0 and 

BNBTxs15.0, were also synthesized. 

Diluted solutions (0.20 M) in dried ethanol were deposited onto 

Pt/TiO2/SiO2/(100)Si substrates (Radiant Technologies) by spin coating at 2000 rpm for 

45 s and dried at 350oC for 60s, in a hot plate. The as-deposited amorphous films were 

crystallized by rapid thermal processing (RTP, JetStar 100T JIPELEC) in an oxygen 

atmosphere at 650oC for 60 s (heating rate of 30oC s-1). Deposition, drying and 

crystallization were repeated six times. Compositions of the (Bi0.50Na0.50)1-xBaxTiO3 films 

were selected (i) for x values lower than the MPB region; (ii) for x values inside the 

MPB region, and (iii) for x values higher than the MPB region; that means x= 0.035, 

0.050 and 0.100 for BNBT films and x= 0.055, 0.100 and 0.150 for BNBTxs films [19, 

26]. 

In addition to BNBT stoichiometric and BNBTxs thin films, containing 10mol% 

excess of Na(I) and Bi(III), BNBT stoichiometric bulk ceramics were studied. For the 

preparation of bulk ceramics which are taken as a reference, the same solutions with 

the stoichiometric nominal compositions for x=0.035, 0.055 and 0.100 were used. 



Significant losses of volatiles elements are not expected during annealing of bulk 

ceramics, therefore Na(I) and Bi(III) excesses were not used here [17,18]. The 

solutions were dried at 120oC for 12h in air. The gels were heated at 350oC in air for 

12h and subsequently annealed at 800oC for 2h (heating rate 2oC∙min-1). The powders 

were mixed with 2-propanol ((CH3)2CHOH, Aldrich, 99.5%) used as a binder, and were 

pressed into discs of 10 mm of diameter and 2 mm of thickness. The green ceramics 

were sintered in air at 1100oC for 2h (heating rate 2oC∙min-1). The bulk density of the 

resulting ceramics were determined by the Archimedes method. The calculated values 

were 5.62 gcm-3 (densification of 94.9%), 5.83 gcm-3 (densification of 98.5%) and 5.72 

gcm-3 (densification of 96.6%) for the BNBT3.5, BNBT5.5 and BNBT10.0 bulk 

ceramics, respectively.  

Rutherford Backscattering Spectroscopy (RBS) experiments were performed to 

analyze the compositional depth profile of the films. A 5 MV HVEE Tandetron 

accelerator was used with a 2 MeV He+ beam. 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 μC. The experimental spectra were fitted with the 

software RBS [27]. 

Plan-view and cross-section micrographs of the crystalline oxide films were 

obtained by field-emission gun scanning electron microscopy (FEG-SEM, Nova 

Nanosem 230 FEI Company equipment, Hillsboro, OR). 

The crystalline phases were initially studied using a Siemens D500 powder 

diffractometer with a Cu anode and a Bragg-Brentano geometry. Diffraction patterns of 

the bulk ceramics were measured in the 2θ interval between 20o and 50o, with a step of 

0.05o per each 3s. More detailed patterns were recorded in the 2θ intervals between 

37.0-42.0o and 46.0-47.5o, using a step of 0.005º per each 5s. These patterns were 

analyzed with the V1-40 program. Peaks of the patterns were separated and fitted to 

pseudo-Voigt 2 functions.  

The crystalline structure developed in the films was studied using a four-circle 

diffractometer equipped with a closed Eulerian goniometer (χ, φ), a Cu anode, a 120° 

curve linear position-sensitive detector (CPS120 from INEL SA) and a flat graphite 

primary monochromator. XRD patterns of 120° in 2θ were recorded in a regular grid of 

5°×5° in χ and φ, with χ from 0° to 50° and φ from 0° to 355° (a total of 864 patterns). 

Rietveld refinement calculations were carried out with the Materials Analysis Using 

Diffraction Package (MAUD) [28]. The refinements were performed on the patterns 

resulting from the sum of the collected ones for each angular position (χ, φ), in order to 

analyze a randomized pattern of the films. The random texture model has been 

selected for carrying out the simulations of the experimental patterns, since changes of 

the intensity of the perovskite peaks with the angular position have not been observed. 

Two layers were included for the fitting: (i) a perovskite layer containing a R3c 

rhombohedral and/or P4mm tetragonal structure and (ii) a Pt substrate layer with a 

cubic structure (Fm  m).  

Grazing-incidence X-ray diffraction (GIXRD) was carried out at the beamline 11-

3 of the Stanford Synchrotron Radiation Lightsource (Stanford, USA). A MAR345 two-

dimensional (2D) position-sensitive detector was used with a sample-detector distance 



of 180 mm. The 2D diffraction patterns were recorded using a X-ray wavelength of 

=0.9744 Ǻ and incidence angles of 0.05o and 0.15o to study the structural changes at 

different depth of the BNBT5.5 and BNBTxs10.0 films. Experimental 1D patterns were 

obtained by integration of the Debye rings processed by the software Fit-2D and the 

phases fractions as well as the cell sizes were refined with the software Fullprof. 2D 

intensity data have not been corrected before the integration with Fit2D.  

 

Results 

In this work, three sets of samples were studied: (i) BNBT stoichiometric thin 

films, (ii) BNBTxs thin films, containing 10mol% excess of Na(I) and Bi(III), and (iii) 

BNBT stoichiometric bulk ceramics (significant losses of volatile elements are not 

expected during annealing of bulk ceramics, therefore Na(I) and Bi(III) excesses were 

not used here) [17, 18].  

Figure 1 and Figure 2 show the average of atoms per cell across the film (a-c) 

and the corresponding experimental and fitted RBS curves (d-f) for the BNBT and 

BNBTxs thin films, respectively. Simulations of the experimental RBS data allow us to 

gain a deep knowledge of the compositional depth profile in the films. The calculated 

data from the RBS spectra are shown in Table I. They reveal three differentiated 

zones/layers across the films: (i) a bismuth deficient layer on the surface, (ii) a bulk 

layer with a composition close to that of the nominal composition of the precursor 

solution, considering the composition of the (Bi0.55Na0.55)1-xBaxTiO3.30 (for BNBTxs) or 

(Bi0.50Na0.50)1-xBaxTiO3 (for BNBT) solid solution, and (iii) a bottom interface formed by 

the interaction between the film and the Pt-coated substrate. Film thickness has also 

been calculated from the RBS data, considering the density of the perovskite obtained 

from the resolved unit cells by Rietveld refinement of the X-ray patterns shown in Table 

II. For the BNBT3.5, BNBT5.5 and BNBT10.0 films, the average composition per atom 

(value normalized to the nominal composition of the (Bi0.50Na0.50)1-xBaxTiO3 perovskite) 

in the bulk layer, calculated from the simulation, is x ~0.035, ~0.055 and ~0.100. They 

are practically identical to the nominal solid solution composition (Table I). Most of the 

film thickness (~90 % calculated value for the three films) presents the nominal 

composition, which proves the compositional homogeneity achieved without the 

introduction of any excess in the precursor solution. In addition, these BNBT films 

exhibit a rapid increase in the intensity of the signal around 1400 keV, which 

corresponds to the scattering cross section of the platinum (Figure 1 d-f), and can be 

associated with an abrupt film/substrate interface. The calculated thickness of these 

BixPt interfaces is <6% for the three BNBT films, which is associated with a low degree 

of interdiffusion between the film and the Pt electrode. A thin bismuth deficient layer on 

the surface has been also found which may account for the expected volatilization of 

this element in the surface of the film during processing. 

Unlike BNBT stoichiometric thin films, the experimental RBS curves of the 

BNBTxs5.5, BNBTxs10.0 and BNBTxs15.0 films show a gradual increasing of the 

intensity at around 1400 keV, (Figure 2 d-f). In these films, the calculations show that 

the BixPt interfaces are much thicker (> 10%, Table I) than those of the BNBT films. A 

bismuth gradient seems to occur in the BNBTxs films, with a Bi-concentration increase 

from the surface to the substrate (Figure 2). The bulk layer of these films has an 



average composition per atom with x values that differ from the nominal ones, ~0.055, 

~0.120 and ~0.135, when the expected x values are 0.055, 0.100 and 0.150 (Table I). 

Moreover, the thickness of the bulk perovskite layer simulated in these BNBTxs films 

has an average value of ~80 % of the total film thickness, far from the average value of 

90% calculated for the BNBT films. Besides, a pure platinum layer, without bismuth 

contamination does not give a reliable fit, indicating the massive interdiffusion 

generated in the BNBTxs films.  

 

Figure 1. Compositional depth profiles of the BNBT thin films (stoichiometric samples), 
calculated from the RBS experimental curves, for the (a) BNBT3.5, (b) BNBT5.5 and 
(c) BNBT10.0 thin films on Pt-coated silicon substrates. The experimental (dotted black 
line) and fitted (solid red line) RBS spectra for (d) BNBT3.5 (e) BNBT5.5 (f) BNBT10.0 
films 



 

Figure 2. Compositional depth profiles of BNBTxs thin films (samples with Na(I) and 
Bi(III) excesses), calculated from the RBS experimental curves, for the (a) BNBTxs5.5 , 
(b) BNBTxs10.0 and (c) BNBTxs15.0 thin films on Pt-coated silicon substrates. The 
experimental (dotted black line) and fitted (solid red line) RBS spectra for (d) 
BNBTxs5.5 (e) BNBTxs10.0 (f) BNBTxs15.0 films 

Figure 3 shows the FEG-SEM micrographs of BNBT and BNBTxs thin films 

onto Pt/TiO2/SiO2/Si(100) (plan-view and cross section images). Thicknesses of the 

BNBT3.5, BNBT5.5 and BNBT10.0 films obtained from these micrographs (Figure 3 a-

c at the bottom) are collected in Table I and show good agreement with those 

calculated from the RBS data. The BNBT5.5 film exhibits a low porosity on the surface 

and a dense microstructure across the film, with well-defined grains of ~110 nm. The 

BNBT3.5 and BNBT10.0 films show a higher porosity on the surface and across the 

sample, with slightly smaller grains of ~70 nm (Figure 3 a-c at the top). However, the 

microstructures of the BNBTxs films are more heterogeneous, with high porosity along 

the entire film thickness (Figure 3 d-f at the top). Thicknesses calculated from the 



cross-section micrographs (Figure 3 d-f at the bottom) are collected in Table I. In this 

case, most probably due to the appearance of a thicker interface with the substrate that 

may distort the thickness estimations from RBS data, the thickness values obtained by 

FEG-SEM differ significantly from those of the RBS data, around 10%. A larger grain 

size is observed for BNBTxs5.5 (~100 nm) compared with those of the BNBTxs10.0 

and BNBTxs15.0 films (~90 nm and ~80 nm, respectively). 

Table I. RBS data for BNBT and BNBTxs thin films. The total thickness of the 
simulated layers (atom/cm2) up to 60% of Pt content is used to calculate the percent of 
the surface, bulk and interface thicknesses of each sample. The densities calculated 
from the crystallographic perovskite data obtained from the corresponding XRD 
patterns of the BNBT and BNBTxs films are considered to calculate the thicknesses 
from the RBS curves. Error in the composition calculated by RBS is 10%. Errors in the 
thicknesses calculated from RBS and SEM are 5%. The RBS regions considered for 
the calculations are: (i) a bismuth deficient layer on the surface (ii) a bulk layer with a 
composition close to that of the nominal perovskite (in the nominal composition 
column) and (iii) a film-substrate interface layer with a composition close to the BixPt 
alloy 

  Data from RBS analysis 
Thickness (nm) 
calculated from 
RBS and SEM 

Sample Nominal composition Areas 
% of the 

total 
thickness 

RBS SEM 
Differ. 

(%) 

BNBT3.5 (Bi,Na)0.965Ba0.035TiO3 

Surface deficient on Bi 4 

346 364 5 Bulk:(Bi,Na)0.965Ba0.035TiO3 90 

Interlayer Bi0.82Pt 6 

BNBT5.5 (Bi,Na)0.945Ba0.055TiO3 

Surface deficient on Bi 5 

330 341 3 Bulk:(Bi,Na)0.945Ba0.055TiO3 92 

Interlayer Bi0.64Pt 3 

BNBT10.0 (Bi,Na)0.900Ba0.100TiO3 

Surface deficient on Bi 3 

430 435 1 Bulk:(Bi,Na)0.950Ba0.100Ti0.95O3 93 

Interlayer Bi0.48Pt 4 

BNBTxs5.5 (Bi,Na)1.040Ba0.055TiO3.095 

Surface deficient on Bi 5 

482 559 14 Bulk:(Bi,Na)1.069Ba0.055Ti0.95O2.93 80 

Interlayer Bi0.64Pt 15 

BNBTxs10.0 (Bi,Na)0.990Ba0.100TiO3.095 

Surface deficient on Bi 4 

484 553 13 Bulk:(Bi,Na)1.005Ba0.12Ti0.98O2.92 85 

Interlayer Bi0.32Pt 11 

BNBTxs15.0 (Bi,Na)0.925Ba0.150TiO3.095 

Surface deficient on Bi 10 

513 560 8 Bulk:(Bi,Na)0.904Ba0.135Ti0.96O3 74 

Interlayer Bi0.44Pt 16 

 

Firstly, the structure of the BNBT bulk ceramics has first been studied in order 

to assess the space groups of the phases developed in the BNBT materials of this 

work. X-ray diffractograms of the BNBT3.5, BBT5.5 and BNBT10.0 bulk ceramics 

(Figure 4) clearly illustrate the splitting of the reflections assigned to the tetragonal 

or/and rhombohedral phases (Figure 4 b and c). The broadening of the peaks in thin 

films, as observed in the X-ray patterns of Figure 5, caused by small grains and 

stresses induced by the substrate does not allow us to distinguish this splitting. 



 

Figure 3. FEG-SEM plan views (at the top) and cross-section images (at the bottom) of 
the BNBT and BNBTxs films crystallized at 650oC: (a) BNBT3.5 (b) BNBT5.5, (c) 
BNBT10.0 (d) BNBTxs5.5 (e) BNBTxs10.0 (f) BNBTxs15.0  

The XRD pattern of BNBT3.5 bulk ceramic was obtained and interpreted to be 

used as a reference in the study of the related thin films. The crystalline structure of the 

bulk ceramic of this composition is presently associated with the rhombohedral R3c 

space group [29] or to the monoclinic Cc group [30]. In the diffraction experiments, the 

differences emerging from the mentioned models are subtle. For the resolution and 

counting statistics of our experiment, the R3c model works satisfactorily. 

 



 

Figure 4. XRD patterns of BNBT3.5, BNBT5.5 and BNBT10.0 bulk ceramics: (a) 2θ 
values from 20.0o to 50.0o with a step of 0.05o per each 3 seconds (b) 2θ values from 
37.0o to 42.0o and (c) 2θ values from 46.0o to 47.5o, both with a step of 0.005o per each 
5 seconds 

In the case of the tetragonal BNBT10.0 bulk ceramic, the doublets centered at 

2θ22.1o and 2θ46.8o, ascribed to the (001)/(100) and (002)/(200) reflections, 

respectively, are characteristic of a tetragonal P4mm space group (Figure 4 a and c, at 

the top).  

The XRD analysis of these ceramics confirms that the MPB is around x = 0.055, 

where the coexistence of phases is observed (Figure 4 a-c, patterns in the middle). 



The XRD patterns of the films  in a powder diffractometer (Figure 5) only exhibit 

pseudocubic-like signature of the parent perovskite phase. As expected for thin films, 

broad peaks are observed [31]. The symmetrical-centered pseudo-cubic phase 

detected in these patterns would not explain the piezo-ferroelectric behavior reported 

for these films [32-35]. Thus, a much more detailed structural analysis is needed to get 

deeper knowledge on the structural characteristics of these films, the reason why we 

complemented our measurements using four-circle diffractometry and grazing-

incidence X-ray diffraction (GIXRD) with synchrotron radiation.  

 

Figure 5.  XRD patterns of the (a) BNBT stoichiometric thin films and (b) BNBTxs thin 
films, containing Na(I) and Bi(III) excesses. Pv indicates the reflections ascribed to the 
perovskite phase 

Four-circle diffractometry (Figure 6 and Figure 7) offers the possibility to collect 

a large number of patterns in as many sample orientations as necessary to ensure 

suitable structural refinement. Thus, we used the sum diagram for Rietveld refinement. 

Such a sum diagram reduces considerably the textural effects associated with both the 

film (only briefly considered here) and <111> Pt coated silicon substrate. Figure 6 

shows the good refinement quality obtained on such summed diagrams. The lattice 

parameters and the volume fraction of each phase obtained from the Rietveld 

refinement of the patterns are shown in Table II. The goodness-of-fit (2) always show 

values close to 1, which confirms the reliability of the refinements. 

For the calculations, R3c space group for the rhombohedral phase and P4mm 

for the tetragonal one have been chosen. They have been identified in the analysis of 

the XRD data of their corresponding bulk ceramics above (Figure 4). Previous studies 

have reported alternative space groups for BNBT materials: R3m for the rhombohedral 

phase, P4bm for the tetragonal, and the monoclinic Cc symmetry as an averaged ‘best 

fit’ of the aforementioned phases [7,12,15,16, 29-30]. Our calculations show that the 

use of these space groups produce worse adjustment than the refinements carried out 

assuming the R3c space group for the rhombohedral and the P4mm space group for 

the tetragonal phase. Reflections corresponding to the Pt are fitted to a cubic structure 

(Fm  m). In the case of BNBT5.5 and BNBTxs10.0 samples, a low reliability is obtained 

for the refinement to a tetragonal (P4mm) or rhombohedral (R3c) structure separately 

(Figure 7). However, the adjustment using both phases, what is distinctive of the MPB, 

give a better fit reliability (Figure 6 b and e, Table II). The lattice parameters found for 

the two phases do not vary significantly, neither when the phases coexist in the film nor 



when excesses are used in the precursor solutions. Also the relative content of the two 

phases in the films showing phase coexistence are not very different, showing always a 

large percentage of the rhombohedral phase. 

 

Figure 6. Experimental (blue dotted line) and fitted (black solid) XRD patterns summed 
over sample orientations for BNBT (a-c) and BNBTxs (d-f) thin films. * indicates peaks 
associated with the sample holder 

 

Figure 7. Experimental (blue dotted line) and fitted (black solid) XRD patterns summed 
over sample orientations for BNBT5.5 (a-b) and BNBTxs10.0 (c-d) thin films. The 
refinements are performed in the experimental profiles using exclusively the 
rhombohedral or the tetragonal phases used in the adjustments of figure 6. * indicates 

peaks associated with the sample holder. The goodness-of-fit (2) are included for each 
refinement 



Table II. Data calculated using a Rietveld refinement of the experimental summed XRD 
patterns recorded for the BNBT and BNBTxs thin films, using a four-circle 
diffractometer  

 

An important matter on resolving the crystalline structure of BNT bulk materials 

is due to the reported low distortion with respect to a cubic perovskite of both, 

tetragonal and rhombohedral phases, which coexist in the MPB of this compound [15, 

36]. The incorporation of BT to the BNT solid solution increases significantly the 

distortion of the perovskite cell in [111] (rhombohedral distortion) and [100] (tetragonal 

distortion). This is observed by a clear splitting of the reflections detected in the bulk 

ceramics of this work with a conventional source of X-ray (Figure 4). Moreover, the 

structural study is much more complicated in thin films, because of the characteristic 

broadening of the diffraction peaks collected by X-ray diffraction in polycrystalline thin 

films. Therefore, the use of more powerful tools of characterization is demanded for the 

study of the crystalline structure of these materials in thin film form. Grazing-incidence 

X-ray diffraction (GIXRD) using synchrotron radiation is used here because it allows us 

to evaluate possible structural differences in the film depth. In fact, variations of the 

incidence angle permit the characterization of structural changes from the surface to 

the bulk of the films. In addition, the high flux of photons of this source makes possible 

to detect the presence of phases with a low-concentration in the films. However, 

grazing incidence produces an additional instrumental broadening of the diffraction 

peaks and thus, the resolution in the cell size is lower than that expected for a 

synchrotron source where a grazing incidence would not be used.  

The 2D diffraction patterns obtained with incident angles  of 0.05o and 0.15o, 

are shown in Figure 8 (BNBT5.5 film) and Figure 9 (BNBTxs10.0 film), together with 

their respective 1D patterns obtained by integration of the Debye-Sherrer rings. The 

Rietveld profile refinements are also shown in the latter. The 2D patterns only show the 

presence of the perovskite structure from the films and a cubic phase from the Pt 

substrate. Reflections corresponding to the Pt are fitted to a cubic structure (Fm  m) 

with a cell size of 3.90(7) Å (Figure 8) and 3.89(5) Å (Figure 9). The peak with the 

highest intensity in all patterns is that recorded at 2θ20o, which corresponds to the 

(110/101)   perovskite   reflections   of   the   BNBT  film.  The  lattice  parameters   and  

Sample Phase 
Space 
group 

aR or 
aT(Å) 

cR or 
cT(Å) 

Cell 
volume 

(Å3) 

Mass 
per unit 
cell (g) 

Density 
(g/cm3) 

χ2 
Volume 
fraction 

(%) 

BNBT3.5 Rhombohedral R3c 5.39 11.48 289 2.06·10-21 7.127 1.110 99.90 

BNBT5.5 

Tetragonal P4mm 3.87 3.90 59 3.57·10-22 6.065 

1.120 

29.00 

Rhombohedral R3c 5.52 11.67 308 2.14·10-21 6.956 71.00 

BNBT10.0 Tetragonal P4mm 3.87 3.89 59 3.63·10-22 6.192 1.176 99.00 

BNBTxs5.5 Rhombohedral R3c 5.44 11.69 300 2.16·10-21 7.195 1.190 99.00 

BNBTxs10.0 

Tetragonal P4mm 3.87 3.90 59 3.69·10-22 6.274 

1.201 

18.00 

Rhombohedral R3c 5.45 11.68 300 2.22·10-21 7.375 82.00 

BNBTxs15.0 Tetragonal P4mm 3.87 3.89 58 3.68·10-21 6.321 1.158 99.40 



 

Figure 8. Synchrotron radiation grazing-incidence scattering of the BNBT5.5 thin film. 

Experimental 2D diffraction patterns are measured with incident angles of (a)  =0.05o 

and (b)  =0.15o. (c) and (d) show the 1D patterns obtained by integration of the 
corresponding 2D patterns with their Rietveld refinements. Interval from 27.03o to 
27.74o, which presents a reflection associated with the sample holder, has been 

excluded for the fit of 1D pattern recorded at  =0.05o. R and T indicate rhombohedral 
and tetragonal structures, which are ascribed to the perovskite phase. Pt indicates the 
(111) and (200) reflections of the Pt substrate at 25o and 29o 

 

Figure 9. Synchrotron radiation grazing-incidence scattering of the BNBTxs10.0 thin 

film. Experimental 2D diffraction patterns are measured with an incident angle of (a) = 

0.05o and (b) = 0.15o. (c) and (d) show the 1D patterns obtained by integration of the 
corresponding 2D patterns with their Rietveld  refinements. R and T indicate 
rhombohedral and tetragonal structures, which are ascribed to the perovskite phase. Pt 
indicates the (111) and (200) reflections of the Pt substrate at 25o and 29o. A peak 
associated with a secondary pyrochlore phase (S) is observed in the pattern (c) 



percentage of phases of these films, obtained from the refinement of the GIXRD 

profiles, are shown in Table III. 

Table III. Data calculated from the Rietveld refinements of the synchrotron radiation 

grazing-incidence patterns (= 0.9744 Å) of Figures 8 and 9, corresponding to the 
BNBT5.5 and BNBTxs10.0 thin films, respectively, and at two different incident angles,  

 =0.05o (surface of the film) and  =0.15o (bulk film) 

  BNBT5.5 BNBTxs10.0 

Incident angle (
o
) 0.05 0.05 

Crystal system Rhombohedral Tetragonal Rhombohedral Tetragonal 

Space group R3c P4mm R3c P4mm 

aR(Å) / aT (Å) 5.39(8) 3.93(0) 5.64(0) 3.90(5) 

cR(Å) / cT(Å) 11.85(9) 3.94(3) 12.16(2) 3.91(5) 

Volume fraction (%) 79.(0) 21.(0) 41.(8) 58.(2) 

Incident angle (
o
) 0.15 0.15 

Crystal system Rhombohedral Tetragonal Rhombohedral Tetragonal 

Space group R3c P4mm R3c P4mm 

aR(Å) / aT (Å) 5.43(3) 3.94(0) 5.67(4) 3.90(5) 

cR(Å) / cT(Å) 11.74(0) 3.93(9) 12.01(5) 3.91(5) 

Volume fraction (%) 72.(0) 28.(0) 88.(9) 11.(1) 

 

For the BNBT5.5 film, secondary phases are not detected on any of the 

diffraction patterns (Figure 8), neither those showing more superficial information of the 

films (=0.05o) nor those containing more information from the bulk (=0.15o). The 

relative contents of rhombohedral and tetragonal phases are not significantly different 

when the incident angle is changed (Table III), and they are similar to the values 

obtained by using four-circle diffractometry (Table II). The differences observed for the 

lattice parameters are within the error of the calculations, thus proving the structural 

homogeneity across the film thickness for samples prepared from solutions without 

excesses. However, for the BNBTxs10.0 film, a small peak ascribed to a secondary 

pyrochlore phase is observed at 2θ  9o in the pattern measured at the lowest incident 

angle (=0.05o). This suggests the presence of a secondary phase at the surface of 

the film (Figure 9 c) as the relative intensity of this peak decreases as the incident 

angle increases (Figure 9 d). In addition, the relative contents of the rhombohedral and 

tetragonal phases substantially change with the incident angle. The results show that 

when the volume of material analyzed is more superficial, the rhombohedral phase 

represents a 42%, increasing to 89% when the X ray analysis involves the total 

volume of the bulk of the film. This percentage is even above the one obtained 

previously (Table II). Apart from these results that show the inhomogeneity of the films 

prepared from solutions with excesses, the cell parameters seem not be significantly 

affected and only variations within the error of the calculations are observed.  



Discussion 

The RBS curves of the BNBTxs films show that an interdiffusion process, 

specially ascribed to the bismuth, occurs. This is inferred from a discontinuity in the 

concentration values from one simulated layer to another (Figure 2). This fact is related 

to the incorporation of bismuth excesses in the precursor solutions of such films. The 

increase of bismuth from the surface to the substrate in the BNBTxs films (Table I) can 

be due to the reactivity of bismuth and platinum, already observed in other reported 

works concerning (Bi0.50Na0.50)1-xBaxTiO3 films prepared by CSD and films of other Bi-

containing compounds [26, 37]. This is because bismuth forms the Bi2Pt eutectic and 

other BixPt alloys [37, 38]. In fact, a small diffraction peak is detected at 2    38o in the 

XRD diagrams recorded in a powder diffractometer (Figure 5 b), which could be 

ascribed to a Pt-Bi intermetallic. This reflection cannot be observed in the XRD patterns 

recorded with a grazing-incidence configuration (Figures 8 and 9) since X-ray 

penetration is not enough to give valuable information of the interface at the bottom. As 

XRD patterns recorded with a four-circle diffractometer (Figure 6) collect the sum of 

those obtained for each (χ, φ) angular position, the texture effects of the possible BixPt 

intermetallic are also minimized; thus, reflections coming from the intermetallic BixPt 

are not detected in these XRD diagrams either. Typically, using excesses of volatile 

elements is considered a method to counterbalance the losses produced during the 

heating process of thin films [39, 40]. In addition, these excesses hinder the formation 

of secondary phases, which negatively affect the properties of the material [41-42]. 

However, the crystallization temperature here employed for the (Bi0.50Na0.50)1-xBaxTiO3 

films seems not to cause a significant volatilization of bismuth. Since this bismuth 

excess is not incorporated into the perovskite structure, it is able to react with the Pt-

coated substrate, producing an appreciable film-substrate interface (Table I). 

For the BNBT stoichiometric films, the small fluctuations in the composition 

across the film thickness, as calculated by RBS, reveal a homogenous compositional 

depth profile (Figure 1). Furthermore, narrow BixPt film-substrate interfaces are formed, 

as inferred from the abrupt increase of the intensity at the energy associated with the 

platinum cross section (1400 keV) (Figure 1). Therefore, excesses of the volatile 

elements seem not to be required for the preparation of (Bi0.50Na0.50)1-xBaxTiO3 films 

with homogeneous compositional depth profiles.  

Concerning the structural characteristics of the (Bi0.50Na0.50)1-xBaxTiO3 of this 

work, coexistence of tetragonal and rhombohedral phases, distinctive of the MPB 

region, is observed for a x value of 0.055 in both bulk ceramics and stoichiometric thin 

films (Figure 4 and Figure 6b), in accordance with data reported in the literature [17, 

18, 43]. The existence of the two structures would facilitate the polarization rotation and 

subsequently it might produce an improvement of the piezoelectric response [44, 45].  

The MPB in the BNBTxs films is detected for x values of ~0.010. This shift of 

the MPB towards larger amount of BT observed in this set of samples with excesses 

has been related [22-25] to the extrinsic effect of a thin film conformation (e.g. strain). 

As obtained from the RBS study, bismuth excesses (probably also sodium that is not 

detected by RBS) are not volatilized from the film during the annealing process and, 

thus, the observed shift could be due to the incorporation of these bismuth excesses 

into the perovskite structure. This implies that some titanium should be transferred from 

the BT phase to BNT phase in the solid solution, leaving free oxides, such as BaO. In 



addition, excesses of bismuth or sodium that are not incorporated into the perovskite 

could react among them and with free BaO, giving rise to minor secondary phases, not 

easily detected by X-ray diffraction. Note that such phases are observed only at the 

surface of the BNBTxs10.0 film in the GIXRD patterns collected with synchrotron 

radiation, and only via a small reflection associated with a pyrochlore phase (Figure 

9c). The content of this phase is so low that laboratory measurements do not make 

possible the detection of this crystalline phase (Figure 5b and Figure 6e).  

The bismuth deficient layer on the surface of both the BNBT and the BNBTxs 

films evidences that, although obtaining average values of this deficient layer, 4% and 

7%, respectively, almost in the error range of the measurement, some loss of volatile 

elements probably occurs at the top surface of the films during annealing (Table I). 

However, the results also indicate that excesses of bismuth in these films are not 

needed to compensate losses by volatilization during annealing; on the contrary, they 

generate thick bottom interfaces (an average interface thickness of 14% of the total 

film thickness in BNBTxs) and secondary phases. Therefore, the use of BNBT 

solutions with the stoichiometric ratios of the metal cations makes possible the 

synthesis of thin films with profile compositions close to the nominal one. Additionally, 

an abrupt bottom interface is developed in these films with an average percentage of 

thickness of 4%, which is a clear indication of a low interdiffusion between the film and 

the substrate (Table I). 

GIXRD analysis of the BNBT5.5 and BNBTxs10.0 films using synchrotron 

radiation corroborates the results obtained by four-circle diffractometry. Peak 

asymmetries and splittings in the 1D GIXRD patterns (detected as doublets and triplets 

at 2θ 20o, 25o, 30o, 36o and 42o) demonstrate the formation and coexistence of a 

rhombohedral and a tetragonal structure in both films, thus indicating that these films 

are in the MPB (Figure 8 and Figure 9).  

For the BNBTxs10.0 film, the intensities associated with the (012)R and 

(001)/(100)T; (104)/(110)R and (101)/(110)T; (006)/(202)R and (111)T; (024)R and 

(002/200)T peaks are reversed in the GIXRD pattern at =0.05o comparing with those 

measured at =0.15o (Figure 9). However, in the GIXRD patterns of the BNBT5.5 film, 

the intensities seem not to change from the top surface to the bulk film (Figure 8). This 

could be ascribed to a higher A-site occupational disorder of the perovskite in the 

BNBTxs10.0 film due to excesses [46,47]. Moreover, the presence of secondary 

phases on the surface (Figure 9c) and the large variations of the volume fraction of 

each phase from the top to the substrate in the BNBTxs10.0 film (Table III) indicate 

structural heterogeneity for this film.  

Deviations in thicknesses obtained by the comparison of thicknesses measured 

from the FEG-SEM micrographs and calculated from the RBS curves in BNBTxs films 

may have several causes: the thicker interfaces and inhomogeneous compositional 

profiles detected by RBS, the inhomogeneous structural profiles determined by GIXRD 

with synchrotron radiation and the higher porosity. Actually, the high porosity of 

BNBTxs films observed in the SEM micrographs (Figure 3) could be formed during the 

volatilization of the excesses of Na(I) and Bi(III), which would explain the denser 

microstructures of the BNBT films. 



In spite of the local complex structure of this system [15], the crystalline 

structure at large-scale order has been successful described here for these solution 

derived (Bi0.50Na0.50)1-xBaxTiO3 films. In general, the crystalline phases that best fit are 

in agreement with those reported for most of the works on (Bi0.50Na0.50)1-xBaxTiO3 bulk 

materials [7, 20]. Particularly, the structural results here presented for thin film samples 

in the MPB region, are not so far from those which have described a near-cubic matrix 

with rhombohedral and/or tetragonal nano-regions [48, 49] and that can also explain 

the relaxor-ferroelectric behavior reported for these films [32].  

Summary  

The composition and structure of solution derived (Bi0.50Na0.50)1-xBaxTiO3 

stoichiometric thin films and others containing Na(I) and Bi(III) excesses have been 

investigated. The incorporation of excesses of the Bi(III) and Na(I) volatile elements in 

the (Bi0.50Na0.50)1-xBaxTiO3 precursor solutions does not affect their possible losses 

during the film processing, a fact presumed to be produced in solution derived thin film 

materials during the crystallization annealing. On the contrary, Na(I) and Bi(III) 

excesses in the (Bi0.50Na0.50)1-xBaxTiO3 films of this work stimulate compositional and 

structural inhomogeneities. Thick film-substrate interfaces, a bismuth gradient in depth 

and remarkable differences (from the top to the bottom of the film) in the volume 

fraction of the rhombohedral and tetragonal phases that coexist at the morphotropic 

phase boundary are observed in these films. In both (Bi0.50Na0.50)1-xBaxTiO3 thin films 

prepared from stoichiometric solutions and their counterpart bulk ceramics, the MPB is 

placed for values of x close to 0.055. However, the MPB is shifted towards larger x 

values when excesses are incorporated to the films (BNBTxs). This fact proves that the 

excesses of the volatile elements in the precursor solutions produce a compositional 

shift of the solid solution in the derived films, which can explain the movement of the 

MPB in the BNBTxs films. 

The results of this work demonstrate that the chemical solution deposition 

(CSD) process here reported permits to obtain compositionally and structurally 

homogeneous (Bi0.50Na0.50)1-xBaxTiO3 thin films in the MPB region, potentially useful for 

applications. 
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