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Abstract 0.89(Na0.5Bi0.5)TiO3–0.11BaTiO3, (BNT-BT0.11)

thin film was fabricated by sol–gel/spin coating process, on

platinized silicon wafer. Perovskite structure with random

orientation of crystallites has been obtained at 700 �C. Pie-

zoelectric activity of BNT-BT0.11 thin film was detected

using piezoresponse force microscopy (PFM). Effective

piezoelectric coefficient d33eff of such film, recorded at 5 V

applied dc voltage, was*29 pm/V, which is similar to other

BNT-BTx thin films. The complex refractive index and

dielectric function of BNT-BT0.11 thin films were also

investigated. The high leakage current density significantly

influences the dielectric, ferroelectric, and piezoelectric

properties of the BNT-BT0.11 films.

Introduction

BNT-based ceramics are studied as lead-free piezoelectric

materials to replace lead-containing piezoelectric ceramics

[1, 2]. The addition of BaTiO3 to (Bi0.5Na0.5)TiO3

improves the piezoelectric and sintering properties [3, 4].

Among these BNT-based solid solutions (Na0.5Bi0.5)TiO3–

BaTiO3 (BNT-BT) system is most attractive due to its

excellent piezoelectric properties, which exists as mor-

photropic phase boundary (MPB) between the rhombohe-

dral phase (BNT) and the tetragonal phase (BT) [4–8].

Many significant research results of BNT-BT system in

MPB region were reported. Various compositional ranges

of the MPB have been reported for (1 - x)BNT-(x)BT

(BNT-BTx) ceramics, such as x = 0.06–0.07 [5] and

0.04 \ x \ 0.06 [6]. Chen et al. [7], report that it can be

inferred that the MPB of NBT-(x)BT ceramics lies in the

composition range of 0.06 B x B 0.10 at room temperature

and the tetragonal single phase exists at x C 12. Other

references [4, 8], propose that the MPB lies at the com-

position of x * 5.5. The discrepancies observed in deter-

mining the exact MPB composition of the BNT-BT solid

solution system between various results reported may be

related to different preparation methods or processing

parameters employed by different groups. Processing and

properties of BNT-BTx bulk ceramics have been exten-

sively reported [5, 9–12]. However, few reports on BNT-

BTx thin films were published. These BNT-BTx thin films

have been prepared by: chemical solution deposition [11],

solid-state reaction [13, 14], pulsed laser deposition

[15–17], and metal–organic decomposition [18].

In this article, we report on the synthesis of BNT-BT0.11

precursor sol and the crystallization of BNT-BT0.08 thin

films, deposited by spin-coating method on Pt/TiO2/SiO2/

Si substrates. The microstructures, optical, dielectric, and

piezoelectric properties of the films are investigated.

Experimental procedure

Precursor sol of 0.89[(Bi0.5Na0.5)TiO3]–0.11[BaTiO3] was

prepared by an acetate-alkoxide sol–gel technique. Pro-

duction of the precursor solution involves the preparation

of batches containing separately the solution of each

chemical reagent. Sodium acetate anhydrous (CH3COONa,

99.995%, Sigma-Aldrich), barium acetate ((CH3COO)2Ba,

ACS reagent, 99%, Sigma-Aldrich) and bismuth (III)

acetate ((CH3COO)3Bi, 99.99?%, Sigma-Aldrich) were
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dissolved in acetic acid (ACS reagent, C99.7%, Sigma-

Aldrich) under stirring and heating at 85 �C. For the

chemical routes which usually combine several cations, a

risk of phase separation can occur because the presence of

these cations in solution does not preclude the formation of

a mixed oxide network. One way to prevent a phase sep-

aration is to favor combined condensation rather than self-

condensation reactions between the molecular reagents

[19]. The main parameters in the solution synthesis are the

solubility and the reactivity of alkoxides leading to the

formation of a mixed inorganic network in a solvent

medium. While sodium alkoxides are non-volatile and

poorly soluble solids, bismuth alkoxides are known to

exhibit a weak reactivity toward titanium alkoxide [20].

The solutions of sodium acetate, barium acetate, and

bismuth acetate in acetic acid were mixed together. Tita-

nium (IV) isopropoxide, 97% solution in 2-propanol

(Ti{OCH(CH3)2}4, Sigma-Aldrich) was mixed with iso-

propanol in ratio of 1:5. Two equivalents of acetylacetone

were added in order to increase the stability of titanium

isopropoxide. Then, the titanium (IV)-isopropoxide was

added drop by drop under constant stirring to produce a

Bi–Na–Ba–Ti complex solution. To this sol, 5% by volume

of formamide (N,N-dimethylformamide, Aldrich) was added

in order to minimize the formation of cracks occurring

during the drying and the annealing steps [21]. The mixture

was finally filtered using a 0.45 lm Nylon membrane

(Aldrich). The filtrate was used as the stock solution for the

preparation of the films. The substrates used for this study

were Si/SiO2/TiO2/Pt wafers. Prior to the deposition of the

films, the substrates were cleaned by adopting a standard

chemical procedure. The films were deposited by spin

casting a single coating at 3,000 rpm for 20 s using a

spinner. After spin coating, the samples were baked at

200 �C for 2 min to evaporate the solvent, and then at

400 �C for 4 min in air to eliminate organic components.

The films were prepared by repeating (10 times) the

deposition and pyrolysis cycle. The coated films were

finally annealed in air at 700 �C for 1 h in a conventional

furnace, for achieving crystallization.

The structure of the film was analyzed by a Bruker D8

Advance X-ray diffractometer. A Woollam Variable Angle

Spectroscopic Ellipsometer (VASE) is employed for opti-

cal investigation of obtained thin films. The experimental

data were acquired in the 0.73–4.5 eV spectral range. El-

lipsometry measurements are performed in reflection mode

at angles of incidence (AOI) of 45�, 60�, and 75�. The

microstructure of the samples was investigated using a FEI

Quanta Inspect F scanning electron microscope (SEM). An

atomic force microscope (AFM) (MFP 3D SA, Asylum

Research) was used to obtain a high resolution image

of the surface. DART (Dual AC Resonance Tracking)

measurement technique was used for study of the local

electromechanical activity at nanoscale size. The small

displacement of the BNT thin film induced by the converse

piezoelectric effect was measured applying an ac voltage

with amplitude of 0.66 V via the PFM tip directly on the

film surface without the top electrodes. For electrical

measurements, Pt electrodes were deposited on top.

Deposition of metallic contacts was made by sputtering,

using a metal mask with dimensions of 0.2 mm2. The

ferroelectric hysteresis (P-E) loop was measured using a

Fig. 1 XRD patterns (CuKa radiation) of sol–gel processed BNT-

BT0.11 thin film annealed at 700 �C, 1 h in air

Fig. 2 Experimental and generated spectroscopic ellipsometry data

(angle of incidence = 60�) corresponding to the BNT-BT0.11 thin film

with a thickness of 260 nm
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TF Analyzer 2000 equipped with a FE-Module (aixACCT).

Dielectric properties of Pt/BNT-BT0.11/Pt capacitor were

measured at 100 kHz frequency, at room temperature,

using a HIOKI LCR-meter. The leakage current through

the Pt/BNT-BT0.11/Pt capacitors was measured at room

temperature using a Keithley 6517A programmable

electrometer.

Results and discussion

Structure

The XRD pattern of BNT-BT0.11 thin films (Fig. 1) indi-

cates that the films are crystallized on Bi0.5Na0.5TiO3 cubic

lattice without preferred orientation.

Spectroscopic ellipsometry

Ellipsometry is used here for the investigation of the

dielectric properties (complex refractive index and dielec-

tric function) of BNT-BT0.11 thin films. These character-

istics are related to a variety of sample properties,

including morphology, crystal quality, chemical composi-

tion, or electrical conductivity [22]. Ellipsometry is com-

monly used to characterize film thickness with an excellent

accuracy. By using an adequate optical model, thin film

thickness and its dielectric function are obtained. The

refractive index (or dielectric function) is dependent on the

atomic masses and atomic density of each element. This

dependence holds in UV–Vis spectral range where the

electronic polarization contributes to the value of refractive

index [23]. For example, the material studied in this study

((Bi0.5Na0.5TiO3)0.92(BaTiO3)0.11), has a refractive index

weighted by the molar ratio between the two compounds.

Assuming the same structural primitive cell parameters,

BaTiO3 single crystal has a higher refractive index

(2.37906 at 0.7 lm, [24]) than Bi0.5Na0.5TiO3, because half

of the relative atomic masses sum of Bi and Na (*115.5)

Fig. 3 Real part of dielectric function of BNT-BT0.11 thin film

Fig. 4 Imaginary part of dielectric function of BNT-BT0.11 thin film

Fig. 5 SEM micrographs of the

BNT-BT0.11 thin films heated at

700 �C: a plain-view image and

b cross-section image
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is smaller than the relative atomic mass of Ba (*137.3).

Therefore, a higher concentration of BaTiO3, will give a

material with a higher refractive index. To analyze the

ellipsometry spectra, a three layer optical model is used,

consisting of substrate, thin films, and the top rough layer.

The dielectric function of deposited thin film is approxi-

mated by using a Cody-Lorentz model [25]. The experi-

mental and fitted data are presented in Fig. 2, whereas the

dielectric functions of the obtained thin films are shown in

Figs. 3 and 4. Although the Cody-Lorentz model is mainly

used to characterize amorphous thin films, in this study is

shown that this model is effective also for polycrystalline

materials. Due to small crystallite size, there is a high

density of grain boundaries ‘defects’ which are optically

active and they produce a Urbach tail of imaginary part of

dielectric function (Fig. 4). Moreover, the modeled elec-

tronic transition is a macroscopic estimation of all such

transitions of grains with different sizes. The refractive

index in the transparency range of a polycrystalline mate-

rial is slightly lower than the refractive index of a single

crystal [26]. However, the refractive indices of polycrys-

talline titanates thin films remain above 2. The band gap Eg

of BNT-BT0.11 thin films is approximately 3.4 eV.

Microstructure

The microstructure of the film surface and cross-section

investigated by SEM is shown in Fig. 5a and b.

It can be seen that the film contains a number of clusters

which are composed of grains of average size ranging of

50 nm (Fig. 5a). The BNT-BT0.11 film is uniform in

thickness (Fig. 5b) and its thickness is about 260 nm, in

good agreement with that measured by ellipsometry.

The films demonstrate a reasonably dense microstructure

although there exists a small amount of pores resulting

from the burning of the residual organic vehicle in green
Fig. 6 Atomic force microscopy images of BNT-BT0.11 thin film

heat-treated at 700 �C

Fig. 7 Morphology image (a),

piezoresponse image (b) and

line profile analysis of

morphology (c), and

piezoresponse (d) signal of

BNT-BT0.11 thin film
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films as shown in Fig. 5a. The cross-section and plain-view

images of the films revealed that they had a granular

structure and the grain size is 40–50 nm.

The surface morphology of the BNT-BT0.11 thin films

grown on Si–Pt substrate is also observed by AFM (Fig. 6).

A topographic image of the sample shows a very fine

grained microstructure with small roughness (Rms = 5 nm)

and average grain size of *40 nm.

One micrometer scan size DART-PFM images (topog-

raphy and vertical piezoresponse signal) of BNT-BT0.11

thin film are shown in Fig. 7a and b, respectively. Line

profile analysis of these images is also shown in Fig. 7c

and d.

The response amplitude provides a measure of the local

electromechanical activity of the surface. Since the vertical

PFM technique is sensitive only to the component of

polarization normal to the film surface, grains with in-plane

polarization (with vanishing out-of-plane polarization) will

exhibit an intermediate contrast. Most of the ferroelectric

domains have dimensions smaller than grain size as is

shown in the line profile of piezoresponse signals (Fig. 7d),

indicating that one grain may have a multidomains

structure.

The resultant piezoresponse was then measured using a

sequence of dc bias up to 20 V superimposed on an ac

modulation bias near resonance frequency. Such curves

were recorded in different regions (grains). The hysteresis

loop between the PFM phase and dc bias, as shown in

Fig. 8a, accompanied by a characteristic butterfly loop

between PFM amplitude and dc bias, as shown in Fig. 8b

indicates the ferroelectric and piezoelectric nature of

BNT-BT0.11 thin film [27].

As shown in Fig. 8b, the maximum value of effective

piezoelectric coefficient d33eff is approximately 29 pm/V

recorded at 5 V applied dc voltage. This value of d33 is

similar to that of BNT-BT0.02 [13].

Figure 9 presents the evolution of the room temperature

hysteresis loop of BNT-BT0.11 thin film, with an increasing

applied voltage, ranging from 10 to 14 V, at a frequency of

10 kHz.

The shape of the hysteresis loops is satisfying but

reflecting that the loops are not perfectly saturate.

Fig. 8 Switching spectroscopy piezoresponse force microscopy (SSPFM) of BNT-BT0.11 thin film: a phase-voltage hysteresis loop, b amplitude-

voltage butterfly loop, and c local piezoresponse d33eff hysteresis loop
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Unsaturation results from the high leakage currents exist-

ing in our BNT-BT0.11 thin films. The observed remnant

polarization Pr and coercive field Ec, are 1.06 lC/cm2 and

53.39 kV/cm, respectively, at an applied voltage of 10 V

and increase to 1.59 lC/cm2 and 74.85 kV/cm, at an

applied voltage of 14 V.

Figure 10 shows the current density J as a function of

electric field for the BNT-BT0.11 thin film measured at

room temperature.

The observed J has a value of about 2.1 9 10-7 A/cm2

at low electric field (0 kV/cm), and increases significantly

to 5.2 9 10-4 A/cm2 at the electric field of 100 kV/cm.

This value is higher to that reported for BNT thin film

fabricated by radio-frequency magnetron sputtering, a

leakage current density of *6910-5 A/cm2 measured at

an applied electric field of 100 kV/cm [28]. The localized

oxygen vacancies trapped at grain boundaries can pin

domains and result in leakage current and polarization

degradation, which is a common phenomenon for ferro-

electric thin films [28].

The dielectric constant and loss tand were measured as a

function of frequency and temperature, as shown in

Figs. 11 and 12.

The values of dielectric constant and dielectric loss

measured at room temperature for BNT-BT11 thin film are

164 and 0.095 at 50 kHz. With the increase from 50 to

500 kHz, the dielectric constant and the dielectric loss

slightly decrease at first (to 158 and 0.063), and then

quickly increases (to 158.5 and 0.067, respectively). This

phenomenon is attributed to the presence of the barrier

layers between the insulating film and the electrodes.

An identical variation with frequency was observed

for dielectric constant and dielectric loss at the Curie

Fig. 9 P-E hysteresis loop of the BNT-BT0.11 thin film under various

electrical fields

Fig. 10 Current density as a function of electric field for the Pt/BNT-

BT0.11/Pt thin film capacitor at room temperature

Fig. 11 Temperature and frequency dependence of dielectric con-

stant of the BNT-BT0.11 thin film

Fig. 12 Temperature and frequency dependence of dielectric loss of

the BNT-BT0.11 thin film
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temperature. The temperature dependence of dielectric

constant presents a broad maximum at Tc * 300 �C.

Conclusions

BT0.11 thin films with the roughness of *5 nm were pre-

pared by spin coating deposition of the precursor sol. The

films are single perovskite phase. By using the spectro-

scopic ellipsometry, the film thickness was found to be

260 nm, the refractive indices were [2 and the band gap

was 3.4 eV for BNT-BT0.11 thin films. The results of PFM

measurement indicated that the grains have a ferroelectric

multidomains structure. The ferroelectric BNT-BT0.11 thin

films synthesized by sol–gel method suffer from disad-

vantages related to high leakage current density, which

significantly influence the dielectric, ferroelectric, and

piezoelectric properties of the films.
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