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a b s t r a c t

Ca0.18Na0.32Bi0.50TiO3 (CNBT) ferroelectric thin films were prepared by metalorganic solution deposi-
tion on silicon substrate and annealed at different temperatures. The morphology and structure of the
films were characterized by scanning electron microscopy (SEM) and X-ray diffraction (XRD). The crystal
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structure of Ca-doped Na0.50Bi0.50TiO3 films shows no obvious lattice distortion compared with that of un-
doped one. The optimal heat treatment process for CNBT films were determined to be high-temperature
drying at 400 ◦C for no less than 15 min followed by annealing at 600 ◦C for 5 min, which leads to the for-
mation of compact films with uniform grains of 30–50 nm. Ferroelectric property measurement shows
that the remanent polarization of CNBT films is 18 times higher than that of un-doped Na0.50Bi0.50TiO3

(NBT) thin films.

NBT films

. Introduction

Non-volatilization lead-free ferroelectric thin films are of great
nterest due to their wide potential applications in storage devices.
everal systems, for example, SrBi2Ta2O9 (SBT) [1,2] and Bi4Ti3O12
BIT) [3,4] thin films, have been extensively studied during the past
everal decades. However, the SBT thin films must be synthesized
t high-temperature (≥750 ◦C) and are hard to integrate into semi-
onductor Si substrate, and the BIT thin films suffer from fatigue
roblems after 109 times polarization switching. In recent years,
he research of ferroelectric thin films has been mainly focused
n two fields—searching after new composition systems, such as
aNb2O6 (BNB)[5], BiFeO3(BIF) [6] and so on, and improving BIT’s
roperties by doping certain ions, for example, BLnT(Ln = La, Nd,
m. . .) [7–9], BRnT (Rn = Na, K, Sr, Ba, Ca. . .) [10–14], of which the
a0.5Bi0.50TiO3 (NBT) thin films that can be synthesized at rela-

ively lower temperatures (≤650 ◦C) have become research focus
15–18]. It was found that NBT thin films on silicon substrates
howed good piezoelectric and pyroelectric properties, but rela-
ively poor ferroelectric properties with lower values of remanent

olarization and higher coercive fields. Previous research on the
BT ceramics shows that doping using Ba [19], Ca [20], Sr [21] could
ffectively improve their ferroelectric properties. In this paper,
a0.18Na0.32Bi0.50TiO3 (CNBT) thin films were prepared on silicon
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substrates by metalorganic solution deposition (MOSD) method.
Its morphology, structure, and ferroelectric properties were inves-
tigated. The effect of annealing temperatures on the structure and
properties were also studied.

2. Experimental

2.1. Synthesis

Sodium acetate, calcium acetate, bismuth acetate, and tetrabutyl titanate in
stoichiometric proportion (Na:Ca:Bi:Ti = 0.32:0.18:0.50:1.00) were dissolved to the
solvent of glacial acetic acid. 2-methoxyethanol and acetylacetone were used to
adjust the viscosity and stabilize the precursor solution. A 0.2 �m syringe filter
was used to remove the dust and other suspended impurities from the solution.
Then the precursor solution was deposited on p-type Si substrates with low resis-
tance (R < 0.009 �) by spin coating at 4000 rpm to make a wet film. Then the wet
film was heated at 400 ◦C for 15 min to remove organic solvent and other volatile
materials. The deposition and thermal-treatment procedure were repeated till an
expected thickness (about 300 nm) was achieved. The obtained films were annealed
at different temperatures for 5 min to prepare polycrystalline films.

2.2. Characterization

Thermogravimetry/differential thermal analysis (TG/DTA) of the precursor solu-
tion dried at 90 ◦C for 15 min was conducted using ZRY-2P thermal analyzer.
Infrared spectra of annealed powders at different temperatures were obtained

with IRPrestige-21 spectrometer. Phase structure was determined using X-ray
diffractormeter (XRD, XRD-6100X). The element analyze was achieved by X-ray flu-
orescence spectrometer (XFS, JSX-3201Z). The surface morphology of CNBT films
was observed by scanning electron microscope (SEM, JSM6390). Ferroelectric hys-
teresis loops of thin films were measured with TF Analyzer 2000 on the configuration
as shown in Fig. 1.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:lzhen@hit.edu.cn
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3.3. Elements analysis

Fig. 5 shows the XFS analysis of CNBT film annealed at 600 ◦C.
Compared with the designed proportion, the statistical relative
Fig. 1. Configuration for the measurement of hysteresis loops.

. Results and discussion

.1. Thermal analysis and infrared spectra

Fig. 2 shows the TG/DTA curves of the dried CNBT solution. When
emperature is lower than 400 ◦C, the thermal gravimetric loss is
ue to the evaporation of organics. The metalorganic component
egins to decompose at around 400 ◦C, and at the same time, metal
xides start crystallizating, which is finished around 550 ◦C. How-
ver, the thermal gravimetric loss and crystal exothermic reaction
s not completed until 680 ◦C, which is suggested to be the evapora-
ion of some metal elements and the continuous growth of crystal
rain.

Infrared spectra of annealed powders at different temperatures
re shown in Fig. 3. The band at 1025 cm−1 is the bending mode
f the C–H group. The bands present around 1421 and 1564 cm−1

an be ascribed to � sym (–COO−) and � asym (COO−) of the
cetyl group. The broadband around 3426 cm−1 is corresponding
o the O–H stretching vibration. It can be seen that the contents
f organic ingredients are high when the powder are annealed
t low-temperature of 100 ◦C, and decrease significantly when
nnealed at 300 ◦C. With the increase of annealing temperature,
he contents of organic ingredients further decrease, and when the
nnealing temperature is higher than 500 ◦C, most of the organic
ngredients have completely decomposed except a few carboxyl.

ery few carboxyl can be still found after annealing at up to
00 ◦C, which might be due to the short time of thermal treat-

ng.

Fig. 2. TG/DTA curves of dried CNBT solutions powder.
Fig. 3. FTIR spectra for CNBT solutions powder annealed at different temperatures.

3.2. Crystal structure

Fig. 4 shows the XRD patterns of NBT and CNBT thin films.
Compared with that of NBT films, the XRD pattern of CNBT film
displays lower diffraction intensity, and the peak positions of CNBT
are almost the same as that of NBT. This indicates that the crys-
tal lattice of CNBT films shows no noticeable distortion from that
of NBT films though Ca doping reduces integrity and uniformity of
crystallization. In addition, with the increase of annealing tempera-
ture, the diffraction intensity of characteristic crystal planes shows
no apparent enhancement, indicating that the crystallinity of CNBT
films is not sensitive to the annealing temperature in the range of
550–700 ◦C. The minor phase (marked with “�”) is thought to be
with cubic symmetry and results from the amorphous phase dur-
ing the crystallization procedure [15]. Kim figured out that it can be
eliminated by annealing at temperatures higher than 1050 ◦C [22].
Fig. 4. XRD patterns of CNBT films annealed at different temperatures and NBT
annealed at 600 ◦C.
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Fig. 5. XFS pattern of CNBT films annealed at 600 ◦C.

ontents of Na and Bi decreased about 15% and 10%, respectively.
t indicated that there was notable evaporation of Na and Bi during
he thermal-treatment process.

.4. Morphology characterization

Fig. 6 shows the surface morphologies of CNBT films annealed
t different temperatures as observed by SEM. When the films
re annealed at 550 ◦C, the round-shaped metal-oxide grains are
ormed and a wealth of microvoids can be also found between
he grains, indicating the films are not compact enough. When the

nnealing temperature increases to 600 ◦C, the film grows more
ompact than that annealed at 550 ◦C, and the grains are rather
niform with diameters of around 30–50 nm. With annealing tem-
erature further increasing, some of the grains grow bigger up
o 100 nm. Meanwhile, the porosity increases and compactness

Fig. 6. SEM micrographs of CNBT thin films
Fig. 7. P–E hysteresis loops of CNBT thin films annealed at different temperatures
and NBT films annealed at 600 ◦C.

reduces, and larger microvoids can be easily found in the surface of
CNBT films annealed at 650 ◦C and 700 ◦C.

3.5. Ferroelectric property

Fig. 7 shows the hysteresis loops of CNBT thin films annealed
at different temperatures. The figure reveals that ferroelectric thin
films on Si substrates hardly display a closed P–E loop due to fer-
roelectric relaxation. Alemany et al. have explained the current
leakage and incompleteness of ferroelectric thin films in an asym-
metric capacitor by the fully deplete asymmetric double-schottky
barrier model [23]. In addition, the CNBT films’ ferroelectric prop-

erty is better at suitable annealing temperatures. When annealed
at 600 ◦C, the film is most compact and has highest Pr+ of
1.032 �C/cm2, which is 18 times higher than that of NBT thin film
prepared with the same parameters.

annealed at different temperatures.
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. Conclusions

Metalorganic solution deposition was utilized to fabricate
a0.18Na0.32Bi0.50TiO3 ferroelectric thin films on silicon substrate.
he optimal heat-treatment temperature is 600 ◦C, 150 ◦C lower
han that of SBT and BTO films. There is notable evaporation of
a and Bi during thermal-treatment, and thus excess Na and Bi

hould be considered for composition design. CNBT films have the
imilar structure with that of Na0.50Bi0.50TiO3 and lower diffraction
ntensity upon Ca doping. The ferroelectric properties of CNBT films
epend mainly on its compactness as well as annealing tempera-
ure, but not crystallinity or grain size. When annealed at 600 ◦C for
min, the prepared nano-scale polycrystalline films are compact
ith uniform grains and have higher Pr+, which is 18 times higher

han that of NBT thin film prepared with the same parameters.
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