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Abstract. Neodymium-modified Bi4Ti3O12, (Bi,Nd)4Ti3O12 (BNT) ferroelectric thin films have been prepared
on Pt/TiOx /SiO2/Si substrates using metal-organic precursor solutions by the chemical solution deposition method.
The BNT precursor films crystallized into the Bi layered perovskite Bi4Ti3O12 (BIT) as a single-phase above
600◦C. The synthesized BNT films revealed a random orientation having a strong 117 reflection, whereas non-
substituted BIT thin films exhibited a random orientation with strong 00l diffractions. Among Bi4−x Ndx Ti3O12

[x = 0.0, 0.5, 0.75, 1.0] thin films, Bi3.25Nd0.75Ti3O12 thin films showed a well-saturated P-E hysteresis loop with
the highest Pr (22 µC/cm2) and a low Ec (69 kV/cm) at an applied voltage of 5 V. The Nd-substitution with the
optimum amount for the Bi site in the BIT structure was effective not only for promoting the 117 preferred orientation
but also for improving the microstructure and ferroelectric properties of the resultant films.

Keywords: Bi4Ti3O12, thin film, chemical solution deposition, Nd substitution, surface morphology, ferroelectric
properties

1. Introduction

Bi4Ti3O12 (BIT) is one of the most attractive ferroelec-
tric materials for various thin film device applications
such as nonvolatile memories because of its large re-
manent polarization (Pr), small coercive field (Ec) and
high Curie temperature. Compared with SrBi2Ta2O9

(SBT) and its related materials, BIT is known to be a
compound of which processing temperatures can be
lowered in the fabrication of thin films. In addition,
Bi3+ ions in the BIT structure can be substituted by
trivalent rare-earth ions, such as La3+, Nd3+ and Sm3+.
Recently, the improvement of electrical properties
of BIT thin films by rare-earth ion doping has been
reported by several researchers [1–10]. Among them,
Bi4−x Ndx Ti3O12 (BNT) has been receiving much
attention due to its larger ferroelectricity than that of
the other rare-earth ion doped BIT [5–10]. Therefore,
the optimization of the amount of neodymium (Nd)

substitution into BIT films is strongly required for the
fabrication of BNT films with excellent ferroelectricity.

The chemical solution deposition (CSD) method us-
ing metal-organic compounds is considered to be use-
ful for the low-temperature fabrication and the precise
control of the chemical composition of thin films. In
this process, factors such as the selection of starting
materials and the optimization of chemical composi-
tions as well as the annealing conditions strongly affect
the crystallographic phase, crystallinity, crystal orien-
tation, microstructures and ferroelectric properties of
resultant films.

This paper describes the processing of Bi4−x Ndx -
Ti3O12 (BNT) thin films by a CSD method us-
ing designed metal-organic precursor solutions. The
crystallization behavior, crystal orientation and sur-
face morphology of synthesized films were in-
vestigated. The ferroelectric properties were also
evaluated.
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2. Experimental Procedures

Bi(OC5H11)3, Ti(Oi C3H7)4 [Kojundo Chemi-
cal, Japan], and Nd(CH3COO)3·H2O [Mitsuwa
Chemical, Japan] were used as starting materials.
Anhydrous Nd(CH3COO)3 was prepared from Nd
(CH3COO)3·H2O by removing the hydrated wa-
ter. Nd(CH3COO)3·H2O was heated at 110◦C
under vacuum for 4 h yielding Nd(CH3COO)3.
2-Methoxyethanol as a solvent was dried over a
molecular sieve and distilled prior to use. Since the
starting materials are extremely sensitive to moisture,
the entire procedure was carried out in a dry N2

atmosphere. The required amounts of Bi(OC5H11)3,
Nd(CH3COO)3, and Ti(Oi C3H7)4 corresponding to
Bi4−x Ndx Ti3O12 [x = 0.0, 0.5, 0.75, 1.0] composi-
tions (with 3% of excess Bi) were dissolved in absolute
2-methoxyethanol. Then, acetylacetone was added to
the solution as a stabilizing agent. The molar ratio
of acetylacetone to BNT precursor was set at 6. The
solution was refluxed for 18 h yielding a homogeneous
solution. The precursor solution was concentrated to
approximately 0.1 M by removal of the solvent by
vacuum evaporation.

BNT precursor films were prepared using the
BNT precursor solutions by a spin-coating on
Pt/TiOx /SiO2/Si substrates. As-deposited precursor
films were dried at 150◦C for 5 min, calcined at
500◦C for 10 min in an O2 flow, and were annealed
at 600–700◦C for 30 min at a rate of 150◦C/min
by rapid thermal annealing (RTA) in an O2 flow.
The film thickness of BNT was adjusted to approx-
imately 200 nm by repeating the coating/calcining
cycle.

The crystallinity and the crystal orientation of the
films were identified by X-ray diffraction (XRD)
analysis using CuKα radiation with a monochro-
mator. The surface morphology of the thin films
was observed using an atomic force microscope
(AFM).

After the film deposition, platinum top electrodes
with a diameter of 0.2 mm were deposited onto the sur-
face of the films by rf sputtering for electrical measure-
ment, followed by annealing at the crystallization tem-
perature for 30 min. The ferroelectric properties of the
films were evaluated using a ferroelectric test system
(TFA-ANALYZER 2000, AixACCT Inc.) at 100 Hz
and room temperature. The applied voltage was from
1 to 10 V.

Fig. 1. XRD patterns of Bi4−x Ndx Ti3O12 [(a) x = 0.0, (b) x =
0.5, (c) x = 0.75 and (d) x = 1.0] thin films on Pt/TiOx /SiO2/Si
substrates prepared at 700◦C.

3. Results and Discussion

3.1. Synthesis of BNT Thin Films

Figure 1 shows the XRD profiles of Bi4−x Ndx Ti3O12

(BNT) [x = 0.0, 0.5, 0.75, 1.0] thin films prepared at
700◦C on Pt/TiOx /SiO2/Si substrates. Bi4−x Ndx Ti3O12

thin films crystallized in a single-phase of Bi layered
perovskite Bi4Ti3O12 (BIT) without any formation
of the second phase. Non-substituted BIT thin films
exhibited a random orientation with strong 00l
diffractions as shown in Fig. 1(a). On the other hand,
BNT [x = 0.5, 0.75, 1.0] thin films showed high
crystallinity with a random orientation having a strong
117 reflection, as shown in Figs. 1(b)–1(d). The change
in the crystal orientation due to the Nd-substitution
was clearly observed.

Figure 2 illustrates the XRD profiles of BNT [x =
0.5] thin films prepared at temperatures between 600◦C
and 700◦C for 30 min. BNT [x = 0.5] precursor films
crystallized in the BIT single-phase at 600◦C and re-
vealed a random orientation with weak 00l diffraction
peaks, as shown in Fig. 2(a). The 117 preferred orien-
tation of the films became dominant with increasing
annealing temperature. Figure 2 indicates that a heat
treatment temperature above 600◦C is required for the
crystallization of BNT thin films on Pt/TiOx /SiO2/Si
substrates. In addition, the orientation of the films re-
markably changed between BIT [x = 0.0] and BNT
[x = 0.5]. The same crystallization behavior was ob-
served for BNT [x = 0.75 [9] and 1.0] thin films.

Compared with non-substituted BIT films, BNT
[x = 0.5–1.0] films revealed the decreased intensity
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Fig. 2. XRD patterns of Bi3.5Nd0.5Ti3O12 thin films on
Pt/TiOx /SiO2/Si substrates prepared at (a) 600◦C, (b) 650◦C and
(c) 700◦C.

of 00l reflections, and had almost random orientation.
BIT-based materials have a layered perovskite struc-
ture and exhibit strong anisotropic physical properties.
The spontaneous polarization for BIT along a-axis is

Fig. 3. AFM images of the surfaces of Bi4−x Ndx Ti3O12 [(a) x = 0.0, (b) x = 0.5, (c) x = 0.75 and (d) x = 1.0] thin films on Pt/TiOx /SiO2/Si
substrates prepared at 700◦C.

known to be much larger than that along c-axis [11].
From this point of view, randomly oriented films are
considered to be more favorable than c-axis-oriented
films. BNT films in this study, therefore, have a more
suitable orientation in comparison with non-substituted
BIT films for achieving the large ferroelectricity.

3.2. Surface Morphology of BNT Thin Films

Figure 3 shows AFM images of the surfaces of BNT
[x = 0.0–1.0] thin films prepared at 700◦C on
Pt/TiOx /SiO2/Si substrates. Non-substituted BIT thin
films exhibited the inhomogeneous microstructures
consisting of small grains and large grains with a sta-
tistical roughness, root mean square (RMS) of ap-
proximately 24.4 nm. Among these films, BNT [x =
0.75] thin films exhibited the most homogeneous mi-
crostructure with uniform grain size around 200 nm
[RMS: 12.0 nm] as shown in Fig 3(c). The values of
RMS decreased from 24.4 nm of BIT [x = 0.0] to
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11.4 nm of BNT [x = 1.0]. This is due to the change of
nucleation and growth process by Nd substitution into
BIT structure. The homogeneous microstructure of the
BNT [x�0.75] film might be attributable to the opti-
mum amount of Nd-substitution. Nd-substitution was
found to be effective in improving the surface mor-
phology of synthesized BIT-based films, because the
precursor film underwent the optimized nucleation and
growth process producing films with a homogeneous
and dense microstructure. Also, the homogeneous mi-
crostructure of BNT films may affect the ferroelec-
tric properties, because the voltage can be applied uni-
formly onto the films.

3.3. Ferroelectric Properties of BNT Thin Films

Figure 4 shows the P-E hysteresis loops of BNT
[x = 0.0–1.0] thin films prepared at 700◦C. In or-
der to clarify the effect of Nd-substitution in the BIT
structure on the ferroelectric properties of resultant
films, the full crystallization temperature was selected
to be 700◦C. From Fig. 4, the ferroelectric properties
such as Pr, Ec and the degree of squareness of hys-
teresis loops for Nd-substituted BIT thin films were
found to greatly improve in comparison with those of
non-substituted BIT thin films. The well-saturated P-E
hysteresis loops with a large Pr and a low Ec were ob-
served for the BNT [x = 0.75, 1.0] films. Among
these films, BNT [x = 0.75] thin films showed
the highest remanent polarization (Pr) of 22 µC/cm2

and a relatively low coercive electric field (Ec) of
69 kV/cm at an applied voltage of 5 V. This large

Fig. 4. P-E hysteresis loops of Bi4−x Ndx Ti3O12 [(a) x = 0.0, (b)
x = 0.5, (c) x = 0.75 and (d) x = 1.0] thin films on Pt/TiOx /SiO2/Si
substrates prepared at 700◦C. [Applied voltage: 5 V]

ferroelectricity of current BNT films may be at-
tributable to the change in crystal orientation from the
random orientation having 00l diffractions with high
intensities to the random orientation with a strong 117
reflection, and to the tilting of TiO8−

6 octahedra de-
rived from the substitution of Nd3+ which has a smaller
ionic radius than those of Bi3+ [7–10]. Uchida et al.
achieved the Pr of 24 µC/cm2 (Ec > 100 kV/cm)
for 750◦C annealed BNT films prepared by the CSD
[6]. In this study, the comparable Pr with lower Ec is
achieved at 50◦C lower temperature (700◦C) and at
lower applied voltages. However, U. Chon et al. re-
ported the larger ferroelectric properties (Pr: approxi-
mately 50 µC/cm2) of BNT films by PLD[5]. Further
investigation of the optimization of the processing con-
ditions (amount of Nd substitution, etc.) is required to
improve the ferroelectric properties of the present BNT
films.

Figure 5 shows the saturation behaviors of P-E
hysteresis curves at applied voltages from 1 to 10 V
for BNT [x = 0.0-1.0] thin films prepared at 700◦C.
BNT [x = 0.75, 1.0] thin films exhibited Pr values
of around 15 µC/cm2, even when the applied voltage
was as low as 3 V. Furthermore, the good saturation
properties of P-E hysteresis loops were obtained for
BNT [x = 0.75, 1.0] thin films, which had high Pr

values as shown in Fig. 5. These behaviors are su-
perior to those of the (104)-oriented epitaxial BNT
films prepared by CVD process.[7, 8] The optimization
of Nd content in BIT thin films was found to be
a key for improving the ferroelectric properties of
the resultant films. Since fatigue properties are also
important for ferroelectric device applications, the

Fig. 5. Saturation property of remanent polarization (Pr) of P-E hys-
teresis loops for Bi4−x Ndx Ti3O12 [(a) x = 0.0, (b) x = 0.5, (c)
x = 0.75 and (d) x = 1.0] thin films on Pt/TiOx /SiO2/Si substrates
prepared at 700◦C. [Applied voltage: 1–10 V]
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measurement of fatigue properties of the films is now in
progress.

4. Conclusions

Bi4−x Ndx Ti3O12 (BNT) thin films were synthesized
by a chemical solution deposition, and their crystallo-
graphic phase, crystal orientation, microstructure and
ferroelectric properties were examined. The results are
summarized as follows:
1. Ferroelectric BNT thin films could successfully

be synthesized on Pt/TiOx /SiO2/Si substrates us-
ing metal-organic precursor solutions. The Nd-
substitution for Bi site in Bi4Ti3O12 led to the for-
mation of single-phase BNT thin films with 117 pre-
ferred orientation on platinized silicon substrates at
as low as 600◦C.

2. By optimizing the amount of Nd-substitution
into BIT, BNT thin films exhibited homoge-
neous grain microstructure and excellent ferroelec-
tric properties, particularly at the composition of
Bi3.25Nd0.75Ti3O12. Bi3.25Nd0.75Ti3O12 thin films
showed a well-saturated P-E hysteresis loop with
the highest Pr (22 µC/cm2) and a low Ec (69 kV/cm)
at an applied voltage of 5 V. The synthesized BNT
films in this study are expected for application in
several ferroelectric thin film devices such as non-
volatile memories.
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