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Anisotropic ferro- and piezoelectric properties of sol-gel-grown
Bi3.15Nd0.85Ti3O12 films with two different orientations on Pt/Ti/SiO2/Si
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Bi3.15Nd0.85Ti3O12 thin films of two different preferred orientations were sol-gel grown on
Pt/Ti/SiO2/Si. Using different heating rates during crystallization, either films containing 65%
columnar grains with �104� / �014� orientation or fine-grained films with a predominant c-axis
orientation were obtained. Anisotropic ferroelectric and piezoelectric properties were determined,
with a remanent polarization 2Pr=46.4 �C/cm2 and a piezoelectric coefficient d33=17 pm/V in a
predominantly �104� / �014�-oriented film, but only 2Pr=16.7 �C/cm2 and d33=5 pm/V in a
predominantly c-axis-oriented film. These values confirm that the polarization vector of this material
is close to the crystallographic a axis. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2335409�
Ferroelectric thin films have been widely investigated in
view of their applications in nonvolatile memories, piezo-
electric microactuators, and resonators. Rare-earth element-
substituted Bi4Ti3O12 films are promising due to their fatigue
endurance on Pt electrodes.1,2 Bi3.15Nd0.85Ti3O12 �BNdT�
films have received attention for their large remanent polar-
ization Pr.

3–9 Bi4Ti3O12 is monoclinic with the space group
B1a1 but can be considered pseudoorthorhombic with a
=0.545 nm, b=0.541 nm, and c=3.283 nm. For nonsubsti-
tuted Bi4Ti3O12 single crystals, the major component of
spontaneous polarization �Ps� lies along the a axis
��50 �C/cm2�; the component along the c axis is very
small ��4 �C/cm2�.10 This ferroelectric anisotropy requires
the growth of non-c-axis-oriented films to achieve large Pr

values in planar-type capacitors. For BNdT, the data of
some authors4,5,7,11 point to a similar ferroelectric anisotropy
as for Bi4Ti3O12, whereas other authors9 obtained contradict-
ing results. If the major polarization component of BNdT is
along the a axis, films having a larger fraction of non-
c-axis-oriented grains should exhibit better ferro- and piezo-
electric properties. However, such films tend to grow with
the c axis perpendicular to the film plane on standard-type
Pt/Ti/SiO2/Si substrates.

Recently, the growth of rare-earth element-substituted
Bi4Ti3O12 films with a-axis or a /b-axis orientation3,4,12–14

and with �104� / �014� orientation5,8,15,16 on conducting oxide
layers was reported, and all this work confirmed the crucial
role of the crystallographic orientation. Unfortunately, there
are very few reports on such oriented films grown directly on
noble metal electrodes7,17,18 or on SrRuO3-buffered metal
electrodes.8,19 We previously reported on a route to grow
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BNdT films with predominant a /b-axis orientation on
�111�Pt/Ti/SiO2/Si through a sol-gel process and on the
large anisotropy of their ferroelectric and dielectric
properties.7 The present letter reports on BNdT films directly
grown on �111�Pt/Ti/SiO2/Si with predominant
�104� / �014� orientation, quantifies the amount of the pre-
dominant orientation, considers their microstructure, and
compares their properties with those of predominantly
c-axis-oriented films.

The BNdT thin films were deposited on
�111�Pt/Ti/SiO2/ �100�Si using a sol-gel process. Appropri-
ate amounts of Bi�NO3�3 ·5H2O, Nd�CH3COO�3, and
Ti�OC4H9�4 were dissolved in an acidic solution. 4 mol %
excess bismuth nitrate was added to compensate for the Bi
loss during annealing. The as-deposited films were pyrolyzed
at 450 °C in air, followed by annealing at 750 °C in flowing
oxygen. The deposition-crystallization cycles were repeated
several times to obtain the desired thickness. The different
crystallographic orientations �predominantly �104� / �014�
and c axis� of the BNdT thin films were controlled by differ-
ent heating rates during crystallization. A heating rate of
40 °C/min was used in the case of BNdT films with pre-
dominant �104� / �014� orientation whereas it was 10 °C/min
for the predominately c-axis-oriented films. Pt top electrodes
of typically 0.24 mm2 in size were deposited by sputtering
using a shadow mask. Details on the used methods of x-ray
diffraction �XRD�, transmission electron microscopy �TEM�,
piezoresponse force microscopy11,20 �PFM� and ferroelectric
characterization �performed at a frequency of 1 kHz� are
available elsewhere.3,6,8,16

Figure 1 shows �-2� scans and pole figures �insets, re-
corded with the BNdT 117 reflection� of two films with dif-
ferent preferred orientations. Both XRD patterns are indexed

according to the standard powder diffraction data of
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Bi3.6Nd0.4Ti3O12.
21 In the standard data, the 117 reflection is

the strongest peak, and its intensity is about 100 times that of
014. In Fig. 1�a�, the 014 peak is slightly stronger than the
117 peak, suggesting that the film is predominantly 104/014
oriented. The 104 reflection is prohibited due to systematic
absences, see Ref. 5. The two rings at ��36° and 84° in the

pole figure of Fig. 1�a� correspond to the �117� / �11̄7� and

�117̄� / �11̄7̄� reflections, respectively. Because of the angles

��104� : �117�=36.4° and ��104� : �117̄�=84.1°, the pole
figure confirms the predominant �104� / �014� orientation of
the film, with a random in-plane orientation. The background
intensities are in the range of 20–80 counts/ s, while the
maximum intensity at the ring ��36° is about 790 counts/ s,
indicating a mixture of �104� / �014� and random orientations.
According to the x-ray pole figure, the volume fraction of the
�104� / �014�-oriented grains in the film can be estimated to
be around 65%.

In the XRD pattern of Fig. 1�b�, very strong �00l� reflec-
tions are present besides other peaks, suggesting that the
BNdT film is predominantly c axis oriented. The pole figure
showing a ring at ��51° confirms this, cf. ��001� : �117�
=50.8°. The intensity distribution along the ring points to
some preferential azimuthal orientation of the �001�-oriented
grains. The background intensity of the pole figure ranges
from 20 to 70 counts/ s, while the maximum intensity of the
ring at ��51° is about 340 counts/ s. This indicates that the

FIG. 1. �Color online� X-ray �-2� diffraction patterns of BNdT thin films
with �a� predominant �104� / �014� orientation �65%� and �b� predominant
�001� orientation �50%�. The peaks at 2�=38.22°, 61.74°, and 66.04° in �a�
correspond to Pt W L�1, Si Cu K�1, and Si W L�1, respectively. The sharp
peak denoted with an asterisk in Fig. 1�a�, located at the position of the
forbidden Si �200� peak at 2�=33.08°, is in fact the Si�400� peak originating
from half the Cu K� wavelength unintentionally passing the monochro-
mator. The insets are x-ray pole figures recorded from the BNdT �117�
reflection; the rim of the patterns corresponds to �=90°.
BNdT film is a mixture of c-axis and random orientations.
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The volume fraction of the c-axis-oriented grains was esti-
mated to be around 50%.

Figure 2 shows cross-sectional TEM images of the
two films. The film with predominant �104� / �014� orienta-
tion consists of large columnar grains. High-resolution
TEM investigations �not shown� revealed that the
�104� / �014�-oriented columnar grains generally nucleate on
the Pt bottom electrode. In contrast, the predominantly
c-axis-oriented film consists of equiaxed fine grains of
50–150 nm in diameter, as shown in Fig. 2�b�. High resolu-
tion TEM observations �not shown� indicate that the
c-axis-oriented grains are almost randomly located in the
film. Detailed TEM observations are in agreement with the
XRD results regarding the preferred orientations of the two
films. The different microstructures of the two films can be
understood in terms of the faster growth rate of BNdT grains
along the a /b axes than along the c axis, and if the latter
have a higher nucleation density than the former. The aniso-
tropic growth of layered perovskites such as Bi4Ti3O12 is
well known.10

The formation of a predominant �001� orientation is
thought to be driven by its low surface energy, i.e., by ther-
modynamics. As a consequence, Bi-layered films of this kind
prefer to grow c axis oriented, when the growth conditions
�e.g., high growth temperatures, slow heating rates, low
deposition rates� permit this. However, if non-c-axis-oriented
growth is aimed at, kinetic growth conditions �e.g., high
deposition rates or rapid temperature ramping� are required,
as observed for �100�-oriented YBa2Cu3O7−� �Ref. 22–24�
and �Bi,La�4Ti3O12 films.3 Indeed we found that heating rap-
idly for crystallization is crucial for the growth of our
�104� / �014�-oriented films, which points to a kinetic growth
regime in this case.

Figure 3 shows the polarization-electric field �P-E� hys-
teresis loops of the corresponding film capacitors. Both films
have an identical coercive field Ec of �140 kV/cm, higher
than that of �104� / �014�-oriented BNdT epitaxial films �Ec

FIG. 2. Cross-sectional TEM images of the BNdT films �a� with predomi-
nant �104� / �014� orientation and �b� with predominant �001� orientation.
The gap between the film and the bottom Pt electrode in �b� was formed
during TEM specimen preparation.
=50 kV/cm� but lower than that of a /b-axis-oriented
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�Bi,La�4Ti3O12 epitaxial films �Ec=265 kV/cm�.3,5 The pre-
dominantly �104� / �014�-oriented film showed a 2Pr of
�46.4 �C/cm2 at an applied voltage of 25 V, whereas
the predominantly c-axis-oriented film showed 2Pr
�16.7 �C/cm2. Considering the possible difficulty of 90°
domain switching in BNdT,4 the remanent polarization of the
predominantly �104� / �014�-oriented film is the sum of two
parts from �104�-oriented grains and from randomly oriented
grains in the film, while the contribution of the �014�-
oriented grains should be negligible. Interestingly, the 2Pr of
46.4 �C/cm2 of our films is larger than the value reported
for epitaxial �104� / �014�-oriented BNdT films �2pr

=40 �C/cm2�.5

Figure 4 shows piezoelectric hysteresis loops—recorded
by PFM—of the BNdT films with different preferred orien-
tations. The effective remanent piezoelectric coefficient d33
of the predominantly c-axis-oriented film is about 5 pm/V at
an applied field of 210 kV/cm, whereas a considerably
higher value of 17 pm/V is obtained for the film with pre-
dominant �104� / �014� orientation. These results are in quali-
tative agreement with those measured from Bi4Ti3O12 thin
films by Harnagea et al.11 Overall, the obtained results dem-

FIG. 3. �Color online� P-E hysteresis loops of the film capacitors �a� with
predominant �104� / �014� orientation and �b� with predominant �001�
orientation.

FIG. 4. �Color online� Piezoelectric hysteresis loops of the film capacitors

corresponding to those in Fig. 3.
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onstrate that the major component of the polarization in
BNdT is parallel to the a axis.

In summary, ferroelectric BNdT thin films with predomi-
nant �104� / �014� orientation and with predominant c-axis
orientation were deposited directly on Pt/Ti/SiO2/Si sub-
strates by a sol-gel process. Heating rapidly for crystalliza-
tion is crucial for the nucleation of �104� / �014� oriented
grains on Pt-coated Si. The 2Pr and d33 values of the BNdT
films increase with the film orientation further away from the
c axis. The anisotropic ferroelectric and piezoelectric prop-
erties support those findings that the major polarization di-
rection in BNdT lies along the a axis.
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