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Abstract

Ž .A lateral force microscope LFM was used for studying the surface morphologies of SrBi Ta O thin films with varying2 2 9
post-annealing temperature. Specimens were prepared onto platinized silicon wafers by the sol]gel method and post-annealed
at 600]8008C. Non-ferroelectric matrix phases were found for specimens annealed below 7008C, which were confirmed by the

Ž .measurement of X-ray diffraction XRD patterns. The friction coefficients between the surface of ferroelectric grain and
non-ferroelectric matrix, and the silicon nitride tip, were determined from the line profile of the LFM images. The measured
coefficients of friction for a tip on grain and matrix are 0.19"0.08 and 0.28"0.08, respectively. In the LFM images, the
matrix phases decreased with increasing post-anneal temperature and the surfaces of the specimens annealed above 7008C
were filled with SBT grains which were consistent with the XRD results. Ferroelectricities of these specimens were confirmed
by the measurement of polarization field hysteresis loops. Q 1998 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ž .Strontium bismuth-tantalate SrBi Ta O ; SBT2 2 9
thin films have been intensively studied for use as
non-volatile ferroelectric random access memories
Ž .NVFRAM , as they have negligible polarization fa-
tigue. Ferroelectric SBT thin films have the Bi-based
layer-structure perovskite. The unit cell of SBT con-
sists of stacking two perovskite-like units of SrTaO3
between Bi O layers, with a pseudotetragonal struc-2 3

Ž .ture. Transmission electron microscopy TEM stud-
w xies 1,2 of SBT thin films revealed that the first and

second phase were identified involving circular grains
)200 nm and -50 nm in diameter, respectively, and
a third, amorphous phase occurs around these grains
as a kind of matrix.
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This paper presents the results of the atomic force
microscopy and lateral force microscopy studies on
the crystallization SBT films prepared onto platinized
silicon wafers by the sol]gel method. The atomic

Ž .force microscope AFM is a powerful tool for obtain-
ing information of the three-dimensional surface mor-

Ž .phology and the lateral force microscope LFM ,
which is a modified version of the AFM, can be used
for obtaining the friction coefficient from the mea-
surement of the lateral forces acting between the
probing tip and a flat sample. It is also possible to
discriminate the different phases with different coef-
ficients of friction distributed on the surface of sam-
ples by measuring both the three-dimensional surface
morphology and the lateral force images scanned
along both sides of an axis. In our experiment, both
circular grains and matrix were observed in LFM
images for specimens annealed below 6758C, which
were consistent with the results of X-ray diffraction
spectroscopy. The coefficients of friction of these two
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phases, i.e. SBT grain and matrix, were determined by
w xcomparing that of mica 3 , and the ferroelectric

properties of SBT films annealed above 7008C were
also investigated.

2. Experiment

A few SBT films were synthesized by the metal-
organic-decomposition spin-coating method with dif-
ferent post-annealing temperatures. Coating sol of
SBT was prepared from appropriate proportion of
bismuth 2-ethylhexanoate, strontium 2-ethyl hex-
anoate and tantalum ethoxide. The mole ratios of

Ž . Ž .Fig. 1. The a AFM and b LFM images of the surface morphologies of SrBi Ta O thin films annealed at different temperatures ranging2 2 9
from 600 to 8008C. Scanning direction in the LFM measurement is denoted as an arrow in Fig. 1b.
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SrrTa and BirTa in the SBT solution were 0.5 and
1.2, respectively. The solution was spin-casted onto
platinized Si wafers at 3000 rev.rmin. The coated gel
films were baked on a hot plate at 2008C for 1 min to
evaporate the solvent and then heated at 6008C for 10
min in air to remove organic materials. After the
process was repeated three times, the films were
annealed at different temperatures ranging from 600
to 8008C for 10 min, respectively. The final thickness
of SBT layer was approx. 280 nm.

To study the film surface, a scanning probe micros-
Ž .cope PSI Autoprobe AFMrLFM with a commercial

cantilever of force constant ks0.05 Nrm and a
Si N tip operated in contact mode was used. While3 4
the specimens were scanned perpendicular to the
cantilever, the z-displacement and the torsion of the
cantilever were measured by a four-segment photo-
sensitive-position-detector. Hence, the data acquisi-
tions were performed simultaneously in lateral force
and constant force regime for frictional and topo-
graphic imaging, respectively. Such measurements
were carried out in both directions of the x-axis,
separately.

3. Results and discussions

Fig. 1 shows the typical AFMrLFM images of the
surface of SBT films. An arrow on the top of the
images in Fig. 1b denotes the scanning directions. It
can be seen that in the AFM topographic images for

Ž .all SBT films Fig. 1a grains and matrix are shown,
which are nearly independent on the scanning direc-

Ž .tion. However, the LFM images Fig. 1b , especially
for specimens annealed below 6758C, are inverted in
black and white by the scanning direction. These
results indicate that two phases, i.e. grain and matrix,
have different values of the coefficient of friction,

Fig. 2. Plot of the distribution ratio of grains obtained by LFM
Ž . Ž .squares and XRD circles as a function of annealing tempera-
ture, where the distribution ratio of grains is defined as the ratio of
the total area occupied by grains to the total area occupied by
grains and matrix.

attributed to the different compositions and mi-
crostructures. In the LFM images, it can also be seen
that the value of the coefficient of friction for grains
is smaller than that for the matrix as the larger
sideways deflection by friction is brighter in LFM
image for the scanning direction from left to right,
and vice versa. The distribution ratio of grain which is
defined as the ratio of the total area occupied by
grains to the total area occupied by grains and the
matrix is plotted as a function of annealing tempera-
ture in Fig. 2. As the annealing temperature in-
creases, grains are more circular and the distribution
ratio of grain increases up to 7008C before saturation.
In Fig. 3, we present grain size and rms roughness
obtained in the LFM and AFM topographic images,
respectively, as a function of the annealing tempera-
ture. Grain size increases from 100 to 200 nm with an
increase in annealing temperature. The rms rough-
ness also increases with an increase in annealing
temperature, which is believed to be due to the larger
grain growth.

The coefficients of friction of grain and matrix were
determined by acquiring the height profiles of the
partial lines on the grain and the matrix denoted by
Ž . Ž .a and b in the LFM images, as typically shown in
Fig. 4. As the torsion constant of the cantilever used
in our experiment was not known, the values of the
coefficient of friction for grain and matrix, m andg r ain
m , were obtained by calibrating the LFM set-upm at r i x
by measuring the coefficient of friction of mica, m .mica
Neglecting the adhesion force between the Si N -tip3 4
and the specimen due to the contamination layer,

Žsuch as water, on both tip and specimen, m org r ain
.m is given as following;m at r i x

Ž . Ž . Ž .m or m sm x or x rx 1g r ain m at r i x mica g r ain m at r i x mica

w xwhere m s0.071 3 , and x is the sideways deflec-mica
tion of a tip along the x-axis by torsional force acting
on a tip, which is determined as the average height of

Fig. 3. Plot of grain size and rms roughness as a function of
annealing temperature.
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Ž . Ž .Fig. 4. Typical height profiles of two different phases: a grain; and b matrix, in LFM image of SrBi Ta O thin film annealed at 6008C.2 2 9

the frictional loop, as shown in Fig. 4. The measured
values of m and m for all specimens wereg r ain m at r i x
0.19"0.08 and 0.28"0.08, respectively.

To find the crystallinity of SBT films, XRD patterns
were measured by means of the grazing incident
method with the incident angle of 1.58. Fig. 5 shows
XRD patterns of SBT films fabricated at different
annealing temperatures, and indicates that polycrys-
talline SBT films grown on Pt-coated Si wafer have no
preferred orientation, especially for annealing tem-
peratures above 6758C. The broad halos of amor-
phous phases appear around 2us28.58, 33.18 and
47.58 for SBT films annealed at 600]6758C, which are
thought to correspond to the matrix phases in Fig. 1.
Although, for specimens prepared at these ranges of
annealing temperatures, XRD peaks corresponding to
the Bi-layer perovskite SBT phases seem to be hidden
by the overlapping broad halos, it is not hard to find
their traces in XRD patterns. We tried to fit the XRD
curves between 2us268 and 358 with four Gaussian
functions having the maximum peak fixed at 2us
29.058, 32.458, 28.058 and 33.158, where the former two
values correspond to the Bi-layered perovskite SBT
Ž . Ž .105 and 110 peaks, respectively, and the others
correspond to the amorphous phases in SBT. One
typical fitting of the XRD curve is shown in Fig. 6.
The separate contributions of these two phases, i.e.
SBT grains and matrix, can be calculated from their
fitting parameters. When the Gaussian function has

w Ž .2 xthe form ysA exp yB xyC , the area of the
Gaussian, i.e. the integrated intensity, is given by:
Ž .1r2A prB . We calculated the ratios of the integrated

intensity of the perovskite SBT peaks to the total
integrated intensity in the range of 2us26]358 and
then plotted them as a function of annealing tempera-
ture in Fig. 2, for comparison with the results ob-
tained from the LFM measurement. It is very inter-
esting that the behavior of the ratio of phases ob-
tained by XRD with the annealing temperature is
consistent with that by LFM. However, the LFM
result is relatively larger than the XRD result in the

Fig. 5. Effect of annealing temperature on the XRD patterns of
SrBi Ta O thin films.2 2 9
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Fig. 6. Typical curve fitting of XRD pattern for SrBi Ta O thin2 2 9
film. The measured XRD intensities are denoted by the symbol of
filled circles and the thick-solid line is a fit with four Gaussian
functions denoted as thin-solid lines.

low temperature regime, i.e. 600]6508C. We presume
that such a result may be due to the following two
possibilities. The first is that the apparent grains in
the LFM images are not SBT polycrystalline grains
but only boulders that have no Bi-layered perovskite
phase. The second is that the volume distribution of
SBT grains is different from the surface one, as the
LFM result is attributed to the surface of the speci-
men while the XRD result is dominated by the volume.
We suggest that the latter is more possible than the
former. As the values of the frictional coefficients of
grains are nearly constant in annealing temperature,
grains in the LFM images are presumed not to be
only boulders. In addition to the second possibility,
we hypothesize that the crystallization by grain growth
with increasing annealing temperature starts at the
surface of SBT film and then progresses toward the
Pt-bottom electrode. These crystallization processes
in post-annealed growth used in the sol]gel method
may be different from those in in situ growth of SBT
film used in other methods such as liquid chemical

w x w xvapor deposition 4 , sputter deposition 5 and pulsed
w xlaser ablation deposition 6 .

We determined some fundamental electrical pro-
perties of our SBT thin films. To measure the electri-
cal properties of SBT thin films, a Pt-upper electrode
with 0.3-mm diameter was sputtered on the SBT layer
by r.f. magnetron sputtering using a shadow mask.
The dielectric constant was measured using LCZ me-
ter and P-E hysteresis curves were measured using a

Žstandard ferroelectric tester Radiant Technologies,
.RT66A . Fig. 7 shows the dielectric constant values as

a function of annealing temperature, which is nearly
consistent with the results in Fig. 2. That is, the
behavior of dielectric constant with annealing temper-
ature is attributed to the phase ratio of perovskite
SBT grains, even for specimens annealed below 6758C.

Fig. 7. Plot of dielectric constant and dielectric loss as a function of
annealing temperature for SrBi Ta O thin film.2 2 9

Ferroelectricity of SBT thin films could be confirmed
by the measurement of P-E hysteresis curves, as shown
in Fig. 8. As expected in the XRD results, ferroelec-
tricity was found for specimens annealed above 7008C.
P-E hysteresis characteristics such as remnant polar-
ization, P , and coercive field, E , are shown as ar c
function of annealing temperature in the inset of Fig.
8. The behaviors of P and E with annealing temper-r c
ature can also be interpreted in terms of the increase
in the distribution ratio of SBT grains. The values of
P and E for ferroelectric SBT film annealed atr c
8008C are 9.8 mCrcm2 and 42 kVrcm, respectively.

4. Conclusion

We imaged crystalline grains and an amorphous
matrix from AFMrLFM investigation of SBT surface.
The distribution of these two phases was consistent
with the results of the XRD measurements. The
relationship between both dielectric constant and
hysteresis characteristics and annealing temperature
are attributed to the distribution of grains and matrix.
Additionally, the relatively lower values of both di-

Fig. 8. P-E hysteresis loops of ferroelectric SrBi Ta O thin films2 2 9
annealed above 7008C. The inset shows the plot of remnant polar-
ization, P , and coercive field, E , vs. annealing temperature.r c
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electric constant and remnant polarization for SBT
Ž .film compared to the Pb Zr,Ti O film, which is an-3

other promising NVFRAM material, are thought to
be due to amorphous matrix existing around SBT
grains even in ferroelectric SBT films.
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