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The authors report charge retention in preferentially �117� oriented and textured c-axis oriented
ferroelectric Bi3.25La0.75Ti3O12 thin films by electrostatic force microscopy. Surface charges of the
films were observed as a function of time in a selected area which consists of a single-poled region
and a reverse-poled region. The highly �117� oriented film shows the extended exponential decay
with characteristic scaling exponents, n=1.5–1.6. The preferentially c-axis oriented film shows a
remarkable retained behavior regardless of the poling. Decay and retention mechanisms of the
regions are explained by space-charge redistribution and trapping of defects in the films. © 2007
American Institute of Physics. �DOI: 10.1063/1.2472181�

Tremendous efforts have been paid to next-generation
nonvolatile memory devices and data storage media using
ferroelectric materials.1–3 Microscopic alignment of as-
grown domains and poling of the domains in areas smaller
than 50 nm have been strongly desired at the current techno-
logical stage.4,5 Many experimental improvements using
scanning probe microscopic techniques have been done in
the category of fatigue, imprint, and retention.4,6 Even
though most of the works have been focusing on
Pb�Zr,Ti�O3 �PZT� based thin films, we are now aware of
details on local physical properties in the ferroelectric mate-
rials when they are shrunk down into submicron scale. How-
ever, other candidate materials such as fatigue-free
Bi3.25La0.75Ti3O12 �BLT� thin films7,8 are lacking information
on local ferroelectric properties,9 in particular, charge reten-
tion behaviors in the nanoscale. Understanding of retention
and decay mechanism of space and bound charges is indis-
pensable to device reliable ferroelectric storage media.10–13

In this letter, we found a new type of charge retention and
relaxation in variously grown BLT thin films. The surface
charge density of the BLT films is observed as a function of
time in a selected area where a region is single poled and a
part of the region is reverse poled.14,15

BLT thin films were prepared by a sol-gel method on
Pt�111� /TiO2/SiO2/Si�100� substrates.16 The phase and the
crystallinity of the BLT thin films were characterized by
x-ray diffraction in the �-2� scan mode �Cu K�1,
�=1.5406 Å�. In this work, we have studied effects of the
crystal growth orientation on charge retention in BLT thin
films, which are known to be strongly anisotropic.13 In the
case of PZT thin films, it is likely that charge retention is not
much dependent on crystal orientation but subtly on the bot-
tom electrodes.14 The local electrical properties of the thin
films were studied by electrostatic force microscopy �EFM�.
Details on the experimental setup and ideas of the dynamic
contact mode were published earlier.17,18. In our experiments,
EFM images of the layers were acquired by applying a small
ac voltage with amplitude of 0.5–1.0 V �peak to peak� and a
frequency of 18 kHz while the tip was scanning the layer
surface. We used a Pt coated Si cantilever or a heavily doped
Si cantilever with a spring constant of 0.5–9.5 N/m. The

topographic and the EFM images of the layer surface were
obtained simultaneously.

Figure 1�a� is x-ray diffraction patterns of BLT/Pt thin
films and Figs. 1�b� and 1�c� are topographic images of the
BLT/Pt heterostructures grown at 700 and 900 °C with
18�18 �m2 scanning area. The film grown at 700 °C
shows preferentially �117� oriented x-ray diffraction peak
while the film synthesized at 900 °C exhibits textured c-axis
orientation with a small �117� fraction.16 The surface of the
films is highly compact and the grains look round in a higher
magnification. The average lateral and vertical sizes of grains
were measured to be about 1000 and 150 Å, respectively. We
have tried to figure out the polarizing behavior of the thin
ferroelectric layer by scanning probe techniques, which can
polarize the grains selectively.

In Fig. 2�a�, an EFM image of the BLT film grown at
700 °C after 4 min since the poling process is shown. In Fig.
2�b�, an EFM image of the BLT film grown at 700 °C after
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FIG. 1. �a� XRD patterns of BLT/Pt thin films annealed at 700 and 900 °C.
Topographic images of �b� the BLT film grown at 700 °C and �c� the BLT
film grown at 900 °C.
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28 min is shown. On the other hand, Figs. 2�c� and 2�d�
show EFM images of the BLT film grown at 900 °C after
4 min and the BLT film grown at 900 °C after 120 min,
respectively. To investigate effects of poling procedure on
the charge retention, a region with 12�12 �m2 area was
polarized by −10 V and an inner region with 4�4 �m2 area
was sequentially polarized into the opposite direction by
+10 V. Thus, we were able to measure the EFM signals as a
function of time over the whole region with three different
poling states: an as-grown state �region I�, a single-poled
state �region II�, and a reverse-poled state �region III�. The
corresponding EFM images of the whole area are shown in
Figs. 2�a�–2�d�, where �a� and �b� are for the film grown at
700 °C and �c� and �d� are for the film grown at 900 °C, as
mentioned earlier. We acquired the EFM images every 4 min
for 2 h. The images shown in Figs. 2�a� and 2�c� were cap-
tured at 4 min, indicating the early states of polarization,
while the images shown in Figs. 2�c� and 2�d� describe the
polarization states as time elapses to exhibit decayed contrast
from the EFM signals. The single-poled bright area �region II
in Fig. 2�a�� corresponds to a film region polarized by a
−10 V pulse, while the reverse-poled dark square area �re-
gion III in Fig. 2�a�� corresponds to the reverse-poled vicin-
ity by +10 V, after poling the film with −10 V to produce the
initial region. The unpoled marginal region shows a little
darker contrast than the poled region, implying that the bare
surface of the film has a net voltage offset, i.e., the imprint in
the ferroelectric thin films.19,20 As time elapses, the charge
density of the single-poled region decreases but the reverse-
poled region contains almost the same charges. In the pre-
sentation of the images, it is important to show the relative
contrast between unpoled, single-poled, and reverse-poled
regions. Thus we tune the relative contrast by changing the
brightness and the darkness of the regions, which correspond
to the relative magnitude of the charges, mostly the
polarization.15

In Fig. 3�a�, the profiles of the BLT film grown at
700 °C are shown. The output of the untreated surface was
chosen as a reference, but this corresponds to an offset volt-
age as previously mentioned. The region polarized by −10 V
shows clearly a positive charge and its magnitude is inclined
to decrease as time evolves. After 1 h and 20 min, the mag-
nitude is reduced close to the initial value. In contrast, the
reverse-poled region by +10 V shows only half of the initial

value compared with the single-poled region. It is remark-
able that the poled state is not positive, which means that
either the external field is strongly screened or the existence
of the built-in potential inside the BLT grains is suspected.
As time elapses, the reverse-poled region shows also decay
of the polarization value similar to the single-poled region.
On the other hand, Fig. 3�b� shows the line profiles of the
BLT films grown at 900 °C. The initial values for the single-
poled area are relatively large; however, the reverse-poled
region shows a non-negative value close to the as-grown
surface. It is extraordinary that the poled states for both the
single-poled and the reverse-poled region are retained over
the measuring time. To check whether this phenomenon is
induced only by the reverse-poling process, the order of pol-
ing procedure was exchanged as +10 and −10 V. However, a
little poling was observed but not comparable as the former
case. Therefore, the retention in the BLT thin films should be
attributed to an asymmetric charge distribution of the initial
state and the crystal orientation independent of the poling
mode.

In Fig. 4, plots of the remnant polarization of the films
are displayed as a function of time. The value of the remnant
polarization was obtained by averaging over the designated
line profile. The film grown at 700 °C shows a decay behav-
ior, already shown in Fig. 2, and the film grown at 900 °C
exhibits a constant value during the measurement. The rem-
nant polarization of the film grown at 700 °C shows a
stretched exponential decay behavior. This characteristic has
been observed over a variety of systems. The mechanism is
described by

�P = �P0 exp�− �tn� ,

where t is the time, � is a constant, �P is the remnant po-
larization, �P0 is the polarization at t=0, and n is the char-

FIG. 2. EFM images of �a� the BLT film grown at 700 °C after 4 min since
the poling process, �b� the BLT film grown at 700 °C after 28 min, �c� the
BLT film grown at 900 °C after 4 min, and �d� the BLT film grown at
900 °C after 120 min.

FIG. 3. �a� Polarization line profile of the BLT film at 700 °C from EFM
images in Figs. 2�a� and 2�b� and �b� polarization line profile of the BLT film
at 900 °C from EFM images in Figs. 2�c� and 2�d�.
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acteristic number of a stretched exponential decay. A
stretched exponential behavior with n has been addressed as
a dispersive transport or random walk process.21 In our films,
the characteristic exponent is found to be n−=1.5 for the
single-poled region and n+=1.6 for the reverse-poled region,
respectively. It is notable that the reverse poling is not effec-
tive to change the relaxation in the BLT thin films while the
method was proven to be significant in the PZT thin films.15

Since the BLT heterostructure has no top electrode, it still
shows a fluctuated decrease of polarization with time. This
behavior has been observed typically in the PZT thin films.4

In contrast, the power-law relaxation has been reported in the
laser-ablated BLT thin films.22

On the other hand, the BLT film grown at 900 °C shows
a very different behavior in the remnant polarization over the
measurement time regardless of the poling methods. No
kinks or change of curvature was observed at any time in
Fig. 4�b�. The single- and reverse-poled regions maintain a
nearly constant value within the measurement time scale.
The constant retention may be explained by a model of the
BLT in which positively charged oxygen vacancies VO

·· are
preferentially localized near the top surface, providing elec-
tron traps at that interface. This consideration is consistent
with the negative charges observed in the bare surface as
shown in Fig. 2�a�. The initial charge states correspond to the
upward direction of polarization.19,20,23 If the polarization is
switched into a downward direction by externally applying
+10 V, redistribution of charges and random fluctuation of
polarization should occur. It is also possible that there might
be more possibilities such as other point defects, grain
boundaries, dislocations, and interfaces.

To correlate this phenomenon with imprint of the films,
polarization versus voltage hysteresis loops were measured
with conventional capacitor geometry. Imprint behavior of

the Pt/Bi4Ti3O12/Pt heterostructures has been reported.24

Slight voltage shifts to the negative direction are found
from the loops, indicating that the films are imprintedj with
the downward preferred polarization.19,20,23 Imprinted
nature of the heterostructures seems to affect their retention
characteristics.

In summary, the charge retention characteristics of the
BLT films on Pt bottom electrodes appear to be controlled by
the change of crystal orientation and the introduction of the
reverse poling of a region initially poled in one direction.
The time response of the charges on the surface is found to
be critically dependent both on crystal orientation, the initial
charge distribution, and the switching history. The remnant
polarization shows either a stretched exponential decrease or
a constant retention behavior.
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FIG. 4. �a� Plot of remnant polarization in the BLT surface grown at
700 °C. Solid square ��� represents charge retention of the single-poled
region and solid circle ��� denotes the reverse-poled region. �b� Plot of
remnant polarization in the BLT surface grown at 900 °C. Solid square ���
represents charge retention of the single-poled region and solid circle ���
denotes the reverse-poled region.
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