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Surface charge dynamics on ferroelectric PbZr; 45Tip 5,05 films responding
to the switching bias of electric force microscope
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We investigated the role of surface charges in writing and reading ferroelectric bits on an epitaxial
PbZr( 45Tig 5,05 thin film by electric force microscopy (EFM). The sign of EFM surface potential
was reversed within several hundred microseconds for 10 V. For a negative bias voltage of —10V,
EFM surface potential was reversed in several milliseconds. The different time scales of the EFM
surface potential reversals originate from the screening of the ferroelectric polarization charges by
the surface charges which pass over two different Schottky barriers depending on the applied bias
polarity. © 2009 American Institute of Physics. [DOI: 10.1063/1.3124077]

Recently, there have been reported many researches on
ferroelectric domain dynamics by using scanning probe mi-
croscope (SPM) due to its ability to observe ferroelectric
domains in nanoscale resolution.'™ Various SPM techniques
such as piezoresponse force microscope (PFM), electric
force microscope (EFM), and Kelvin probe force microscope
(KFM) enable to switch and read ferroelectric polarization
bits by using the electrostatic interaction between the polar-
ization charge in a ferroelectric thin film and the reference
charge at an SPM tip.3710 In order to reverse polarization in
ferroelectric capacitors, we need to apply an external electric
field which is high enough to surmount the activation energy
barrier to form critical nuclei.'""'* The external bias voltage
should be applied for a sufficient time to flip ferroelectric
polarization completely.13 Ferroelectric domain wall speeds
can be estimated by observing the variation in the ferroelec-
tric bit size as a function of SPM writing time."*'*!* From
the ferroelectric domain wall speeds, we can evaluate the
activation energy for creeping motion of ferroelectric domain
walls 121415

The polarization of a switched ferroelectric domain bit
gives rise to surface potential, which can be measured by
using EFM or KFM. However, it was reported that various
factors, such as ambient gas absorbed by ferroelectric thin
films and surface charges induced from an SPM ti(}) had in-
fluence on the surface potential measurement.”®'’ Particu-
larly, it was accepted that high bias voltages from an SPM tip
can generate charges on the surface of ferroelectric thin
films.'®' In this study, we demonstrate that the EFM obser-
vation of an epitaxial (001) PbZr 43Tij 5,05 (PZT) thin film
is influenced by the surface charges injected from an SPM tip
during the switching of ferroelectric polarizations especially
with higher bias voltages and longer writing time. Surface
potential of ferroelectric polarization bits observed by EFM
was reversed in several hundred microseconds for a positive
bias voltage or in several milliseconds for a negative bias
voltage. The different time scales of surface potential rever-
sals observed by EFM originate from the screening of ferro-
electric polarization charges by surface charges which sur-
pass two different Schottky barriers between the EFM tip
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and the PZT film depending on the applied bias polarity.

We prepared an epitaxial (001) PZT thin film deposited
on a (100) SrRuO5/(100) SrTiO; substrate by a pulsed laser
deposition method. The thickness of the PZT thin film was
about 50 nm with a high remanent polarization of
56 uC/cm?. To switch the polarity of ferroelectric domains,
we applied a series of bias voltages between the conducting
SPM tip (gold-coated Si cantilever) and the SrRuO; bottom
electrode for various writing times. After switching ferro-
electric domains, we simultaneously measured surface poten-
tial and topography near the switched ferroelectric polariza-
tion bits. We carried out all EFM experiments in a nitrogen
atmosphere to remove the influence of any other ambient gas
with charged ions on the surface potential measurement.

In order to switch polarization of a ferroelectric bit in a
dot shape (<50 nm, diameter), we used two opposite bias
voltages of =10 V for writing times that ranged from 100 ns
to 2 ms. After switching polarization of the ferroelectric bit,
we observed the ferroelectric bit with EFM, as shown in Fig.
1. The size of the ferroelectric bit increased with writing
time. For the positive bias voltage (10 V), positive surface
potential was observed in EFM signals for writing times of
100 ns—0.1 ms [Fig. 1(a)]. The positive surface potential re-
flects that the EFM signals are obtained from the Coulomb
force between the EFM tip and the polarization charge of the
ferroelectric bit. However, as the writing time was longer
than 0.1 ms, the EFM signal was reversed from positive to
negative. Similarly to the EFM signal of 10V, the sign of the
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FIG. 1. (Color online) The EFM images of the PZT thin film after switching
ferroelectric polarization bits with writing bias voltages of =10 V. The re-
versal of the EFM signals was observed within (a) several microseconds for
the writing bias voltage of 10 V and (b) several milliseconds for the writing
bias voltage of —10 V.
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FIG. 2. (Color online) The surface potential as a function of writing time for
the ferroelectric polarization bits with (a) negative (—3, —5, and —10 V)
and (b) positive (3, 5, and 10 V) writing bias voltages.

EFM surface potential was changed from negative to posi-
tive after the external bias was applied for about 1 ms at —10
V [Fig. 1(b)].

Figure 2 shows surface potentials measured by EFM as a
function of writing time for a series of bias voltages (*3,
+5, and £10 V). Compared with the case of negative bias
voltages, longer writing time was required to reverse the sign
of the EFM signals for positive bias voltages. In particular,
there is no reversal of surface potential for +3 V until the
writing time approaches to 2 ms.

To understand the reversal of the EFM signals, we de-
picted a schematic drawing for switching of ferroelectric bits
with EFM (Fig. 3). When the EFM tip is biased by positive
or negative voltages, polarization charges at the PZT thin
film and depolarization charges at the EFM tip are simulta-
neously formed on the ferroelectric surface, as shown in Fig.
3(a). When the bias voltage overcomes the Schottky barrier
between the tip and the ferroelectric thin film, charges with
the same polarity to the depolarization charges can be in-
jected from the EFM tip to surface.'®™"® These charges in-
jected from the EFM tip (surface charges) are shown in Fig.
3(a). After the removal of the EFM tip from the surface of
the PZT thin film, surface charges remained as depolarization
charges on the surface of the PZT." Then, the surface
charges are proportional to Schottky current and writing
time, playing a role in screenin% the EFM signal of the ferro-
electric polarization charges.10 ? As shown in Fig. 3(b), the
reversal of surface potential can occur from the screening of
the polarization charges by the surface charges. In the previ-
ous report, it was demonstrated that the surface charges can
be discharged by a grounded EFM tip, indicating the evi-
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FIG. 3. (Color online) The schematic drawing of switching ferroelectric
domains by an EFM tip. (a) Two oppositively polarized domains with dif-
ferent surface charges for positive and negative tip biases. (b) The EFM
surface potential reversal by screening of the polarization charges by the
surface charges {electrens, for-anegative tip bias)
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FIG. 4. (Color online) The size of the ferroelectric polarization bit as a
function of writing time.

dence for the existence of surface charges.lo The compara-
tive study of KFM and PFM on surface potential of PbTiO;
thin films also showed the role of surface charges in the
observation of switched ferroelectric domains.'

The amount of the surface charges can be evaluated
from the Schottky current J=AT? exp(—q®y/kT)
Xexp[1/kzT(q’E/41e)'"?], where A is the Richardson con-
stant, q®p is the energy barrier to access the empty
conduction-band states of the PZT thin film from the gold
tip, E is the applied electric field, and e is the dielectric
constant of PZT.* The electric field between the EFM tip
and the surface can be written as E=—(Q/2me)[kJo(kr)
X[exp(—kz) +exp(kz—2d—-2a)]/[1 +exp(-2kd)]dk,  where
Jo(kr) is the zeroth-order Bessel function, d is the thickness
of the film, and « is the tip radius.”! We estimate an electric
field of about 0.48 MV/cm at the surface and about 0.16
MV/cm at the bottom electrode for a bias voltage of 0.5 V,
where d is 50 nm and a is 30 nm.'%**""*? For —3 V, we obtain
a Schottky current density of 80 mA/cm? with an electric
field of —2.86 MV/cm. From this current density, we esti-
mate a switching time of 0.70 ms at which the polarization
charges of the PZT thin film are compensated. Thus, to inject
surface charges enough to screen polarization charges, we
need sufficient writing time more than several hundred mi-
croseconds for —3 V. However, for positive writing bias
voltages, there exists a Schottky barrier of 2.5 eV, which is
higher than that of 0.9 eV for negative bias voltages because
electrons flow from the surface of the ferroelectric thin film
to the EFM tip under positive writing bias voltages. Thus,
positive writing bias voltages require longer writing time to
reverse the sign of the EFM signal. Therefore, we conclude
that the different time scales of the EFM signal reversals
originate from the screening of ferroelectric polarization
charges by opposite charges which pass over two different
Schottky barriers from the SPM tip to the PZT surface.

Figure 4 shows the diameter of a ferroelectric bit as a
function of writing time. For 5 and 10 V, each slope is clearly
divided into two: initially the ferroelectric bit grows fast due
to polarization flipping and surface charge dispersion, and
then it grows slowly only through surface charge dispersion.
The slope change occurs at the writing time when the EFM
surface potential changes its sign. For 3 V| the bit size grows
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slowly because there is no reversal of the ferroelectric polar-
ization bit.

In conclusion, we demonstrated the effect of the surface
charges during writing and reading of ferroelectric polariza-
tion bits on the epitaxial PZT thin film with EFM. The dif-
ferent time scales of the surface potential reversal result from
the screening of the polarization charges by the surface
charges injected across the Schottky barrier between the
EFM tip and the PZT thin film.
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