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The origin of a recently reported peculiar phenomenon—polarization reversal against the applied electric
field in ferroelectric thin films �M. Aplanalp and P. Günter, Ferroelectrics 258, 3 �2001�, T. Morita and Y. Cho,
Appl. Phys. Lett. 84, 257 �2004��—has been identified. The phenomenon is observed when poling a ferro-
electric film with a large electric field applied to a conductive tip of an atomic force microscope �AFM�. The
effect seems to be of quite general nature as it has been observed on BaTiO3 �Aplanalp et al., Phys. Rev. Lett.
86, 5799 �2001�� as well as on LiTaO3 films �I. Morita and Y. Cho Appl. Phys. Lett. 84, 257 �2004��. It was
proposed that this switching is provoked by mechanical stress due to the Maxwell force between tip and
bottom electrode �Aplanalp et al., Phys. Rev. Lett. 86, 5799 �2001��. We have studied the same phenomenon
in PbZr0.4Ti0.6O3 �PZT� thin films, deposited as epitaxial film on conductive, Nb-doped SrTiO3 single crystals.
New experimental evidence strongly supports a different explanation. The poling process is accompanied by
considerable charge injection leading to important space charges inside the ferroelectric film. These charges
finally can lead, for given conditions, to a polarization reversal when the applied voltage to the conductive
AFM tip is set to zero. Two analytical models are proposed to explain field inversion in the upper part of the
film.
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I. INTRODUCTION

Atomic force microscope-�AFM�-assisted detection of the
local piezoelectric activity in ferroelectric thin films for
ferroelectric memory applications �FeRAM� represents
nowadays the most popular technique to map piezoelectric
activity and ferroelectric domains.1,2 In general applying an
ac electric field between the bottom electrode and the AFM
tip, which scans the bare upper surface of the ferroelectric
material, excites the piezoelectric converse effect. Manipula-
tions of the polarization state are generally achieved by su-
perimposing a stronger dc field. The field, as a consequence
of the particular geometry of the tip as an electrode, is not
homogeneous and can reach quite high values close to the
upper surface. Studies on local poling with high electric dc
fields have recently disclosed a surprising reversal of the
polarization into the opposite direction compared to the pol-
ing field.3–5 The authors of Ref. 5 give an explanation based
on a combined effect of electric field and stress �ferroelasto-
electricity�. We have observed the reversed switching at
PbZr0.4Ti0.6O3 �PZT� thin films. In contrast, we find that the
switching does not occur when the high field is applied, but
later, when the dc field is set to zero. This is compatible with
the observations made by the authors of Ref. 4. In this ar-
ticle, it is shown that the effect is based on the bilinear cou-
pling between the electric field and polarization in the free
energy G. Upon switching the sign of P3 in an electric field
E3 where P3 is the ferroelectric polarization and E3 is the
electric field present along the direction perpendicular to the
film plane caused by injected charges, the free energy
changes as �G=−2P3E3.

II. EXPERIMENTAL RESULTS

The experiments were carried out on epitaxial, �100�-
oriented Pb�Zr0.4Ti0.6�O3 thin films deposited on conducting

SrTiO3�100� single crystalline substrates doped with 2 wt%
of Nb. The 50 to 400 nm thick films were grown in situ at
600 °C by a dynamic, reactive O2 sputtering process using
single metal targets of Pb, Zr, and Ti.6 Further details on
processing are given in Ref. 7. The films grew in cubic
�100�-orientation and show at room temperature a dominant
c-axis orientation. The a domains are estimated to occupy a
volume fraction of 15% only. A piezoelectric response loop
as observed by piezoelectric-sensitive atomic force micros-
copy �PAFM�8 is shown in Fig. 1 for the 400 nm thick film.
The so-observed response has to be multiplied by about a
factor 5 in order to match the response observed by optical
interferometry �to be published�. The film is poled during

FIG. 1. Piezoelectric response loop measured by piezoelectric
sensitive atomic force microscopy �PAFM�.

PHYSICAL REVIEW B 72, 214120 �2005�

1098-0121/2005/72�21�/214120�7�/$23.00 ©2005 The American Physical Society214120-1

http://dx.doi.org/10.1103/PhysRevB.72.214120


cool down in the sputter tool. The resulting polarization
points from the substrate towards the surface �“up” direc-
tion�, corresponding to the polarization after application of a
negative voltage to the tip. The critical switching voltages
are −6.5 and +12 V for up and down switching, respectively.
Note that the apparent large imprint is mostly an effect of the
anisotropic electrode configuration with the tip-electrode.
d33,f measurements with interferometry yield coercive fields
of −1.10 and +1.20�107 V/m, corresponding to switching
voltages of −4.4 and +4.8 V. The tip works well as a nega-
tive electrode but is much less effective as a positive elec-
trode.

The switching “against the electric field” was well ob-
served on the 400 nm films. Figure 2 shows the piezoelectric
response AFM �PAFM� images for both polarities of the re-
versed switching. The film is poled by the deposition process
in the up direction, giving the bright contrast in the phase
image. The images in Fig. 2�a� were taken immediately after
30 s long applications of +40 V �smaller circle� and +76 V
potentials to the tip while keeping the substrate at ground. In
the outer region, the polarization switched to down �dark
contrast in the phase image� as expected. However, in the
center where the field is highest, the polarization apparently
did not switch or switched back to the previous up state.
Carrying out the poling experiment with a negative voltage
�Fig. 2�b��, thus applying the field parallel to the polariza-
tion, lead to an equivalent result, meaning that the polariza-
tion was switching also into the opposite direction of the
applied field there where the field was highest. The polariza-
tion of the central region switched upwards; the one of the
outer region did not switch. The observed reversed switching

is clearly a phenomenon occurring at fields that are at least as
large as three times the coercive field.

In contrast to the experiments presented in Ref. 5, the
piezoelectric response was measured during the application
of the large dc field. The phase of this signal clearly shows
that the polarization was aligned to the electric field as long
as the electric field was applied. The reversed switching thus
happened after removing the large dc field. The phenomenon
was not observed on the 50 nm thin film. This is compatible
with Ref. 4, where it was found that a minimal thickness of
350 nm is required to observe the effect in LiTaO3 films.

Suspecting this effect to be firmly related to charge injec-
tion, electrostatic force microscopy �EFM� �see Ref. 9� on
poled films was carried out. This method is a useful tool to
investigate charge injection in dielectrics and has also been
used to investigate charge injection in polymer and nitride
films �see, e.g., Ref. 10�. The AFM images were collected in
the noncontact mode with the cantilever vibration frequency
of f1=70 kHz. An ac voltage V0 sin�2�f2t� with f2
=17 kHz was applied between tip and substrate. The first
harmonic of the cantilever response is proportional to
qV0 sin�2�f2t�, where q must be considered as an effective
charge density per area of the film.

The film was first poled with the AFM conductive tip in
contact mode, as described before. Subsequently the mode
was changed to noncontact and the EFM measurements
started. The EFM measurements show a strong signal due to
static charges on or in the film �Fig. 3, images of rows 2, 3,
and 4�. Initially, the charge even shows up in the topographic
image �0–12 min after stopping charge injection, images of
row 2, Fig. 3� as a zone of virtual positive elevation, prob-
ably caused by strong attraction with the tip. Before injec-
tion, the phase image of the first harmonic shows a small
signal with phase angle zero, as if the surface was positively
charged. After injection, the response amplitude increases in
a large region showing a phase of 180°, which is consistent
with the existence of negative injected charges. With time,
the injected charge density decays, decreasing the size of the
spot.

To better elucidate the origin of the reversed polarization,
the same poling procedure with an AFM was carried out on
a larger scale. A film region of 4�4 �m was scanned in y
mode �vertical movement of the sample� with the tip under
different high voltages, from left to right. The scanning fre-
quency was first set to 2 Hz and the number of poled points
256�256. The poling of the whole square was therefore
completed within 128 s. The poling voltage was progres-
sively increased from 20 to 90 V in order to study the direct
influence of the voltage magnitude on the reversal of the
polarization. An experimental detail, which will be revealed
to be very important, is that just before the scanning was
completed �before-last vertical line� the tip voltage was set to
0 V �short circuit with the bottom electrode� with the pur-
pose of avoiding perturbation of the polarization state of the
area during the backtrack of the tip to its rest position. The
tip completed therefore the last vertical excursion on the
right side of the area with 0 V, then moved back to the rest
position on the left side by crossing the poled area. Subse-
quently the scanning mode was changed to x mode, the scan-
ning size increased to 6�6 �m and the piezoelectric activity

FIG. 2. Local inverse switching effects observed on 400 nm
thick epitaxial PZT 40:60 SrTiO3 �100� by PAFM �contact mode�.
�a� 5�5 �m scan after poling during 30 s at +40 V �smaller dot�
and +76 V �larger dot�. �b� 500�500 nm scan after poling with a
0.5 s pulse of −60 V. The as-deposited polarization is oriented up-
wards �bright contrast in the phase images�. The images were ac-
quired by applying 1 V �rms� at 17 kHz to the tip. The average
amplitude of the tip oscillation is 6.6 pm/V.
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of the whole poled region, including a surrounding frame as
reference, was measured with an ac voltage of 5 Vpp �dc set
to 0 V�.

The expected reversed polarization could only be ob-
served there were the tip passed over the surface of the poled
sample with 0 V �Fig. 4�. The reversal of the polarization did
not occur during the poling at high voltage, as suspected
from the small region experiments, but it was clearly pro-
voked by the passing of the grounded tip, independently

from the magnitude of the poling voltage in the investigated
range of 20-90 V. This effect is observed for both poling
directions and appears to be strongly time dependent. Figure
5 was obtained by poling in the opposite direction and also
with a variable scanning frequency, i.e., the first left quarter
was scanned at 2 Hz, then 1 Hz, 0.5 Hz, and finally the last
quarter with 0.2 Hz. Due to this variable frequency, when the
tip at 0 V moved to its rest position on the left side, it
crossed poled regions of very different “age.” The quarter on
the left was poled over 500 s before the passing of the 0 V
tip, compared to about 100 s for the previous experiment. It
can be seen that the reversal effect is almost absent within
the first quarter.

Figure 5 shows an additional interesting feature. On the
right side, the poled region exceeds by almost 1 �m the
region scanned under high voltage. The sharp line with re-
versed polarization clearly marks the position of the tip dur-
ing the last scan �at 0 V�. One can therefore deduce that the
application of about 80 V with a tip having a size estimated
at 50 nm influences a region about 34 times larger �1.7 �m�.
The influence of the same tip at 0 V to reverse the polariza-
tion has a quite local effect �150–200 nm�, which remains
nevertheless larger than the usual resolution capabilities of
writing. Figure 6 shows the same experiment on a 500
�500 nm poled area. The movement of the tip at the end of
the poling scan, after having been set at 0 V, writes the “U”
with reversed polarization. When measuring regions below
200–100 nm, this effect can reverse the whole studied re-
gion, giving the impression that the reversed polarization is
directly due to the high voltage.

III. DISCUSSION

The experimental findings can be summarized as follows:

FIG. 3. 2�2 �m scans of electrostatic force microscopy �EFM�
before and after poling with −80 V tip voltage during 10 s. The first
scan of the poled state �second row� was started immediately after
poling. The left column shows the topography, the central column
the first harmonic of the amplitude, and the right column the phase
of the electrostatic interaction. The experimental noncontact mode
conditions �topography� were 30 nm mechanical vibration ampli-
tude at 70 kHz. The ac electric signal was Vac=0.15Vrms at 17 kHz.
Image acquisition time: 12 min.

FIG. 4. 6�6 �m map of the piezoelectric response �contact
mode�. A 4�4 �m region in the center �roughly delimited by the
frame of the reversed polarization lines� was first poled under high
voltage conditions.

FIG. 5. Same as Fig. 3, but with opposite poling voltage and
with variable scanning frequency to emphasize the time dependence
of the effect.

FIG. 6. 1�1 �m amplitude and phase piezoelectric activity
maps. The central 500�500 nm square was poled with 80 V fol-
lowing the same procedure as in the previous figures.
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�1� The polarization switching against the applied field
requires large poling voltages �above 20 V in the 400 nm
film�.

�2� The switching occurs after removal of the poling volt-
age.

�3� The switching occurs when passing with the grounded
tip in contact mode within minutes after application of the
large voltage, the decay time being of the order of minutes.

�4� The reversal is observed for negative and positive pol-
ing voltage.

�5� The effect is not observed in very thin films �as, e.g.,
50 nm�.

These findings exclude any mechanism involving stress,
as the stress is only present during application of the large
voltage, i.e., when no switching occurs. In addition, the low-
est order stress-polarization coupling allows only for a cou-
pling between stress �T3� and the square of polarization �P3�
�T3P3

2 term in free energy�, which does not corroborate the
stress mechanism. The reason why point �2� was not identi-
fied in Ref. 5 lays in the way they measured the piezoelectric
loop. The measurement was carried out when the dc field
was zero. The polarization state was changed by a voltage
pulse in between the AFM measurements. Hence, their ex-
perimental results are nevertheless compatible with points
�2� and �3�.

To achieve a reversal of the sign, i.e., P3→−P3, a linear
term in P3 is needed. We propose that the electric field built
up by charge injection is responsible for the polarization re-
versal, and that the usual bilinear term −PE in the free en-
ergy drives the switching to gain �G=−2P3E3 in free energy
density. In the following, two models are presented that can
be handled by simple analytics. Exact quantitative results can
only be obtained by finite element modeling. However, the
basic mechanisms can be well elucidated by considering the
two simple analytic models. The first model, consisting of a
parallel plate capacitor, ignores the finite size of the tip ra-
dius and approximates a solution in the PZT film near the tip.
It is most valid for thinner films and large tip radii. The
second model, based on a totally spherical solution, includes
the tip radius in the calculation. However, the finite size of
the film is neglected.

First model: The ideal parallel plate capacitor defines a
one-dimensional model. Indicating with the index 3 the di-
rection perpendicular to the film plane, the electric field is
obtained as E3=−d� /dz from the electric potential �. Within
the ferroelectric film of uniform polarization �no domain
wall motions considered�, the relevant Maxwell equation is
written as follows:

div D =
d

dz
��gE� = � ,

d2�

dz2 = −
�

�g
. �1�

The permittivity �g has been introduced to account for the
polarizability of the lattice in the absence of domain wall
motion and polarization switching. It is assumed that the
injected charges uniformly fill the thin film. In addition, the

bottom electrode at z=0 is kept always on ground ���0�
=0�. The tip potential at z=h �film thickness h� varies ac-
cording to the experimental conditions ���h�=V�. It is fur-
ther assumed that the ferroelectric charges �dP /dz� are com-
pensated at the surface. The solution for Eq. �1� reads as

� = −
�

2�g
�z − h�z +

V

h
z . �2�

Charges can be injected until the field becomes zero near the
top surface:

E3�h� = − ���h� =
�

2�g
h −

Vi

h
= 0, �3�

where Vi is introduced as the injection voltage. This condi-
tion defines the maximal possible charge density as follows:

�max =
2�gVi

h2 . �4�

The PZT film used in this experiment is dominantly c-axis
oriented, has a large remanent polarization �0.6 Cm−2�, and
shows a small permittivity �g of 200, which practically cor-
responds to the one of the lattice.11 After tip and field re-
moval the trapped charges will stay for a while. The surface
will be floating, the voltage given by charge density and the
condition of zero field at the surface �no current is flowing
away from the surface�. When the grounded tip returns on
the floating surface the condition V=0 in Eq. �2� must be set
and it results in an electric potential due to the stored charges
of

� = −
�

2�g
�z − h�z . �5�

The maximal possible field is derived from Eqs. �3� and �4�:

Emax =
�max

�g
�z − h/2� =

2Vi

h2 �z − h/2� . �6�

Near the surface we obtain

Emax�h� =
�h

�g
=

Vi

h
, �7�

which is as large as the originally applied field Ei=−Vi /h,
however of opposite sign! This is the field responsible for
reversed switching. Since Vi was much larger than needed to
switch polarization, the field of the accumulated charges will
cause the switching as well. The calculated potentials are
drawn in Fig. 7 and the resulting polarization configuration is
shown on the right side of Fig. 8. It should be emphasized
that the injected charges stabilize the tail-to-tail or head-to-
head domain configurations of the polarization.

It is clear that switching proceeds faster than charge con-
duction. If some time elapses between injection and ground-
ing of the surface, charges will spread out and diffuse to the
bottom electrode. The time constant amounts typically to a
few 100 s. Hence, after a few minutes, the charge density
reaches a critical value �c=�gEc /h, below which reversed
switching does not take place anymore.
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The fifth observation arises an additional question. Why
does this effect work better with thicker films? Equation �7�
yields an increase of E�h�=2Vi /h with diminishing thick-
ness, and thus suggests that switching should work better
with thinner films. The problem of this statement is that the
charge density cannot go beyond the density of potential do-
nors and acceptors, including also deep traps. When all these
sites are filled up, saturation is reached and charge injection
must stop. The theory must take into account such a satura-
tion density �sat, which is a property of the thin film material.
This density determines as well the barrier width of Schottky
barriers and was thus derived from the IV characteristics of
M-Fe junctions12,13 and typically obtained as �sat=1.5
�1018 cm−3 for PZT. In thinner films, the maximal achiev-
able electric field �Esat� at the surface is thus limited by the
saturation density as follows �from Eq. �6��:

Esat =
�sath

2�g
. �8�

Esat is an increasing function of thickness. There is thus a
crossover between the two regimes. For thinner films, a criti-

cal thickness can be derived below which there is no switch-
ing:

hc =
2�gEc

�sat
. �9�

With the �measured� coercive field of 100 kV/cm, a critical
thickness of 44 nm is obtained applying �sat=5.0
�1018 cm−3. This critical thickness comes close to experi-
mental results, situating the threshold between 50 and
200 nm.

Second model: The second model assumes a spherical
symmetry of the whole problem. A spherical tip is embedded
in the ferroelectric medium. This means that the ferroelectric
film thickness is much larger than the tip radius r0. It is
further assumed that the dielectric constant is the same ev-
erywhere in the ferroelectric. In this case, the electric field is
a radial function and is derived as Er�r�=−d��r� /dr from the
electric potential �. The latter is linked to the charge density
by means of the Poisson equation for spherical problems:

�� =
d2�

dr2 +
2

r

d�

dr
= −

�

�g
. �10�

The potential can be split into two parts: ��r�=Vt�0�r�
+B	�r�. The first function describes the situation before
charge injection when the voltage Vt is applied to the tip, i.e.,
the situation for a dielectric free of uncompensated, trapped
charges:

��0�r� = 0, �0�r� =
r0

r
. �11�

The initial field at the tip amounts thus to �init�r0�=Vt /r0.
The second term accounts for the potential of the injected
charges. This function 	 must be zero at r=r0, decreases to
zero for r→
, never changes the sign, and such that the total
potential never exceeds the value of Vt : ���r��� �Vt� for all
values of r. A convenient function for this purpose is

FIG. 7. Calculated electric potential for positive voltage on tip:
�a� before and after saturated charge injection and �b� after ground-
ing tip, assuming no loss of charges.

FIG. 8. Schematic presentation of the antipoling effect: �left�
poling at high voltage with charge injection and �right� collection of
surface charges by grounded tip and formation of opposite field in
the upper part of the film, causing polarization switching. The zig-
zag shaped domain wall between the upper and lower film regions
helps to reduce electrostatic energy of the head-to-head configura-
tion. In the center schematic representation of the contributing po-
tentials, according the results of the spherical model.
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	�r� =
r0

r
ln� r

r0
	 . �12�

The charge density function follows as

��r� = �gB
r0

r3 . �13�

The injection process stops when the field at the tip-
ferroelectric interface becomes zero. This means that B=Vt.
The maximal charge density ascribed to this situation is

��r� = �gVt
r0

r3 .

After reaching this maximum charge density, the potential
becomes stationary and assumes the equilibrium potential
�eq of the form

�eq = Vt
 r0

r
+

r0

r
ln� r

r0
	� . �14�

Its maximum is at r=r0, where its derivation is zero by
construction �see Fig. 9�. After tip and field removal, the
trapped charges will stay for a while. The surface will be
floating, the voltage given by charge density and the condi-
tion of zero field at the surface �no current is flowing away
from the surface�. When the tip is grounded and returns on
the floating surface, a potential �gt is established with
�gt�r0�=0. The first term of the potential is vanishing. The
remaining term fulfills the Poisson equation as required for
��r0�=0:

�gt = Vt
r0

r
ln� r

r0
	 . �15�

The electric field at the tip becomes

Egt�r0� = −
d�gt

dr
= − Vt
−

r0

r2 ln� r

r0
	 +

r0

r2�
r=r0

= − Vt/r0.

�16�

This field is again as large as the originally applied field, but
with opposite sign, and thus is able to switch polarization
near the tip. The calculated potentials are drawn in Fig. 9.
The maximal potential is built up at rmax=er0. The model
holds if the film thickness is larger than this value, i.e., about
2�e times the tip radius at least. The tip radius in our case
was specified as 30 nm. The minimal thickness thus is
around 160 nm. The consequences of charge saturation by a
limited defect density must be considered in this model, too.
However, the solution is more delicate, because the charge
density is not assumed to be constant. The highest charge
density occurs just near the surface, and the limitation of this
maximum value is taken into account without considering a
change of the charge density function �the charges could
spread into the depth of the film�. The criterion is thus for-
mulated as follows:

��r0� = �gBsat
1

r0
2 � �sat,

Egt,sat�r0� = −
Bsat

r0
=

�satr0

�g
. �17�

Esat is an increasing function of tip radius. Reversed switch-
ing is thus more likely observed with a blunt tip than with a
sharp one. From the equation

�satr0

�g

 Ec �18�

a critical tip radius is calculated as �using the same numbers
as previously�

r0 

�gEc

�sat
= 22 � 10−9 m.

This limit is very compatible with the applied tip having a
nominal tip radius of 35 nm. The radial model thus means
that we need a tip with a tip radius of more than 22 nm and
a film thicker than about 120 nm �to apply the model� to
observe reversed switching. This is again nicely compatible
with facts. If we admit that the shape of the charge distribu-
tion changes because charges diffuse to deeper depths, the
total accumulated charges would increase and smaller critical
values for tip radius and film thickness would be expected.

IV. SUMMARY AND CONCLUSIONS

The polarization reversal against the applied electric field
observed in ferroelectric thin films was experimentally thor-
oughly studied and modeled. It was disclosed that the poling

FIG. 9. Potentials versus relative radius variable. �0: initial po-
tential before charge injection, 	: maximal potential at which injec-
tion stops, and �: total potential.
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process must be accompanied by considerable charge injec-
tion leading to important space charges inside the ferroelec-
tric film. When the tip is grounded and placed again on the
poled surface, an electric field arises in the upper part of the
film between the tip and the injected charges. This field is of
opposite polarity as compared to the poling field. A parallel
plate model and a spherical model were developed to explain
the principle mechanisms responsible for this effect. In the
case where the space charge is only limited by the applied
voltage, both models yield the result that shortly after poling
this reversed field due to space charges is as large as the
poling field, and thus provokes the reversal of polarization. If
the space charge density is limited by the saturation of traps
in the PZT film, the two models yield a critical thickness and
a critical tip radius, respectively, below which the reversed
switching cannot take place, as the reversed field does not
reach the coercive field limit. The known trap �acceptor, do-
nor� densities lead to critical values of around 50 nm for the

thickness and 20 nm for the tip radius. Both values are com-
patible with the findings of our work and the one of others.
In return, reversed switching could be used to estimate such
saturation trap densities. The presented strong results under-
line the importance of charge injection phenomena in ferro-
electric films. These phenomena are expected to also occur at
fields lower than those considered here and have been pro-
posed as a key factor in fatigue mechanisms.14

In conclusion, the origin of the surprisingly apparent
switching of the polarization against the applied electric field
could be identified and the main mechanisms explained.
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