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The contrast mechanisms of domain imaging experiments assisted by atomic force microscope
~AFM! have been investigated by model experiments on nonpiezoelectric~silicon oxide! and
piezoelectric@Pb~Zr,Ti!O3# thin films. The first step was to identify the electrostatic charge effects
between the tip, the cantilever, and the sample surface. The second step was to explore the tip–
sample piezoelectric force interaction. The static deflection of the cantilever was measured as a
function of dc bias voltage (Vdc) applied to the bottom electrode~n-type Si wafers! for noncontact
and contact modes. In addition, a small ac voltage (Vacsinvt) was applied to the tip to measure the
amplitude (Av) and phase (Fv) of the first harmonic~v! signal as a function ofVdc. By changing
from the noncontact to the contact mode, a repulsive contribution to the static deflection was found
in addition to the attractive one and a 180° phase shift inFv was observed. These results imply that
in the contact mode the cantilever buckling is induced by the capacitive force between the cantilever
and the sample surface. This interaction adds to the tip–sample piezoelectric interaction thereby
overlapping the obtained tip vibration signal. Therefore, the antiparallel ferroelectric domain images
obtained at zero dc bias voltage will show a variation inAv but a negligible one inFv . The
capacitive force contribution to the tip vibration signal was further verified in piezoelectric
hysteresis loop measurement assisted by the AFM. The observed vertical offset of the loops was
explained by the contact potential difference between the cantilever and the bottom electrode. The
shape of the curve could be explained by the capacitive force interaction combined with the
tip–sample piezoelectric interaction. The experimental results obtained in this study support the
interpretation of the cantilever–sample capacitive force contribution to the tip vibration signal in
ferroelectric domain imaging experiments using AFM as a probing tool. The use of a large area top
electrode between the tip and the sample resulted in the elimination of the electrostatic cantilever–
sample interaction with negligible degradation of the domain contrast. This method proved to be
successful because the cantilever–sample interaction was hardly detected and only the tip–sample
interaction was observed. ©2001 American Institute of Physics.@DOI: 10.1063/1.1331654#
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INTRODUCTION

It has been recently shown that the structure and dyn
ics of ferroelectric domains in thin films can be studiedin
situ by using an atomic force microscope~AFM!. This tech-
nique enables the observation of the domain configuratio
the projection planes of the films. The observation of
behavior of ferroelectric domains under variable exter
electric fields combined with conventional electrical me

a!Present address: Ceramic Laboratory, Swiss Federal Institute of Tec
ogy, Lausanne, Switzerland. Permanent address: Nano System Lab,
sung Advanced Institute of Technology, Suwon, Korea.
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surements is very instructive for the understanding of po
ization related processes in ferroelectric thin films.1–4 Most
of these studies are based on the AFM–tip/Pb~Zr,Ti!O3

~PZT! film/bottom electrode~BE! configuration. A small ac
voltage is applied between the AFM–tip and BE to induce
local piezoelectric vibration, which is generally believed
be detectable by the AFM tip. The amplitude of the vibrati
signal provides information on the magnitude of the piez
electric coefficient, while the phase signal determines
polarization direction. Due to the absence of the top el
trode~TE!, one can observe the ferroelectric domains and
surface topography at the same time and easily correlate
microstructure and the domain polarization behavio3

ol-
am-
7 © 2001 American Institute of Physics

P license or copyright, see http://jap.aip.org/jap/copyright.jsp



in
A

ne
m
is
o
in
de
m
-
n
y

n
th
su
al
ic

ric
ez

m
d
n
t

fa

ne
m
ex
ta
e

fe

d on
x-
in
the
g-

nt
id-
ns.
m, a
n in
ted.

ut
lec-
d

the
he

or
to

tip

on-

for

tion

on-

s
he
led

ed

he

rst

ere

le
on-

co

1378 J. Appl. Phys., Vol. 89, No. 2, 15 January 2001 Hong et al.
However, a few questions relevant to the origin and
terpretation of the domain contrast remain unanswered.
mentioned above, the origin of the domain contrast obtai
by this method is expected to be the piezoelectric defor
tion. However, recently proposed was a different mechan
where the surface electric charge effect is the dominant c
tributing factor to the domain contrast observed in th
films.5 The ferroelectric domain imaging in the contact mo
was renamed ‘‘dynamic contact mode electrostatic force
croscopy~DC-EFM!’’ instead of piezoelectric force micros
copy ~PFM!.5 The force–distance and tip–vibratio
amplitude-distance curves were measured simultaneousl
a triglycine sulfate~TGS! ferroelectric sample.5 From those
curves, it was found that there exists a sustained vibratio
1 nm when in the contact mode. To explain this vibration
existence of an air gap between the tip and the sample
face was suggested. The surface charge density was c
lated based on the assumption of an air gap of 1 nm, wh
was in good agreement with the measured value by elect
characterization. It was also argued that the calculated pi
electric displacement for their sample was about;0.01 nm
far below the measured sustained vibration. Finally, the te
perature dependence of the domain contrast was contra
tory to the expected trend of the piezoelectric coefficie
Therefore, the electrostatic force interaction between the
and sample was considered to be the major contributing
tor to the domain contrast.

However, the reported existence of the large sustai
vibration induced by the attractive capacitive force is inco
patible with the steep repulsive atomic force that the tip
periences. This intriguing inconsistency represents the s
ing point of the present work where the origin of th
sustained vibration is explored. The electrostatic force ef

FIG. 1. The schematic diagram of an experimental setup. The system
sists of AFM, lock-in amplifier, power supply, and PC.
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between a tip and a sample surface was first investigate
n-type Si wafers covered with native oxide and thermal o
ide, which show a negligible piezoelectric effect. PZT th
films were also studied by the same technique to explore
piezoelectric contribution to the ferroelectric domain ima
ing using AFM.

In this study, it is attempted to separate the differe
possible contributions to the domain contrast mainly cons
ering the tip–sample and cantilever–sample interactio
Based on the suggested model of the contrast mechanis
few methods to suppress the cantilever–sample interactio
order to obtain the pure tip–sample interaction are sugges

EXPERIMENTAL PROCEDURE

A commercial atomic force microscope~AFM, Park Sci-
entific Instruments, Autoprobe M5! connected to a lock-in
amplifier ~SR830, Stanford Research Systems! was used, as
shown in Fig. 1. The AFM tips~PSI, UL06A! are made of
boron dopedp-type Si, and their height and radius are abo
3 mm and 20 nm, respectively, estimated from scanning e
tron microscope~SEM! images. The length, width, an
thickness of the cantilever are 180, 25, and 1.0mm, respec-
tively. The force constant and the resonance frequency of
cantilever are 0.26 N/m and 40 kHz, respectively. T
samples weren-type Si wafers with@100# orientation cov-
ered with native oxide~samplea! and 500 nm thick ther-
mally grown SiO2 ~sampleb!, 270 nm thick Pb~Zr0.4Ti0.6!O3

film ~sample g! on Pt/TiO2/SiO2/Si, and 909 nm thick
Pb~Zr0.45Ti0.55!O3 film ~sampleu! on Pt/TiO2/SiO2/Si. Dur-
ing the experiment, ac voltage of 1 Vpp ~peak to peak! at 17
kHz was applied to the AFM tip while dc bias voltages
bipolar single pulses with sinusoidal shape were applied
the bottom electrode. For all the experiments, the AFM
was maintained at a fixedX–Y position so that all the data
were acquired from one position on the sample. For the n
contact mode, the tip to sample distance was 3.3mm. This
distance was kept constant by disabling the feedback loop
theZ piezotube scanner. However,z drifts of 40–50 nm were
observed during the measurement, resulting in the posi
uncertainty of about 1.5% at this distance.

First, the tip deflection was imaged for both cases, c
tact and noncontact modes in samplea. The time evolution
of the tip vibration signal was collected at intervals of 0.2
in order to fit the acquisition features of the instrument. T
tip vibration signals collected at each period were assemb
to visualize the cantilever movement. An ac voltage of 1 Vpp

at 17 kHz was applied to the tip while sinusoidal shap
pulses with an amplitude of 20 Vpp and a period of 0.05 s~20
Hz! were applied to the sample at intervals of 0.2 s. T
static deflection and the first harmonic~v! signal of the in-
duced tip vibration were recorded simultaneously. The fi
harmonic signal~amplitudeAv and phaseFv) was investi-
gated by varyingVdc on the Si wafers in samplesa and b.
The tip to sample distances in the noncontact mode w
3337 nm655 nm and 3431 nm638 nm for samplesa andb,
respectively. The last experiment was repeated on sampg.

Piezoelectric hysteresis loop measurements were c
ducted on samplesg andu using the AFM. Both continuous

n-
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dc and pulse dc modes were used. The former mode con
of applying voltage while measuring the piezoelectric sign
whereas the latter mode consists of applying a pulse vol
and measuring the piezoelectric signal at zero dc bias v
age. The voltage was varied between210 and 10 V for
sampleg and between215 and 15 V for sampleu.

RESULTS AND DISCUSSION

Figure 2 shows the images of the static deflection,Av1

and Fv1 for both noncontact@Figs. 2~a!–2~c!# and contact
@Figs. 2~d!–2~f!# modes. The voltage profile applied to th
bottom electrode~sine pulse! is shown under each image t
easily correlate the perturbation with the measured signa
one assumes that the displacement of the tip–cantilever
linear function of the external force, the static deflection, a
the tip vibration signal atv1 frequency can be expressed
follows:

zstatic5
Fstatic

klever
5

G

klever
S V1

2

2
1~Vc2Vdc!

2D , ~1!

zv1
5

2G

klever
~Vc2Vdc!V1 sinv1t5Av1

cosFv1
sinv1t,

Av1
5U 2G

klever
~Vc2Vdc!V1U, ~2!

Fv1
5H 0, if Vdc.Vc ,

180, if Vdc,Vc ,

whereG is (1/2)(]C/]z), C is the electric capacitance be
tween the tip–cantilever system and the Si wafer,klever, is
the spring constant of the cantilever,Vc is the contact poten
tial difference ~CPD! between the Si wafer and the tip
cantilever system,Vdc is the voltage profile applied to the S
wafer ~dc or sine pulse!, and V1 sinv1t is the ac voltage
applied to the tip. According to Eqs.~1! and ~2!, the static
deflection is always attractive,Av1 is proportional to the ab-
solute value of the difference between applied voltage
CPD, andFv1 changes its value from 0° to 180° when, o
decreasingVdc, one obtainsVdc,Vc .

For the noncontact regime, the static deflection shows
attractive interaction under nonzero voltage. The asymme
tip deflection can be explained by the CPD between
n-type Si wafer and thep type Si tip. Knowing the resistivity
~1.2–2V cm!6 of the n-type Si wafer, one can estimate th
dopant concentration to be 1015– 1016/cm3. The boron doped
tip is assumed to have an acceptor concentration
1017– 1019/cm3. The estimated work function differenc
(f tip2fbottom) between the tip–cantilever system and t
n-type Si wafer~as the bottom electrode! is 20.7 to 20.8
eV. If Vc arises only from the work function difference,Vc is
expected to be20.7 to20.8 V. If we assign the value20.7
V to Vc and all the other known values to the parameters
Eq. ~1!, the net displacement,zpulse2zbackground, can be cal-
culated and plotted as a function of time~Fig. 3!. The calcu-
lated profile shows a good agreement with the experime
result for the noncontact mode@Fig. 2~a!#. The amplitude and
phase of the tipv1–vibration signal are also in good agre
ment with Eq.~1! for the noncontact mode.
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On the other hand, for the contact mode, the net d
placement of the static deflection shows a large portion
white contrast~repulsive movement! along with a small por-
tion of black contrast~attractive movement!. The phase of
the tip v1–vibration shows a reversed trend compared w
the noncontact mode@Figs. 2~d!–~z!#. These results canno

FIG. 2. The static deflection of the tip–cantilever system@~a! and ~d!#, the
amplitude@~b! and ~e!# and phase@~c! and ~f!# of the tip vibration signal at
v1 frequency for noncontact@~a!–~c!# and contact@~d!–~f!# modes.

FIG. 3. The calculated profile of displacement when a sinusoidal volt
profile is applied to the tip.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1380 J. Appl. Phys., Vol. 89, No. 2, 15 January 2001 Hong et al.
be due to the capacitive force between the tip and the sam
surface, as was recently explained.5 If the capacitive force
between the tip and the sample surface was determining
EFM signal, the only expected change would be the decre
in both the magnitude of the attractive displacement and
amplitude of the tipv1-vibration signal.

The observed trends in the static tip deflection and
tip vibration signal atv1 frequency can be explained in
different way. As shown in Fig. 4, the tip–cantilever syste
rotates around the pivot B in the noncontact mode. The
fore, Ftot on the tip–cantilever system increasesud ~Fig. 4!.
As a result, the laser beam spot on the position sens
photodiode~PSPD! moves to the left direction and it is re
corded as an attractive displacement. However, in the con
mode, the tip experiences a steep increase in the repu
atomic force as the distance decreases.7 Accordingly,Ftip has
little effect on the tip movement. The tip becomes nea
fixed in thez direction and acts as another pivot~Fig. 4 point
C!. In the contact mode, only the cantilever is relatively fr
to move, so the major contributing factor to the deflection
the tip–cantilever system isFlever. Since point A is closer to
point C than B,Flever will decreaseud . Therefore, the beam
spot moves to the right direction and it is recorded a
repulsive displacement. This means thatG becomes a posi
tive constant,G8(>2G lever) for the contact mode in ou
measurement set-up. Therefore, Eq.~2! should be modified
as follows:

FIG. 4. The schematic diagram of the tip–cantilever system. Point A is
position where the laser beam bounces off, point B is the pivot that ca
lever rotates around, and point C is the contact point between the tip an
sample surface.Ftip andFlever are the forces acting on the tip and the can
lever, respectively.Nlever and Nsampleare the surface normal vectors of th
cantilever and the sample, respectively.ud is the angle betweenNlever and
Nsample, and is measured by the position sensitive photodiode~PSPD!.
Downloaded 11 Mar 2004 to 143.248.115.81. Redistribution subject to AI
le

he
se
e

e

e-

e

ct
ive

y

f

a

zv1
5

2KG8

klever
~Vc2Vdc!V1 sinv1t,

Av1
5U2KG8

klever
~Vc2Vdc!V1U, ~3!

Fv1
5H 180, if Vdc.Vc ,

0, if Vdc,Vc ,

whereK is a positive calibration constant smaller than uni
This reduction factor comes from the fact that the cantile
movement is restricted by the two pivots B and C. It shou
be noted thatVc nearly equalsVc, lever since Flever mainly
contributes to the deflection of the tip-cantilever system.

In Eq. ~3! the tip vibration induced by tip–sample ca
pacitive force (Ftip) was not taken into account. Its displac
ment induced byFtip is expected to be very small due to th
steep increase in the atomic force as the tip–sample dist
decreases. In the noncontact mode,Ftip should balance only
the restoring force of the cantilever, which is a linear fun
tion of the displacement. In the contact mode,Ftip should
balance the atomic force and the restoring force of the c
tilever. However, the repulsive atomic force is orders
magnitude larger than the restoring force of the cantilev
and can be ignored. Therefore, the tip displacement play
minor role in the deflection of the tip–cantilever system a
the trend of the observed sustained vibration should be
same as that when onlyFlever is responsible for its deflection

The interpretation expressed by Eq.~3! explains the
trends of repulsive displacement of the tip deflection@Fig.
2~d!#, the decrease inAv1 @Fig. 2~e!# and the change ofFv1

from 180° to 0°@Fig. 2~f!# at the bottom electrode voltag
transition from110 V to 210 V. However, it cannot explain
the attractive displacement~i.e., dark contrast! in the static
deflection. When the cantilever is in contact with the samp
any normal force acting on the cantilever can also lead t
longitudinal motion. Because of the normal force acting
the tip–cantilever system, the tip can perform a stick-s
motion along the surface, which can, in turn, lead to a n
mal deflection signal due to the buckling of the cantilev
This effect will occur simultaneously to the buckling of th
cantilever due to the electrostatic force between the lever
the bottom electrode. The occurrence of both black a
white contrast in the contact deflection signal is conside
to arise from the interference of the longitudinal motion
the tip.

In the second experiment the dependencies ofAv1 and
Fv1 on Vdc ~Figs. 5 and 6! are investigated. In the noncon
tact mode, asVdc increases up toVc , the amplitude de-
creases linearly, and the phase remains 180°. ForVdc.Vc ,
as Vdc increases, the amplitude increases linearly, and
phase changes to 0°. This is well explained by Eq.~2!. In the
contact mode, the amplitude shows the same trend. Only
slope of the amplitude versusVdc curve decreases in th
contact mode. However, the phase is 0° and 180° forVdc

,Vc and Vdc.Vc , respectively. This is a reversed tren
compared with the noncontact mode and can be explaine
Eq. ~3!. The above trends support the validity of our mod
~Fig. 4!.
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FIG. 5. The amplitude@~a! and ~b!# and phase@~c! and ~d!# of the first harmonic signal of the tip–cantilever deflection in both noncontact@~a! and ~c!# and
contact@~b! and ~d!# modes. The sample is ann-type Si wafer covered with a native oxide~samplea!.
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The results of both experiments show thatFlever is the
governing factor for the DC-EFM signal on SiOx /Si
samples. They also show that the tip is virtually fixed in t
z direction by the steep increase of the repulsive atomic fo
as a function of distance. However, it should be noted t
the tip might not be fixed in the longitudinal direction, a
discussed above.

The clarification of the major effect ofFlever on the DC-
EFM signal provides improved insight into the interpretati
of the domain imaging in ferroelectric materials or t
trapped charge imaging in insulators. The effect ofFlever on
the domain images can be expressed by an offse
Av1 cos(Fv1). The mapping of the domains with opposi
polarization obtained by contact mode AFM is correct only
the Flever effect is the same for the entire region. This cor
sponds to the case where the domain size is very small c
pared to the effective size of the cantilever plate and
distribution of the opposite domains is homogeneous. E
in this case, due to the existence ofFlever, the phase differ-
ence between the two opposite domains in ferroelectric
films can be much less than 180°s.

From the above analysis, one can easily see that
evidences suggested5 for an electrostatic force contributio
to the tip vibration signal are, in fact, the indication for a
electrostatic force contribution between the cantilever a
the sample. The capacitive force acting on the tip indu
negligible displacement because the atomic force steeply
Downloaded 11 Mar 2004 to 143.248.115.81. Redistribution subject to AI
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creases for very small displacements. Therefore, it is s
gested that the tip vibration signal in ferroelectric materi
consists of the piezoelectricity of the film and the elect
static force interaction between the cantilever and the bot
electrode. In the following section the results obtained w
the PZT sample are presented and discussed.

Figure 7 shows the first harmonic amplitude and ph
of the tip vibration signal in the noncontact mode. The tip
sample distance is 3mm. Since the Pt bottom electrode has
higher work function~5.3–5.6 eV! than the tip does~4.9–5.0
eV!, it is found thatVc'0.3– 0.7 V. Taking the distance de
pendence ofVc into account, one can find that our expe
mental result ofVc50.45 V agrees fairly well with the esti
mation. The amplitude curve shows a clear V shape that
characteristic of Kelvin probe microscopy and is in acc
dance with Eq.~2!. The phase shows a transition from 18
to 360° or 0° as expected from Eq.~2!.

In the contact mode, the first harmonic amplitude a
phase signals were measured for domains of both orie
tions, top to bottom and bottom to top. As can be seen in F
8, the phase signal shows a reversed trend when comp
with the noncontact mode, irrespective of domain orien
tion. This clearly shows that the cantilever–sample capa
tive force contribution to the piezoresponse signal still tak
the major portion. However, piezoelectricity distinguish
the direction of the domains and this effect moves the po
tion of Vc from 0.66 V to 0.61 V when we change the p
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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1382 J. Appl. Phys., Vol. 89, No. 2, 15 January 2001 Hong et al.
larization state from the↓ to the↑ state, as shown in Fig. 8
Note that this apparentVc shift is not coming from the elec
trical effect but from the mechanical effect. Since only

FIG. 6. The amplitude@~a! and ~b!# and phase@~c! and ~d!# of the first
harmonic signal of the tip–cantilever deflection in both noncontact@~a! and
~c!# and contact@~b! and ~d!# modes. The sample is ann-type Si wafer
covered with a thermally grown oxide of 500 nm thickness~sampleb!.
Downloaded 11 Mar 2004 to 143.248.115.81. Redistribution subject to AI
voltage is applied to the system without a dc bias field
domain imaging, the piezoresponse signal for opposite
mains corresponds to the points whereVdc50 in Fig. 8. It is
found that there will be no or only a slight phase change
opposite domains for the AFM–tip/PZT/Pt system. Mor
over, due to the apparentVc shift in voltage axis, the ampli-
tude will decrease when changing the domain direction fr
↓ to ↑.

Figure 9 shows the relationship between the piezo
sponse versusVdc and the relevant domain images of bi
written in an antiparallel matrix. We imaged in both left
right and right to left directions to see if there is a frictio
force dependence of the domain images, as reported by L
et al.8 As seen in Fig. 9 there was no essential differen
between the two scan directions. In Fig. 9 it is found that
phase images do not show a significant change for antipa
lel domains written as bits, whereas the amplitude ima
show protruding bits as expected from the piezorespo
versus theVdc curve.

The principle of domain imaging can be summarized
follows: the domain contrast consists of the piezoelectric
teraction between the tip and the sample and the electros
force interaction between the cantilever and the bott
electrode. This principle can be better illustrated by anal

FIG. 7. The amplitude~a! and phase~b! of the first harmonic signal of the
tip–cantilever deflection in the noncontact mode for sampleg.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 8. The amplitude@~a! and~b!# and phase@~c! and~d!# of the first harmonic signal of the tip–cantilever deflection in the contact mode for negatively@top
to bottom,~a! and ~c!# and positively@bottom to top,~b! and ~d!# poled domains~sampleg!.
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ing the piezoresponse hysteresis loop measured by AFM
the continuous dc and the pulse dc mode. Most of theP(E)
hysteresis or strain versusVdc curves are measured in th
continuous dc mode. It consists of measuring the indu
piezoelectric vibration under continuously increasing and
creasing the additional dc voltage@Fig. 10~a!#. However, this
approach was rarely used for an AFM analysis of dom
structures. The one that was generally used is depicte
Fig. 10~b!. It operates as follows: the desired dc voltage
applied for a determined period of time and subseque
released to measure the piezoelectric signal at zero dc. W
this configuration the cantilever–sample capacitive force
expected to be constant. Therefore the obtained signal in
mation must be governed by the tip–sample interaction o
It has to be pointed out that the measured polarization e
lution will not be exactly the same for the two approach
For instance the ‘‘polarization back-switching’’ effects an
opposite domain growth after nucleation will both behave
a very different way. As a consequence the coercive fi
obtained with the pulsed mode is clearly expected to
larger than with the continuous mode. Within the frame
the proposed model where the collected signal is determ
by both, the piezoelectric force interaction between the
and the sample and the electrostatic force interaction
Downloaded 11 Mar 2004 to 143.248.115.81. Redistribution subject to AI
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tween the cantilever and the sample,Av1 cosFv1 can be de-
scribed by the following equations:

Av1 cosFv155
2

2KG lever

klever
~Vdc1Vc!Vac1d33Vac,

for the ↓ domain,

2
2KG lever

klever
~Vdc1Vc!Vac2d33Vac,

for the ↑ domain.

~4!

The first term of each of the right sides of Eq.~4! is the
capacitive contribution of the cantilever, whereas the sec
term is the piezoelectric contribution. The sign ofVdc, was
changed because in this caseVdc is applied to the tip@Eq.
~4!# compared to the cases of Eqs.~2! and~3! for which the
dc bias voltage was applied to the bottom electrode. T
change enables us to plot the obtained results in the stan
ferroelectric loop style. By using Eq.~4!, one can calculate
the tip vibration signal as a function ofVdc for both configu-
rations @Figs. 11~a! and 11~b!#. An interesting result is tha
the vertical shift of the hysteresis loop arises from the con
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 9. ~a! Piezoresponse curve of negative~↓! and positive~↑! domains as
a function ofVdc to the bottom electrode.~b! Bit arrays of negative domains
embedded in a matrix of positive domains. The pulse voltage and w
were218 V and 33 ms, respectively.~sampleg!

FIG. 10. The schematic diagram of~a! continuous dc and~b! pulse dc
modes.
Downloaded 11 Mar 2004 to 143.248.115.81. Redistribution subject to AI
potential difference between the tip–cantilever system
the bottom electrode. WithVc.0 the vertical shift occurs
upward and vice versa.

Figures 12~a! and 12~b! show the piezoresponse hyste
esis curves of a Pb~Zr0.4Ti0.6!O3 thin film of thickness 270
nm ~sampleg!, obtained with the continuous and pulse
mode, respectively. Both loop shapes are very similar to
calculated ones~Fig. 11! and the vertical shift is positive fo
both modes as predicted by Eq.~4! with Vc50.7 V.

Figures 13~a! and 13~b! show the similar piezorespons
hysteresis loops measured by other authors in the puls
mode.3,9 It is surprising to see that for the virgin state th
vertical shift of the loop is in accordance with our mode
The virgin state of Fig. 13~a! shows a vertical shift upward
whereas that of Fig. 13~b! does a negligible shift. This can b

th

FIG. 11. The expected piezoresponse hysteresis loops in~a! continuous dc
and ~b! pulse dc modes.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 12. Piezoresponse hysteresis loops of~a! continuous dc and~b! pulse dc modes for sampleg. The pulse width is 200 ms for the pulse dc mode. No
that Vc50.7 V, so a positive vertical shift occurs in the loops.
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explained by CPD of11.1 and 0 V, respectively, betwee
the tip–cantilever system and the bottom electrode. I
worth noting that the relative vertical shift of the curve wh
comparing the virgin and the fatigued states of PZT in F

FIG. 13. Piezoresponse hysteresis loops for 180 nm thick Pb~Zr0.53Ti0.47!O3

film of virgin and fatigued (63103 switching pulses! with a Si3N4 tip
coated by a Au and Pt bottom electrode.Vc51.1 V ~CPD! between Pt and
Au. ~b! Piezoresponse hysteresis loops for 300 nm thick Pb~Zr0.52Ti0.48!O3

film with a Si tip coated by the Pt and Pt bottom electrode.Vc50 V ~CPD
between Pt and Pt!. ~See Refs. 3 and 9.!
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13~a! can be attributed to the domain configuration, as
plained by Gruvermanet al.3 The vertical shift of the curve
for the virgin sample when using a different tip is comin
from the contact potential difference between the ti
cantilever system and the bottom electrode.

Additional evidence supporting our interpretation
shown in Figs. 14~a! and 14~b!. The sample used is a 909 nm
Pb~Zr0.45Ti0.55!O3 thin film. Between the tip and the ferro
electric material there is a top electrode that is kept at
same potential as the tip and that is expected to screen
capacitive interaction of the cantilever with the bottom ele
trode. One can clearly see that the linear response@Fig.
14~b!# obtained with the continuous dc mode and withou
top electrode becomes a well-defined piezoelectric hyster
loop with the electrode screening effect@Fig. 14~a!#. The
measured coercive field~continuous dc mode and screenin
electrode! is much closer to that obtained from theP(E)
hysteresis curve than that measured by the pulsed dc m

The above mentioned method minimizes the cantileve
sample capacitive contribution to the tip vibration signal
the contact mode, as previously demonstrated by C
et al.10 and Honget al.11 in ferroelectric fatigue and switch
ing studies. Another effective way of suppressing t
cantilever–sample interaction has been recently propose
Hong et al.,12 which suggests the use of a high aspect ra
tip with a stiffer cantilever. The results obtained using th
method show a clear 180° phase shift for antiparallel fer
electric domains.12

CONCLUSION

The effect of the cantilever–sample capacitive force
the ferroelectric domain imaging in contact-mode AFM stu
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 14. Piezoresponse (A cosf), amplitude~A!, and phase~f! of the first harmonic signal as a function ofVdc to the bottom electrode while 1 Vpp ac voltage
of 28.1 kHz is applied to the bottom electrode~a! with and ~b! without a large area top electrode between the AFM tip and the sample surface~sampleu!.
co
io
ir

ac
le
n
a

al
no
t
d
ra

n
p
gy
te
lly

rch

.

o,

s.

er,
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ies was investigated and clarified. It was shown that the
lected ac signal consists of the overlap of the tip vibrat
induced by the piezoelectric displacement and the undes
cantilever buckling induced by the capacitive force inter
tion. This explains the unexpected features of the piezoe
tric hysteresis loops measured by AFM in continuous a
pulse dc modes. Since the signal amplitude due to the cap
tive interaction can be much larger than the piezoelectric
induced one, the information on the domain orientation is
always accessible. In order to suppress this interaction,
use of a high aspect ratio tip or specific screening electro
were considered and preliminary results are very encou
ing.
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