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The objective of this work was to understand the effect of the movable electrode~the tip of an
atomic force microscope! on a piezoelectric-induced~PEI! image. Local polarization is induced on
a lead zirconate titanate~PZT! thin film using an atomic force microscope~AFM!, by applying dc
voltage between the movable electrode and the Pt bottom electrode. The polarized PZT film is then
characterized by the AFM using a two-pass method, in which both the topography and PEI image
are obtained. The surface morphology is recorded in the first pass under contact mode with a fixed
setpoint. A PEI image is obtained in the second pass in piezo-response mode. In this mode, the
sample surface is scanned by applying ac voltage between the AFM tip and the Pt bottom electrode
at sample displacement. PEI images of various sample displacement, corresponding to different
stress exerted by the tip on the sample surface, are obtained and analyzed using force–sample
displacement curves. It is found that PEI images can be detected if the tip adheres to the sample. The
asymmetry of theA cosu signal is improved as the force changes from repulsive to attractive.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1739532#

I. INTRODUCTION

During the past decade, the scanning probe microscope
~SPM! has quickly become an essential tool for materials
research. Scanning tunneling microscopes~STMs! and
atomic force microscopes~AFM! have been found to be use-
ful in the study of domain structures in ferroelectric thin
films,1,2 their advantage being the ease in sample preparation,
their nondestructive characterization, and their high spatial
resolution. AFM has been used in piezo-responsive mode to
detect piezoelectric vibrations in ferroelectric films.3,4 For
this, the AFM is operated in contact mode with ac voltage
through the ferroelectric film applied between the conductive
AFM tip and the bottom electrode. The signal, consisting of
the dc and the first harmonic, is detected by a laser photode-
tector, and goes through a low pass filter. The dc signal
through the low pass filter gives the surface topography. The
first harmonic is blocked by the low pass filter, and goes
through a lock-in amplifier and produces a piezoelectric-
induced~PEI! image. Small ac voltage through the ferroelec-
tric film induces local piezoelectric vibration, which can be
detected by the AFM tip and forms the PEI image. The PEI
image is recorded as anA cosu signal.5 Here,A is the am-
plitude of the first harmonic signal, which provides informa-
tion on the magnitude of the piezoelectric coefficient (d33). u
is the shift in phase between the signal of ac voltage applied
and the responding first harmonic,4 which determines the di-
rection of polarization.5

In contact mode, compressive force is usually exerted by
the tip onto the surface of the sample during measurement,
which may affect thed33 values of lead zirconate titanate
~PZT! films.6 Some authors have suggested using tips with
high force constant~48 N/m!7 to measure PEI images, and
others have suggested low force constant tips~0.09 N/m!8 to
alleviate the problem.

Adsorption of water on the surface of a sample in a
ambient atmosphere is another frequently encountered prob-
lem that may adversely affect the quality of an AFM image.
Thus, N2 gas9 or a vacuum environment10 is often used to
obtain PEI images.

The topography and PEI image of the PZT thin film are
separated by using a two-pass method in this article. The
surface topography is obtained in contact mode in the first
pass. The PEI image is measured with ac voltage between
the AFM tip and the bottom electrode in the second pass. The
topography and PEI image are alternately scanned line by
line in the two-pass method. The force between the AFM tip
and the sample in the second pass can be adjusted by the
sample displacement to heightDZ.

II. EXPERIMENTAL PROCEDURE

PZT thin films are prepared by conventional sol–gel and
spin coating techniques. A SiO2 film with a thickness of
about 550 nm is deposited by thermal diffusion onto a 0.5
mm Si wafer. The bottom electrode, Pt~80 nm!/Ti ~120 nm!,
is deposited by sputtering onto the SiO2 /Si wafer. The PZT
solution is spin coated onto the Pt/Ti/SiO2 /Si substrate, fol-
lowed by drying on a hotplate at 250 °C for 5 min to removea!Electronic mail: mmcjxu@polyu.edu.hk
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any organic matter in the solution. This process is repeated
five times until the film grows to about 200 nm. The compo-
sition of PZT is Pb1.1(Zr0.53Ti0.47)O3 . The final thermal treat-
ment is to crystallize the PZT by rapid thermal annealing
~RTA! in oxygen. The annealing temperature is 600 °C at a
ramp up rate of about 250 °C/min and an annealing time of
10 min. After annealing, the crystal structure of the PZT film
is examined with a Philips PW3710 x-ray diffractometer
using CuKa x rays at 30 kV and 40 mA.

Local poling of the PZT film and detection of the PEI
images are carried out on aSOLVER P47Hatomic force micro-
scope using a conductive W2C-coated Si cantilever with
force constant of 3 N/m, and an integrated tip with an apex
curvature radius of about 35 nm. Dc voltages of110 and
210 V are applied between the tip and the Pt bottom elec-
trode, respectively. The surface topography and the PEI im-
age are obtained in the two-pass method with a scan rate of
19 800 nm/s, as illustrated in Fig. 1. The surface topography
is scanned in contact mode at a fixed setpoint in the first
pass. In the second pass, the sample displacesDZ in the
direction away from the tip and the PEI image is, then, ob-
tained with a disabling feedback loop and ac voltage of 1 V
at frequency of 200 kHz between the tip and the Pt electrode.
The scan line directions in both passes are along theY axis
from 0 to 3.5mm. DZ varies between 0 and 250 nm. The
force between the tip and the sample surface is measured as
a function of sample displacementDZ with or without ap-
plying 1 V ac voltage.

III. RESULTS

Compared with standard x-ray diffraction spectra, the
x-ray diffraction spectra of the PZT film in Fig. 2 show a
pure perovskite phase with random orientation.

The relationship between force and sample displacement
is shown in Fig. 3. Figure 3~a! shows a curve of force and
sample displacement measured without applying ac voltage.
Positive and negative force represents repulsion and attrac-
tion between the tip and sample, respectively. From
A→B→C8→C, the sample moves towards the tip; and from

D→D8→E→F→A, the sample retreats from it. When the
surface of the sample is far from the tip at A, the force is
zero. At B, the tip starts to encounter attractive force due to
the sample. When closer, repulsive force starts to develop
from point C8, the strength of which increases as the contact
increases along C8–C. At C, the sample starts to reverse
the direction and a jump occurs from C to D. The

FIG. 1. Illustration of measuring topography and PEI image in the two-pass
method: recording topography by contact mode in the first pass, then dis-
placing sampleDZ; performing PEI image by applying ac voltage between
the tip and Pt bottom electrode at heightDZ in the second pass.

FIG. 2. X-ray diffraction spectra of the PZT film showing a pure perovskite
phase with random orientation.

FIG. 3. Force–sample displacement curves measured~a! without ac voltage
and~b! with 1 V ac voltage between the tip and the Pt electrode. The sample
displaces towards the tip along curveA–B–C8–C and away from the tip
along curve D–D8–E–F–A.Pull-off force at pointE is related to separation
of the tip from the sample. The curves with thin and thick solid lines stand
for 0 and 200 nm stays of the tip at position C–D.
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repulsive force is reduced as the surface of the sample con-
tinues to retreat from the tip, and subsequently becomes at-
tractive from point D8. The maximum attractive force on the
sample upon retraction~point E!, called pull-off force, is
much larger than that when it approaches~point B!. The
curve jumped from E to F, when the tip and sample were
disconnected.

Figure 3~b! shows the curve of force and sample dis-
placement, which is obtained by applying 1 V ac voltage on
the PZT film. Compared with Fig. 3~a!, the ac voltage causes
attractive force at a long distance~line A–B that deviates
from 0 force! and increases the attractive force at point B and
the pull-off force at point E.

The deviation of the D–D8 line from the C–C8 line in
Fig. 3 cannot be explained properly so far. Possible reasons
are the inelastic response of the tip–sample system, and the
hysteresis and creep of the piezoelectric ceramics which are
in the scanner to move the sample.11,12 In the present experi-
ment, we find that the intensity of the deviation also relates
to the stay time between points C and D. Figure 4 shows the
curve of the stay time between points C and D versus the
deviation of point D8 from point C8 in Fig. 3~b!. Deviation
occurs even for a 0 msstay. When the stay time changes
from 0 to 300 ms, the deviation is almost double. The curves
with thick solid lines in Fig. 3 were obtained with 200 ms
stay between points C and D while the curve with the thin
solid line in Fig. 3~b! is obtained with 0 ms stay. The stay
time between points C and D also affects the pull-off force,
as shown in the Fig. 3~b!.

The topography and PEI images with the various sample
displacementDZ are shown in Fig. 5. The scales beside the
bar on the right of Fig. 5 show the signal contract. Figures
5~a! and 5~b! give the topography and the PEI image, respec-
tively, at the setpoint (DZ50). Positively and negatively
poled areas can be seen clearly in Fig. 5~b!. PEI images at
sample displacementDZ of 25, 45, and 65 and up to 165 nm
are similar to that in Fig. 5~b!. Figures 5~c! and 5~d! are PEI
images at sample displacement heights of 185 and 205 nm,
respectively. The PEI images are gradually lost along the
scan line direction, theY axis, with an increase in sample
displacement. If the scan direction in the second pass were
reversed, the dark line in Figs. 5~c! and 5~d! would also
overturn, indicating that the PEI image disappears during
scanning. The PEI image totally disappears at sample dis-

FIG. 4. Stay time at the position to change the direction of sample displace-
ment vs deviation of point D8 from point C8 in Fig. 3~b!.

FIG. 5. Topography and PEI images at different sample displacementDZ: ~a! topography,~b! PEI image atDZ50, ~c! PEI image atDZ5185 nm, and~d!
PEI image atDZ5205 nm. The scales beside the bar on the right of~a!–~d! show the signal contract.
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placement of more than 220 nm. The intensity of theA cosu
signal at each scan point can be read from the PEI image.
The mean of the intensity ofA cosu on 110, 210, and 0 V
areas are calculated usingSOLVER P47Hsoftware, and is plot-
ted according to sample displacement~0–185 nm! in
Fig. 6.

IV. DISCUSSION

A. Effects of ac voltage on static and pull-off forces

The ac voltage increases the attractive force at long
distances5,13 and the pull-off force~Fig. 3!. The static force
Fstatic on a tip in noncontact mode@A–B line in Fig. 3~b!#
can be caused by electric fields, according to

Fstatic5klever3zstatic52
]C

2]z F ~Vdc2VC!22
Vac

2

2 G , ~1!

wherezstatic is the static displacement of a tip;C is the elec-
tric capacitance between the tip–cantilever system and the Pt
bottom electrode;z is the distance between the tip and the Pt
electrode;klever is the force constant of the cantilever~equal
to 3 N/m!; Vdc andVac are the dc~equal to 0! and ac~equal
to 1! voltages applied on the tip, respectively;VC is the
difference in potential between the tip–cantilever system and
the sample. From Eq.~1!, the static force is always attractive,
which is shown as the deviation in line A–B from the hori-
zontal line in Fig. 3~b!.

The force required to separate the tip and sample sur-
faces is known as pull-off force. The magnitude of the force
depends on the area of contact and the nature of the attractive
forces holding the surface together. These forces include van
der Waals, capillary or electrostatic force.14 For a nonde-
formable solid sample in ambient atmosphere, the pull-off
force in Fig. 3~a! can be expressed as

Fpull off5Fvan der Waals1Fcapillary, ~2!

whereFvan der Waalsis the van der Waals force, which can be
evaluated at point B in Fig. 3~a!; Fcapillary is the capillary
force due to the meniscus force exerted by a thin layer of
water vapor adsorbed on the sample surface.15 Fpull off for

AFM operation in ambient atmosphere can be typically by
increased two orders of magnitude compared with liquid
conditions,14 suggestingFpull off is mainly dominated by
Fcapillary.

Fpull off in Fig. 3~b! is larger than that in Fig. 3~a!, which
can be expressed as

Fpull off5Fvan der Waals1Fcapillary1Fstatic, ~3!

Fstatic can be evaluated by Eq.~1!. The attractive forces at
point B in Figs. 3~a! and 3~b! are 3 and 64 nN, respectively,
showing that 1 V ac voltage can cause an increase of 61 nN
in static force. According to Eq.~3!, Fpull off in Fig. 3~b! can
be evaluated fromFpull off in Fig. 3~a! ~137 nN! plus the force
at point B in Fig. 3~b! ~64 nN! as 200 nN, which is close to
the value of 230 nN at point E in Fig. 3~b!.

B. Effects of the movable electrode on the PEI image

From Fig. 5, the whole PEI image can be seen up to
sample displacement of 165 nm. The PEI images can still be
seen partially in Figs. 5~c! and 5~d! with an increase in
sample displacement up to 205 nm. Sample displacement of
165, 185, and 205 nm is shown by dotted lines in Fig. 3~b!.
The stay time between points C and D in Fig. 3~b! can also
affect Fpull off . The positions ofFpull off in Fig. 3~b! at the
curve with 0 ms stay~thin line! and at the curve with 200 ms
stay ~thick line! are atDZ5161 and 196 nm, respectively.
Based on the scanning rate of 19 800 nm/s in the present
experiment, the time to scan one line in the first pass is about
180 ms. In the other words, the difference in time between
the topography and PEI image is 180 ms at the same posi-
tion. Time is also needed for moving the tip from the end of
the first pass to the beginning of the second pass. Part of the
PEI image disappears at sample displacement of 185–205
nm @see Figs. 5~c! and 5~d!#, which is close to the position
(DZ5196 nm) ofFpull off on the thick line curve. This im-
plies that the interval of time between two passes may affect
the critical value of sample displacement, at which time the
PEI image disappears. From analysis of Fig. 3~b!, the PEI
image can be obtained if the tip touches the sample.

The A cosu signal in piezo-response mode during AFM
measurement relates to the ac field-induced strain,d33 ac-
cording to5

A cosu52
]C/]z

klever
~Vdc2VC!Vac6d33Vac. ~4!

The electrically induced strain for piezoelectric materials is
usually measured under compressive stress. From Fig. 6, the
A cosu signal on the110 V poling area is significantly
larger that in the210 V poling area under repulsive force.
Similar asymmetry has been reported in the measurement of
d33 on SrBi2Ta2O9 thin film by AFM7 and on PZT film with
top and bottom electrodes by the traditional method.16 This
asymmetry was interpreted in terms of the effective clamping
of some domains in preferential orientations leading tod33

offset17 or in terms of residual stress between the substrate
and the thin layers,16 which results in the different movabil-
ity of the non-180° domain wall at the positive and negative
poling areas. When the repulsive force on the surface of the

FIG. 6. Mean of the intensity of theA cosu signal at positive, negative and
no-poling areas vs sample displacement, showing thatA cosu signals are
asymmetrical under repulsive force and nearly symmetrical under attractive
force.
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sample is removed (DZ.120 nm), theA cosu signals in the
110 V poling area are reduced about 22% and the asymme-
try of A cosu signals is significantly reduced. If the 0 V
curve in Fig. 6 is offset, the signal of external stress on the
sample applied by the AFM tip significantly influences the
A cosu asymmetry. External stress may result in the redistri-
bution of residual stress in the film and change movement of
non-180° domain walls.

Generally,A cosu signals in both poling areas are re-
duced with an increase inDZ. The stresssz on the sample
during operation of piezo-response mode can be estimated
according tosz5F/pr 2, whereF is the force in Fig. 3~b!
and r is the radius of the 35 nm curvature of the tip. The
maximum value of repulsivesz that we obtained is 47 MPa.
When the stress changes from repulsive 47 MPa to zero, then
to attractive 60 MPa, the PEI signals are reduced by;24%
for positive poling areas, and by;16% for negative poling
areas.

Figures 7~a!–7~c! schematically illustrate PEI images
obtained under repulsive force, attractive force, and during
breaking of a water bridge as the sample displacement in-
creases. The PEI image in Fig. 5~b! at DZ50 was obtained
under repulsive force of about 180 nN@see Fig. 3~b!#. From
curves C8–C–D–D8 in Fig. 3~b!, it can be seen that the force
on the surface of the sample is repulsive when the sample
displacement is less than 120 nm, which is illustrated in Fig.
7~a!. When sample displacement is increased from 120 nm,
attractive force develops, as illustrated in Fig. 7~b!. The tip is
pulled down about 75 nm at the pull-off point, which pro-
duces maximum attractive force of 230 nN. Some dark lines
occur at the end of scan lines in PEI images as a water bridge
broke with the increase in sample displacements up to 185
and 205 nm@Figs. 5~c! and 5~d!#, as illustrated in Fig. 7~c!.
A cosu signals significantly change at the moment a water
bridge breaks, which can be explained by the parameters in
Eq. ~4!. Returning the tip from the pull-off position to a
balanced position causes a change ofz of 75 nm. The electric

capacitanceC and the difference in potentialVC are also
different in contact and noncontact modes.5

V. CONCLUSIONS

~1! An ac voltage between the tip and the PZT bottom elec-
trode increases attractive and pull-off forces. The stay
time before the change in direction of sample displace-
ment also affects the position of pull-off force.

~2! PEI images are obtained if the tip touches the sample.
Whole PEI images can be formed under either repulsive
or attractive force between the tip and the sample. PEI
images are partially obtained when the tip separates from
the sample during scanning. The PEI image disappears
as the tip is disconnected from the sample.

~3! A cosu signals in positive and negative poling areas are
asymmetrical under repulsive force and nearly sym-
metrical under attractive force. When stress on the film
changes from repulsive 47 to attractive 60 MPa, the PEI
signals are reduced by about 28% for positive poling
areas, and by 16% for negative poling areas.
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