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1.6
Review of Ferroelectric Domain
Imaging by Piezoresponse
Force Microscopy

A. L. KHOLKIN, S. V. KALININ, A. ROELOFS, AND A. GRUVERMAN

This chapter describes the principles, theoretical background, recent develop­
ments, and applications of a local probe-based technique for nondestructive high­
resolution ferroelectric domain imaging and manipulation-piezoresponse force
microscopy (PFM). This technique has proven to be a powerful tool for the char­
acterization of ferroelectric thin films, ceramics, and single crystals. Recent ad­
vances in application of PFM for studying a mechanism of polarization reversal
at the nanoscale, domain dynamics, degradation effects, and size-dependent phe­
nomena in ferroelectrics are reviewed in detail. Examples of using PFM for the
characterization of various polar materials such as ferroelectric films, piezoelectric
semiconductors, and ferroelectric relaxors are given.

1 Introduction

Ferroelectric materials attract significant attention because they have a number of
applications in electronic devices. One of the main features of ferroelectrics is the
presence of two or more thermodynamically equivalent switchable polarization
states, which can be employed in nonvolatile random access memory (FeRAM)
devices and for high-density data storage. FeRAM is one of the most promis­
ing and advanced nonvolatile memory technologies in use today. It offers such
benefits as high reading and writing speed, low power consumption, high en­
durance, and better scalability than other nonvolatile memories [1]. For FeRAM
to become high-volume, mainstream devices competitive with other types of non­
volatile memories, two major goals must be accomplished. First is the ability to
manufacture at a high level ofdevice integration (i.e., memory density in the gigabit
range at least), where the constituent ferroelectric capacitors should be reduced to
submicron dimensions. Second, it is necessary to ensure that the FeRAM devices
of these dimensions can achieve the necessary performance, reliability, and life­
time requirements. This necessitates that several fundamental issues be addressed,
including the effects of film thickness and lateral size of the ferroelectric capac­
itor on ferroelectric properties such as remanent polarization and coercive field.
Also, of fundamental interest is the relationship between the capacitor size and the
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174 A. L. Kholkin el aI.

mechanism of degradation effects such as retention, imprint and polarization loss
during operation (fatigue).

To answer these questions. one has to probe ferroelectric domain configurations
and local propel1ies at micro- and nanometer scales. since the investigation of
domain structure and its evolution during polarization reversal provides full and
direct infonnation on the sUtic and dynamic propel1ies of ferroelectrics. Scanning
probe microscopy (SPM) offers several different possibilities to reveal infonna·
tion on the domain configurations of ferroelectric thin films and single crystals.
Several reviews of SPM-based methods for characterization of ferroelectric do­
mains are available in the literature [2.3J. A difference in mechanical, structural.
electrochemical, dielectric, and piezoelectric properties of opposite ferroelectric
domains may provide distinct domain contmst in the SPM COlllact mode. In the
noncontact regime. domains can be visualized by detecting surface polarization
charge and surface potential.

Currently, the most widely used SPM method for imaging domain structure of
ferroelectric surfaces is piezoresponse force microscopy (PFM) 14-10). based on
monitoring piezoelectric surface displacements induced by the eleclrically biased
probing lip. This method was introduced in 1992 by Guethner and Dransfeld 1111
10 detect polarized regions in ferroelectric copolymer films and, soon after that.
proved to be the most effective approach for the nanoscale study and control of fer­
roelectricdomains in bulk crystals and thin films [12.13]. Figure I illustrates PFM's
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FIGURE I. Schematic illustration of PFM capabilities in nanoscale characterization of fer­
roelectrics. (See also Plale 2 in the Color Plate Section.)
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FIGURE 2. PFM experimental setup for simultaneous acquisition of topography and vertical
and lateral polarization components. A function generator is used to apply an ac voltage
Vw between the tip and the bottom electrode. The voltage-induced cantilever deflection
is detected by a reflected laser beam on a four quadrant photodiode. The two signals:
(a + c) - (b + d) and (a + b) - (c + d) are demodulated with two lock-in's representing
the in- and out-of-plane signals, respectively. The average force on the cantilever during the
scanning process is kept constant by a feedback loop.

capabilities for obtaining information on the nanoscale properties of static domain
configurations, domain switching behavior, slow relaxation processes, and local
hysteresis spectroscopy. In this chapter, we summarize the basic principles ofPFM,
show what kind of information can be obtained from PFM experiments, delineate
the limitations of PFM signal interpretation relevant to quantitative imaging, and
review recent advances in PFM with respect to nanoscale ferroelectric research
and applications.

2 Principle of PFM

2.1 Experimental Setup

The standard experimental PFM setup is usually based on a commercial scanning
probe microscope equipped with a four-quadrant photo detector, a conductive
probing tip, a function generator, and two lock-in amplifiers (as illustrated in
Figure 2).

A ferroelectric sample under investigation is placed between the bottom elec­
trode and the conductive PFM tip, serving as a movable top electrode. The most
frequently used probes are either metal-coated silicon probes with conducting
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coatings (Pt!lr, WC2, Au, Rh) or highly doped silicon cantilevers. Measurements
are carried out in the contact mode and allow information On the out-of-plane
component of electromechanical surface response-i.e., normal to the film plane
(vertical PFM, or VPFM), as well as on the in-plane component via the frictional
forces (lateral PFM, or LPFM) [14], to be obtained. Application of an ac electric
bias to the probing tip results in a sample surface oscillation due to the converse
piezoelectric effect. Electronic feedback (that maintains the "average" force On
the cantilever constant) facilitates accurate tracking of the surface motion by us­
ing the lock-in technique with simultaneous recording of the surface topography.
The effect of the Maxwell stress (capacitive forces) compared to the piezoelectric
response (electromechanical forces) is discussed in the following section. Typical
operation frequencies for VPFM vary from 1-3 kHz to 2-5 MHz, as limited by the
bandwidth of optical detector. In LPFM, the transduction of signal from surface
to the tip necessitates operation in the 1-30 kHz range.

Note that, in order to prevent attenuation of the out-of-plane piezoelectric re­
sponse signal, the feedback loop has to operate at a frequency lower than the
frequency (j) of the applied voltage Vw. This provides the possibility to sepa­
rate the PFM signal from the topographical information. To avoid the cross-talk
between piezoelectric deformation and topographic image, a low pass filter is typ­
ically put in front of the feedback. At the same time, high operating frequency
ensures sufficient sampling of each image point.

In terms of exciting the piezoelectric vibration of the sample, there are two ma­
jor approaches in PFM. In a local excitation approach, the vibration is generated
locally by applying a modulation voltage between the bottom electrode and the
conductive SPM tip which scanS the bare surface of the film without a deposited
top electrode (Figure 3(a)). An advantage of this approach is the possibility of es­
tablishing correlations between domain configurations and film microstructure. In
addition, this method can be used for nanoscale domain control via highly localized
polarization reversal and direct investigation of domain wall interaction with mi­
crostructural features, such as defects and grain boundaries, for local spectroscopy
measurements, and for the investigation of electrical and mechanical coupling
between adjacent grains. Furthermore, this approach offers extremely high reso­
lution, potentially allowing for the investigation of the microscopic mechanism of
the domain wall motion.

Note that the electric field generated by the SPM tip in this configuration is
highly inhomogeneous, which makes quantitative analysis of the field- induced
signal extremely difficult. In other words, PFM measurements in the sample with­
out the extended top electrode collect signal only from a surface layer of an un­
known thickness that is a function ofdielectric permittivity and contact conditions. 1

This effect has been understood by directly comparing PFM images taken on epi­
taxial PZT thin films containing a-domains with a cross-sectional TEM image

1 Only when the diameter of the tip-sample contact area is of the same order of magnitude
as the film thickness can the field be treated as approximately homogeneous. This is valid
for standard cantilevers and films with the thicknesses below ~20 nm.



1.6. Review of Ferroelectric Domain Imaging by Piezoresponse Force Microscopy 177

(a) (b)

t

FIGURE 3. Local (a) and integral (b) methods of excitation in PFM.

[15]. It was found that the a-domain width observed in the PFM measurement
complies with the a-domain width near the surface determined from the TEM
image. This proves that the PFM measurement is not integrating over the whole
film thickness but images the polarization only several nanometers below the
surface.

In a global excitation approach, domain structure can be visualized through the
top electrode of a ferroelectric capacitor (although at the expense of lower lat­
eral resolution). In this case, the piezoelectric vibration is generated in a film
region underneath the deposited top electrode which is much larger that the
tip-sample contact area. The modulation voltage can be applied either by us­
ing an external wire attached to the top electrode or, in the case of a microm­
eter size electrode, directly through the conductive SPM tip. As in the former
case, the piezoelectric displacement is probed locally by the SPM tip (Figure
3(b)). In such a configuration, a homogeneous electric field is generated through­
out the ferroelectric film, which allows quantitative treatment of domain wall
dynamics and investigation of polarization reversal mechanism in ferroelectric
capacitors. Due to the reduced time constant, fast pulse switching and transient
current measurements can be accomplished in submicron capacitors, thus making
PFM suitable for ferroelectric memory device testing. Hereafter, to distinguish
between samples without and with top electrodes we will refer to the latter as
"capacitors."

2.2 Elementary Theory ofPFM

Even though the PFM technique was introduced more than ten years ago, the
quantitative analysis of PFM measurements is still under debate [16-20]. The
three major issues involved in PFM contrast formation mechanism are (i) voltage­
dependent contact mechanics of piezoelectric material that determines the PFM
signal, (ii) dynamic properties of the cantilever and transduction mechanism be­
tween the electromechanical response of the surface and electrostatic forces and
resulting vertical and lateral PFM signal, and (iii) electroelastic field distribution in
the material that determines resolution, domain switching behavior, and hysteresis
loop acquisition mechanism.

Luo et al. [21] have found that the piezoelectric (1st harmonics) signal of fer­
roelectric triglycine sulfate does not diverge at the phase transition but gradually
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decreases, following the same trend as the spontaneous polarization. From this
fact the authors concluded that the signal was dominated by the capacitive forces,
rather than by electromechanical ones, since the electromechanical signal was
expected to be proportional to the relevant piezoelectric coefficient that should
strongly increase in the vicinity of the phase transition. The influence of the ca­
pacitive force was further supported by the finite vibration amplitude measured on
non-ferroelectric surfaces [22]. On the other hand, the ability to detect the in-plane
piezoelectric signal, the absence of PFM signal attenuation due to charge screen­
ing, and the possibility of domain imaging in ferroelectric capacitors through the
top electrode are all indicative of a strong contribution of the electromechanical
forces to the observed PFM contrast.

As such, taking both the electromechanical response and the long-range capac­
itive forces into account, we can present the total response of a cantilever in a
contact with ferroelectric in a form: A = A piezo + A cap + Ant, where Apiezo repre­
sents the electromechanical response of the surface due to converse piezoelectric
effect, A cap is the contribution due to the electrostatic force between tip and sam­
ple, and Ant is the contribution due to non-local electrostatic force between the
cantilever and the sample. Typically, when the domain size is much smaller than
the cantilever length, non-local interaction results only in a constant background
(offset) that can be easily subtracted from PFM image data.

In order to get reliable piezoelectric response data, one has to maximize the
electromechanical contribution and to minimize the electrostatic one. One of the
most serious problems affecting the electromechanical signal is an interfacial layer
(dielectric gap) between the PFM tip and the ferroelectric surface [23] due to either
sample surface contamination or oxidation of the Si probe. To get a good electrical
contact between the tip and the sample surface one has to clean the surface of the
ferroelectric by thermal treatment prior the scanning process (heating in vacuum
at 200°C removes water, CO, and C02 [24]) and to use metal-coated instead of
doped silicon cantilevers. Tip-sample contact force is also an important factor
that determines the efficiency of PFM imaging. To overcome the contact problem,
Kalinin and Bonnell [8] suggested to use stiff cantilevers (spring constant k > 1
N/m) and apply high contact forces (on the order of 10 to 1,000 nN depending on the
tip radius and the thickness of the dielectric gap). However, this should be used with
caution since at high contact forces the direct piezoelectric effect may counteract
with the converse piezoelectric effect and additional effects such as higher-order
ferroic switching [25] or stress-induced suppression of piezoelectricity [26,27]
related to the phase transition under the high mechanical stress exerted by the tip
[28]. This makes the analysis of the PFM measurements more complex. In the
following, we will briefly analyze the forces acting on the tip while applying a
voltage.

2.2.1 Capacitive forces

The system comprising the conducting tip in a contact with the dielectric surface
represents a capacitor. Therefore, an external voltage applied between the tip and
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the counter electrode results in an additional (capacitive or Maxwell) force that
can be, in general, determined by the following equation:

dWeap 1 zdC
Feap = -- = -v -,

dz 2 dz

where Weap = VZC /2 is the energy stored in the capacitor C and z is the vertical
distance. It follows that, if a combination of the dc and ac voltages (V = Vdc +
Vw cos wt) is applied between the tip and the counter-electrode, the capacitive
forces will consist of a static force F 0, a force oscillating at a driving frequency
w(Fw = Vde VwdC/dz) and a force Fzw appearing at a frequency 2w. These forces
can be essential even in contact mode [18] and must be compared with other forces,
including the electromechanical one due to electric field-induced deformation of
the sample.

The total capacitance C of the sample-cantilever system can be written as the
sum of the capacitance of the cantilever (Ceant ) and the capacitance of the tip
(Clip)' The former gives rise to so-called nonlocal contribution to the capacitive
force because of the macroscopic dimensions of the cantilever. The capacitance
of the cantilever can be estimated by using the analytical expression derived by
Prome et al. [29]:

dCeant Eode ( 1 1)
~ = tana he - L e tan a + he '

where de is the width and L e is the length of the cantilever. he and a are the gap and
the angle between the cantilever and the sample surface, respectively. Equation 2
describes the non-local electrostatic force contribution Fnl of the cantilever to the
PFM signal and can result in a signal offset appearing at 1st harmonics (frequency
w? The typical value of the dc force for nonlocal capacitive contribution (standard
Si cantilevers, L e = 450 !-lm, de = 50 !-lm) estimated using Eq. (2) is quite small
('"'-'0.1 uN) and can be neglected for many practical cases.

In addition to capacitive forces, Coulomb attractive forces between the tip and
the charged ferroelectric surface can be observed in PFM experiments (Hong et al.
[30]). This force can be estimated by using an equation:

uCV
Feoal = --,

2Eo

where u is the surface-bound charge density and V is the voltage applied to
the sample. Surface polarization charges giving rise to electrostatic interaction
are screened by the absorbed charges of the opposite sign and thus are nor­
mally smaller than the electromechanical forces for many practical applications.
For the typical polarization charge of 1 !-lC/cmz, tip radius ~40 nm, and bias
voltage of V ~ 1 V, the corresponding force can be estimated in the range of
fewnN.

2 Note that the PFM signal is monitored at a driving frequency w.
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We should finally note that the major attractive forces between the tip and the
sample surface are adhesion forces due to Van der Waals interaction. Rabe et al.
[31] reported values of 50-500 oN for different types of cantilevers in contact
with dielectric and metallic surfaces. This proved that the dominant forces in
the PFM measurements should be both adhesive forces and strong short-range
repulsive forces Frep • These forces compel the cantilever to follow the motion of
the ferroelectric surface caused by the converse piezoelectric effect with Coulomb
interaction playing only a minor role.

2.2.2 Electromechanical Forces

Applying an electric field between a cantilever and a dielectric material leads
to capacitive forces as discussed above. A piezoelectric material will provide an
additional response to an applied ac electric field due to the converse piezoelectric
and electrostrictive effects. For a homogeneously polarized (in the z- direction),
stress-free ferroelectric material, its vertical (Z) displacement can be expressed as
follows:

~z = d33 V + M
m V 2

,
t

where V is the applied voltage, t is the sample thickness, and d 33 and M 333 are the
piezoelectric and electrostrictive constants, respectively. The second term in Eq.
(4) is typically much smaller than the first one in a polarized state. [32] Under the
external voltage V = Vdc + V", cos(wt) the surface displacement will consist of a
dc component (that cannot be measured with a lock-in), and the signals at first and
second harmonics:

(5)

(6)
1 2 M 333

~Z2", = -V",--.
2 t

The sign ofthe converse piezoelectric signal (first term in Eq. (5» depends on the
relative orientation of the polarization and applied electric field. When a positive
voltage is applied to the PFM tip and the polarization is pointing at negative z­
direction (electric field is parallel to the spontaneous polarization), the sample will
expand, thus pushing up the cantilever and allowing measurements of d33 (Figure
4(a». In this case, a positive sign is attributed to the displacement ~z. As we
apply an alternating voltage, this means that the electric field and the piezoelectric
signal are in phase. These measurements are referred to as out-oj-plane (or vertical
PFM) measurements. If the polarization points at the positive z-direction, the
applied electric field will be antiparallel to the spontaneous polarization, causing
the ferroelectric to contract with the consequent lowering of the cantilever (Figure
4(b». The electric field and the piezoresponse signal are shifted in phase by 180°.
Additionally, ferroelectric grain may contract in the film plane, which is caused
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by the transverse piezoelectric coefficient d31 •
3 The electrostrictive effect does

not depend on the polarization direction: it causes only a constant background
but does not influence the detection of the polarization orientation. As was already
mentioned, the electrostrictive term is typically much smaller that the piezoelectric
one and vanishes when no dc field is applied to the sample. Thus it can be concluded
that the VPFM measurements enable one to deduce the polarization direction of
the individual domain or grain with a nanometer resolution.

Similarly, the direction of the polarization for the in-plane polarized ferroelectric
grain can be deduced via a relevant (shear) piezoelectric coefficient (Figure 4(c),
(d)). In this case, the applied electric field causes a shear deformation of the
grain, which is transferred via the friction forces to the torsional movement of
the cantilever. These measurements will be further denoted as in-plane (or lateral
PFM, or LPFM) measurements.

Figure 4(e) shows a grain with the polarization aligned in the x-z-plane. In this
case, the applied field will cause both vertical as well as torsional movement of
the cantilever. A strong in-plane and a weak out-of-plane signal will indicate that
the polarization has only a small component of the polarization pointing into the
z-direction (Pz ) and is mainly aligned in the film plane. Due to the cantilever asym­
metry, polarization in the y-direction Py can only be recorded by physically rotating
the sample by 90° along the z-axis and repeating the in-plane measurement. By
acquiring all three components of the piezoresponse signal, it is possible to per­
form at least semiquantitative reconstruction of polarization orientation. However,
precise orientation of polarization can be calculated only if all the components
of the piezoelectric tensor are known. The first attempt to relate the amplitude
of the piezoresponse signal to the orientation of the ferroelectric polarization has
been undertaken by Harnagea et al. [33], and detailed formalism has been later
developed by Kalinin et al. [34].

2.2.3 Calibration of the PPM

The PPM can be calibrated by using a commercially available x-cut4 quartz. The
textbook value of its piezoelectric coefficient d ll = -2.3 pmN means that the
application of a bias of I V to the major faces of an x-cut quarts leads to a con­
traction of 2.3 pm along the x-direction. To measure the converse piezoelectric
effect, gold electrodes are deposited onto both sides of the crystal. Afterwards, the

3 This effect could lead to a torsional movement of the cantilever in the case when extended
top electrodes are used and the cantilever is not positioned in the center of the grain. This
would make the analysis of the three-dimensional polarization distribution more compli­
cated or even impossible, whereas using the tip as a movable top electrode will only cause
a symmetrical contraction of the ferroelectric around the tip and consequently causing no
torsional movement. The in-plane and out-of-plane measurements will thus exhibit almost
no crosstalk.
4 When a plane parallel plate is cut from a single crystal, the term cut is used to indicate the
direction of the normal to the major faces. Thus in the case of x-cut the normal to its major
faces is parallel to the x -axis of the crystal.
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FIGURE 5. Calibration of PFM carried out with the aid of an x-cut quartz plate. (a) Mea­
surement of the quartz plate in a double-beam laser interferometer to check the value of
the piezoelectric coefficient d ll. (b) Measurement of the lock-in output in PFM. The PFM
signal is interrelated to the known dilation of the quartz sample.

quality of the crystal is checked by perfonning converse piezoelectric measure­
ments by using a sensitive displacement meter, for example, a double-beam laser
interferometer (Figure 5(a)). Then the crystal is placed on the AFM stage and the
lock-in output of the PPM is measured as a function of the applied voltage (at a
fixed frequency) calibrating it to a known dilation of the quartz (Figure 5(b)). For
accurate quantitative measurements, the PPM calibration is repeated for each new
mounted cantilever, as the lock-in output is sensitive to the laser alignment and the
exact cantilever parameters.

3 Nanoscale Domain Switching and PFM Spectroscopy

PFM provides a unique opportunity for direct studies of the domain structure evo­
lution under an external electric field, which cannot be matched by previously
available techniques. A conductive probing tip can be used not only for domain
visualization but also for modification of the initial domain structure. Application
of a small dc voltage between the tip and bottom electrode generates an electric
field of several hundred kilovolts per centimeter, which is higher than the coercive
voltage of most ferroelectrics, thus inducing local polarization reversal. An appli­
cation of the positive or negative dc bias to the tip can induce 1800 polarization
switching, orienting polarization upward or downward. Thus, created domains can
be imaged using PPM, which, therefore, provides both "storage" and "read-out"
capabilities. Given that the width of domain walls in ferroelectrics is typically very
small (on the order of 1-3 unit cells), this ferroelectric recording [35] potentially
allows extremely high data storage density [36,37], well above that achievable by
conventional magnetic recording. In fact, 40-nm bit size had been demonstrated
as early as 2002 by Tybell et al. [36], while a similar level was achieved using
thennomagnetic recording by Wickramasinghe group only in 2004 [38]. By the
end of 2005, Cho et al. [39] had demonstrated 8-nm bit size corresponding to 10
TBit/inch2 storage density. These considerations have resulted in significant inter­
est to ferroelectric data storage from major industrial corporations, and the review
of the current state of the field is provided by Hong and Park in Chapter IY.6.
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Other important applications, such as domain engineering for electrooptical de­
vices, have also emerged [40]. A further extension of this approach is based on the
fact that surface chemical reactivity of ferroelectric materials in, e.g., acid dissolu­
tion processes is strongly polarization-dependent [41]. Recently, similar behavior
was observed for metal photodeposition [42]. The combination of polarization­
dependent chemical reactivity and domain patterning gives rise to ferroelectric
lithography-a novel approach for nanoscale structure fabrication [43--45]. See
also Chapter IVA by Bonnell, Lei, and Li in this book.

3.1 Thermodynamics ofDomain Switching

Applications of PFM for high-density data storage and ferroelectric lithography
necessitate studies of both thermodynamics and kinetics of the switching process.
The first analysis of the thermodynamics of domain switching in PFM capturing
the essential features of this process including finite nucleation bias was given by
Abplanalp [20]. The closed-form solution (Molotskii model) for domain switching
in the point charge approximation was given by Molotskii et al. [46,47]. The
thermodynamics of domain switching using rigorously derived [48] electroelastic
fields was given by Kalinin et al. [49]. Subsequently, the analysis of this problem
was further elaborated by Morozovska and Eliseev [50] and by Emelyanov [51].
In all cases, it was realized that the spatial extent of the field produced by the tip
is finite; therefore, the switching will be limited to a small volume of material. For
point-charge type models with charge located on or below the ferroelectric surface,
the field in the vicinity of the tip is infinite and domain nucleation is induced at
arbitrarily small biases [47,52]. In the models including finite tip-surface separation
or based on realistic field geometries [47,49-51,53], the finite nucleation bias is
predicted (Figure 6). Below, we analyze the thermodynamics of domain switching
in a more detail.

r

...............................

" ~ ," :,
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FIGURE 6. (a) Domain geometry during tip-induced switching. (b) Free energy as a function
ofthe lateral domain size. Dashed line, in a uniform electric field; solid line, in a tip-induced
electric field.
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The driving force for the 1800 polarization switching process in ferroelectrics
is due to change in the bulk free energy density [20,25]:

(7)

where Pi, Ei , X IL , and dilL' are the components of the polarization, electric
field, stress and piezoelectric constants tensor, respectively, i = 1, 2, 3, and
f.-L = 1, ... , 6. The first and second terms in Eq. (7) describe ferroelectric and
ferroelectroelastic switching, respectively. For materials such as LiNb03 and lead
zirconate-titanate (PZT), the signs of the corresponding free energy terms are
opposite and the polarities of the domains formed by ferroelectric and ferroelec­
troelastic switching are opposite, thus providing an approach to distinguish these
switching mechanisms.

The free energy of the nucleating domain is

(8)

where the first term is the change in bulk free energy, tJ.Gbu1k = f tJ.gbulkdV, the
second term is the domain wall energy, and the third term is the depolarization field
energy. In the Landauer model of switching, the domain shape is approximated as
a half-ellipsoid with the small and large axes equal to rd and id , correspondingly
(Figure 6(a)). The domain wall contribution to the free energy in this geometry
is tJ.Gwall = brdid' where b = awalln2/2 and aWall is the direction-independent
domain wall energy. The depolarization energy contribution is tJ. Gdep = crdlid,
where

_ 4n Ps
2

[ (2id /¥!;11 ) ]c--- In - - -1
3811 rd 833

(9)

has only a weak dependence on the domain geometry [54].
In the uniform field case, the free energy surface (as a function of id, rd)

has a saddle point character and the domain grows indefinitely once the criti­
cal size corresponding to activation barrier for nucleation Ea is reached [55].
The critical domain size and activation energy for nucleation can be obtained
from minimization of Eq. (9) as re = 0.83bla, ie = 1.86bc1

/ 2a-3/2, and E a =
0.5l8b3cl/2a-S/2, where a = 4n Ps EI3. For typical ferroelectric materials such
as BaTi03 (a = 7 mJ/m2

, Ps = 0.26 C/m2
, 811 = 2000,833 = 120 [41]) in the

uniform field E = lOS Vim the corresponding values are Ea = 2.4 . lOS eVand
ie = l6.4lJ-m, re = 0.264lJ-m. Thus,forrelativelyweakfieldscorrespondingtoex­
perimental coercive fields, homogeneous domain nucleation is impossible, which
explains why in typical ferroelectric materials domain nucleation occurs on the
surface or at interface defects.

The opposite is true for the tip-induced switching, when the small radius of
curvature of the tip results in large (106_109 Vim) electric fields localized at the tip
apex. The corresponding domain free energy can be determined from electroelastic
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field distribution generated by the PFM tip as

ld r(z)

IlGbulk = f Ilgbu1kCr)dV = 2IT f dz f Ilgbu1k(r, z)rdr, (10)

v 0 0

where r(z) = rd,/l - Z2/ 12d. The analysis of the switching process can be greatly
simplified in the point charge model [46,47] applicable if domain sizes Id, rd »
R, a, where R is the tip radius and a is the contact radius and provided that the
singularity at the origin is weak enough to ensure convergence of the integral in Eq.
(10). For ferroelectric switching induced by a point charge qs located on the surface,
the integral in Eq. (10) can be taken analytically and IlGbu1k = drdld/(ld + yrd),
where d = 2Psqs/(80 + J811833) and y = J833/81l. In this case, domain size and
energy are re = 0.342d2/3(bc)-I/3, Ie = 0.2d/b, and Em = -0.205d5/ 3(bc)-1/3
[46, 47]. The activation energy for domain nucleation in this approximation is
zero, due to the infinite field at the origin. This analysis predicts that domain shape
in the switching process follows the invariant relation r;/I; = b/ c.

The applicability of the point-charge approximation to the thermodynamics of
domain switching on the large length scales is limited by the contribution of the
electrostatic fields produced by the conical part ofthe tip, which decay much slower
than that produced by the point charge. At smaller length scales comparable to the
tip radius of curvature, the thermodynamics of switching process requires an exact
electroelastic field structure to be taken into account. The evolution of a free energy
surface for macroscopic switching in a uniform field (lOs Vim) and point charge
field are shown in Figure 7(a), (b). Free energy surfaces for several point-charge
magnitudes and h = 10 nm are shown in Figure 7(c-e). For qa = 100 e-, the
free energy is positive for allld, rd and a domain does not form. For qa = 200e­
the free energy surface develops a kink. Finally, for qa = 400 e- the free energy
minimum corresponding to a stable domain and a saddle point corresponding to the
activation energy for nucleation are clearly seen. Finally, the free energy surface
for a tip radius R = 50 nm and bias V = 5 V in the weak indentation regime
is shown in Figure 7(f). Note that domain nucleation requires certain threshold
bias of the ot order of 0.1-1 V, corresponding to nonzero activation energy for
nucleation (of order of "'-'kT) [49].

In the last several years, a number of reports have become available on high­
order ferroic switching in PFM [5,25]. Due to the rapid decay of corresponding
e1ectroelastic fields, the use ofEq. (13) in point-charge/force approximation results
in singularity in the contact area, necessitating exact electroelastic field structure
to be taken into account. Using rigorous electroelastic solutions, it was shown [48]
that for higher-order ferroic switching (e.g., ferroelectroelastic), the domain size is
limited by the tip-sample contact area, thus allowing precise control ofdomain size.

3.2 Time-Dependent Measurements in PFM

Applications of ferroelectric domain patterning for data storage, electrooptical de­
vices, and ferroelectric lithography necessitate fundamental studies of the domain
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FIGURE 7. 1be frIX energy surface for domain switching in (a) uniform electric ficld and
(b) field produced by a poin! charge on the surface and (~) above lhe surface. Relevant
parameters arc given in the texl. (0 TIle free energy surface for a realistic rip shape. Ploued
is the logarithm of lhe absolule value of Ihe energy in eV. Solid lines separate regions of
opposite signs, indicated by the plus and minus signs. Saddle points (0) and local minima
(.) are shown. Reprinted with pennission from [491. Copyright 2005. American Institute
of Physics.

switching process. including thennodynamics and kinetics of domain nucleation.
growth, and relaxation. Although the high spatial resolution of PPM provides a
unique opportunity for investigation of domain dynamics in thin films. its poor
time resolution. which is detennined by the time required for image acquisition
(at the scan rate of2 Hz and image resolution of 256 x 256 pixels. it takes about
2 min to acquire an image). makes the in situ measurements of domain dynam­
ics during fast switching processes difficult. While PFM can be readily used to
investigate slow polari7.ation relaxation processes with characteristic times on the
order of minutes and above. it is a great challenge to deduce the mechanism of
ferroelectric domain transfonnation when polarization reversal occurs in a mailer
of microseconds and faster.

This problem can be partly circumvented by studying domain dynamics in a
quasi-static regime using a so-<al1ed step-by-step switching approach developed
and applied 10 PFM (see. e.g.• [4 J). In this approach, partial reversal of polariz.ation
is generated by applying a voltage pulse shorter than the time required for full

switching but with the pulse amplitude fixed above threshold voltage. By applying
a sequence of such short pulses of incrementally increasing duration with PPM
domain imaging after each pulse. a consistent piclure of domain dynamics can
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FlGURE 8. Sequence of PFM images of PZT film showing a sidewise growth of a domain
in the center of the image. The growth is induced by application of 5 V voltage pulses of
increasing duration to the same spot by a fixed probing tip. (a) Original domain strm:ture;
(b-d) domain images aflt:r application of voltage pulses. Pulse duration: (b) 0.25 s, (c)
0.5 s, (d) I s. Reprinted with permission from [2J. Copyright 2004, American Scientific
Publishers.

be obtained. This approach can provide infonnation on the domain wall velocity.
its spatial anisotropy, and its field dependence. To avoid data misinterpretation
due to spontaneous back-switching between the pulses, stability of the produced
intenncdiate patterns should be checked by acquiring domain images at different
time intervals after single pulse application.

An example of this approach is illustrated in Figure 8, which shows a sequence
of piezoresponse images of a growing domain in Pb(Zr,Ti)03 (PZT) films. Based
on the contrasl of the growing domain, it is assumed that the domain fully extends
through the film thickness after the first pulse and funher growth occurs via the
sidewise expansion only. The diameter of the smallest stable domain produced
by the firsl voltage pulse of 5 V varied from 20 nm to 40 nm. Since the electric
field generated by a probing tip quickly decreases with distance, the rate ofdomain
growth, after fast initial expansion, slows down umilthe domain stops growing. To
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FlGURE 9. TIle dcpendence of the domain size on the switching time in Pb(ZrO.2T'll.S)OJ
fi lms of29 nm thick. Insets show the corresponding images ofscanned domains. Reproduced
with pennission frum [361. Copyright 2002, American Physical Society.

describe the sidewise expansion of the domain, it is necessary to take into account
the field dependence of the domain wall velocity and the spatial distribution of the
electric field generated by the probing tip.

In the step-by-step approach, the time resolution is detennined by the pulse
length increment. which can be in the nanosecond range. This is panicularly im­
portant from the viewpoint of studying domain switching dynamics in thin-film
ferroelectric capacitors used in memory devices where the switching time is tytr­
ically below 100 ns. In this case. the time resolution will also depend on the rise
time of the input pulse generated by the voltage source and on the size of the
capacitor, i.e. its RC-time constant (56.57).

3.2.1 Domain Growth During Tip-Induced Switching

1be measurement of the size of switched. domains versus the magnitude of applied
voltage and time can give us insight into the mechanism of polarization switching
in ferroelectric films. Although the PFM measurements are quite slow. it is possible
to distinguish between different mechanisms that control the propagation of the
domain wall in such a complex object as ferroelectric thin film with defects. Tybell
et al. 1361 by studying the time dependence of the si7,,{~ of switched domains by PFM
tip could assign the motion of the domain wall to the creep mechanism. Figure
9 presents some of their results along with the images of switched domains in
Pb(ZrO.2Tio.lI)03 epitaxial films prepared by magnetron sputtering on SrTi03:Nb
substrates that simultaneously served as a bottom electrode.

1llese measurements allowed calculations of the domain wall velocity as a
function ofthe electric field. Within the limitationofthe simple point-charge model,
the results showed that even in a high-quality thin ferroelectric film the domain wall
motion is limited by the creep mechanism with the critical exponent close to unity.
In the subsequent work of the same group [58) these results were confirmed by the
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FIGURE 10. PFM (a) amplitude and (b) phase images of ferroel«:tric domains fabricated
by IO-ms voltage pulses of different amplitudes in LiNb03single crystals. Reprinted with
pennission from (59]. Copyright 2005, American Institute of Physics.

measurements of roughness of the domain walls, however, the critical exponent
was found to be less than unity. Pinning defects limited domain wall propagation
could not be identified in this work, however, the intrinsic pinning mechanism was
ruled out. The results are useful for the development of high.density data storage
devices.

In another work, Rodriguez et a1. [59] studied domain switching kinetics in
stoichiometric LiNbO) single crystals by applying the voltage pulses of different
amplitudes and durations over 5 orders of magnitude. The minimum size of the
created domains was much larger than in the case of thin PZT films, and the
mechanism of domain wall motion in this case was found to be different. Figure
10 demonstrates the written domains patterns obtained with poling under different
voltages.

The domain wall velocity was calculated as a function of the domain radius
and local electric field using distribution function defined by a charge sphere
model. It was shown that at sufficienliy large domain sizes, the motion of the
domain wall is the electric-field activated process, while for the small sizcs it is
not activated since the applied electric field is much greater than the coercive field.
The domain wall velocity v was satisfaclorily fined to a simple equation V(r) (J(

exp[~CJ./E(r + ro)], thus confirming the time-dependent switching results. Here
CJ. is the activation field and ro is the fitting parameter. It was interpreted as the
domain radius at which an activated process begins. As expected. ro increases wilh
increasing applied voltage reaching 110 nm under 100 V. Along with the width of
the domain wall, high values of ro may limit the use of LiNbO) single crystals for
dense data storage.

3.2.2 Domain Dynamics in Capacitor Configuration

The PFM technique also allows investigation of the domain dynamics in a "nor­
mal," i.e" plane capacitor situation, where the electric field distribution is ho­
mogeneous across the thickness of the ferroelectric layer. In this case, the PFM
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FlGURE II. PFM phase and amplitude images of instanlaneous domain configurations de­
veloping in the 3 x 31! m2 PZT capacitor at different stages of polarization reversal under
a 1.1 V bias. Reprinted with pcnnission from [60]. Copyright 2004. American Inslitute of
Physics.

results can be directly compared with the switching data obtained by conventional
measurements. Direct studies of domain dynamics during polarization reversal in
l80-nm-thick PZT capacitors have been perfonned by Gruvennan et al.l60] (Fig­
ure II). These results have been used toelucidate the switching mechanism in PZT
capacitors. It has been shown that at low voltages a Kolmogorov-Avmmi-Ishibashi
mechanism 1611 is applicable, while at longer times the broad distribution of the
relaxation times should be taken into account. Thus, the PFM method can be used
for direct experimental verification of the existing theoretical models of switching
in a broad range of the switching times.

3.2.3 Domain relaxation

Along with the study of the mechanisms of the domain nucleation and growth,
the PFM method is also applicable to the investigation of domain relaxation, i.e.,
the process always accompanying depolari7.ation. The stability of the polarization
state created by the external voltage is a prerequisite for the realization of SPM­
based ferroelectric memories. since it directly controls retention time of the stored
bits. In addition, polarization relaxation is imponant for the understanding of ag~
ing phenomena in piezoelectric ceramics. The advantage of PFM as compared to
macroscopic measurements of depolarization is that it allows understanding this
effect locally rather than by the averaging over many backswitching events. Unfor­
tunately, the lime resolution of PFM measurements is significantly smaller than in
macroscopic measurements preventing studying initial stages of polarization loss.

Several studies have been recently perfonned on the relaxation phenomena by
PFM. Despite these effons, there is still a lack of reliable data On most of ferro­
electric materials useful in device applications, including the time dependence of
the retention loss in ferroelectric films. While some authors reponed a log-linear
dependence of the polarization relaxation in PZT films [62], other groups deduced
a stretched exponential dependence [63} in the same material. Moreover, polar­
i7.ation relaxation has been found to differ in epitaxial films, where a spontaneous



192 A. L. Kholkin et at.

FIGURE 12. Retention loss in P'£f(20180) film on LSCO(fiN/Si measured after poling
with 6 V applied for 0.2 s. (a) Topographic image with cross indicating poling point, (b)
as·grown domain structure. (c) domains immediately after poling, and (d-l) evolution of
domain structure aflcr 4. 90, and 140 min after poling. Reprinted with pennission from [41.
Copyright 1998, Annual Reviews.

nucleation of 180" domain walls on existing twin boundaries has been found to
modify the relaxation process. (91 In this case, it was possible to use a modified
Avrami-Kolmogorov k.inetics (61) for the description of depolarization process
in ferroelectric thin films. Figure 12 illustrates the polarization loss in PZT films
studied by PFM [4]. A voltage pulse of 6 V was applied for 0.2 s in the center of
the middle grain and dynamics of domain relaxation was observed during subse­
quent scanning. As can be seen the domain relaxation proceeds mainly through
the sidewise motion of the domain walls.

It has been found that the domain walls measured in dynamics appear much
thicker than in static conditions. This is a natural result caused by the intrinsic dis­
advantage of PFM: slow scan rate. From a quantitative analysis of domain images.
it follows that the domain wall slows down with time, giving rise to a familiar loga~
rithmic dependence ofthe fraction of reversed domains: P(t) = Po - m log(t / to)'

As usual, the log time dependence suggests a broad distribution of relaxation times
in polycrystalline ferroeleclric films. Note that the shape of the shrinking domain
becomes irregular due to the spatial variation of domain wall velocity. PFM re·
tention measurements in SBT films [64J were found (0 be highly asymmetric, i.e.,
the application of positive voltage pulses gave much better stability of domain
structure a<; compared to negative ooes. Such asymmetric retention (called gener­
ally an imprint) was found also in macroscopic measurements. On the other hand,
the same SST films grown 00 RU02 electrodes showed no sign of polarization
retention, irrespectively of the sign of applied voltage. Based on these experi­
ments. Gruvennan and Tanaka (64J developed a qualitative model of polarization
retention in SST-type materials.
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FIGURE 13. (a-f) Relaxation of the domains in epitaxial PZT films after poling during
scanning. Arrows indicate the direclion of the velocity of moving wall in areas with high
curvature. Faceting is shown in the final stage ofdomain relaxation (dotted lines). Reprinted
with permission from 1651. Copyright 2001, American Physical Society.

In another experiment [65], the authors studied the polari7.lltion relaxation via
PFM in epitaxial PbZrO.2Tio.sOJ films on LSCOelectrodes. These films were found
to have a large number 0£90" domains (twins) that strongly contributed to domain
wall relaxation. Figure 13 gives an example of local depolarization process in such
films.

The essential feature of such relaxation observed after poling under scanning
with a dc bias applied to the tip is that the back·switching mainly starts near
the existing 900 domain wall and propagates with a velocity that depend~ on the
curvature of domain wall. In the final stage of domain relaxation, faceting of the
domain wall is seen that is a result of slowing down the relaxation along certain
crystallographic directions. Investigation of the relaxation of such domain walls
opens up new horizons for the understanding domain-waH propagation in such
complicated objects as anisotropic ferroelectrics with defects.

3.3 Local Piezoelectric Hysteresis Loops

Along with the sequental polarization switching perfonned with a series of volt­
age pulses applied to the lip followed by consequent imaging, PFM can be used
in a spectroscopy mode when the measurements are done on a fixed tip position
(local d3J acquisition) under a dc voltage swept in the cyclic manner. This de­
pendence of the local piezoelectric vibration on applied bias is referred to as a



194 A. L Kholkin et al.

--
FICiURF. 14. Sctup to measure Ihe piezoelectric hysteresis loop with the PFM. Two function
generatorll and a summation amplifier are used to superimpose the PFM imaging voltage
VI(wl) to the slow triangle voltage V2(W2). The in-plane and out-of-plane signals from lhe
PFM are ploued in an oscilloscope verllus the switching voltage V1 to obtain the piezoeleclric
hysteresis loops.

pie-.loeleclric hysteresis loop. If perfonned on a macroscopic scale. this loop cor­
responds to a weak-field piezoelectric coefficient tuned by a continuously varying
bias field. According to a linearized elecuostriction equation. the piezoeleclric
coefficient can be often expressed as dll = 2Q£33 Pl. where Q is the longitudinal
electrostriction coefficient and E)) and Pl are the corresponding dielectric constant
and spontaneous polarization values. 1berefoTC, the d)) variation reflects polariza­
tion switching with corresponding lUning of the dielectric permittivity £(E) and
polarization P(E), which both affect piezoelectric coefficient [66). Piezoelecuic
hysteresis loops are indeed very useful for the identification of the switching mech­
anism and ferroelectric degradation both in thin film [67) and bulk ferroelectrics
[68). It should be stressed that at the nanoscale level the shape of piezoelecuic
loops is different [69J. reflecting different physical mechanisms involved. Mea­
surements of local hysteresis loops are of great importance in inhomogeneous or
polycrystalline ferroelectrics because they are able to quantify polarization switch­
ing on a scale significantly smaller than the grain si7..e or inhomogeneity variation
(typically few tens of om).

Figure 14 depicts a typical setup to measure the piezoelectric hysteresis loop
by PFM. [n addition to the conventional PFM configuration (Figure 2). a second
function generator. a summing amplifier. and an oscilloscope are needed. The first
function generator provides the PFM imaging voltage VI (wd. and the second func­
tion generator supplies the switching voltage V2(W2)S. Adding Ihese two signals

, Here a saw voltage variation is used 10 initiale switching. as this is lhe standard wavefonn
for macroscopic hysteresis ITlC'dSuremenlS.
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results in a slowly varying switching voltage (W2 »mHz) with the superimposed
PFM imaging voltage (WI> 10-20 kHz). Feeding the lock-in output of the PFM
into an oscilloscope (y-axis) and using the switching voltage V2 as the x-axis in­
put, the piezoelectric hysteresis loop can be recorded. Acquiring both signals, the
in-plane and the out-of-plane, enables one to obtain two complementary hysteresis
loops describing the evolution of the piezoresponse signal upon switching.

Macroscopically, the switching occurs via the nucleation and growth of a large
number of reverse domains in the situation where the applied electric field is
uniform. Therefore, the d33 hysteresis reflects the switching averaged over en­
tire sample under the electrode. In PFM experimental conditions, as discussed in
section 3.1, the electric field is strongly localized and inhomogeneous, therefore,
the polarization switching starts with the nucleation of a single domain just un­
der the tip [70]. When the applied dc bias increases, this newly formed domain
elongates to the bottom electrode, simultaneously expanding in lateral dimensions
until reaching an equilibrium size, which depends on the value ofmaximim applied
voltage.

The shape of the local piezohysteresis measured by PFM can be understood by
scanning the area adjucent to the tip in-between the voltage increments, provided
no significant relaxation occurs. In addition, useful information on the propagation
of domain walls in ferroelectrics can be obtained. An example of the vizualization
of the piezoelectric hysteresis in polycrystalline PZT films prepared by sol-gel
is shown in Figure 15 [71]. The measurements were done by the setup shown in
Figure 14, but the switching voltage was periodically interrupted for scanning. The
images are shown near the corresponding points of the hysteresis loop.

It is seen that the sudden contrast change (arrow at V*) corresponds to the
appearance of the stable inverse domain. Thus nucleation voltage V* ~ 11 V can
be considered as an analog of the coercive voltage in local measurements rather
than the voltage where d33 = O. A rapid increase of d33 with increasing Vdc is
explained by the forward and lateral growth of the nucleated domain, progressively
contributing to the PPM signal. When the size of the inverse domain is much
greater than the penetration depth of the weak ac field, the tip senses only a fully
polarized area with aligned polarization and d33 is well saturated. Figure 15 also
illustrates the propagation of domain wall in polycrystalline ferroelectrics where
local inhomogeneities and stresses make the domain boundary strongly irregular.

It is instructive to compare local piezoelectric hysteresis with that obtained
in macroscopic configuration (homogeneous electric field). Figure 16 represents
macroscopic d33 loop (measured by laser interferometry as a deflection of metal
electrode of macroscopic dimensions under the same combination of dc and ac
voltages) in comparison with the local one for PbZr0.45 Tio.55G3 films prepared
by sol-gel method [69]. Local d33 is given in arbitrary units as the calibration
procedure (described in section 2.2.3) has not been performed.

This result demonstrates that both the shape ofthe loop and values of the coercive
voltage are strongly affected by the measurement conditions. A notable decrease
of the piezoresponse after saturation in the case of local measurements is caused
by much greater depolarizing field in PFM conditions due to the influence oflow-
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FIGURE 15. PFM hysteresis loop of thick PZT films prepared by sol-gcl. The insclS (scan
size 1 \-UTl) show the sUllic domain struCtulU oblained by scanning with the ac voltage of
lhc amplitude of I V in the corresponding poinls of the hysleresis (adapled from (71 J).
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FIGURE 16. Comparison of macroscopic (inlerferomeuy) and local piezoeleclric hysteresis
loops measured by PFM (adapted from (691).

dielectric-eonstant layer on the surface. On the other hand, the "'coercive voltage"
(zeroing ofdn) is much smaller in macroscopic conditions illusuating ilS different
physical meaning.

1be crystallographic orientation dependence of hysteresis loop was studied by
Kalinin et al. [70). Comparison of the film surface topography (Figure 17(3»
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FIGURE 17. Sample surface lopography (a). vertical (b). and laleral (c) PFM signal of SBT
thin film. Vertical (a) and laleral (b) piezoelectric hysteresis loops for selecled grains. For
darilY, venicalloops are shown only for grains 1,2, and 3. Reprinled with pennisston from
(701). Copyright 2005, American Institute of Physics.

with vertical (Figure l7(b» and lateral (Figure 17(c») PFM images (VPFM and
LPFM, respectively) suggests that 1I10st grains exist in a single domain state. Grains
that exhibit strong VPFM contrast also have distinctive hysteresis loops (Figure
17(d», indicative of a large out-of-plane polarization component. For grain 3,
the VPFM hysteresis loop is linear, indicative of a non-ferroelectric nature of
lhe grain or purely in-plane polarization cOlTeSponding to (001) orientation 172).
Complementary LPFM hysteresis loops of individual grains are shown in Figure
2(e). Unlike the vertical PFM hysteresis loops, lateral loops can be oriented in born
directions depending on the in-plane polarization orientation with respect to the
cantilever axis. This results in higher variability of the LPFM loops. Comparison
of the angular dependence of piczoresponse signal and coercive bias suggests that
for the off-axis orientation of the grains the response decreases and coercive bias
increases, as can be expected from simple energy arguments. In the limiting case of
the (00 I)-oriented grain piezoresponse and coercive bias become zero and infinity,
respectively.

The analysis ofthe hysteresis loop shape can be perfonned in the thcnnooynamic
(70,731 and kinetic limits (74). In the thennooynamic case. the domian size is equal
10 lhe thennooynamically limited size as analyzed in section 3.1. In the k.inetic
limit. the domain size is limited by the velocity of the forward and lateral growth
of the domain walls.
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Domain switching in the thermodynamic limit can be analyzed using the point­
charge model developed by Molotskii [47]. The electric field of the tip is approxi­
mated by the point charge on the smaple surface, coinciding with strong indentaiton
limit [75]. In this case, the length of domain I (perpendicular to the free surface of
a ferroelectric) is proportional to the applied voltage:

1= dl5b, (11)

where b = awauJT: 2 /2 and d = do Vdc = 2Ps Cc Vdc!(80 + -J8ll833). awall is the di­
rection - independent domain wall energy, Ps is the polarization, and .JEll E33 is the
dielectric constant of the material. If we consider an intermediate situation (new
domain does not reach bottom electrode), the measured piezoresponse will consist
of two contributions having opposite sign: from the newly formed domain and
from the remaining nonswitched part of the rest of the sample using a ID model
[76]. The shape of the hysteresis loop in PFM is given by PR = dejf{V(O) - 2V(I)},

where V(O) is the potential at the surface and V(l) is the potential at the domain
boundary below the tip, and dejf is the effective electromechanical response of the
material [48]. It follows that the measured local piezoelectric coefficient equals
zero not under the coercive voltage as in macroscopic conditions but simply when
the contribution from the top domain cancels out the contribution of unswitched
area [V(O) = 2V(I)].

In the strong indentation regime, potential decays inversely with distance as
V (I) = fJ V (O)aI I, in which fJ is a proportionality coefficient on the order of unity
reflecting the field distribution in the material, I is the distance from the center
of the contact area, and a is the contact radius. In the strong indentation limit,
the capacitance of the tip-surface junction is Cc ~ 4a-J811 833, thus yielding do ~
8a Ps . It follows that the tail of a single branch of the hysteresis response can be
simply described by Equation:

(12)

In this thermodynamic limit, the shape of the hysteresis loop is determined solely
by the domain wall energy and spontaneous polarization. Note that in the com­
plete absence of pinning, the thermodynamic model suggests that the hysteresis
will proceed along the solid line in Figure 18(a), i.e., the process is reversible
and the domain should grow and shrink instantaneously in response to tip bias
(Figure 18 (c)). However, if a weak pinning is included in the model, the ac­
tual domain wall boundary will lag behind that predicted by Eq. (12), and nu­
cleation of a new domain will dominate the hysteresis loop, as illustrated in
Figure 18(d). The saturation and remanent responses in this approximation are
equal, and the onset of switching corresponds to the domain nucleation below
the tip (V/ = Vc- = 0 in the point charge limit when the field below tip is
infinite).

From Eq. (12), the magnitude of the coercive bias can be derived as V+ = V- =
5fJawallJT: 2/8Ps and for BaTi03 (a = 7mJ/m2, Ps = 0.26 C/m2) [74] the estimated
coercive bias is V+ = 0.166 V (for fJ = 1). Note that while Eqs. (11) and (12) are
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FIGURE 18. (a) Electromechanical hysteresis loop in the no pinning (solid line) and weak
pinning (dotted line) limits. (b) Hysteresis loop (solid line) in the thennodynamic and kinetic
(dotted line) limil~. Forward and reverse coercive voltages. V+ and V-, nucleation voltages,
V/ and V<-. and forward and reverse saturoltion and remanent responses. R+, R- . Rt. and
R;. are shown. The effective work of switching A, is defined as the area below the loop.
The imprint bias and maximum switchable polarization are defined as 1m = (V+ + V-)/2
and R", = Rt - R;, correspondingly. (c) Schematic representation of domain growth for
the thennodynamic model without pinning and (d) with pinning. The numbers correspond
to points on the hysteresis curve in (a). Arrows indicate domain orientation.

derived in the ID approximation, in the general case, the effective piezoresponse
is zero for some fixed domain size, lair, for which the response from the nascent
domain below the tip and the surrounding material are compensating each other,
giving rise to similar behavior.

However, the thermodynamic analysis ignores the effects related to the finite ve­
locity ofthe domain wall required to explain time dependences in section 3.2. In this
kinetically limited process, the hysteresis loop broadens compared to thermody­
namic case (Figure 18(b». Experimentally, domain switching in ferroelectric ma­
terials has been shown to follow the phenomenological dependence reV, I) = k V
1m, and domain wall velocity is thus f = kJ V / r, where k. is the kinetic constant
relaled to the pinning strength in the material [59). Note that, while the kinetic
data was obtained for the lateral domain size, the time dependences for vertical
and lateral sizes can be expected to be commensurate.

In Ihe spectroscopic PFM measurements, the envelope of the tip bias is ramped
linearly with time, V = ht. Hence, f = k.b and r = k.bt = k. V. Therefore, the
domain size is independent of the ramp velocity and is detennined by the pinning
strength of the material alone. Thus, we recover the functional fonn of Eq. (12),
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which provides a robust description of hysteresis loop shape. The coercive bias is
now y+ = Y- = 2fJa/ ks , and is controlled by the pinning in the material.

With extension of this analysis to the experimental data, it is possible to an­
alyze additional factors affecting the loop shape. Hysteresis loop broadening
can occur due to imperfect tip-surface contact, i.e., dielectric gap, resulting in
the attenuation of effective surface potential, Y (0) = a Ytip [23]. This gap effect
will also result in the decrease of electromechanical response, P R = deff/ a. For
frequency-independent dielectric constant of the gap, Cdc = cw, the product of co­
ercive bias and saturated electromechanical response is independent of the gap
effect, R+Y+ = const(a). Thus, the area within the hysteresis loop (rather than
loop width) provides a robust measure of the pinning strength in the material. The
electrostatic and electrostrictive contributions to the PFM signal are conservative
(for linear elastic material) and do not contribute to the area within the loop. Thus,
the measure of energy losses during switching and pinning strength in the material
are all included in the loop area. Also, from the simplified Eq. (12) we can find
that the tilt of the measured hysteresis loop is roughly proportional to the applied
dc voltage and spontaneous polarization Ps . The measurements of piezoelectric
hysteresis in PZT films of different compositions [73] confirmed that the slope
of PFM hysteresis is really a function of the Ps value, thus giving a possbility of
evaluating local ferroelectric properties.

Following progress continuous in hysteresis loop measurements by PFM, a
technique referred to as switching spectroscopy PFM (SS-PFM), was developed
recently by the ORNL group [77]. In SS-PFM, the local hysteresis loop is ac­
quired at each image point, yielding a 3D data array. The relevant switching char­
acteristics such as coercive biases, imprint, switchable polarization, and effective
work of switching as defined in Figure 19 are extracted and plotted as 2D maps.

FIGURE 19. (a) In SS-PFM, the local hysteresis loop is collected at each point on NxM
mesh. (b) The single-point probing waveform in SS-PFM and data acquisition sequence.
Forward and reverse coercive voltages, Vo+ and Vo-' nucleation voltages, vet and VeO ' and
forward and reverse saturation and remanent responses, Rt, Ro,R;, and R; , are shown.
The work of switching As is defined as the area within the loop. The imprint bias and
maximum switchable polarization are defined as 1m = (Vo+ + Vo-)/2 and Rm = R; - R;
correspondingly.
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The operation principle of SS-PFM and several imaging examples are shown in
Figure 20.

4 Applications of PFM

Since the middle of I99Os, the PFM method has been developed by several groups,
giving rise to an ever-increasing number of publications (>120 publications in
2004), This method is becoming the most popular tool in the science and technology
of ferroelectrics and is considered as a main instrument for gelling infonnalion on
ferroelectric properties at the nanoS(;ale. Below we briefly review recent activities
on nanoscale studies in various ferroelectric systems, focusing on the application
of PFM for solving fundamental and technological problems.

4, J Size Effects in Ferroelectrics

Recent advances in the science and technology of ferroelectrics have resulted in
ferroelectric materials and devices with nanostruclures with length scales on the
order of or less than several hundred nanometers [78]. Typical examples include,
but are nOI limiled to, thin films for dynamic random access memories. microac­
tuators and rf/microwave phase shifters, to name a few. Ferroelectrics have also
become a candidate gate-dielectric material for field effect transislOr applications
due to their high pennitlivily. As device dimensions are scaled down, a size range
is reached where ferroelectric materials show pronounced size effect. Size effects
in ferroelectries lead to a significant deviation from bulk properties, which is a con­
sequence of a size-driven instability in the polar phase followed by the suppression
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of ferroelectricity below a critical size. Research in this field has gained great mo­
mentum in recent years because of the importance of nanophase ferroelectrics in
an array of applications mentioned above. Concurrently, many phenomenological
and ab initio calculations have been directed to this area. However, until recently,
the experiments were limited to scattering techniques such as high-resolution TEM
or X-ray/neutron scattering. Direct techniques, such as PFM, are ideally suited for
the polarization detection in small objects such as ultrathin films and ferroelectric
nanostructures because the effective tip diameter can be as small as few nanometer.
Clearly, the assessment of size-governed evolution of the ferroelectric state can be
done by PFM under the influence of electric filed and mechanical forces. Recent
advances of using PFM for the size effect investigations are outlined below.

In general, size effects can be defined as changes of the material properties due to
the change of their geometrical dimensions. Keeping all parameters of the materials
constant, just shrinking its size can result in a variety of different characteristics.
Following parameters were found to change in ferroelectrics as their size decreases:
(i) reduction ofthe remanent polarization, dielectric permittivity, and, consequently
piezocoefficient; (ii) increasing coercive field; (iii) change in the domain structure;
(iv) lower phase transition temperature and smearing of the phase transition.

All these features can be, in principle, assessed by PFM if the measurements
are properly performed. Many theoretical approaches have been used to calculate
and to predict the critical size or thickness for ferroelectricity. For example, using
a mean-field Ginzburg-Landau approach, the free energy of the finite system,
including volume and surface terms, was calculated and minimized. [79]. These and
other calculations revealed a material-dependent critical thickness and correlation
volume below which ferroelectric is loosing its polar nature. Using this approach,
a critical thickness of 20 nm at room temperature has been predicted for PZT films.
However, recent ab initio calculations [80] were able to show that, with appropriate
boundary conditions, ferroelectricity can occur at the monolayer level.

Using the most advanced structuring techniques like electron-beam lithography,
e-beam direct writing, or focused-ion-beam etching, the smallest achievable fer­
roelectric structures were fabricated to study the intrinsic size effects. However,
the majority of reported size effects in the devices structured from thin films can
be attributed to a reduction of the in-plane strain and the influence of the structur­
ing method has to be taken into account, e.g., damage from etching, doping with
sputter ions, etc. A straightforward method to fabricate a ferroelectric capacitor
was introduced by Stanishevsky et al. [81], using focused-ion-beam equipment
to "cut out" the device from an electrode/ferroelectric/electrode heterostructure.
Different samples were prepared by varying the milling depth. To fabricate a ca­
pacitor structure, the multilayer was milled either to the ferroelectric layer (only
the top electrode was structured) or down to the bottom electrode. By optimizing
the process it was possible to achieve Pt/SBT/Pt capacitors of 100 x 100 nm2

and Pt/LSCO/PNZT/LSCO/Pt capacitors of 70 x 70 nm2 [82,83]. Even for the
smallest capacitors, no intrinsic size effects were detected by PFM. For capacitors
milled down to the bottom electrode a higher piezoelectric response was mea­
sured by PFM compared to capacitors where only the top-electrode was structured
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FIGURE 21. Piezoelectric hysteresis measured via PFM for PZT 50/50 film 200-nm thick.
Solid symbols are used for a patterned 500 x 500-nm capacitor, while open symbols denote
hysteresis for unpatterned film. Reprinted with permission from [82]. Copyright 1999,
American Institute of Physics.

(Figure 21). This result was correlated to the in-plane constraints in the continuous
film, rather than to intrinsic size effects. The hystereis loops obtained by PFM in
PZT capacitors of different dimensions. No change of the intrinsic properties were
detected except of the reduction due to clamping effect of the substrate. Similar
results were obtained by Blihlmann et al. [84]. They deposited an epitaxial PZT
thin film and used e-beam lithography to fabricate a Cr hard mask by means of a
lift-off process. Subsequent reactive ion etching (RIE) led to ferroelectric island
of sizes from 200 x 200 nm2 down to 100 x 100 nm2 . The piezoelectric response
showed a strong increase with decreasing feature size. They explained the increase
of the piezoelectric response by a decreasing fraction of a-domains for the PZT
islands, whereas the continuous film exhibited 15% of a-domains, which again is
correlated to different mechanical strain.

A direct electron-beam writing technique (EBDW) to achieve a submicron metal
pattern was introduced by Craighead and Schiavone [85]. First, an organometallic
polymer thin film was locally irradiated with an electron beam, rendering the
exposed area insoluble in an organic solvent. In a second step the unexposed areas
were removed with a solvent. A heating process is added to remove the organic
material and leave the metal pattern. Enhancing the EBDW method, Alexe et al.
[86] could fabricate SBT and PZT structures as small as 100 x 100 nm2 . The
coercive field was found to be size-independent. Contrary to the above-referenced
papers, the authors of [86] reported a decrease of the piezoelectric response with
decreasing size.

While studying size effects in devices structured from thin films, one of the
biggest challenges is to distinguish between effects caused by the fabrication
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method, i.e., damage or contamination of the surface layer of the ferroelectric
and the intrinsic size effects. The electron beam direct writing is an exceptional
method were no obvious damage or contamination is expected to occur. Never­
theless, like the other structuring methods, no intrinsic changes in the ferroelectric
properties can be observed down to the achievable device sizes.

Another technique frequently used to fabricate ferroelectric nanostructures is
self-assembly. In this case, less damage is expected, and the minimum feature
size can be as small as a few nanometer. Seifert et al. [87] and Fujisawa and
coworkers [88] studied the growth of ferroelectric thin films in the early stage of a
deposition process. The smallest PZT and PbTi03islands investigated by Fujisawa
were 80 nm in diameter and exhibited a clear piezoelectric hysteresis loop without
notable size effects.

Self-assembly approaches use the microstructural instability observed by Seifert
et al. for the epitaxial growth relationship between very thin PbTi03 films and
SrTi03 single crystalline substrates. It led to the formation of single-crystal is­
lands instead of continuous films [87]. The normally undesirable process was
adapted to silicon substrates with platinum bottom electrodes in a tailored way to
generate separated 3D nanograins [89]. In this way, highly diluted PbTi03 precur­
sor solutions were deposited onto pt(1l1)rri02/Si02/Si substrates, subsequently
pyrolized, and finally crystallized [91]. By controlling sol-gel procedure, i.e., the
concentration of the stock solution, different grain size and grain size distribu­
tions, ranging from 200 nm to about 10 nm in diameter and 20 nm down to 2 nm in
height were obtained. PFM measurements revealed an apparent dissappearance of
the contrast indicating possible size effect in grains finer than 20 nm. An example
of the PFM measurements on such structure is shown in Figure 22.

Although self-assembly methods have the advantage of being noninvasive, one
major drawback remains as the registration and size distribution of the deposited
nanograins is governed by thermodynamics and, therefore, is random. Based on
the fact that ultra-thin Ti02 seed layers promote the nucleation and growth of
(111) textured PZT films on (111) oriented platinized substrates, Schneller et al.
proposed a template technique to gain control on the arrangement of perovskite
structures in the nanoscale regime prepared by CSD [90]. The idea was to prepare
predefined nanosized Ti02 patterns onto a bottom electrode to act as seeds for the
subsequent deposition of PbTi03 or PZT. PFM measurements turned out to be
very useful for studying size effects in self-assembled films, too.

4.2 Imprint and Fatigue in FERAM Capacitors

As was shown above, the functioning of several ferroelectric devices is determined
by domain switching and reorientation. Therefore, the domain studies are of great
practical importance. This concerns mainly ferroelectric random access memo­
ries (FeRAM) in which domain studies are indispensable for the understanding
of mechanisms of polarization fatigue and imprint. Fatigue is defined as a loss of
switchable polarization under prolonged cycling with a strong ac or pulsed electric
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FtGURE 23. Simultaneously oblained <a) lopogrd.phic and <b) piezoresponse images of the
fatigued PZT/PI helerostructure. 1be bright square of I x I ~2. produced by moving lhe
PFM lip while applying a negalive 15 V dc voltage. represenlS a negalively polarized region.
Unswilchable crystallites appear as daB areas inside the while square region. Reproduced
with permission from (921. Copyrighl 1996. American Institute of Physics.

field was alleviated since PZT films were fatigued in real (FERAM) functioning
conditions. The image was taken in '·nonnal" PFM conditions (see Figure 3(a»
with the resolution limited only by the lip diameter.

4.3 Ferroelectric Relaxors by PFM

Recently, ferroelectric relaxor materials such as PbMgl/JNbv303 (PMN), PbZnI/J
N~/303 (PZN) and its solid solutions with Pbli03 became objects of increas­
ing interest due 10 their high dielectric and electromechanical properties. Ex­
ceptionally high electrostrictive and piezoelectric strain of relaxor materials is
especially attractive because of the absence of hysteresis. which is detrimental
to high-precision devices. It is widely accepted that unusual piezoelectric. ferro­
electric. and dielectric properties of relaxon; are detennined by the dynamics of
nanoscale polar clusters thai appear far above the temperature of the dielectric
maximum. These clusters may coarsen and coalesce at low temperatures, but nor­
mal ferroelectric domains may develop only after poling with a dc bias. PFM is
ideally suited for studying relaxors since the effective tip diameter can be as small
as the polarization cluster si7.e and the polarization value can be assessed through
d33. An example of the PFM study in PMN-O.2PT single crystals [941 is given in
Figure 24.

The coexistence of rhombohedral domains (elongated strips) with remnants of
polar clusters (small nanodomains embedded in between) is evident in this picture.
It also illustrates the fractal nature of micron-sized domains when disorder is
present. Nanodomains were shown 10 be important for the underslanding of giant
piezoelectric response in PZN-based materials {95]. In this work., nanodomains
were only observed in PZN-Q.045PT single crystals of certain crystallographic
orientations, where !he giant dB is found.
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FIGURE 24. Domain slruclUre in PMN-20%Pf single crystal illustmting a coexistence of
"nonnal" micron-sized domains wilh remnants of polar clusters appearing due to r,mdom
fields induced by B-site nonstoichiometry. The scan size is 5 x 5 ~m2. Reprinted with
pennission from [94]. Copyright 2004, American Physical Society.

In relaxor films the switching into the terroelectric state was found 10 be influ­
enced by the properties of the individual grains (due to their different orientation,
chemical composition, mechanical stress, etc.). Typical topography and piezoelec­
tric images of PMN-O.lPT films arc presented in Figure 25 196J.

o 5,00 ~M a 5,00 ~M

FIGURE 25. Topography (left) and piezoresponse image (right) of PMN-O.l Pf film pre­
pared by laser ablation. Reproduced with pennission from [961. Copyright 2002, American
Institute of Physics.
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The majority of the grains exhibit gray contrast (weak piezoelectric activity),
while others have relatively high d33 . It means that they are strongly polarized
without any bias. Only gray contrast is expected for the relaxor ferroelectric even
for the temperature below the dielectric maximum. However, strong dark contrast
in some grains suggests the existence of highly polarized material.

Those grains possess significant polarization without e~ternal bias, i.e. are self­
polarizated. Two conclusions were made: (i) self-polarization can be found at the
nanoscale, while it is hardly found in microscopic measurements; and (ii) since the
piezoelectricity in relaxors is possible only under the bias field, the distribution of
self-polarization represents also the distribution of internal field in these materials.
Thus, relaxor thin film on the microscopic level behaves as a nanocomposite, the
macroscopic response of which can be derived by the averaging of local responses
of the individual grains. Self-polarization was recently found in pure PMN films
[97], proving that self-polarization in relaxor films is not related to local com­
position inhomogneity due to fluctuations of PbTi03 content. Domain structure
in single-crystal and ceramic relaxors has been consequently studied by several
groups [98-100] proving that the PFM is a powerful tool for the investigation of
random polarization contrast due to disorder.

4.4 Study ofPiezoelectric Semiconductors by PFM

The piezoelectric character of III-nitride semiconductors yields a novel degree of
freedom in designing devices for modem micro- and nanoelectronic applications
[l01]. As such, measurement of the piezoelectric properties in these materials with
high spatial resolution is of primary importance for the design and performance
of GaN-based electronic and optoelectronic devices. It follows that the investi­
gation of the piezoelectric behavior of nitride thin films and heterostructures at
the nanoscale level is a prerequisite for determining how interfaces, dislocations,
stacking faults, and inversion domain boundaries can affect electrical properties.
It is known that in the wurzite phase GaN and other similar materials have suf­
ficiently high piezoelectric response depending on whether Ga or N terminates
the surface and on the quality of the material. The local piezoelectric coefficients
can be thus serve as a figure of merit for various applications. The lower values
of piezoelectric coefficients (d33 is much smaller than in PZT) can be counter­
acted by applying relatively high ac-voltage to the tip. No switching is expected
in piezoelectric semiconductors since they are not ferroelectric.

The example of the polarization imaging is shown in Figure 26 for GaN thin
films deposited either directly on sapphire substrate (N termination) or on the AIN
nucleation layer (Ga face) [102]. The film was deposited in such a way that both
terminations are seen on the image as bright and dark areas.

By imaging GaN with PFM it was possible to judge the quality of the interface
by measuring piezoelectric coefficients, since they are influenced by stress. It was
shown that the quality of the Ga-terminated surface is lower than that for N-face.
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FIGURE 26. (a) PFM phase image of a CaN-based lateral polarity heterostructure, (d) his­
togram of the PFM phase image. 1lle innennost 5 x 5 1IDl1 square is the Ca-face region.
1llere is a sharp contrast difference in the piezoresponse phase image, demonstrating inver­
sion in film polarity. 1lle magnitudes of the Ga- and N-face peaks correspond to the relative
areas of each region. Reprinted with pcnnission from 1102]. Copyright 2002, American
Institute of Physks.

5 Outlook

As shown above, during the past decade piezoelectric force microscopy has grown
from a mere imaging tool for domain visualization in ferroelectric materials to a
powetfultechnique for quantitative characterization and manipulation in polar ma­
terials at the nanoscale. PFM is currently being implemented in many commercial
systems (see, e.g., (1031) with a possibility of adding additional modes (imaging
mode. piezoelectric spectroscopy, hysteresis, etc). Recently demonstrated useful·
ness ofPFM for imaging of biological materials such as electromechanically active
proteins in calcified and connecting issues II 04] suggests a much broader range
of materials (other than ferroelectric) that can be invcstigated by this technique.
Below we will brie"y mention some new challenges offered by this increasingly
imponant measurement and manipulation technique.

The crucial pan of the PFM setup is the shape and material of the probe in
contact with the ferroelectric surface. In order to be used as a movable electrode,
the electrical and mechanical propenies of the probe as well as its shape should be
carefully controlled. Conventional probes (metal-coated or made from doped Si) all
suffer from metal peel-off, contamination with hydrocarbomues and other species
on the surface, and uncontrolled shape. Also, the resistivity of the doped Si probes
is not low enough for quantitative detennination of piezoelectric coefficients at the
nanoscale. Platinum (frequently used as a metal) causes electrochemical reactions
on the surface of ferroelectric oxides, thus resulting in deterioration of contrast
and loss of resolution. We envisage that the development of all-metal probes or
Si with implanted metal coatings will drastically increase the capabilities of PFM
allowing, for example, the measurements at high temperatures or in different en­
vironments. The resolution (detennined by the effective diameter or the probe)
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can be increased by using diamond tips with controlled shape and aspect ratio.
These new probes combined with the thorough control of the surface conditions
should drastically increase the performance of PFM with a potential of atomic
resolution.

Until now, the PFM was used mainly as a high-resolution imaging tool, but
the advantages of local polarization reversal have never been utilized except of
the few attempts to build SPM-based ferroelectric data storage systems [105].
With the continuing increase of the spatial resolution, PPM can be also used for
a new task: i.e., intentional creation of polar structures on the surface for assem­
bling various nanostructures via a so-called polarization-driven mechanism [106].
It has been long known that the chemical reactivity of ferroelectric surfaces de­
pend on the polarization direction (e.g., the dissolution in acids is always depend
whether positive or negative end of domain is etched). Recently, the combination
of polarization-dependent chemical reactivity and domain patterning gave rise to
a novel technology called ferroelectric lithography [106]. The advantage of this
lithography is that, depending on mechanism of adsorption, a variety of nanostruc­
tures can be, in principle, built. Further, local polarization patterning on the scale
of few nanometers can be used for the recognition of specific polar molecules and
groups of many biologically important materials, such as glycolipids or certain
proteins. Along with sub-nanometer resolution for probing biological materials
via piezoelectric or electrostrictive effects [104], it provides a powerful tool to
modem nanotechnology.
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