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BLSF(s) Bismuth layer-structured ferroelectric(s)
CSD Chemical solution deposition
EBDW Electron beam direct writing
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FeRAM Ferroelectric random access memory
PZT Pb(ZrxTi1-x)O3

PLD Pulsed laser deposition
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1.1.1.1. IntroductionIntroductionIntroductionIntroduction

Ferroelectric materials gradually enter into the design of microelectronic devices. The ability
to increase the packing density of the ferroelectric structures and thus the capabilities of the
device is primarily limited by the possibilities to manufacture very small structures in a
controlled way, but also by the fact that such tiny ferroelectric structures may not preserve
their macroscopic properties at this scale. Recently, the interest in finding a better alternative
for random access memories (RAMs) in personal computers has pointed towards non-volatile
ferroelectric RAMs (FeRAMs). The new devices should satisfy at least the present
requirements for dielectric RAMs (DRAMs), plus non-volatility, a property that will save both
energy and time, since the constant need of refreshing the memory state (as it is the case in
nowadays DRAMs) disappear. On the more practical side, time will also be saved, as the
lengthy transfer of information from the long-time mass storage devices to the dynamic
memory (such as the initial boot of a computer after switching on, for instance) will vanish as
well.

To compete with DRAMs, the lateral size of an individual non-volatile ferroelectric
memory cell should be in the mesoscopic range, i.e. less than 100 nm. It is therefore necessary
to understand and to control the processes that lead to a deterioration of the prospected
performance of ferroelectric structures having such a small size. Presently, however, the
understanding of the ferroelectric phenomena at these sizes is by far not complete and needs to
be improved, as it can also be seen from the numerous publications in this field during the last
decade.

Taking this into account, the scope of the research presented was to study ferroelectric
phenomena on a local scale for different materials in view of their prospective use in non-
volatile memories.

A summary of the fundamental elements of ferroelectric and piezoelectric phenomena
needed to understand the principle of the experimental technique and the interpretation of the
results is presented in Chapter 2.

Special attention has been paid to the description of the experimental technique used to
achieve the scope of the present work. The method used for the study of the local ferroelectric
behavior is the so-called “piezoresponse SFM”, a scanning probe technique based on the
converse piezoelectric effect that is present in all ferroelectric materials. This technique allows
both the detection and the modification of the ferroelectric state, using the same experimental
setup, with a resolution down to 10 nm.

As it is at the heart of the experimental setup, the operating principles of a scanning
force microscope (SFM) are reviewed in details in Chapter 3. A short review of the previous
experiments and SFM-methods to image ferroelectric domains is also provided in order to put
the problem in perspective and to demonstrate that the method chosen is the most suitable
under the given circumstances, namely the necessity of imaging and modifying the
ferroelectric state.
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A separate chapter (Chapter 4) is dedicated to an extensive discussion of the
possibilities that this technique provides to probe the local ferroelectric properties. For this
purpose a careful analysis of the signals involved in the measuring process was included into
Chapter 4. In particular, while various voltage modulated scanning force microscopy
techniques are gaining in popularity for ferroelectric imaging, they are usually restricted to
image displacements normal to the surface. By using the relatively new capability of imaging
shear displacements in SFM, the concept of in-plane domain imaging has been developed.
This mode enables to image displacements in the plane of the ferroelectric film surface, and
therefore to extend the capabilities of piezoresponse SFM to ferroelectric domains whose
polarization is oriented in the plane of the film.

The experimental results and a specific discussion of each of them are presented in
Chapter 5. First, the capabilities of the experimental system were tested using barium titanate
single crystals, whose properties are well known from the literature, both from macroscopic
and microscopic characterization. The good agreement between the local measurements of
single crystalline BaTiO3 by piezoresponse SFM and the known published properties is an
explicit confirmation of the correct operation of the setup, and therefore an overall validation
of the experimental method.

Using this setup, ferroelectricity was then locally investigated on a series of ferroelectric thin
films and structures of decreasing size:

1. First, continuous films of lead zirconate-titanate (PZT), one of the most frequently
used ferroelectric material for device applications, were investigated. The polycrystalline PZT
films consist of randomly oriented grains with sizes in the 100 nm to 600 nm range. The
thickness of the films is in the same range, viz. 200 nm up to 600 nm.

2. Then, Individual protruding grains of various bismuth layer structured ferroelectrics
(BLSFs) were investigated, a relatively new class of ferroelectric materials that feature a high
endurance to switching fatigue, and a complex and highly anisotropic layer structure similar to
that of the high-temperature superconductors. These materials are also called bismuth-layered
perovskites or sometimes Aurivillius phases (after Bengt Aurivillius, the Swedish scientist that
discovered and first studied them). These individual ferroelectric grains were part of epitaxial
films with a mixed orientation; i.e. they consisted of individual protruding non-c-oriented
grains embedded into a c-oriented matrix. The size of the non-c-oriented grains happens to be
in the mesoscopic range (hundreds of nanometers) and is therefore well suited for this study.
Also, due to the high anisotropy of the BLSFs, they provided a unique system to study the
effects of the anisotropy on the ferroelectric properties and the dependence of the latter on the
crystallographic orientation.

3. Finally, ordered periodic arrays of fine-grained individual ferroelectric structures
having lateral sizes ranging from 1 µm down to 100 nm, were investigated. On these ordered
arrays of mesoscopic structures, both fundamental problems, such as the possible
disappearance of ferroelectricity below a critical size and more generally the dependence of
the ferroelectric properties on the lateral size, as well as problems of high practical and
technical relevance, such as cross-talk between adjacent structures, were addressed.



1 Introduction

5

A more general discussion of the results obtained is provided in chapter 6, where
different problems common to all of them are presented. Since sizes of the smallest
mesoscopic structures investigated were approaching the experimental resolution limit, a
discussion of the limitations of the method as well as of potential improvements is also
included.
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2.2.2.2. Ferroelectricity and piezoelectricityFerroelectricity and piezoelectricityFerroelectricity and piezoelectricityFerroelectricity and piezoelectricity

2.1 General

Ferroelectrics are polar materials that possess at least two equilibrium orientations of the
spontaneous polarization vector in the absence of an external electric field, and in which the
polarization may be switched between those orientations by means of an electric field. The
electric displacement takes the form (using the Einstein summation convention):

iSjijiSjijiiii PEPEEPED +=++=+= εχεεε 000 Eq. 1
Eq. 1

where χij is tensor of the susceptibilities, εij is the linear dielectric tensor and P and PS are the
total and spontaneous ferroelectric polarization, respectively. Most ferroelectric materials
undergo a structural phase transition from a high-temperature nonferroelectric (or paraelectric)
phase into a low-temperature ferroelectric phase, of a lower crystal symmetry. The phase
transition temperature is usually called the Curie point (Tc). In most cases, the dielectric
constant above this temperature obeys the Curie-Weiss law: 1

0 )( −−= TTCε , where C is the
Curie constant and T0 the Curie temperature*.

Using a thermodynamic approach, it is possible to describe the important features of
ferroelectric materials without taking into account the microscopic mechanisms of
ferroelectricity. In this way, starting from the symmetry of the paraelectric phase**, it is
possible to deduce the stable ferroelectric phase(s), the possible orientations of the
polarization, and even to predict the possible orientations of domain walls inside the crystal in
the ferroelectric phase [1,2,3]. From the basic thermodynamic relations it follows that the stable
phase under a given set of independent variables is the one which minimizes the
corresponding free energy [4]. Expressions that relate dependent and independent variables
may be obtained using the usual thermodynamic formalism. Under isothermal conditions, with
the electric displacement D, the elastic stress X, and the temperature T as independent
variables, which is the situation in most of the experimental cases, the elastic Gibbs free
energy function should be used [3,5]:

iiijijijij dDEdXxSdTdGxXTSUDXTG +−−=−−= 11   and  ),,( Eq. 2
Eq. 2

For small changes in D, X and T, the elastic Gibbs free energy can be expanded into a
Taylor series around the equilibrium state G10(T) (in which D = 0, and X = 0), in terms of the
independent variables T, X and D. Usually, the elastic Gibbs free energy is expressed with
respect to the energy of the paraelectric state which is considered to be nonpolar, assuming
that the same analytical function describes both the paraelectric and ferroelectric phases [5].

                                                
* In the case of first order phase transitions the Curie point and the Curie temperature do not coincide. For more
details, see Ref. 5.
** If a paraelectric phase does not exist, the higher symmetry prototype (from which the ferroelectric modification is
derived) is used.
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Each of the partial derivatives of the elastic Gibbs free energy (coefficients in the Taylor
expansion) identifies a physical effect [6]. For instance, )/( 1

2
kijijk DXGg ∂∂∂=  is denominated

strain- or voltage-related piezoelectric coefficient. Also, coefficients in the Taylor expansion
transform as components of the associated tensor. For example, the piezoelectric coefficients
like gijk transform as third-rank tensors when changing the system of coordinates. In most
ferroelectric materials of interest the paraelectric phase is centrosymmetric, implying that all
coefficients associated with odd-rank tensors are zero. This significantly reduces the number
of terms that must be considered in Eq. 3. In the case of the elasto-electric coupling
(piezoelectric effects), this means that all the piezoelectric coefficients derived from the linear
terms (as gijk above) are zero. Since the terms in the expansion represent correction terms, it is
usually sufficient to expand the elastic free energy up to the fourth- or sixth-order terms.

Finally, a stable state of the system under the conditions of fixed temperature, stress
and electric field is obtained when the elastic Gibbs free energy G1 is minimal.

DEGG
��

⋅−= 1 Eq. 4
Eq. 4

This is the starting point that allows the deduction of all main features of a ferroelectric
system. Imposing the first derivative of Eq. 4 to be zero (conditions of stability) results in a set
of equations that yield the polarization and the strains developed in a ferroelectric by a set of
boundary conditions and external fields.

2.2 The piezoelectric effect in ferroelectric materials

“Piezo” originates from the Greek word piezein, meaning to press or to squeeze. In 1880, the
Curie brothers found that quartz changed its dimensions when subjected to an electric field
and conversely generated an electric charge when it was pressed.

Piezoelectric materials are a class of materials that can be polarized by applying a
mechanical stress or an electric field. The class of the piezoelectric materials includes
ferroelectrics. The direct piezoelectric effect is equivalent to the appearance of charges when
the material is subject to a stress [7]. It is described by a linear relationship between the stress
Xik applied to a piezoelectric material and the resulting charge density Di:

jk
direct
ijki XdD =

where dijk is the third-rank tensor of piezoelectric coefficients, measured in [C/N].
Also the reverse effect is always present: Piezoelectric materials change their

dimensions (they contract or expand) when subject to an electric field [7]. The converse
piezoelectric effect is described by a linear relationship between the strain xij developed in a
piezoelectric material and the applied electric field Ek:

k
tdirect

ijkk
converse
kijij EdEdx )(==
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where t denotes the transposed “matrix”. The unit of the converse piezoelectric coefficient is
[m/V]. The piezoelectric coefficients for the direct and converse piezoelectric effects are
thermodynamically identical i.e. dconverse = ddirect. Because the strain and the stress are
symmetrical tensors, the tensor of the piezoelectric coefficients is symmetrical with respect to
the corresponding indices, ikjijk  d d = . The number of independent piezoelectric coefficients is
thus reduced from 27 to 18. The number of independent elements of dijk may be further
reduced by the symmetry of the material.

The piezoelectric coefficient measured in the direction of the applied field is usually
called the longitudinal coefficient, and that measured in the direction perpendicular to the field
is known as the transverse coefficient [7]. Other piezoelectric coefficients are denominated
shear coefficients. It is worth mentioning that the piezoelectric coefficient d can be either
positive or negative. Using the usual thermodynamic formalism (like the one described in the
previous section), depending on the set of independent variables chosen, four sets of
isothermal piezoelectric constitutive equations can be obtained (for the matrix notation used,
see Appendix D):
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Eq. 5

The four types of coefficients are denominated as follows: d is either charge or strain
coefficient, e is either charge or stress coefficient, h is either voltage or stress coefficient, and
g is either voltage or strain coefficient [8], depending on the physical quantity that is calculated.
For simplicity, d and g are usually called piezoelectric strain-coefficients, and e and h are
called piezoelectric stress-coefficients [9]. The superscripts of the coefficients in Eq. 5 indicate
the variables held constant during the partial derivation of the thermodynamic potential.  The
coefficients are mutually related by:

jm
X
ij

E
nminim gsed ε== [C/N]or[m/V] Eq. 6a

jm
x
ij

E
nminim hcde ε== [V/N]or][C/m2 Eq. 6b

jm
X

ij
D
nminim dshg β== [N/V]or/C][m2 Eq. 6c

jm
x

ij
D
nminim ecgh β== [V/m]or[N/C] Eq. 6d

Eq. 6

It is of practical interest to relate the piezoelectric coefficients to the spontaneous
polarization. As already mentioned, if the paraelectric phase is centrosymmetric, then the
resulting linear piezoelectric coefficients are zero. Because ferroelectrics are nonlinear
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materials, higher order terms have to be taken into account in Eq. 3. The first term (with non-
zero coefficient) that includes the elastic-electric coupling is the electrostrictive term, which
for E = 0 takes the form:

lSkSijijkl
estr PPXQG =∆ 1 Eq. 7

Eq. 7

where Qijkl are the polarization-related electrostrictive coefficients, components of the fourth
rank electrostrictive tensor. First, this term implies that in ferroelectric materials the existence
of the spontaneous polarization PS is always associated to a spontaneous strain xS. This results
from the differential form of Eq. 2 (containing the electrostrictive term) and the condition of
stability dG1 = 0:

lSkSijkl
ij

ijS PPQ
X
Gx =

�
�

�

�

�
�

�

�

∂
∂= 1 Eq. 8

Eq. 8

The spontaneous strain plays an important role in the process of the formation of stable
ferroelectric domains and also in their switching.

If we now consider the (electrostrictive) spontaneous strain in Eq. 8 as a piezoelectric
strain, it follows (index m in matrix notation):

lSkSmkl
m

m PPQ
X
Gx =��

�

�
��
�

�

∂
∂= 1

From Eq. 5d in the case of X = 0 and E = 0 we obtain:
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Inserting gim in Eq. 6a, it follows that:

kSmjkijim PQd ε= Eq. 9
Eq. 9

In the particular case of the tetragonal symmetry (axis “3” is the polar axis), Eq. 9
reduces to* (as also deduced by Devonshire for barium titanate [10]):

3333333 2 SPQd ε= Eq. 10a

3133331 2 SPQd ε= Eq. 10b

3441115 2 SPQd ε= Eq. 10c
Eq. 10

It should be kept in mind that all the above statements are valid only for a ferroelectric
single crystal in the monodomain state. This hypothesis is underlying the thermodynamic
approach, and was set when the possible orientations of spontaneous polarization were
established.

                                                
* The symmetry imposes PS1 = PS2 = 0, ε11 = ε22, εij = 0 for i ≠ j, and the only non-zero electrostrictive coefficients
are Q11 = Q22, Q12 = Q21, Q13 = Q23, Q31 = Q32, Q33, Q44 = Q55, Q66.
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2.3 Ferroelectric domains

In the absence of an external force, the direction of the spontaneous polarization in an ideal
ferroelectric crystal can arise with equal probability along several crystallographic directions
of the prototype (paraelectric) phase. Accordingly, after the transition to a ferroelectric state
the crystal breaks up into separate regions that differ in the direction of the spontaneous
polarization. The regions of the crystal with uniformly oriented spontaneous polarization are
called ferroelectric domains. The region between two domains is called a domain wall.
Domain walls that separate different orientations of the spontaneous polarization vector are
called ferroelectric domain walls and those which separate different orientations of the
spontaneous strain are called ferroelastic domain walls.

Ferroelectric domains form to minimize the electrostatic energy of the depolarizing
fields and the elastic energy associated with mechanical constraints to which the ferroelectric
material is subjected during the transition from the paraelectric to the ferroelectric phase.
Depolarizing fields develop whenever a nonhomogeneous distribution of the spontaneous
polarization appears, for instance, during the formation of the ferroelectric phase. Also, the
fall-off of the polarization at a grain boundary usually causes strong depolarizing fields of the
order of 10 kV/cm. Due to these high values, the depolarizing fields cause the single-domain
state of a ferroelectric to be energetically unfavorable. As a consequence, the electrostatic
energy associated is minimized by splitting the ferroelectric into domains with opposite
polarization. Alternatively, the charges associated with the depolarizing fields may be
neutralized by conduction of free charges through the crystal or coming from the surrounding
of the material.

Regarding the domain formation, Fousek and Janovec [2] have established a criterion to
predict the possible domain wall orientations between two allowed polarization directions in a
perfect infinite single crystal:
• During the transition to the polarized state, the crystal distorts. This distortion can be

predicted from the magnitude and direction of the spontaneous polarization, and from the
piezoelectric and electrostrictive coefficients in the paraelectric phase.

• Two domains having different orientations of the spontaneous polarization will have a
common domain wall only along the planes for which the two distortions of the lattice
match exactly. These planes are therefore possible domain walls for the crystal.

Another condition that should be fulfilled at the domain wall is the electric neutrality.
Unless the crystal is conductive, the normal component of the spontaneous polarization should
be continuous through the domain wall; otherwise, the electrostatic energy will make it very
unstable.

The domain structure that develops in single crystal perovskites is well known. The
spontaneous polarization can be oriented only along three mutually perpendicular
crystallographic directions (in the tetragonal phase). This gives rise to two types of domain
walls: walls that separate domains with oppositely oriented polarization (called 180°-walls),
and those which separate regions with mutually perpendicular polarization (called 90°-walls).
The 90°-walls are both ferroelectric and ferroelastic domain walls, because they separate
regions with different orientation of the polarization and of the strain.
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The application of the above criteria applied to tetragonal perovskites shows that the
180° domain walls can be any cylindrical surface separating regions with the spontaneous
polarization parallel to the polar axis. No other restrictions are limiting their position or
orientation. The allowed 90° domain walls are parallel to the {110}tetr. family of crystal planes.
The continuity of the normal component of the spontaneous polarization results in the so-
called head-to-tail configuration, as depicted in Figure 1.

Figure 1 Ferroelectric domain walls in a perovskite ferroelectric.  A-A’ lines represent 90°
domain walls, and the B-B’ line a 180° domain wall (the tetragonality is highly exaggerated).

The ferroelectric domain structure is the most important factor that determines the
ferroelectric properties of a ferroelectric material, together with domain nucleation and domain
wall mobility. The way how the material splits up into domains at the formation of the
ferroelectric phase depends very much on the mechanical and electrical boundary conditions
imposed on the sample, as well as on the nature of the sample itself.
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3.3.3.3. ExperimentalExperimentalExperimentalExperimental

3.1 Basic principles of SFM

3.1.1 Operating principle

The operation principle of a scanning probe microscope (SPM) is based on the detection of the
position of a soft cantilever-type spring with a sharp tip mounted at its end. The forces acting on
the tip after it has approached the sample surface cause a deflection of the cantilever according,
in a first approximation, to the Hooke's law. This bending is controlled by a feedback loop,
which regulates the vertical position of the tip with respect to the sample surface. By keeping
the deflection constant while scanning the sample, a three-dimensional map of the surface
topography can be obtained.

Usually, as shown in Figure 2, the vertical tip position is read using a laser beam, which is
reflected by the end of the cantilever and detected using a differential optical converter. The
arrows in Figure 2 emphasize the “trajectory” of the feedback loop: SFM tip, laser beam,
detector, controller, Z scanner and sample. The key point of the system is the fact that the
feedback loop contains the “tip-sample interaction” element.

Figure 2 Principle of the SPM-based
techniques.

Figure 3 Force versus tip-sample separation. “C”,
“NC”, and “IC” denote the contact, non-contact,
and intermittent contact regions of the curve.

There are two main modes of operation that determine the type of interaction between the
SFM tip and the sample: contact and non-contact. In contact mode, the probing tip senses the
short-range repulsive forces exerted by the surface. The interaction between tip and sample can
be estimated plotting the cantilever deflection against the elevation above the surface of the Z
scanner, the so-called force–distance curve. The shape of a typical force curve is shown in
Figure 3. A tip approaching the surface first senses the long-range forces. This region of the
curve is used in non-contact mode imaging. The forces are usually Van der Waals forces, but
any other type of interaction between the SPM tip and the surface of the sample should be
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included, depending on the given tip and sample. For instance, if the SPM tip has a magnetic
moment, the long-range attractive and repulsive magnetic forces are sensed and the magnetic
domain structure at the surface can be visualized. Further approaching the tip, the interaction
force becomes repulsive and the cantilever is deflected in the opposite direction. This region is
used in the contact mode technique.

Another important type of measurement used in this work is directly related to the
detection of lateral forces acting on the SPM tip. In principle, this is done in the contact mode
of operation. With the lateral force technique, the probe is scanned perpendicularly to the long
axis of the cantilever. The torsion of the cantilever supporting the probe will increase or
decrease, depending on the frictional characteristics of the surface (a greater torsion results
from an increased friction).

3.1.2 Topography imaging with SFM

As mentioned above, to image the topography of a sample the tiny forces between a sharp tip
and the sample surface are utilized. In contact mode (cf. Figure 3), the tip elevation is adjusted
via the feedback loop in order to follow the surface height using the deflection signal, which is
in fact the cantilever bending caused by repulsive forces.

For example let us suppose that the tip is scanned at a constant altitude above a flat
surface. The tip being in contact, there is always a repulsive force that bends the cantilever,
with a constant value called “setpoint”. If there are no variations in the cantilever bending, the
tip is scanned at the same altitude, and the tip height representing the topographic data render a
flat surface. If the tip arrives at a protuberance of the surface, the cantilever feels a higher
contact force and bends more than before. The deflection signal increases, and as a
consequence, the feedback controller raises up the tip until the deflection signal equals the
setpoint again. If the tip encounters a pit during its scan then the feedback process will lower
the tip elevation because the contact force (and therefore the deflection signal) is decreased in
this case. The elevation of the tip therefore reflects the surface topography and is used to image
it. In fact the principle explained above is used for imaging in all modes of operation.

In the non-contact mode, the tip feels the attractive forces exerted by the surface and the
setpoint value in this case represents a bending in the opposite direction than in the repulsive
mode. If the tip meets a surface protrusion, the attractive force increases and the feedback
control system raises up the tip until the attractive force takes the setpoint value. This mode of
operation is quite difficult to achieve, and very easy to destabilize. The amount of force
available to be used is much smaller than in the repulsive mode (see Figure 3).

The operating modes described up to now were static. In the dynamic modes the same
principle is used, but the signal that is monitored by the feedback loop is the amplitude of the
cantilever vibration, induced mechanically with a piezoelectric oscillator (at the cantilever
resonance for a maximum sensitivity).

In the dynamic non-contact mode the amplitude of the cantilever oscillation increases if
the surface has an elevation and the feedback control adjusts the tip elevation until the
amplitude reaches the setpoint value again. This mode is an improvement of the non-contact
static mode, with an increased sensitivity.

Another mode of topographic imaging is the intermittent-contact mode (also called
“tapping” mode), which is an improvement of the contact mode, developed to decrease the
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interaction of the tip with the surface. The cantilever with the tip is oscillated at its resonance
frequency and the height is adjusted so that the tip touches the sample surface only for a short
period of time. If the tip encounters an elevation, the oscillation amplitude will decrease and the
feedback control raises up the cantilever until the oscillation amplitude reaches the initial value.

3.2 Probing ferroelectric domains by SFM

SFM-based methods of ferroelectric domain imaging make use of basic properties of
ferroelectrics, namely of their elastic or piezoelectric behavior and/or of the presence of surface
charges, associated with the permanent built-in electric polarization. In very specific cases, the
topography caused by the domain structure is sufficient to deduce the direction of the
spontaneous polarization. A static surface charge, proportional to the normal component of the
polarization, can be detected when the microscope is operated in the non-contact (attractive)
mode. By monitoring the piezoelectric vibration of the ferroelectric sample caused by an
external AC voltage, the domain structure can be visualized in the SFM piezoresponse mode,
when the probing tip is in contact with the sample.

3.2.1 Domain imaging with SFM contact and non-contact static modes

Before explaining the proper domain imaging modes, the historically first attempts to
investigate domains with SFM should be reviewed. These techniques are termed “static”
because no dynamic interaction (mechanic or electrostatic) between the SFM probing tip and
the ferroelectric domains is involved during the imaging process. True atomic resolution was
achieved on flat surfaces of different materials [11], even under ambient conditions [12].

Domain imaging in the topography mode
Morphological domain contrast can result as a consequence of different phenomena, according
to the specific material properties. Topographic features of the sample surface can be imaged
either in contact or in non-contact mode, the interpretation of the domain images does not
depend on the type of interaction used to obtain the topographic information. Therefore the
results considered in this section were obtained either in contact, non-contact or intermittent
contact modes of operation. The very high vertical resolution of SFM proved to be useful to
investigate the surface morphology and to relate it to the ferroelectric domain structure. It
should be mentioned that true atomic resolution was achieved in the topography mode at the
surface of ferroelectric crystals [13,35].

A particular example is the case of triglycine sulfate (TGS), which is one of the most
frequently studied ferroelectric crystals. It was shown that steps form at domain boundaries
during the crystal cleavage due to the structural difference between the positively and
negatively charged ends of the domains [14,15,16]. Bluhm et al. [15,16], using the SFM topography
mode, have found that the step height is different on the opposite cleavage faces. The difference
was explained by the different relative shift of atom positions at the surface of opposite
domains. Due to the different etching behavior of positive and negative domains in TGS [17]

topographic imaging of this crystal was used for the identification of the domain polarity in a
number of studies [14,18,19,20,21]. In the case of the TGS crystal, the cleavage plane is
perpendicular to the polar axis, therefore the imaged surface was thought to interact
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electrostatically with the conductive or non-conductive SFM tip. However, ferroelectric
domains have been imaged even if the cleavage plane of the crystal is parallel to the polar axis,
as in the case of K2ZnCl4 [22]. In the latter case, the topographic contrast was proven to be due
solely to the transverse piezoelectric deformation of the ferroelectric domains.

In case of the tetragonal phase of perovskite ferroelectrics, the polarization vector can be
aligned along six directions, which are equivalent in the cubic paraelectric phase. Along the
polarization direction the unit cell is slightly elongated leading to the tetragonal distortion of the
unit cell. In a (001) single crystal plate, the domains with the polarization perpendicular to the
plane of the plate are called c-domains and the domains with the polarization in the plane of the
plate are called a-domains. In the regions between the a- and c-domains (the so-called 90°
domain walls) the tetragonality causes a distortion of the lattice, which results in a tilt angle
between the surfaces of the two domains. Figure 1 shows a schematic cross-section view of
such a plate containing a- and c-domains. The tilt angle between the surfaces of the two types
of domains can be estimated from the tetragonal distortion as °≈°−= 6.090)/(2 acarctgθ .
This allows the deduction of the domain structure of ferroelectric perovskites from the
topography of the crystal surface, taking into account the criteria presented in Sect. 2.3. Using
these assumptions, domain structures were successfully deducd and analyzed from SFM
topographic images in BaTiO3 [23,24,25], PbTiO3 [26,27] crystals and also in PbTiO3 ceramic [28] and
epitaxial PZT (20/80) thin films [29]. Also, by applying pulse voltages to the SFM tip while
scanning in contact mode, the domain structure could be modified by means of nucleation and
growth of opposite c-domains [30,31,32]. In these studies it was necessary to mount the
ferroelectric crystal on an electrode in order to apply electric fields to the sample. The
observation of different c-domains using the topography mode of SFM was possible via static
piezoelectric deformation caused by the application of a small DC voltage between the tip and a
bottom electrode.

Domain imaging in the friction mode
It was assumed that ferroelectric domains may induce a lateral force contrast via electrostatic
tip-sample interaction. During the movement of a non-conducting tip across the ferroelectric
sample surface, a certain amount of charges accumulates [31] or an electric dipole forms [33] on
the probing tip. The moving charged tip senses different lateral forces above ferroelectric
domains with opposite orientations. The same experiment performed with a grounded
conducting tip (which does not retain any charge) did not reveal any domain contrast. As a
consequence, it was thought that this proves the electrostatic nature of the interaction. The
observed reversal of domain contrast for opposite scanning directions [19] supported the
tribological effect to be present in the imaging mechanism.

Later on, however, it appeared that the ferroelectric domains can more likely induce a
lateral force contrast due to the structural differences of the surfaces of oppositely polarized
domains [34]. Bluhm et al. demonstrated for both guanidinium aluminum sulfate hexahydrate
(GASH) and TGS crystals that the domain contrast in friction mode is not governed by
electrostatic interaction between the tip and the surfaces. For the GASH surface, they found
indeed a reversal of the domain contrast for forward and backward scan directions, but the
magnitude of friction forces did not show opposite signs for opposite scanning directions, as it
should. For the case of TGS, the results were more difficult to interpret, since the lateral force
was found to be highly anisotropic, i.e. a strong dependence of the domain pattern on the
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scanning angle was found. Moreover, if the electrostatic interaction would be responsible for
the domain contrast, then the latter should reverse when the surface is scanned first with
positive and then with negative voltages applied to the tip. In the experiments performed in
inert atmosphere switching the voltage from –10V to +10V resulted only in a change of the
offset of the friction signal. Therefore, even if the electrostatic interaction cannot be completely
ruled out, it does not entirely explain the mechanism of domain contrast in the friction mode of
SFM.

It should also be noted that SFM friction imaging is a technique very sensitive to the
properties of the tip-to-sample interface and therefore special care has to be taken when
interpreting the tribological contrast as revealing ferroelectric domains. Adhesion layers,
wetting, contamination, interfacial and surface chemistry can easily obscure the electrostatic
interaction. The method works very well on freshly cleaved surfaces, if the cleavage plane is
perpendicular to the polar axis. This is the case for GASH and TGS for which this method,
although controversial, was successful [35]. A comparative characterization of the a- and c-
domains in epitaxial PbTiO3 and BaTiO3 thin films on MgO (100) substrates was also possible,
revealing the smaller transformation strain and larger compressive stress in BaTiO3 at the Curie
temperature [36].

In conclusion, it should be emphasized that there are obvious limitations on the
applicability of the SFM topographic and friction modes for the imaging of ferroelectric
domains. These methods can be applied only for crystals with cleavage planes, since any
treatment of the surface during sample preparation inevitably eliminates the subnanometer
structure of morphological steps associated with the ferroelectric domain structure. Also,
domain imaging by inducing static piezoelectric strain with a DC voltage is almost impossible
to perform if the surface has a roughness of several nanometers, comparable with the
deformation induced by a reasonable DC voltage of 10 V.

3.2.2 SFM dynamic non-contact modes

As mentioned in Sect. 3.1.1, the SFM system can probe not only the surface topography, but
any type of interaction between the SFM tip and the sample. Since the feedback loop keeps the
amplitude of the cantilever oscillation constant, any modification of the interaction force will
lead to a variation of both the feedback and output signals. Therefore, if a non-topography-
related interaction is governing the feedback loop, the topography can not be monitored
anymore, but only the sources of the probed interaction. This inconvenience is usually ruled out
simply, by scanning over the same line twice, with two different feedback signals, one
dominated by the topography and the other by the non-topographic interaction. In the case of
ferroelectric domain imaging, the electrostatic interaction between the probing tip and the
electric field at the sample surface controls the feedback loop.

Domain imaging in the dynamic non-contact mode
In the SFM dynamic non-contact mode of operation, the cantilever is vibrating near its
resonance frequency at a distance of 5 nm to 100 nm above the sample surface, being driven by
a piezoelectric oscillator. The topographic imaging principle, which was only simply described
in Sect. 3.1.2, is explained in terms of a shift in the resonance frequency due to the tip-to-
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sample interaction. As the tip is scanned over the surface, the resonance frequency of the
cantilever is modified in function of the distance between tip and sample surface. A change of
the resonance frequency results in a change of the response amplitude of the cantilever at the
driving frequency. Using a lock-in technique the amplitude of the oscillation is detected and is
used as an input for the feedback loop to adjust the z-position of the tip so that the elevation
above the surface is maintained constant.

In the case of the ferroelectric samples, an additional shift of the resonance frequency
appears due to the electrostatic interaction between the biased conductive tip and the electric
field at the surface. When the vibrating tip enters a region with a non-homogeneous
electrostatic field, the effective spring constant of the cantilever changes and this results in an
extra shift of its resonance frequency. An image of the electric field gradient is therefore
obtained in the dynamic mode [19]. Moreover, it was pointed out that only the component
normal to the cantilever axis affects the resonance frequency [37] and usually it is assumed that,
for most of the geometries, only the z-component of the gradient is important. Using this
method, the lowest detectable force gradient was estimated by Lüthi et al. [19] to be 10-3 N/m.

The first experiments using the electrostatic interaction to control the feedback loop of
an SFM were performed to detect localized charges deposited on insulators by Stern et al. [38] at
IBM. A study of ferroelectric domains using the non-contact dynamic mode, was first reported
only one year later by the same group [39]. Since an electric field gradient above a flat
ferroelectric surface can exist near the domain walls, this method proved to be sensitive enough
to image ferroelectric domain walls at a polished surface of the ferroelectric-ferroelastic
material Gd2(MoO4)3.

It should be mentioned that the image contrast depends essentially on the external bias
voltage applied to the probing tip and on the tip material. By varying the bias voltage, the
contrast of domain wall boundaries can be eliminated and a contrast between opposite domains
can be observed [19]. A similar approach can provide a detection mechanism for previously
written ferroelectric domains [40].

The voltage modulated non-contact mode
In order to improve the sensitivity of the method described above and to distinguish the signal
given by the surface charge from other possible sources of the force gradient, it was suggested
to apply a small AC voltage between the bottom electrode and the probing tip [39]. The
frequency of this additional voltage should be far away from the cantilever resonance, in order
to avoid any interference with the mechanical oscillation of the cantilever used in the feedback
loop. The AC voltage results in alternating positive and negative charges on the tip. The tip-
sample electrostatic force will thus also be periodic, causing a synchronous cantilever vibration,
which can be detected using a lock-in technique with a much better signal-to-noise ratio than in
the case of a DC bias. By monitoring the first harmonic signal, information about the surface
charge distribution can be obtained. Another advantage of this method is that it is sensitive to
the charge only and allows the determination of its sign.

This technique was further improved for surface potential imaging by using the AC-
voltage-driven oscillation as a feedback signal to adjust the DC bias. Since the procedure is
very similar to the one used by Lord Kelvin to determine the surface potential, the method was
denominated Kelvin Probe Microscopy (KPM) [11,41,42,43].
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A serious drawback of the techniques described in this section is that they are sensitive
not only to the electric field but also to the other interactions between the tip and the surface
(such as the Van der Waals forces). Therefore the data recorded should be deconvoluted to
obtain the information on the ferroelectric domain structure [20]. If the experiments are
performed under ambient conditions, the capillary force due to the adsorbed water layer should
also be taken into account, since it would reduce the cantilever amplitude. Also, as it is well
known, the electric field gradient strongly depends on the curvature of the surface. As a result,
in the case of domains of irregular shape and corrugated surface topography, the electric field
gradient signal is in fact a superposition of topography, damping on the surface, Van der Waals
forces and the “true” signal, and accordingly it might be very difficult to interpret the images.

3.2.3 SFM dynamic contact mode

Also called voltage-modulated SFM, or piezoresponse-SFM, this method has proven to be the
most suitable method to study and to control the ferroelectric domain structure at the nanometer
scale. The main advantage is that it simultaneously allows the modification and detection of the
ferroelectric polarization on a local level.

Evolution of piezoresponse-SFM
This technique was first used in 1991* by H. Birk et al. [44] who measured the piezoelectric
coefficient in a ferroelectric copolymer of vinylidene fluoride and trifluorethylene using a
scanning tunneling microscope (STM). The copolymer film was sandwiched between an
aluminum layer and a 20 nm thick gold electrode, both used for applying voltages to the film
and to enable the STM operation. Piezoelectric surface oscillations were induced using an AC
voltage (10 V, 20 Hz) applied between the electrodes and detected with a lock-in amplifier
connected to the feedback signal of the STM. When operating in constant current mode, the
STM tip is kept at a constant distance from the sample and the feedback signal represents the
vertical position of the sample surface. This new method proved to be useful to measure the
local longitudinal piezoelectric coefficient and to show its hysteresis. One year later, the same
group [45] succeeded in polarizing and imaging micron-sized ferroelectric domains in copolymer
films without the top electrode, using atomic force microscopy combined with a lock-in
technique, by detecting the local vibrations of the sample surface.

The first application of piezoresponse-SFM to the study of ferroelectric films of lead
zirconate titanate (PZT) was reported in 1994 by Franke et al. [46]. One year later the signals
involved in this technique were analytically calculated using a simple one-dimensional model
[47,48]. The characterization of domain reversal in PZT films by recording local hysteresis loops
was first reported by Hidaka et al. [49]. Systematic studies of domain dynamics, retention and
fatigue effects have been carried out for thin films of PZT-based materials [50,51]. Also,
investigations of ferroelectric domains at the surface of barium titanate (BaTiO3), triglycine
sulfate (TGS) and potassium trihydrogen phosphate (KTP) bulk single crystals were
successfully performed [52,53,54]. The well-known domain structure of BaTiO3 facilitated the
validation and development of the detection of in-plane ferroelectric domains [55] leading to the
mapping of all three components of polarization at the ferroelectric surfaces [56].

                                                
* to the best knowledge of the author.
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However, the first results concerning the observation of the ferroelectric domain
structure of other thin film materials than PZT were only reported in 1998 for SrBi2Ta2O9 by
Gruverman and Ikeda [57], and in 1999 for BaBi4Ti4O15 and Bi4Ti3O12 by our group [58,59,60].

Principle of piezoresponse-SFM
The piezoresponse-SFM technique is based on the converse piezoelectric effect, which is a
linear coupling between the electrical and mechanical properties of a material. Since all
ferroelectrics exhibit piezoelectricity, an electric field applied to a ferroelectric sample results in
changes of its dimensions. Moreover, in most ferroelectric materials the piezoelectric effect can
be interpreted as the electrostriction phenomenon biased by the spontaneous polarization [8]

leading to the conclusion that the piezoelectric coefficient and the spontaneous polarization are
directly related (see Sect. 2.2).

(a) (b) (c)
Figure 4 Principle of piezoresponse SFM (a) No topographic contrast if no voltage is applied. (b)
A change in thickness occurs for a positive voltage applied to the tip (or during the positive half
periods of an AC voltage). (c) Opposite thickness changes for a negative voltage (or during the
negative half periods).

To detect the polarization orientation the SFM tip is used as a top electrode, which can be
moved over the sample surface. To illustrate the imaging mechanism let us consider the
simplified example circuit shown in Figure 4, with the ferroelectric sample sandwiched
between a bottom electrode and the conductive SFM tip. Also let us consider two ferroelectric
domains having opposite orientations of polarization, perpendicular to the sample surface. In
Figure 4a no voltage is applied between the electrodes and the two ferroelectric domains have
the same dimension in z-direction, only governed by the spontaneous strain which is the same
for the two domains (since it has a quadratic dependence on polarization, as shown in Sect. 2.2).
When a voltage is applied to the tip, the electric field generated in the sample causes the
domains with the polarization parallel to the field to extend and the domains with opposite
polarization to contract. The images (b) and (c) in Figure 4 illustrate the z-deformation of the
domains when a positive, respectively negative voltage with respect to the bottom electrode is
applied to the tip. To describe, in a first approximation, the electric field-induced displacements
of the sample surface, we consider the following assumptions:

- The surface displacement is equal to the entire piezoelectric displacement induced in
the sample; that is, the back surface of the ferroelectric is fixed [61]. Any non-zero
compliance of the bottom electrode would reduce the surface displacements.
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- The electric field is uniform inside the ferroelectric sample, in the region underneath
the SFM tip.

- The positive z-axis is as shown in Figure 4a, i.e. it is oriented from the bottom
electrode towards the SFM tip.

- The voltages are given with respect to the bottom electrode.
- The spontaneous polarization is normal to the film plane.
Using the constitutive equations for the piezoelectric effect (Eq. 5a in Sect. 2.2) and the

above assumptions, the following relation can be obtained (X = 0 was assumed):
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The negative sign derives from the negative electric field caused by the application of a
positive voltage to the tip; that results in a negative displacement of the surface when a positive
voltage is applied to a positive domain.

A usual numeric value for the piezoelectric coefficient, d33 = 50 pm/V and applied
voltage 4 V (a value limited by the coercive field of the film), result in a piezoelectric
deformation of 0.2 nm which has to be detected (Eq. 11). This value is very close to the lower
resolution of a usual SFM, and such a displacement can be very easily obscured by topographic
features of 5 nm to 10 nm. Therefore, a DC voltage method is not suitable to monitor the
ferroelectric domains on rough surfaces. Using an AC method combined with lock-in detection
considerably improves the signal-to-noise ratio. By replacing the voltage in Eq. 11 with

)sin( tVV AC ω=  the surface movements induced underneath the tip are given by:

��

�
�
�

<=∆

>−=∆
=∆

−

+

0,)sin()(

0,)sin()(
)(

33

33

zAC

zAC

PtVdtz
PtVdtz

tz
ω

ω
, or

)sin()( 0 Φ+∆=∆ tztz ω , Eq. 12
Eq. 12

Where the superscript + and −  denote positive and negative domains, respectively, and:

�
�

�
�

�

=Φ
=Φ

=∆

domains. negativefor                   0
and domains, positivefor                   

330

π
ACVdz

Eq. 13

Eq. 13

Therefore, opposite orientations of polarization along the z-axis cause the sample surface to
vibrate out of phase under a small AC voltage. The name “voltage-modulated SFM” of this
method originates from the fact that during the scanning process, the SFM tip passes across
different ferroelectric domains which modulate the carrier of information (the AC oscillation in
this case) with their mechanical response, according to the local polarization orientation. Figure
5 illustrates the demodulation process.

The detection of the surface vibrations (or demodulation of the information on the
polarization state) can be performed using a standard lock-in technique, as described below.
The vertical position of the SFM tip (or its deflection) is usually monitored in SFM techniques
using a laser beam, which is reflected by the cantilever on which the SFM tip is mounted. Using
an optical detector the cantilever bending is converted into an electrical signal (the deflection
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signal) and is further processed by the SFM controller. In piezoresponse-SFM, the deflection
signal also contains the induced oscillations of the sample surface transmitted to the tip-
cantilever. These electrical oscillations can be simply extracted from the global deflection
signal using a lock-in amplifier. The lock-in detection rules out any other harmonic components
of the deflection signal and the piezoelectric oscillations are in this way separated from the
topography. The signal detected by the lock-in amplifier is usually referred to as the
piezoresponse signal [29] and is directly related to the amplitude and phase of the surface
vibration via the detector sensitivity δ :

)cos(0 Φ∆= zv δω Eq. 14
Eq. 14

Figure 5 Demodulation of the information on the polarization state from the piezoresponse signal.
The latter is modulated by the spatial variations of the piezoelectric coefficient.

The piezoresponse signal expressed in Eq. 14 contains an information about the
polarization orientation of the area under the SFM tip via the phase shift Φ and also about the
magnitude of the piezoelectric coefficient, provided that the phase factor can take only the two
values indicated in Eq. 13 over the entire sample surface. This signal can be detected using a
simple, single phase, lock-in amplifier. Using a dual lock-in amplifier it is possible to measure
simultaneously the amplitude and the phase of the signal, therefore to study other phenomena
such as the local piezoelectric losses. However, special care has to be taken regarding the
analysis and interpretation of the phase signal.

Detection of the in-plane polarization by piezoresponse-SFM
Using the converse piezoelectric effect it is also possible to detect an in-plane component of the
polarization vector (parallel to the sample surface). The basic principle of this detection consists
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in the existence of piezoelectric shear deformations (Figure 6). If the polarization vector is
perpendicular to the electric field, there is no piezoelectric deformation along the field
direction, but a shear strain appears in the ferroelectric, leading to displacements of the sample
surface parallel to itself, along the polarization direction. In the case of piezoresponse-SFM the
in-plane displacements of the surface are transferred via friction to the SFM tip as lateral
movements. The component of these movements perpendicular to the cantilever axis induces a
torsion of the cantilever end, which can be detected using the capability of the SFM to measure
the cantilever torsion.

The shear deformation depends on the polarization orientation and for the case of
tetragonal perovskites with extended electrodes and the geometry illustrated in Figure 6
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Figure 6 Detection of in-plane polarization. The inset shows the choice of the coordinate system
and the crystallographic orientation of the ferroelectric crystal (the cantilever axis is parallel to the
y-axis).

As in the case of detection of the domains with out-of-plane polarization, an AC field
induces in-plane oscillations phase shifted by 180° in regions with opposite orientations of
polarization.
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The surface vibrations described by Eq. 16 induce torsional oscillations of the cantilever with
the same frequency. Due to the complex nature of the friction interaction it is difficult to
describe them quantitatively. However, the phase shift of the oscillations above antiparallel
domains describes the latter correctly, as it will be demonstrated in the analysis of the first
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harmonic signals presented in Sect. 4.1. Therefore, in the case of in-plane detection the
piezoresponse signal has a similar form as Eq. 14:

)cos(Φ= Cv x
ω

where the constant C contains the detector sensitivity, the friction transmission factor, and the
amplitude of the shear piezoelectric displacements.

It should be noted that a similar shear deformation is present along both the x-and y-
axes. However, due to the cantilever asymmetry, domains having polarization along the y-axis
can be recorded only by physically rotating the sample by 90°.

Two important features of the shear-piezoresponse signal should be mentioned. The first
one is that the amplitude and phase only very weakly depends on the scan speed and does not
depend on the scan direction. As it is well known for the friction (lateral force) technique, the
deflection signal of the cantilever torsion increases almost linearly with the scan speed and
reverses the sign when the scan direction changes. This is a normal behavior, since the friction
torque is reversed for opposite scanning directions. However, the phase of the (additional) in-
plane piezoresponse signal is not affected by the change in sign of the global friction signal.

Another important characteristic of the in-plane piezoresponse detection is that the
signal is present even if the SFM tip is fixed on the surface. In the friction technique, only the
dynamic friction coefficient between the SFM tip and the surface has been used, to date, for
surface characterization. Estimation or comparison of static friction coefficients would require
very tiny and accurate lateral movements of the scanner, a possibility which has not yet been
implemented by SPM manufacturers. That is, when the tip is fixed on the surface, the static
friction signal has no significant meaning. In spite of this fact, the amplitude of the shear
piezoresponse signal is the same if the tip is stationary or scanned with a low speed.

The two features mentioned above are proofs that the origin of the first harmonic signal
extracted from the friction signal is a real movement of the sample surface parallel to itself and
that it is not picked-up from the circuitry of the electronic box. Moreover, by applying bias
voltages to the tip it is possible in some situations to modify the polarization orientation of the
in-plane domains, causing changes of the piezoresponse signal.

3.2.4 Theoretical approach to the tip-to-ferroelectric sample interactions

Understanding the tip-to-sample electrostatic interactions represents a key challenge in the field
of electrostatic force microscopy (EFM). This comes from the fact that the electrostatic sensor
has a complex shape: a cantilever with a conical or pyramid-shaped tip ending in a spherical
apex. Since SFM is based on the detection of the cantilever movements, the models are focused
on the description of the forces acting on the tip [62]. Several attempts to describe the conductive
tip-dielectric system with or without a bottom electrode can be found in the literature. Mainly,
the models are developed along three directions. In this section a brief description of each
model will be given.

The layered capacitor model
If only the qualitative analysis of the phenomena is required, then the simplest approach
consists in modeling the tip and the sample with the bottom electrode as a capacitor [47,48]. This
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approach proved to be useful for the analysis of the signals implied in electrostatic [39,63] and
Kelvin force microscopy [41,64,65].

In a first approximation, the volume under the tip-sample contact area can be considered
as a capacitor composed of two layers (Figure 7). The upper layer with thickness h and
permittivity εi represents the interface between the tip and the sample. The lower ferroelectric
layer, which represents the sample itself, is described by the thickness t, the field-independent
component of polarization P and the permittivity εf (which describes the linear component of
polarization). In the case of non-contact EFM the upper dielectric is represented by the air gap,
whereas for contact EFM, it can be a thin water layer adsorbed at the surface [66].

Figure 7 Simple layered capacitor model for the estimation of the deflection signals in EFM.

The electrostatic force (also called Maxwell stress force) acting on the tip can be easily found
using Eq. 17, where the integral extends over the entire volume V of the capacitor. Since the
normal component of the force acting on the tip is to be calculated, the derivation with respect
to the tip elevation h has to be taken [47,48].
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In the expression of the free energy, the term 2/PE
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⋅−  represents the energy density due to the
fixed (spontaneous) polarization, and the term –qU represents the energy supplied by the
voltage source to the system. The force can be calculated using the system of equations given in
Eq. 18 (for the designations see Figure 7).
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In EFM experiments, the voltage applied to the tip has the form:

)(  V  VU ACDC ωτsin+= Eq. 19
Eq. 19

Considering that the cantilever deflection is proportional to the force via Hooke’s law, the
signals measured by a lock-in amplifier are directly proportional to the harmonic components of
the force acting on the cantilever. These harmonic components can be calculated by solving the
system Eq. 18 for the electric fields, introducing them in Eq. 17 and using Eq. 19. The result is
presented in Eq. 20:
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The parameter α is given in Eq. 21, where C represents the equivalent small signal capacitance
of the system, and ωπ /2=T  is the period of the AC voltage.
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Analyzing the spectral components of the electrostatic force (Eq. 20) it is possible to
qualitatively explain the EFM signals, and also their relevance for ferroelectric domain
imaging. A discussion of the first harmonic signals involved in voltage modulated SFM can be
found in Sect. 4.1.

The method of image charges
Another approach to describe the tip-sample electrostatic interaction is to consider the tip as a
conductive sphere above the surface and to solve the electrostatic problem “conductive sphere-
dielectric layer-conductive plane”. The principle of the technique, as proposed by Goto and
Hane, is to successively perform electrical imaging using the following three models: A point
charge and a dielectric plane, a point charge and a conductive plane, and a point charge and a
conductive sphere [67]. The electrical imaging for these simple models is described in the
literature [68]. The potential of the sphere is set to the value V, and the conductive plane is
grounded (it is kept at potential zero). V represents the voltage applied to the tip with respect to
the bottom electrode. The procedure for the technique is as follows: First, an initial charge q0

(Figure 8) is placed at the center of the sphere.

Figure 8 The method of image charges applied to EFM.

Next, two image charges, q1 and q2 (Figure 8), are created from q0. The charges q1 and q2 are
determined independently by the conventional charge image method [68] and are located in the
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film and in the conductor, respectively. From each q1 and q2, two more image charges are
created. The production of image charges is continued in a similar manner until the total
charges in the sphere and plane converge. The tip–sample capacitance is given by dividing the
total charges (real charges) by the tip–sample voltage V, and the force acting on the tip can be
found in a similar manner as described in the previous paragraph.

A variant of this model, named the equivalent charges model, is based on the principle
of distribution of equivalent charges, or the image method of equipotential surfaces. According
to this principle, a conductor in electrostatic equilibrium can be replaced with a set of fictive
charges inside it, in such a manner that one of the equipotential surfaces follows exactly the
shape of the conductor [69]. Particularly, a conductive conical tip can be easily simulated with a
distribution of charges placed on the cone axis. To solve the electrostatic problem of the real
conductive tip and the dielectric sample, each of these charges has to be imaged as described
above. This extension of the technique proved that the tip shape (pyramidal or conical for
example) is not important, but that the lateral surface of the tip significantly contributes to the
tip-sample capacitance for tip elevations higher than several nanometers above the sample
surface.

The finite element method
A third approach to solve the electrostatic interaction between an SFM tip and a dielectric layer
uses the finite element technique to compute exactly the potential and the electric field
distribution. This method seems to be the most precise and also the most difficult. It requires an
appropriate description of the geometry of the setup, which means that the respective shapes of
the conductive tip and of the dielectric surface have to be mapped. To achieve a satisfactory
spatial resolution for the solution without introducing errors due to the choice of the integrating
domain, and also to maintain the mapping network at a reasonable size, Lanyi et al. [70] solved
the problem for the cylindrical symmetry of a conical tip. Therefore a two-dimensional
geometry can be applied with adequate boundary conditions for a restricted area around the tip
apex to find out the equipotential surfaces and/or the electric field lines.

Figure 9 Equipotential lines of a point charge above a dielectric layer on a conductive plane,
calculated with the method of image charges.

In this work a simplified variant of the image charges method was used to analyze the potential
and electric field distribution induced by the SFM tip inside the sample. The theoretical
calculations for an electrostatic system composed of a charge above a dielectric layer on a
conductive plane are presented in Appendix A. The equipotential surfaces projected on the
vertical plane containing the charge are shown in Figure 9. The finite element method for a
simple geometry was also employed to qualitatively verify this result.
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3.3 Piezoresponse-SFM setup

The experimental setup used in this work is schematically shown in Figure 10 and consists of
a scanning probe microscope system, a lock-in amplifier, an AC voltage source, and a DC
voltage supply. The scanning probe microscope (SPM) is a commercial Dimension 5000
microscope from Digital Instruments. For piezoresponse measurements the SFM was set to
operate in contact mode, at a constant interaction force between the tip and the sample surface
[71]. The value of the contact force depends on the spring constant of the cantilever, i.e. on its
geometry and elastic properties.

Figure 10 Experimental setup used for piezoresponse measurements.

In the constant force regime the feedback loop adjusts the vertical position by keeping a
constant deflection of the cantilever so that not only the tip, but also the Z-scanner follows the
local elevation of the sample surface. In this mode of operation the deflection signal, which
represents the cantilever bending converted into an electrical signal by the optical detector, has
a relative large constant value (of the order of 1 V, depending on the setting for the setpoint)
over which small variations are superimposed (several mV). These variations are caused by
the finite reaction time of the feedback loop and are proportional to the derivative of the
feedback signal with respect to the time, i.e. if the scan speed is kept constant they represent
the local slope of the sample surface along the scan direction.

For piezoresponse imaging, a small AC voltage has to be locally applied between the
SFM tip and the bottom electrode of the sample, and the induced oscillations have to be
detected, as described in Sect. 3.2.3. To extract the surface vibrations, a digital lock-in
amplifier from EG&G Instruments, model 7260 was used. The signals were picked up from
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intermediate processing stages* of the global deflection signal inside the electronic box
controlling the SFM head. Since the lock-in internal noise limit is HznV /2  [72] the
measurement noise of HzV /4.1 µ  was determined by the electronic circuitry inside the SFM
electronic box.

In most of the experiments, the internal oscillator of the lock-in amplifier was used as
the AC source to induce the mechanical oscillations detected. The choice of the amplitude and
frequency of the testing AC voltage depends on the specific experimental conditions. These
conditions include two contradictory aspects:

- The AC amplitude has to be as small as possible, for a “non-destructive” testing, i.e.
no switching of the ferroelectric polarization underneath the tip must be caused by the AC
voltage. This implies that the amplitude has to be lower than the local coercive voltage of the
ferroelectric domain, which may be different for each grain and even for each domain within
the same ferroelectric crystallite [58]. As predicted by Gruverman et al. [29] and proven
experimentally by our group [73], the occurrence of a polarization switching under the tip (with
the frequency of the AC testing voltage) leads to a decrease of the piezoresponse signal and
therefore makes the interpretation of piezoresponse data more difficult.

- To enhance the signal-to-noise ratio, the testing voltage has to be as high as possible
in order to get a high amplitude of the mechanical vibration and thus a high piezoresponse
signal. The main source of noise during the acquisition of the piezoresponse images is the
global deflection signal itself, from which the first harmonic signal is extracted. The deflection
signal, which is used by the SFM system as a feedback to maintain a constant force between
tip and sample, is proportional to the scanning speed and to the derivative of the surface height
with respect to the scan direction.

For samples with a high roughness, the deflection signal exhibits very sharp high peaks.
These fast variations of the deflection signal may have harmonic components with the same
frequency as the AC testing voltage and also amplitudes comparable with the piezoresponse
signal. This noise may be overcome by using a low scanning speed and a high frequency
probing voltage. However, this leads to a long recording time for the acquisition of the image.
This is clearly demonstrated in the experiment illustrated in Figure 11, where the signals
involved in piezoresponse imaging of a Bi4Ti3O12 grain are shown for two different scanning
speeds. The topography signal of a grain of Bi4Ti3O12 divided into two ferroelectric domains
was not influenced by changing the scan speed from 1 µm/s to 0.2 µm/s, but the deflection and
piezoresponse signals show considerable reduction of noise.

The frequency of the testing signal has to be chosen far from any possible perturbing
oscillations that may appear in the system, such as the resonance frequencies of the cantilever.
Depending on sample, tip material, and cantilever spring constant, the AC testing voltage used
had amplitudes between 0.5 V and 5 V and frequencies between 900 Hz and 75 kHz.

The internal source of a Keithley 6517 electrometer was utilized to apply DC bias
voltages to the ferroelectric sample. The output voltage resolution of 5 mV when operating in
the 100 V range, and the maximum output current of 10 mA were perfectly suited for the
poling experiments performed during this work [74]. The lock-in amplifier, the AC source and
the DC voltage source were all fully controlled by a computer via an IEEE 488 general

                                                
* Connections indicated by the manufacturer.
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purpose interface bus, using adequate programs developed in house using the data acquisition
and analysis software  TESTPOINT (Capital Equipment Corp.).

Figure 11 The signals involved in piezoresponse imaging. (a) Topographic image (the height
signal) of a Bi4Ti3O12 grain (the black-white dashed line has been added). (b) The domain
structure (z-piezoresponse signal). (c–e) The height (c), the vertical deflection (d), and the
piezoresponse (e) signals along the dashed line in (a). The lines with dots in (d) and (e) were
acquired with a much lower scan speed than that used for the measurement of the thinner lines.

The most important component of the SFM setup is the SFM tip, which senses the
sample surface. Different types of SFM probes were used in this work.

Silicon nitride cantilevers are the standard for contact mode AFM measurements,
because this material is hard to wear, works well with most of the samples, allows the use of a
very low contact force between the tip and the sample surface (less than 10 nN), and they are
rather cheap. However, they need a conductive coating for use in electric force microscopy, in
particular for piezoresponse measurements. Difficulties with metal coating of silicon nitride**

prevented their exclusive use in these measurements. In general, the silicon nitride probes are
suited for low-contact-force piezoresponse imaging [57], but not for the quantitative
ferroelectric characterization of the films.

Highly doped silicon cantilevers with a resistivity of 0.02 Ωcm have spring constants
between mN /4  and mN /50 depending on the cantilever geometry [75]. The forces on the

                                                
** Soft cantilevers easily bend when coated. Stress control of the coating requires a very special
equipment. The tip sharpness also deteriorates considerably. Moreover, the conductive layer may be
removed at the tip apex after several scans, causing a drastic deterioration of the piezoresponse images.
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sample can be derived from the spring constants and they were between 0.05 µN and 10 µN.
These SFM probes were mostly used in the present work due to the following reasons:
• The high doping level with boron acceptors assures a good electrical conductivity of the

probe, without any metal coating. The quality of the electrical contact remains constant
during the whole experiment, even if the apex geometry changes during the scanning.

• A high spring constant of the cantilever means a high mechanical resonance frequency,
which allows the use of a high frequency for the AC testing voltage.

• For piezoelectric measurements in atomic force microscopy, it was proved that the effects
of the electrostatic interaction between the tip-cantilever and sample-bottom electrode
systems are highly reduced [76] by using cantilevers with high elastic constant.

The lower limit for the lateral resolution achieved is directly related to the radius of the
tip apex, and it was estimated to be about 10 nm – 20 nm for the soft cantilevers, and 30 nm –
50 nm for the stiff cantilevers.

All experiments described in this work were done under ambient conditions, at room
temperature.

3.4 Investigated systems

3.4.1 Epitaxial thin films

Epitaxial ferroelectric thin films of SrBi2Ta2O9 (SBT), Bi4Ti3O12, and BaBi4Ti4O15 were
deposited by pulsed laser deposition (PLD) onto epitaxial layers of electrically conductive
LaNiO3. The epitaxial LaNiO3 layer served both as a template favoring the epitaxial growth of
the ferroelectric film and as a bottom electrode for the electrical characterization. The
conductive LaNiO3 epitaxial layers were grown either on top of (100)-oriented SrTiO3 (STO)
single crystals or on top of (100)-oriented single-crystalline silicon substrates previously
coated with a stack of epitaxial CeO2 and YSZ buffer layers. The CeO2/YSZ bilayer serves as
a template to promote the epitaxial growth of the LaNiO3 electrode layer on Si(100), the
LaNiO3 layer promoting the epitaxial growth of the desired bismuth-layered perovskite film
[77,78].

All the films and layers were grown by PLD employing a KrF excimer laser
( nm 248 = λ ) at a laser repetition rate of 5 or 10 Hz. The depositions of all the films were
performed in a pure oxygen atmosphere in a continuous sequence without breaking the
controlled atmosphere conditions. The films were grown on substrates heated at high
temperatures estimated to lie between 675°C and 685°C for YSZ and between 650°C and
670°C for the other materials. After the deposition of the bismuth-layered perovskite film the
epitaxial heterostructure was slowly cooled down to room temperature in 13.3 Pa of pure
oxygen. The deposition parameters used, as well as the typical thickness obtained for the
different deposited materials, are summarized in Table 1.

The structure of the films was studied by X-ray diffraction (XRD) using a Philips
X’Pert MRD four-circle diffractometer and plan-view and cross-section TEM. The
morphology of the films consists of a c-oriented matrix with embedded grains of another
orientation. The detailed XRD analysis of all the bismuth-layered thin films showed that the
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grains have (110)orth and (100)orth orientations and are embedded into the (001)-oriented (i.e. c-
oriented) film matrix [79]. This observation is fully consistent with the SFM and TEM
investigations as shown in Figure 12.

Deposition parameters YSZ CeO2 LaNiO3 Bi4Ti3O12 SBT BaBi4Ti4O15

Repetition rate (Hz) 10 10 5 10 10 10

Pulse energy (mJ) 450 350 350 350 350 350

Energy density (J/cm2)
(on the target)

3 2.7 2.7 2.7 2.7 2.7

Heater temperature (°C) 820 800 800 800 800 800

Substrate temperature (°C)
(estimated)

680 665 665 665 665 665

Oxygen pressure (x7.5 Pa) 10-2 100 300 100 100 100

Film thickness (nm) ≈50 ≈20 ≈50 ≈400 ≈150 ≈300

Table 1 Summary of the deposition conditions used for the growth of epitaxial YSZ, CeO2,
LaNiO3, Bi4Ti3O12, SBT, and BaBi4Ti4O15 films.

(a)  (b)
Figure 12 Typical characteristics of the epitaxial films (here BaBi4Ti4O15/LaNiO3/ STO): (a)
cross section TEM image of rectangular-shaped crystallites. The image shows the c-oriented
grains (A, A’) and also the (110)orth-oriented grains (B and C). The inset displays a selected area
diffraction pattern corresponding to both (001)–and (110)orth-oriented regions. (b) SFM
topography image of a region similar to that of (a). Note that tetragonal indexing is used in (a), so
that, e.g., [010]t = [110]orth.
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3.4.2 Polycrystalline PZT films

PZT thin films were deposited using the chemical solution deposition (CSD) method. The PZT
precursor solution was prepared with Pb acetate, Ti- and Zr-isopropylate as metal precursor,
and with 2-methoxyethanol (2ME) as solvent. Pb acetate was dissolved in 2ME, dehydrated at
125°C and then cooled to about 80°C. Separately, Ti and Zr isopropylate were dissolved in
2ME and the solutions were heated up to 125°C under stirring to evaporate water and any
reaction by-products. The Ti and Zr solutions were stabilized against hydrolysis by reaction
with acetylacetonate. After cooling down to 80°C, Pb, Ti and Zr precursor solutions were
mixed and the final solution was heated to 120°C under continuous stirring and kept under
these conditions until a concentration of about 0.1 mol-1 was achieved. After cooling down to
room temperature, the obtained PZT precursor solution was filtered with a 0.22 µm teflon
filter.

The PZT thin films were obtained by solution spinning onto the substrates at 2000 rpm
for 35 s. The metalorganic films were dried at 120°C for 1 min. and successively pyrolised on
a hot plate at 300°C for 5 min. For the specific concentration (of the solution) used, the
thickness of one coating was about 150 nm. The spinning-pyrolysing sequence was repeated
several times to increase the film thickness to the desired value. Finally the PZT films were
crystallized by conventional thermal annealing for 30-60 min. performed in air at temperatures
ranging from 550°C to 650°C.

3.4.3 Patterned nanostructures

Regular SrBi2Ta2O9 (SBT) and PZT structures with lateral sizes under 100 nm were fabricated
using electron beam direct writing (EBDW) [80]. Electron beam lithography is one of the next-
generation lithography processes allowing a resolution down to several tens of nanometers,.
EBDW is a maskless lithography process widely used for writing metallic and oxide
nanostructures using metalorganic precursors [81] and alleviates the etching of the ferroelectric
thin film, which is known to be an unsolved problem at these dimensions [82]. Chemical
reactions are locally induced in a metalorganic thin film by irradiation with an electron beam
having sufficient energy and dose and the desired pattern is written by scanning the electron
beam over the sample. The pattern is developed by dissolving the unexposed area in a specific
solvent and further transformed into metal or oxide by thermal annealing [83,84].

Test patterns of SBT and PZT cells with lateral dimensions between 1 and 0.125 µm
were exposed into a corresponding metalorganic film using a commercial electron beam
lithography system (ELPHY Plus) adapted to a JEOL JSM 6400 scanning electron microscope
(SEM) working at an acceleration voltage of 40 kV. Exposure was performed at electron doses
varying from 1500 to 6000 µC/cm2 for PZT and 600 to 1200 µC/cm2 for SBT. The structures
were developed by immersing the exposed sample for 1 min. in toluene, and were then dried
by blowing with nitrogen.

After developing, the metalorganic mesas were subsequently transformed into an oxide
by annealing in air for 5 min. at 300 °C and further crystallized into the ferroelectric phase by
annealing at temperatures ranging from 600 to 850 °C.

Representative structures consisting of periodic patterns of ferroelectric cells yielding a
memory density of 1 Gbit/cm2 are presented in Figure 13. The cells are well defined in shape
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and are polycrystalline with grains having sizes of 20 nm or less (smaller for PZT than for
SBT). During the crystallization process, the smallest SBT structures lose their rectangular
shape while PZT structures maintain their shape even after a 50% shrinkage.

Figure 13 Metalorganic SBT test structures developed in toluene after e-beam exposure with an
electron dose of 3 µC/cm2 .
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4.4.4.4. Piezoresponse-SFM for local electromechanical Piezoresponse-SFM for local electromechanical Piezoresponse-SFM for local electromechanical Piezoresponse-SFM for local electromechanical probingprobingprobingprobing
of ferroelectric thin filmsof ferroelectric thin filmsof ferroelectric thin filmsof ferroelectric thin films

The aim of this chapter is to analyze the possibilities of using the method of piezoresponse
SFM not only to image the domain structure, as it was used up to now, but also to locally
characterize the ferroelectric properties with a resolution of several nanometers. This
expansion consists in describing some techniques that may be used to obtain quantitative
information on the physical quantities involved in piezoelectric probing.

First of all, it is very important to establish the origin of the demodulated signals,
especially the first harmonic component. With other words, it is important to know whether
and how it is possible to probe the true electromechanical properties of ferroelectric samples.
The next section ascertains that the first harmonic signal in the experiments presented in this
work reflects the sample surface movements and not the electrostatic interaction between the
tip and the electric field at the sample surface.

4.1 Analysis of the first harmonic signal in voltage modulated SFM

As has been shown in the sections 3.2.3 and 3.2.4, there are two types of forces governing the
tip movement above the ferroelectric sample [85,48], namely the repulsive contact force and the
electrostatic force.

The piezoelectric displacements of the sample surface are given in Eq. 12 (Sect. 3.2.3)
and the first harmonic of the Maxwell stress force in Eq. 20 (Sect. 3.2.4). Both of these forces
act simultaneously on the tip when operated in contact mode, therefore the first harmonic of
the tip deflection is the superposition of their effects. Whether the tip movement is governed
by the electrostatic interaction or by the surface displacements can be determined from the
phase of the first harmonic, as it will be shown in the following.

The AC voltage was always applied to the SFM tip so that the phase shifts correspond
to those calculated previously. To assure a proper ground of all the equipment in the setup, the
DC voltages were applied to the bottom electrode (exactly as shown in Figure 10, Sect. 3.3),
and not to the tip. However, the position of the DC source does not change the phase signal
measured. For a region (ferroelectric domain) with polarization oriented downward (top-to-
bottom) and an AC voltage applied to the tip, during the positive half-periods (electric field in
the film directed downward, thus parallel to the polarization), the piezoelectric deformation is
an extension, and the surface will move upward. Therefore, the piezoelectric signal is in phase
with the applied AC voltage. At the same time, the first harmonic of the Maxwell stress (see
Fω in Eq. 20, Sect. 3.2.4, with α always positive) and the AC voltage are out of phase.

The above considerations lead to the conclusion that if the electrostatic interaction
causes the cantilever deflection, the tip does not follow the vertical displacements of the
sample surface, but oscillates out of phase with the induced piezoelectric deformations!
Whether the tip vibrates in phase (therefore in permanent contact) with the ferroelectric
surface or oscillates out of phase depends on the balance of the contact and electrostatic
forces. The experiments presented in this work were performed using stiff cantilevers with
high spring constants of mNk /40= , which imply contact forces in the range from Nµ2 up
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to Nµ10 . The Maxwell stress force Fω estimated from Eq. 20 using 2)20( nmS π= ,
nmt 200= , nmh 1= , 0200 εε =f , 02 εε =i , VVAC 2=  and 2/20 cmCP µ=  is found to be

Nµ12.0 , and therefore is about ten times smaller than the usual repulsive contact force.
The above estimation, however, needs to be validated experimentally. To demonstrate

that in this work the first harmonic signal reflects the piezoelectric effect, the following
experiment was performed: The SFM tip was positioned above a certain region of the sample
surface, showing an in-phase oscillation of the first harmonic deflection with respect to the AC
voltage applied. Therefore the polarization of the respective region was oriented downward.
For practical reasons, the phase offset was always set to 180°, so that the piezoresponse signal
from positive domains is positive. Above this point, the SFM tip was then scanned in the z-
direction, using the force curve measurement procedure of the SFM controller. The DC
deflection and the first harmonic component of the cantilever deflection were recorded at three
values of the bias voltage: 0=DCV , VVDC 2=  and VVDC 2−= . The local coercive field of the
ferroelectric sample probed in this experiment was VVcoer 8= , therefore the bias did not
switch the ferroelectric domain ( VVAC 2= ). The results are shown in Figure 14 as deflection
versus z-scanner position plots.

(a) (b)

(c) (d)
Figure 14 Deflection versus z-scanner position above a negative ferroelectric domain
(polarization downward) in a BaTiO3 single crystal: (a) DC component (force curve). (b,c,d) First
harmonic component at different VDC: (b) 0=DCV , above the surface (non-contact) the signal is
180° phase shifted with respect to the signal when the tip is in contact with the surface. (c)

VVDC 2−= , and (d) VVDC 2= . The first harmonic signal in contact mode is not influenced by
the DC bias. These measurements prove the piezoelectric nature of the first harmonic signal in
contact mode.

The DC component of the deflection was not influenced, within the experimental
errors, by the DC voltage, and the plot in Figure 14a represents a usual force curve (compare
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with Figure 3 in Sect. 3.1.1). Above the sample surface, in non-contact, only the electrostatic
interaction is present in the first harmonic signal. For 0=DCV  the phase shift changes from 0°
to 180° (Figure 14c, the first harmonic changes from positive to negative) as the tip
approaches the surface and is pushed into it, in complete agreement with the expected phase
shifts of the two signals for a negative domain (see Eq. 12 in Sect. 3.2.3 and Eq. 20 in Sect.
3.2.4).

Moreover, as can be seen in Figure 14c-d, the bias voltage has a strong influence on
the first harmonic, in agreement with the strong dependence of Fω on DCV  in Eq. 20*. In
contrast, in the contact region of the curves, the first harmonic signal is independent of the bias
voltage (with the restriction that it is lower than the coercive voltage, of course). This is an
incontestable proof that the electrostatic interaction has no visible influence on the signal and
the tip truly follows the surface vibrations when operated in contact mode.

The cantilever torsion and therefore the lateral deflection signal could, in principle,
also be influenced by an electrostatic interaction [55]. Figure 15 proves that the x-deflection
signal is non-zero only when the tip is in contact with the surface and the polarization is in the
film plane.

(a) (b)
Figure 15 First harmonic component of the x-deflection signal (lower plots) versus z-position of
the scanner: (a) above a domain with polarization perpendicular, and (b) above a domain with
polarization parallel to the sample surface (BaTiO3 single crystal). The upper plots show the tip-
to-sample contact position. Above the sample, in the non-contact region, the x-deflection signal is
always zero.

In conclusion, when the tip is in contact with the surface, only the piezoelectric effect is
responsible for the first harmonic of both the in- and out-of-plane cantilever deflections.

                                                
* Because the DC bias is applied to the bottom electrode, the sign of VDC in Eq. 20 has to be changed from
positive to negative.
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4.2 Imaging of the ferroelectric domain structure

As it was demonstrated in the previous section (4.1) the first harmonic component of both
deflection signals (corresponding to the vertical and lateral movements) indeed represents the
induced piezoelectric vibrations of the ferroelectric sample. Therefore, the first harmonic
signals recorded above a given point of the surface describe the two components of
polarization perpendicular to the cantilever axis at that point.

To obtain the distribution of ferroelectric domains at the surface of a sample using
SFM it is necessary to associate the position of the SFM tip to the signal containing
information about the ferroelectric state. This can be most easily achieved using one of the
built-in input channels of the SFM system. Alternatively, the same task can be fulfilled using a
second computer to collect and store the (x, y) position from the SFM scanner, and the
piezoresponse signal (i.e. domain information). The image of the domains is usually visualized
by associating different colors to different levels of the signal.

Out-of-plane domains
Monitoring the first harmonic of the z-deflection signal while scanning the surface results in
an image of the effective longitudinal piezoelectric coefficient dzz. Using Eq. 12 and Eq. 14
(Sect. 3.2.3), the relationship between the measured signal vz

ω and dzz is given by
Eq. 22:

vz
ω = δ dzz VAC Eq. 22

Eq. 22

where δ, the sensitivity of the optical detector, is in fact the conversion factor between the
mechanical displacement of the SFM tip and the electric deflection signal.

An information about the polarization state is obtained from the linear relation between
the piezoelectric coefficient and the spontaneous polarization. It is well known that for
ferroelectric materials having a tetragonal symmetry (point group 4mm) and with a
centrosymmetric paraelectric phase the piezoelectric effect can be considered as the
electrostriction effect biased by the spontaneous polarization PS as shown in Sect. 2.2 (Eq.
10a). If the region being probed is not c-oriented (PS is not normal to the film plane), an
effective piezoelectric coefficient has to be considered. As shown in Appendix B, magnitude
and sign of the piezoelectric coefficient along a certain direction (denoted dzz) is related (but
not directly or simply related) to the angle between the spontaneous polarization and the
normal to the film surface. Therefore, the distribution of dzz represents in fact a more or less
faithful* image of the out-of-plane polarization distribution at the sample surface, at least for
the materials that belong to the 4mm point group symmetry.

In-plane domains
The first harmonic of the lateral deflection signal being proportional to the shear piezoelectric
coefficient (see Eq. 16), the above considerations hold for the in-plane domains, too. As it was
deduced thermodynamically for the same tetragonal symmetry in Sect. 2.2, the shear
piezoelectric coefficient d15 is given in Eq. 10b for the case of the cantilever axis

                                                
* depending on the balance between d33, d31, and d15 in Eq. A 7 (Appendix B).
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perpendicular to the spontaneous polarization, which is parallel to the film plane (geometry
shown in Figure 6, Sect. 3.2.3). In the general case where the spontaneous polarization is
oriented in the film plane along an arbitrary direction relative to the cantilever (see the xyz
system of coordinates in Figure 6), an effective shear coefficient dxxz is detected. Magnitude
and sign of dxxz depend on the angle between the x-axis and the spontaneous polarization [86].

Therefore, the in-plane domains can be visualized in the same manner as the out-of-
plane domains, a mapping of dxxz being a more or less distorted image of the in-plane
polarization. However, special care has to be taken when interpreting the in-plane domains if
the scan direction is not along one of the principal crystallographic directions, due to the
complex nature of the friction-induced cantilever vibrations.

4.3 Local measurements

The usual macroscopic techniques used for the measurement of the electromechanical
properties [7,87,88] cannot be applied in the case of SFM, due to the fact that the geometry of the
region being measured is depending on its position. In this case, the SFM conductive tip
represents in fact a nanometer-sized movable top electrode used for probing the sample
surface by applying an AC voltage. This top electrode can be fixed over any desired place of
the sample surface, in order to explore only that area. Taking into account that the sample is
tested by detecting the induced mechanical oscillations, several procedures can be used to
measure the local properties.

4.3.1 Local piezoelectric coefficient

The local piezoelectric coefficient can be determined with a high accuracy by sweeping the
amplitude of the testing AC voltage from zero up to the local coercive voltage of the sample.
The piezoelectric constant can be easily calculated from the slope of the linear dependence
expressed in Eq. 22 (Sect. 4.2). In the case of ferroelectrics, as soon as the AC amplitude is
higher than the local coercive voltage, the polarization starts to switch with the same
frequency as the AC voltage, leading to a decrease of the first harmonic response.

4.3.2 Stress dependence of piezoelectric coefficient

The influence of the mechanical stress on the longitudinal piezoelectric coefficient can be
studied by varying the contact force between the tip and the sample while recording the
piezoresponse signal. Since the stress applied strongly depends on the real contact area, which
is very difficult to estimate, the contact force dependence is used instead. The range of contact
forces that can be used depends on the elastic constant of the cantilever.

In general, the piezoelectric coefficient decreases when the stress (or the contact force)
increases*.

                                                
* In the thermodynamic treatment of ferroelectricity, an increase of the stress X is equivalent to an increase of the
temperature T (Eq. 2, Sect. 2.1), therefore the ferroelectric is closer to its paraelectric phase and has a smaller
spontaneous polarization (and implicitly also a smaller piezoelectric coefficient).
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4.3.3 Hysteresis loops

The most important characterization and also a proof of ferroelectricity is the presence of a
piezoelectric hysteresis. This measurement is generally performed using a DC bias source
connected in series with the AC voltage source. The hysteresis loops are obtained by sweeping
the bias voltage and recording the piezoresponse signal. There are two main procedures that
may be used:

1. In-field hysteresis. In the first procedure, the probing AC voltage is superimposed on
the DC bias which is varied in steps from zero to Vmax, then decreased down to Vmin and
increased again up to Vmax, in order to measure the piezoelectric coefficient as a function of the
DC field applied simultaneously. Each step of the bias has a duration tbias (Figure 16a). The
loop obtained in this manner is further referred to as in-field hysteresis loop and represents a
normal d - E curve [89], as it is often used for the characterization of the macroscopic
piezoelectric properties of thin films.

        
(a) (b)

Figure 16 The waveform of VDC in hysteresis loop measurements: (a) for the in-field loops, and
(b) for remanent loops

2. Remanent hysteresis. In the second procedure, the DC bias voltages are in fact
pulses with a duration tbias and an interval of time tdelay between them. The piezoresponse
signal is recorded and stored just before the application of the next polarizing pulse (Figure
16b) [49,90]. The amplitudes of the pulses are varied in steps in the same way as in the first
procedure. Using this measuring method, the electrostatic interactions between tip-cantilever
and the bottom electrode are avoided during the measurement and only the remanent
piezoelectric coefficient is measured as a function of the DC voltage pulse previously applied
to the sample. The loop obtained accordingly is further referred to as remanent hysteresis loop.
This kind of measurement reveals the retention characteristics of ferroelectric thin films.

Whereas the remanent loop is saturated for high values of the poling voltage, the in-
field loop contains a linear part. The linear part can be used to estimate the electrostriction
coefficient of the material, as shown in the next section.

It should be mentioned that rather recently the remanent hysteresis loop procedure was
applied to macroscopic measurements, too [91]. Its main scope was to minimize leak charges
and therefore to obtain more realistic polarization data even in very leaky ferroelectric
samples.
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4.3.4 Estimation of the electrostriction coefficient

The electrostrictive effect is present in all materials, regardless of the symmetry and is an
example of nonlinear coupling between elastic and electrical fields. Generally, if an electric
field Ei is applied to a material, the electrostrictive strain Sij is defined by:

lkijklij EEMx = Eq. 23
Eq. 23

The electrostrictive effect can also be expressed in terms of the induced polarization:

lkijklij PPQx = Eq. 24
Eq. 24

where the polarization-related electrostrictive coefficients Qijkl are given by:

ijkllqipijpq QM χχ= Eq. 25
Eq. 25

In the case of ferroelectric materials, however, Eq. 23 and Eq. 24 are not
simultaneously valid, due to the strong nonlinear dependence of the susceptibility tensor χij on
the electric fields. Experimental data have shown that the polarization-related electrostrictive
coefficients Qijkl are, within the experimental errors, independent on temperature [92] and
electric field [93,94]. For this reason they are mostly used for the description of the
electromechanical properties of ferroelectric materials, though they were found to depend on
the number of polarization switches in some cases [95].

For a single-crystal ferroelectric in the monodomain state, Eq. 10a (Sect. 2.2) between
the electric-field-induced strain along the z-axis x33 and the spontaneous polarization PS is
extended to include the effect of an applied electric field as follows [96,97]:

x33 = ε33Q33(2PS + ε33E3)E3 Eq. 26
Eq. 26

The first term represents the linear, piezoelectric strain with respect to the external electric
field E3. The second term is the pure electrostriction component of the strain. In Eq. 26 the
electrostriction coefficient is written using the matrix notation.

The experimental setup used for piezoelectric measurements with a SFM allows the
application of an AC signal biased by a DC voltage, and the detection of a certain harmonic
(usually the first) of the mechanical response of the sample. Next, these experimental aspects
will be taken into account to demonstrate a possibility for the estimation of the electrostriction
coefficient. If we replace in Eq. 26 the electric field as shown in Eq. 27:

E3 = EDC + EAC sin(ω t) Eq. 27
Eq. 27

the total strain induced can be written as:
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The longitudinal piezoelectric coefficient can be obtained as the amplitude of the first
harmonic of the strain divided by the amplitude of the driving AC electric field:

)(2 33333333 DCS
AC

EPQ
E
xd εεω +== Eq. 30

Eq. 30

In Eq. 30 it can be seen that, for a constant ferroelectric polarization PS, the
dependence of the piezoelectric coefficient on the DC electric field is linear. On a d(E) in-field
hysteresis curve, the slope of this linear component can be obtained by differentiating Eq. 30
with respect to EDC, for those regions of the hysteresis loop, for which the ferroelectric
polarization is not switching (at saturation).
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Eq. 31

The electrostriction coefficient can be estimated from the slope of the saturated regions
of the in-field piezoelectric hysteresis loops provided the permittivity is known from other
measurements. In principle, the electrostriction coefficient could be estimated from the second
harmonic, too, if the noise level is low enough. The strain to be measured is proportional to the
product EDCEAC if the first harmonic is used, whereas it is proportional to EAC

2 if the second
harmonic is detected. The problems that arise are, first, that the AC voltage has to be smaller
than the coercive voltage (to prevent switching), and second, that a higher AC voltage may
produce breakdown in the film. In contrast, using a high DC voltage avoids these problems.
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5.5.5.5. ResultsResultsResultsResults

5.1 BaTiO3 single crystals – a verification of the method

Barium titanate, the ferroelectric activity of which was independently discovered in 1944 by
von Hippel et al. [98] and in 1945 by Wul and Goldman [99], is one of the best-studied
ferroelectric materials, due to its simple structure, large permittivity, and chemical stability.
The crystal structure is cubic perovskite above the Curie temperature, and slightly distorted
below. At room temperature, the crystal structure is tetragonal, having an electric dipole along
the polar axis. To minimize the total energy, the crystal splits up into domains, which can have
the spontaneous polarization along one of the three crystallographic directions. Moreover, the
charge neutrality condition restricts the equilibrium domain structure, allowing only 180° or
non-charged 90° domain walls. Therefore, due to its predictable and simple domain structure,
BaTiO3 is a perfect material to check the capabilities of piezoresponse SFM.

5.1.1 Macroscopic measurements

Several pieces of a Remeika-grown BaTiO3 (100) single crystal* [100] were glued with silver
paste on a conductive support, which plays the role of the bottom electrode. At first the
macroscopic properties were measured using a silver paste as top electrode.

Figure 17 Macroscopic measurement of the polarization and permittivity hysteresis loops of a
BaTiO3 (100) single crystal. The sample proved to possess a non-negligible surface percentage of
a-domains.

Figure 17 shows the polarization and the permittivity as a function of the bias voltage.
The polarization hysteresis loop was measured using a usual Sawyer-Tower circuit [101] with a
linear capacitor µF 4.74C0 =  (about 4104 ⋅  times higher than the small signal capacitance of
the 23 cm108.3 −⋅  tested area of the sample). The frequency of the cycling bias was the same
(2.5 mHz) for both polarization and permittivity hysteresis loops. The permittivity was

                                                
* Samples were provided by Prof. Lukas M. Eng (IAPP – TU Dresden)
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measured with a small AC field (0.05 kV/cm at 9.7 kHz) superimposed on the DC bias. The
rather small value of the saturation polarization of 2C/cm 12 µ and the high permittivity of 1300
can be attributed to the presence of a large percentage of a-domains. These domains do not
contribute to switching because the switching of one of them would imply a sequence of
additional reversals that would be energetically unfavorable (due to the high stress involved).
However, the ferroelectric characteristics are in the range reported by other authors [102]. As it
will be shown later, the piezoresponse images indeed revealed that the a-domains cover a large
part of the crystal surface.

5.1.2 Ferroelectric domain structure

Figure 18 shows the topography and the deduced components of polarization at the sample
surface. Topographic data show surface steps, about 30 nm in height, which have no
correlation with the actual ferroelectric domain structure. Most probably, at the crystal growth
stage, these steps indeed reflected the pattern of 180° domains, but the present equilibrium
domain structure is very different [103].

(a)

(b)  (c)
Figure 18 (a-c) Topography (a), out-of-plane (b) and in-plane (c) piezoresponse images at the
surface of a barium titanate (100) single crystal (scan size: 75 µm). The legend shows the deduced
polarization orientations.
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The images (b) and (c) in Figure 18 display the out-of-plane and in-plane ferroelectric
domains at the BaTiO3 surface for the same region. Even at the first look the complementarity
of the two images is visible: regions with high PZ-contrast (black or white color in image b)
exhibit zero PX-contrast (gray color in image c). In other words, a certain point of the surface
can have a polarization either perpendicular or parallel to the surface, in complete agreement
with the crystallographic orientation of the sample.

The polarization direction was deduced from the phase shifts of the signals. To analyze
the compatibility of the in-plane and out-of-plane domain structures deduced from the images
with the additional conditions of a stable domain structure in perovskites, the area framed in
these images is zoomed in Figure 19 and a three-dimensional sketch of the ferroelectric
domains is drawn. The head-to-tail configuration is fulfilled for each 90°-domain wall over all
areas that were probed. It was also deduced that 180°-domain walls are always parallel to the
spontaneous polarization direction, that is they can cross continuously the a- and c- domains,
but they are not allowed to end within an a-domain since this will break the condition of
charge neutrality.

Figure 19 The ferroelectric domain structure in the rectangular region framed in Figure 18b-c, as
deduced from the out-of-plane and in-plane piezoresponse images.

5.1.3 Control of ferroelectric domains

Simply detecting a signal and converting it into colors was not considered sufficient to yield
full confidence in the system capabilities. In the particular case of piezoresponse SFM the tip
movements are strongly dependent on the interaction with the surface and this may cause
image artifacts. For the case of ferroelectric materials the detection system can be further
checked by modifying the domain structure, applying a DC bias to the sample. Comparing the
piezoresponse images before and after switching should give additional confidence in the
setup. For instance, many of the BaTiO3 samples investigated were in the single domain state
and thus no contrast in the piezoresponse image was detected. Therefore, evidence of domain
switching is a complementary requirement for the verification of the method.

Writing ferroelectric domains over large areas was achieved by scanning the sample
surface at an applied bias voltage which exceeded the coercive voltage. The result of one such
experiment is shown in Figure 20. The sample (probed in different places of the surface) was
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single domain (negatively polarized) and no contrast could be detected. First an area of 50 ×
25 µm2 was switched upward while scanning the surface with a voltage of 80 V on the bottom
electrode. The middle of this domain was then switched back by applying a pulse voltage of -
80 V, 0.5 s with the tip fixed above the surface. The images (a) and (b) in Figure 20 represent
the topography and the out-of plane piezoresponse images, respectively, recorded
simultaneously after the domain “writing”. An important aspect is that no change in the
topography is associated with the 180° polarization switching, that is, the 180° domain walls
are free of stress. The domain formation in BaTiO3 single crystals was systematically analyzed
in Ref. [104]. The lateral size of the domains was found to depend strongly on the magnitude
of the electric field and the pulse length. The mµ5  lateral size of the domain produced by the
negative pulse in this experiment agrees with the dependence of domain size on pulse duration
found in Ref. [104].

 
(a) (b) (c)

Figure 20 Switching the out-of-plane polarization at the BaTiO3(001) surface. (a) Topography, z-
scale 200 nm. (b) piezoresponse image and (c) non-contact EFM image after switching. Note the
low resolution of non-contact EFM due to the field spreading and screening charges.

The same area was then scanned again in the non-contact mode with AC modulation
(EFM-mode). As shown by the image in Figure 20c, the large ferroelectric domain is still
visible, but with a very low lateral resolution. The small domain in the center is not resolved
anymore. This can be explained by the fact that a certain amount of charges accumulated at the
surface from the ambient atmosphere screen the polarization at the surface [29]. Also, the
decrease and spreading of the electric field, and implicitly of the electric field gradient, above
the surface has the same consequence [105,106].

The lateral resolution is an important parameter that has to be taken into account when
interpreting domain images. In contact mode it is limited only by the contact area, which
usually doesn’t exceed 100 nm in lateral size, and therefore this mode is superior to the non-
contact detection modes, as readily exemplified in Figure 20b-c.

5.1.4 Local measurements

Local piezoelectric hysteresis loop measurements above a c-domain are presented in Figure
21. The values of the piezoelectric coefficient are calculated using Eq. 22 as described in Sect.
4.2 and ranges from 4 to 6 pm/V. A few possible reasons for the very small values measured,
compared to 86 pm/V in bulk BaTiO3 are discussed in Chapter 6 (Sect. 6.2).
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Analyzing the shape of the hysteresis loops in Figure 21, the effect of the measuring
procedures, described in Sect. 4.3, can be easily noticed. The in-field loop contains a linear
part, which reflects the field-induced polarization, i.e. the effect of the permittivity (second
term in Eq. 26, Sect. 4.3). At this point it may be objected that the linear part should not exist,
since it is known from the macroscopic measurements that the permittivity decreases at high
fields (as also happened in BaTiO3, Figure 17). The dielectric nonlinearity, however, is
associated with domain wall contributions [8]. In nanoscale measurements, the small area that
is probed is supposed to be single domain, and it is very unlikely that the domain wall
contribution is involved in the switching processes induced under the SFM tip. This implies
that the macroscopically measured permittivity cannot be substituted in Eq. 26, Sect. 4.3 to
determine the dependence of the longitudinal piezoelectric coefficient on the applied electric
field. For this purpose the intrinsic permittivity has to be considered [107,108], which is related to
the lattice polarizability and not to the domain wall motions. As a consequence, the saturation
parts of the piezoelectric loop appear linear. In contrast, the remanent loop shows a well-
defined saturation of the piezoelectric coefficient that agrees well with the zero field value of
the in-field loop.

Figure 21 Nanoscale piezoelectric hysteresis loops at the surface of BaTiO3(001). The cycling
parameters are: Npts/cycle = 200; Tbias = 0.4 s, for both loops, and Tdelay = 2 s for the remanent loop.
The testing voltage had an amplitude of VVAC 2=  and a frequency kHzf 4.19= .

It is important to note the differences in the shape of the loops near the coercive field,
in the region where switching occurs. While the field is applied, the polarization under the tip
switches rather fast, resulting in a steep slope of the loop at the coercive field. If the electric
field is only shortly applied, it results in a sharp but incomplete reversal of the signal, above
which the saturation value is reached with a smaller slope. This can be explained by the fact
that a domain is only nucleated by a pulse having the amplitude of the coercive voltage, but
the size of this domain is smaller than the region contributing to the piezoresponse signal,
resulting in stable intermediate piezoresponse values. Further application of pulses leads to a
growth of the domain, which needs more energy to further grow as its size increases, and
therefore to a decrease of the slope above the coercive voltage. This is in agreement with other
switching experiments on BaTiO3 single crystals [85, 104].
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In conclusion, measurements on BaTiO3 single crystals have proven that
• the signals detected are related to the converse piezoelectric effect and not to the charges

on the surface or to other artifacts;
• the orientation of the polarization is correctly deduced from the piezoresponse signals;
• the numerical values calculated from piezoelectric data are considerably lower than the

known (bulk) values, but the measuring conditions were shown to be extremely different
from the usual ones. In principle, it should be very easy to “calibrate” the setup and to
scale all piezoelectric measurements considering BaTiO3(100) as a standard, but such a
simple approach would hardly describe the rather complex nature of the measurement
procedure.

5.2 New results on PZT films

A problem of current interest in ferroelectric research is to know how the domain structure and
the other properties of a material are modified if the ferroelectric material, in thin film or
ceramic form, consists of very small grains. This question is particularly significant for PZT, a
solid solution between the simple perovskites PbZrO3 and PbTiO3, in view of its broad
application in different fields of technology. For instance, the piezo-scanner of the SFM head
itself is made out of a PZT ceramic. And PZT is still a candidate for use in the prospective
FeRAMs, with certain special electrodes. For basic properties and further reading, see Ref.
[102].

The composition of the PZT films used in this study was 30/70 (Zr:Ti atomic ratio),
therefore the crystallographic symmetry was tetragonal. The films were deposited on
Pt/SiO2/Si substrates, and for macroscopic measurements Pt top electrodes were sputter-
deposited onto the surface.

5.2.1 Macroscopic measurements

Figure 22 Macroscopic measurements of the polarization and permittivity hysteresis loops of a
PZT (30/70) thin film.
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Macroscopic ferroelectric measurements presented in Figure 22 reveal a coercive field and a
remanent polarization of the order of kV/cm1502 =cE  and 2µC/cm 442 =rP , respectively,
comparable to the literature  values for films with similar composition [109,110]. The asymmetry
of the loops seen in Figure 22 was not found in the nanoscopic measurements. Therefore, it
may be attributed to the different types of interfaces between the film and the bottom and top
electrodes caused by the different ambient conditions during the formation of the two contacts:
the depositions of the film on the bottom electrode, and that of the top electrode on the film.

5.2.2 Ferroelectric domain structure

The film morphology studied by SFM and SEM exhibits grains with a lateral size from
nm300  up to nm600 and a surface roughness of nm10 . Since the film thickness is nm500 ,

it is reasonable to conclude that the films have a columnar structure, making the study of
ferroelectric domains easier.

When studied by piezoresponse SFM the films show a complex domain structure
implying the presence of both 180° and 90° domain walls. The images in Figure 23, acquired
with a very sharp tip at a low contact force* of Nµ4.0 , illustrate the existence of a very fine
domain structure with lateral domain sizes of less than nm10 .

(a) (b)
Figure 23 (a,b) Topography (a) and out-of-plane piezoresponse (b) images of an as grown PZT
(30/70) film revealing a complex domain structure, with mainly 90° domain walls. A 180° domain
wall is marked with a circle in the upper right corner. The contrast inside the rectangular frame is
similar to the one in Figure 19 and belongs to an a-c-type configuration of the domain structure
(with 90° domain walls).

                                                
* If the contact force between tip and surface is high, the radius of the tip apex deteriorates rapidly (most probably
already at the engagement) from 5 - 10 nm, as guaranteed by the manufacturer, up to 30 - 50 nm, lowering the
lateral resolution.
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Although the image of Figure 23b shows the out-of-plane domains, different levels of
the signal are associated with different z-components of the polarization (more details, see
Appendix B). Therefore, regions with another polarization orientation than normal to the
surface can be deduced from the contrast intensity. An important feature that can therefore
immediately be observed is that both out-of-plane and in-plane ferroelectric domains coexist
within the same grain of less than 31 mµ , just as in the case of large single crystals of BaTiO3.

It is noticeable that 90° domain walls often pass continuously through the grain
boundary, as, e.g., at the boundary marked with an arrow. It appears also that domain walls do
not necessarily coincide with grain boundaries, some domains may extend into the adjacent
grains. This fact is better illustrated in Figure 24, where the arrow shows a grain boundary
crossed by a positive domain. These observations indicate a strong coupling between the
(ferroelectric or ferroelastic) domains that belong to different, adjacent grains. Other details of
Figure 24 are discussed in the next sections.

(a) (b)
Figure 24 (a,b) Topography (a) and out-of-plane piezoresponse (b) images of an as grown PZT
film. The arrow shows a domain extending over two grains.

5.2.3 Characterization of individual grains

A local ferroelectric characterization was achieved by positioning the SFM tip on top of
selected individual grains and recording piezoelectric hysteresis loops. A ferroelectric
behavior was found for all the grains that were probed, however, the hysteresis parameters and
loop shape significantly vary from grain to grain, even for adjacent grains. The results for the
two grains outlined and numbered in Figure 24 are now presented.

The hysteresis loops of the two grains are shown in Figure 25. The cycling parameters
used are Npts/cycle = 200, Tbias = 0.3 s, for all loops, and Tdelay = 2 s for the remanent loops.
The values of Vpm /7  (grain No. 1) and Vpm /15  (grain No. 2) calculated for the saturation
piezoelectric coefficients are 10 – 20 times smaller than the bulk values but are similar to
those reported from other SFM measurements [66,90,111] and about 2 – 4 times smaller than
macroscopic values measured in thin films [107,112].
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The in-field and remanent hysteresis loops give an information on the evolution of the
domain under the tip induced by an applied poling voltage. Analyzing the hysteresis loops in
Figure 25, it is obvious that switching of domains under a continuously varying electric field
occurs at a lower field, but with a smoother slope than in the case of the remanent loop. The
latter one contains information about the “relaxed” state of ferroelectric domains that were
formed with a given pulse. The results show that there is a strong dependence of the switching
on the waveform of the electric field applied and that switching occurs much faster under a
pulse with an amplitude which is higher than the coercive field. It is believed that if a low
electric field (below the coercive field) is applied over a (very) long time period the
polarization will eventually switch [8,113], or, equivalently, the coercive voltage will be smaller
for longer applied voltages [114,115]. In the present measurements, however, no significant
differences were found for bias times longer than the lower limit of 0.1 s*.

 
(a) (b)

Figure 25 In-field (I-F) and remanent (REM) piezoelectric hysteresis loops of the grains indicated
in Figure 24: (a) grain No. 1, and (b) grain No. 2.

The relationship between the magnitude of the piezoresponse signal and the spontaneous
polarization is an important problem in piezoresponse imaging, relation that can be established
assuming different crystallographic orientations of the grains. In the following, the exact
dependence of the piezoresponse on the crystallographic orientation will be exemplified using
the two grains shown in Figure 24. Comparing the parameters of the remanent hysteresis loops
(Figure 26a), it appears that although the grain No. 1 of Figure 24b seems to exhibit an initial
piezoresponse signal larger than grain No 2, the saturation piezoelectric coefficient induced by
the applied field is less than 40 % of that of grain No. 2. Piezoresponse images acquired after
poling (not shown here) have indeed confirmed that the contrast of grain No. 2 is higher than
that of grain No. 1.

To explain the difference in the magnitude of the piezoresponse of the two grains (at
saturation), let us assume that they have a different orientation, and the c-axis of the two
grains (and thus also the spontaneous polarization) form the angles θ1 respectively θ2 with the
normal to the film plane. The magnitude of the effective piezoelectric coefficient depends on

                                                
* Usually the time constant of the lock-in amplifier has to be set to 20 ms. The manufacturer recommends a waiting
time about 10 times longer to obtain an accurate measurement.
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the angle between the measurement direction and the crystallographic c-axis as described in
Appendix B, )(θzzzz dd = . For the case of a tetragonal symmetry and the particular values of
d33, d31 and d15 for tetragonal PZT(60/40) in standard orientation, the maximum of )(θzzd
appears for 0=θ  and is 33(0) ddzz = . If now we take into account that the piezoresponse is
always measured along the direction normal to the film plane (direction associated with the z-
axis in Figure A 4a in Appendix B) and that experimentally 21 zzzz  d d < , it results 21 θθ >  for
the orientations of the two grains. Figure 26b illustrates how the crystal orientation
dependence of the longitudinal piezoelectric coefficient can be used to explain the variations
in magnitude of the piezoresponse signal. In the calculation the data given in [116] were used.

(a)

(b)
Figure 26 (a) Comparison between the remanent piezoelectric loops of the grains marked in
Figure 24. (b) Drawings illustrating the variation of the measured effective piezoelectric
coefficient with the crystallographic orientation of the grains.

It should be kept in mind that the above conclusion holds only for the saturated regions
of the loops and does not take into account the polarization switching. However, for a given
orientation, the effective piezoelectric coefficient is still proportional to the spontaneous
polarization, since all coefficients d33, d31 and d15 are directly related to PS, according to Eq. 10
[10,117].
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The above considerations can be summarized as follows: Up to now it was well known
that the magnitude of piezoresponse depends on the crystallographic orientation of the grain,
but the exact origin of this dependency has not been pointed out. Usually it was suggested that
the piezoresponse depends on the component of the spontaneous polarization normal to the
film plane [104,118]. However, here it is established that the exact nature of the relationship
dzz(θ) is governed by the transformation rules of the whole piezoelectric tensor, which only in
the case of a tetragonal symmetry is closely related (but not proportional!) to PZ = PS cos(θ).
For instance, for the case of rhombohedral PZT it is expected that piezoresponse is at
maximum for an orientation close to [100], and not for the [111]-orientation, [119] along which
the spontaneous polarization is directed (eventually after poling).

5.2.4 Approaching the ferroelectric switching

Of particular interest in the study of the ferroelectric switching processes is to determine how
the domain formation and their evolution occur under certain conditions, in particular under
electric field pulses. In the case of SFM measurements, due to the long time necessary for the
acquisition of the images, this can be achieved only if the investigated process is slow enough.
Alternatively, if several equivalent places of the sample are available, they can be exposed to
different voltage pulses and the images of the induced domains can give information about the
switching scenario. Such places can be easily found on single crystalline samples, but in the
case of polycrystalline films, because of their inhomogeneity, this is practically impossible.

However, information about polarization reversal can be obtained by correlating the
voltage applied to the investigated site with the subsequent domain image of the surrounding
region. To ensure a definite and reproducible ferroelectric history of the grain, the grain should
be cycled between the positive and negative saturation states (as they appear in the hysteresis
loop) and only afterwards the sweep voltage should be stopped at the value of interest.
Additionally, it has to be assumed that all polarization states remain the same from one major
cycle to another.

Such an experiment is presented in Figure 27 and Figure 28. Experiments have shown
that grains of 500 nm or less in lateral size are entirely switched when they are in the saturated
positive or negative state. Figure 27b shows the domain structure of the same grains from
Figure 24, corresponding to the positive saturation of grain No. 1 and the negative saturation
of grain No. 2. Compared with the domain image of Figure 24b the growth of the induced
domains into the adjacent grains is obvious (both positive and negative regions cross the grain
boundaries and extend into the neighboring grains).

An image of the polarization reversal process can be obtained if the bias voltage sweep
is stopped during the sweep in the vicinity of the coercive voltage on the hysteresis loop. This
approach is presented in Figure 28. Having the SFM tip positioned at the place marked 1 in
the topographic image of Figure 28a, the bias cycling was stopped after having first ended one
complete loop, at V  Vbias 15= , coming from the negative saturation, as indicated on the
hysteresis loop in Figure 28b. The piezoresponse image of Figure 28c recorded subsequently
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can be considered as an intermediate stage of the grain switching towards the positive state*.
The formed positive domain, about 200 nm in length and 130 nm in witdh, indicates that the
switching processes occur through nucleation and growth of opposite domains. In this case,
the nucleation center is exactly the place where the electric field was applied.

(a) (b)
Figure 27 (a,b) Topography (a) and out-of-plane piezoresponse (b) images showing the full
poling of the grains shown in Figure 24 (negative poling of grain No. 1 and positive poling of
grain No. 2). The induced domains extend over the entire grain, even if the SFM tip was
positioned at the center of each grain, as indicated by the crosses. Moreover, the domains cross
the grain boundary and grow into the neighboring grains.

The switching scenario was found to depend on the probing location. The grain was
again brought to negative saturation, and the same procedure was applied only 100 nm away,
at point 2 in Figure 28a. Figure 28d shows the resulting domain image after interrupting the
positive poling near the coercive field. A completely different domain has grown this time,
suggesting that nucleation has occurred at the probing place too, but the nucleated domain has
taken a triangular shape, extending up to the grain boundary and merging with a small positive
domain in the neighboring grain (indicated by arrow). This domain, which does not appear in
previous images (for example in Figure 27b) was formed during the repeated switching of the
grain No. 2 (as seen on intermediate images, not shown here). Being located at the intersection
of three grain boundaries, it may be assumed that it has been trapped in what seems to be a
stable position. Such a pinned center is known to extend in lateral size by trapping other
domains that participate in the switching process [5]. In fact this could be the incipient state of
the fatigue process, seen on the mesoscale.

In conclusion, the switching experiments revealed that switching occurs via nucleation and
growth of opposite domains, processes that are well known. The most important result is that
the switching scenario was found to be very much dependent on the specific location where
polarization reversal nucleates, and that this dependency was found to extend over hundreds of
nanometers without any reliable possibility to avoid it.

                                                
* However, it should be remembered that this is not a real dynamic switching, since this is a (meta)stable domain
state.
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The further shrinkage of ferroelectric devices, down in the submicron range, requires a
very good homogeneity of the ferroelectric properties at this scale. As our results show, the
switching properties are not at all homogeneous on this scale, so that polycrystalline films are
not suitable for this purpose.

This is the reason why our attention furtheron has been focused on another type of
films, namely epitaxial ferroelectric films.

(a) (b)

(c) (d)
Figure 28 Polarization reversal in a PZT grain and dependence on the tip position. (a) Topo-
graphy, showing the grain and the places where the tip was positioned during the hysteresis loop
cycling. (b) Hysteresis loop of the grain, showing the position of the last voltage applied before
imaging. (c,d) Out-of-plane domain images showing intermediate stages towards the positive
switching corresponding to the tip positions 1 and 2, respectively.
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5.3 Bismuth-layered perovskite thin films: Anisotropy of ferroelectricity

5.3.1 Why bismuth-layered perovskites?

In memory applications of ferroelectric materials, writing and in many cases reading of the
data imply a switching of the polarization. Each capacitor cell of the prospected ferroelectric
RAM should therefore maintain the switching characteristics over its lifetime, i.e. for at least
1012 switching cycles [120]. One of the most important limitations of ferroelectric films with a
simple perovskite structure like the Pb(Zr,Ti)O3 family is the decrease in the amount of
switchable polarization as a function of the number of switching cycles, a process called
“fatigue”. Typically, the amount of the charge switched (the difference between the two
remanent polarization values multiplied by the capacitor area) decreases by a factor of two
after 107 switching cycles [120,121,122], a process which causes failure in reading the state of the
memory cell.

One way to overcome this problem to some extent is to replace the commonly used
metallic electrodes of the capacitor cell. By using oxide electrodes instead of metal electrodes
the screening of the applied electric field by charges (e.g. oxygen-vacancies from the film)
accumulated at the electrode-ferroelectric interface is avoided [123,124], but this often leads to
DC-leaky capacitor devices [125,126].

Another way to provide a competitive memory device is to replace not the electrode,
but the ferroelectric material. The most promising candidates for use in FeRAMs, to replace
the PZT-based materials, are the Bi-based layer-structured ferroelectric oxides (BLSFs). The
latter are known to be free of polarization fatigue up to 1012 cycles of polarization switching
[124,127]. The high fatigue resistance of these oxides seems to be due to two factors. First, their
highly anisotropic crystal structure imposes the spontaneous polarization to be along (or
almost along) the crystallographic aorth direction, thus considerably reducing the number of
90° domain walls. The latter are known to be responsible for the main fatigue mechanism in
materials with large tetragonal distortion [128,129,130]. Second, the crystal chemical structure of
the BLSFs seems to prevent an extensive oxygen vacancy diffusion towards the metal
electrodes which, in turn, reduces the accumulation of space charges in the ferroelectric
material. This is advantageous, since under repetitive switching any free charges may
accumulate at the domain walls, thus pinning them and therefore reducing the number of
domains participating in the switching [124]. A further advantage is an ecological one, namely
that the use of BLSF will reduce the usage of lead or lead-containing products in the industry.
Therefore, although the spontaneous polarization of the BLSFs is smaller than that of the PZT-
based materials, they are seen as the most promising candidates for use in microelectronics.

5.3.2 Crystal structure and macroscopic properties of BLSF materials

The BLSF oxides were discovered in a comprehensive study of bismuth compounds by
Aurivillius in 1949 [131]. This family of compounds (also named the Aurivillius family) has the
general formula (Bi2O2)++(An-1BnO3n+1)--. The structure consists of (Bi2O2)++ layers interleaved
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with n perovskite-like oxygen octahedra. “n” is further referred to as the “Aurivillius
parameter”.

It was found that the Bi3+ ions in the Bi2O2 layers could hardly be substituted by other
ions so that the Bi2O2 layers are very stable. In contrast, the A- and B-type ions in the
perovskite layers are easily replaced by a large number of univalent, divalent and trivalent
cations. The ferroelectricity in these compounds was only later discovered, by different groups
[132,133,134,135].

In the high temperature phase (paraelectric phase) all members of the family have a
tetragonal structure. At room temperature it was found that the crystal structure of most of the
BLSFs can be described by an orthorhombic unit cell. A difference was found, however,
between compounds with an odd and an even Aurivillius parameter. It appears that
compounds with odd n have the point group symmetry B2cb∗, whereas even-layered members
belong to the point group A21am [136]. Sometimes, for simplicity, a pseudotetragonal
description is used [133,134]. In this study the orthorhombic description is exclusively used.

The spontaneous polarization in the BLSFs lies mostly in the plane of the Bi2O2 layers.
For strontium bismuth tantalate (SrBi2Ta2O9, SBT, n = 2), which is one of the most studied
materials in the family, refinements of the structure revealed that the polarization is exactly
along the crystallographic a-direction [137,138]. The structure of SBT is shown in Figure 29,
viewed along the b-axis (a), and along the a-axis (b), respectively.

(a) (b)
Figure 29 Crystal structure of SrBi2Ta2O9: (a) view along the crystallographic b direction, and (b)
view along the crystallographic a direction. Crystallographic data from Ref. [137]. “A” denotes
the oxygen octahedra layer (TaO6), “B” the bismuth oxide planes (Bi2O2), and “C” shows the
entire perovskite layer. The asymmetric distortion of the oxygen octahedra is clearly visible in (a)
suggesting a non-zero component of polarization parallel to the [100]orth- direction.

The orientation of the spontaneous polarization is explained as follows: Each oxygen
octahedron is slightly distorted and tilted and possesses an electric dipole. The dipoles in the
unit cell are symmetric with respect to the mirror plane (which is parallel to the a-c plane,
Figure 29b), and thus the overall dipole momentum of the cell along the b-axis is zero. Along
the a-axis (Figure 29a), the tilts of different oxygen octahedra in an “A” layer are the same, so
that they generate an effective dipole momentum [139]. In even members, the absence of a

                                                
∗ Except for Bi4Ti3O12, which actually is of the monoclinic point group m.
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dipole component along the c-axis is explained by the presence of a mirror plane parallel to
the a-b plane [139,140,141,142]. In contrast, odd members of the BLSF family are expected to
possess a component of the spontaneous polarization along the c-direction, since they do not
have such a mirror plane. This fact was experimentally proven for n = 1, 3 [139] and 5 [143] from
macroscopic measurements.

As presented in Sect. 3.4.1 the films investigated were grown by PLD and consist of
regions with a c-orientation and regions with a mixed orientation. The mixed-oriented regions
have (110)orth- and (100)orth-oriented grains, which, as a rule, can be distinguished by their
shape (Figure 12b), embedded into the (001)-oriented film matrix. Since the spontaneous
polarization of the even-n-members of the Aurivillius family is along the [100]orth-axis, in
SBT and BaBi4Ti4O15, only the non-c-oriented grains are expected to contribute to the
ferroelectric response of the film area under the probing electrode.

Figure 30 compares macroscopic hysteresis loops of an epitaxial SBT film obtained
from the different types of regions mentioned above. While the loop acquired in a region
having non-c-oriented grains shows  a clear hysteresis, the dielectric response of the c-oriented
matrix is almost entirely linear. Similar results were obtained for epitaxial films of different
materials [144,145], confirming the expectations and demonstrating the need to obtain epitaxial
films with non-c-orientation for use in high-quality devices.

Figure 30 Macroscopic ferroelectric hysteresis loop of an epitaxial SBT film in a region with a
large density of (100)- and (110)-oriented grains and in a region mostly c-oriented.

Taking into account the high anisotropy of the crystal structure, it appears to be of
great importance to study and to characterize the ferroelectric domains and their switching in
thin films of the BLSFs. In this section results will be presented concerning the ferroelectric
domain structure observed at the surface of thin films of three members of the BLSFs, having
the Aurivillius parameters: n = 2 (SBT), n = 3 (Bi4Ti3O12) and n = 4 (BaBi4Ti4O15).

5.3.3 SrBi2Ta2O9 films

Studies of strontium bismuth tantalate (SrBi2Ta2O9, SBT) films in view of memory
applications started less than one decade ago, when the fatigue endurance of this material was
discovered [146]. The rapid increase of interest due to the perspectives of this material for
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application in FeRAM technology is proven by about 500 publications reporting on the
properties of SBT. However, only a few of them (about 2%) represent studies of the
ferroelectric domain structure.

In contrast to previous piezoresponse measurements of SBT films [57,147,148,149], the
samples investigated in this work are of particular importance, because they allow independent
probing of the distinct non-c-oriented grains and of the c-oriented background.

Ferroelectric domains in SBT grains
Figure 31 shows topography and piezoresponse images of an epitaxial SBT film in a region
having a mixed orientation. The topographic images (Figure 31a,c) show grains having lateral
sizes between 100 nm and 450 nm protruding out of a flat background by 10 nm to 40 nm. The
corresponding piezoresponse image (Figure 31b) shows as a first important feature that a
strong signal, and therefore piezoelectric activity (black or white contrast in the image), is
present only at the places corresponding to grains in the topographic image. In contrast, no
signal can be detected from the c-oriented background and in the image it appears gray.

Within the grains, the polarization component perpendicular to the film plane can be
either positive (polarization oriented upward, i.e. bottom to top) or negative. However,
measurements performed above different places and on several samples have shown that the
preferred initial polarization state is negative (z-component of polarization oriented top to
bottom). Similar conclusions were drawn from piezoresponse measurements performed on
similar samples (with another setup configuration) by Gruverman et. al. [149].

 (a)    (b)

(c)  (d)
Figure 31 Topography (a, c) and out-of-plane piezoresponse images (b, d) of an SBT film.
Images (c) and (d) are higher magnifications of the square outlined in (a). The grain marked in (c)
is divided into five ferroelectric domains.
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Analyzing the domain structure of the grains it appears that they can be in the
monodomain state or can be split into two or more domains (Figure 31d). The central grain
outlined in Figure 31c, for instance, is divided into five domains with alternating polarization.
The smallest domain resolved up to now in SBT films was 30 nm in lateral size, a value
limited by the contact area between tip and sample. An important and somewhat strange
feature is that domain walls are (almost) always perpendicular to the longer edge of the grain.
According to our careful analysis concerning the epitaxial relationships between grain and
substrate [79], the domain walls appear to be parallel to the c-axis of the crystallite.

As in the case of the PZT films (Sect. 5.2) the piezoelectric contrast was found to vary
from one grain to another. In Figure 31d it is indeed evident that grains may have a very strong
piezoelectric response (like the two coupled grains in the right part of the image) or they can
show a weaker contrast, like the grain marked in (c). A potential explanation is that strong and
weak contrasts are determined by different crystallographic orientations of the grains. The
(100)- grains should exhibit a higher difference between the positive and negative domains
than the (110)-oriented grains. There are two reasons which favor this explanation:

• First, the piezoelectric coefficient is supposed to be at maximum in the direction parallel to
the spontaneous polarization (and therefore the contrast of (100) grains should be higher).

• Second, the 180° domain wall between two domains in a (110)-oriented grain is unlikely to
be perpendicular to the surface. Therefore, under the probing tip there may be two or more
domains each of them having different contributions to the piezoelectric signal. Since for
the 180° domain walls these contributions will be out of phase, the piezoelectric response
of the (110)-oriented grains is reduced. The 90° domain walls can be perpendicular to the
film plane, but they are supposed to be rare in SBT.

However, the difference in the contrast of the grains might come from the
inhomogeneity of the films, namely from the different depths of the grains. Cross-section
TEM analysis showed that some grains extend down to the bottom electrode, whereas others
reach a depth of only 100 nm within the 200 nm thickness of the c-oriented matrix [79]. As a
result, the voltage drop on the c-oriented “dielectric” layer may reduce the actual voltage on
the grain and thus the detected piezoresponse.

Moreover, another origin of the different ferroelectric responses could be the size of
the grains. Analyzing Figure 31b, it can be seen that grains having larger lateral sizes (more
than 300 nm) appear to possess a stronger contrast. Theoreticians have predicted a few
decades ago that ferroelectricity should disappear in thin films below a critical thickness that
depends on the material and on the processing conditions [150]. It was also found
experimentally that the coercive field increases, and the permittivity drops, with decreasing
grain size [151,152]. These facts were proven to be a consequence of the equilibrium domain
structure within the grain [153]. For lead titanate films it was found that grains smaller than 150
nm in diameter (measurements performed by TEM) are in the single domain state, whereas
larger grains exhibit a ferroelectric domain structure. It seems, however, that this is only the
case for the simple perovskite structure, for which the tetragonal distortion is not too large. In
contrast, the large difference between the lattice constants a and c in the layer-structured thin
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films causes not only an anisotropic grain growth, but leads to much thinner stable domain
structures.

Switching behavior of SBT grains
Further investigations of ferroelectric properties within individual grains and of the matrix are
presented in Figure 32 and Figure 33. First, the neighboring grains shown in Figure 32a were
chosen to show a comparison between different responses to electric field biasing. Figure 32b,
acquired simultaneously with the topography, illustrates the initial domain structure (z-
component of polarization oriented top-to-bottom). Grain No. 2 appears to posses a weaker
piezoelectric response (a dark gray contrast) than grain No. 1. The ferroelectric hysteresis of
each grain was then probed separately by fixing the SFM tip above the desired place.
Switching of the polarization from the negative to the positive state is proven by modifications
occurring in the domain structure (Figure 32c) and by the presence of a local piezoelectric
hysteresis (Figure 32e).

Of high importance is to determine whether switching of one grain modifies the
polarization state of the neighboring grains, a question which is related to the problem of cross
talk between different memory cells in a FeRAM. An intermediate piezoresponse image (not
shown) acquired between the probing of the two grains proved that indeed biasing the grain
No. 1 did not affect the domain structure of grain No. 2.

From local hysteresis measurements it follows that switching behavior differs from
grain to grain in terms of the hysteresis parameters: magnitude of the piezoelectric response,
coercive field, vertical shift and shape. Figure 32e gives an idea on the differences
encountered in ferroelectric characterization of individual grains. From an almost ideal,
symmetric and rectangular-shaped hysteresis loop like the one of the grain No. 1, several
variations in switching behavior could be measured, to the rather strange loop of grain No 2.
This is, of course, an undesirable feature for the prospective application of epitaxial thin films
in FeRAMs, arising from differences in the local environment of each grain, as already
pointed out above.

These non-uniformities show up not only in terms of hysteresis loop parameters, but
also as formation and evolution of the ferroelectric domain structure on a long time scale.
Figure 32d shows the domain structure of the two grains four hours after the positive poling of
grain No. 1 (grain No. 2 was poled one hour later). The positive domain in the central part of
grain No. 1 (Figure 32c) has switched back, indicating that the induced domain structure was
unstable, in contrast to grain No. 2 whose domain structure was still found unchanged after 24
hours.

90° switching in SBT?
Another important actual question regarding the switching properties of SBT is whether or not
90° domain walls exist and are stable in such a material with a high anisotropy. Grain No. 2
seems to present evidence of 90° domain switching in SBT. As was already emphasized, the
initial domain contrast of this grain was rather weak and close to gray (Figure 32b). Bias
cycling revealed a very strange response during the first loop, with almost no indication of
ferroelectricity, as can be seen in Figure 32f. Starting with the second cycle the piezoelectric
response increased, and from the third cycle onward the hysteresis loop stabilized. Further
cycling showed the same shape and magnitude of the signal. The lattice parameters in SBT
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were recently measured with a high accuracy [138]. According to this report the orthorhombic
distortion between the a- and b- axes in SBT is (b/a-1) = 0.03%, about five times smaller than
the tetragonal distortion in barium titanate. This small distortion implies that 90° domain walls
are almost free of stress, and therefore the a- and b- axes can easily flip, allowing 90°
switching. Also, a look to Figure 29 confirms that only very small ion movements are involved
in an a-b flip. In our experiment, grain No. 2 was most probably initially (010)-oriented
having therefore the spontaneous polarization in the film plane, and showing only a weak
negative contrast, probably due to a built-in electric field generated by the electrode
asymmetry. During the first cycling the grain was 90° switched, so that it became (100)-
oriented and therefore the ferroelectric polarization became detectable.

(a) (b)

(c) (d)

(e)    (f)
Figure 32 Different switching behavior in SBT grains. (a) Topography. (b) Piezoresponse image
showing the domain structure before hysteresis loop measurements. (c) Piezoresponse image after
recording a hysteresis loop from each grain, the last voltage applied being +12 V. (d)
Piezoresponse image recorded 4 hours after poling grain No. 2. (e) Piezoelectric hysteresis loops
of the two grains. (f) First hysteresis loop of grain No. 2 compared with the third.
Note: Grain No. 2 was not influenced by the hysteresis loop measurement of grain No. 1.
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In principle, it is possible to push further the characterization of SBT grains with
different orientations. Assuming that grain No. 1 is (110)-oriented and grain No. 2 has (100)
orientation, we find the following ratio between the magnitudes of piezoelectric coefficients
along these directions:
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An analysis of both detectable components of polarization (out-of-plane and in-plane
of the film) will complete the elucidation of switching in SBT. Also, the absence or presence
of 90° domain walls in SBT can be studied in a similar manner as in the case of barium
titanate (Sect. 5.1.2). However, detection of the in-plane induced oscillations in SBT films
seems to be a real challenge and it was not possible up to now to get reliable experimental
data. Further experiments are in progress.

Domain wall pinning in SBT crystallites
Sometimes SBT grains in our films exhibit a domain structure like that presented in Figure
33c, a domain pattern that looks very stable. The 150 nm × 90 nm grain appears with a
negative polarization (z-component oriented top-to-bottom) except a thin line (about 40 nm in
thickness) that crosses the grain width. The question arises whether or not the gray line in the
piezoresponse image is switchable or at least can be modified.

(a) (b)

(c) (d)
Figure 33 Switching of a ferroelectric domain in a 150 nm lateral size grain of SBT. (a)
Topographic image of the grain. (b) Piezoelectric hysteresis loop of the grain (full line) and of the
flat background (dots). (c) The domain structure of the grain in the negative polarization state,
before switching. (d) Domain structure of the grain 2 hours after the application of a 10 V / 100
ms pulse. The circle in (a) shows the estimated contact area during the hysteresis loop
measurement.
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Since the tip radius is in the range of 30 nm to 50 nm, this feature is at the resolution
limit; the circle in the topographic image shows the estimated contact area. For instance, a
positive domain 20 nm in width could give the same piezoelectric contrast.

Recording of piezoresponse hysteresis loops of the grain at the place marked by the
circle in the topographic image revealed the normal ferroelectric behavior of the non-c-
oriented grains in this film (Figure 33b). The bias procedure ended with a positive pulse,
therefore the grain has been switched into the positive state. However, the single-positive
domain state was not stable. Even within the first subsequent scan (less than five minutes after
poling) the polarization in the grain started to switch back quite fast, so that at the second
image the domain pattern reached the state shown in Figure 33d. The same domain
configuration was still found two hours later. A comparison of images (c) and (d) in Figure 33
clearly reveals the immobility of the gray region against the electric bias cycling. Such a
stability of the polarization can be due to a pinned or clamped region, probably deep inside the
grain, at the interface with the c-oriented matrix. This may explain both the gray contrast and
the lack of interaction with a strong bias field. However, it is difficult to understand why this
“inactive” region does not affect the shape of the hysteresis loop and also the stability of either
positive or negative orientation of the polarization in the proximity of this pinned region.

Anisotropy at the nanoscale
The absence of a polarization component along the crystallographic c-axis was already proven
in all piezoresponse images by the presence of a gray contrast at the flat c-oriented
background. However, it is still required to check whether or not a piezoelectric response can
be induced there by an electric bias. This task was accomplished, and the result is presented in
Figure 33b (dotted curve), in comparison with the response of the non-c-oriented grain. It is
obvious that no remanent polarization could be induced in the matrix by an electric field, in
complete agreement with the properties deduced from macroscopic data.

Typical values of the piezoelectric coefficient (effective dzz at zero bias field*)
measured in non-c-oriented SBT grains are between 2 pm/V and 5 pm/V. These values
represent about half of the reported d33

** coefficient in thin films using double interferometry
[94]. As in the case of PZT films, the thin film values are several times lower (at least two
times) than the coefficients measured in bulk materials. Indeed, very recently, the successful
preparation of SBT single crystals with 216µC/cmPS =  and  pm/V  d 2211 =  was reported
[154].

5.3.4 BaBi4Ti4O15 films

Barium bismuth titanate (BaBi4Ti4O15) is an even-n member of the Aurivillius family, having
four oxygen octahedra sandwiched between two bismuth oxide planes. The study of this
material was performed to prove the existence of a ferroelectric behavior at a mesoscopic
scale, and to observe the effects of the anisotropy. Visualization of the domain structure in this
material was achieved for the first time [58]. Measurements have confirmed that the
ferroelectric behavior has the same trend as in case of SBT.

                                                
* Equivalent to d11 in a single crystal if the respective grain was a-oriented (see Appendix B)
** The notation d33 in thin films stands for the effective longitudinal piezoelectric coefficient.
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Domain structure and switching
The ferroelectric behavior was tested on different grains having (100)- or (110)- orientations.
No significant difference was found between the two types of grains. A typical example of
ferroelectric switching performed on a (110)- oriented rectangularly shaped grain is shown in
Figure 34.

By probing the negative domain of the rectangular grain (point marked by a cross in
Figure 34a) a piezoelectric hysteresis loop was recorded (Figure 34d). Note that at the starting
point of the curve the piezoelectric coefficient is negative, which is consistent with the initial
domain state seen in Figure 34b. The values obtained for the piezoelectric coefficient at
saturation + =d pm Vrem

33 10 /  and − =d pm Vrem
33 18 /  are comparable with the value of

d pm V33 12= /  measured for poled ceramic disks of BaBi4Ti4O15 by Subbarao [133].

(a)    (b)      (c) (d)
Figure 34 (a,b,c) Topography (a) and piezoelectric response images of a (110)-oriented crystallite
of BaBi4Ti4O15 before (b) and after (c) acquirement of a piezoelectric hysteresis loop.
(d) Piezoelectric hysteresis loops acquired at the place marked by a cross in the topographic
image () and in the c-oriented region (••••) at the place marked with an arrow in the
topographic image. The c-oriented region exhibits no piezoelectric activity.

The coercive voltages of + =V Vc 5 8.  and − =V Vc 4 5.  of the nanoscopic hysteresis
loop are comparable with V Vc = 4.48  obtained from classical macroscopic ferroelectric
hysteresis measurements performed on the same sample [145]. The imprint in the LaNiO3-
BaBi4Ti4O15 structure is confirmed by the shifts of the hysteresis loop in the negative direction
along the dzz-axis and in the positive direction of the electric field axis, which means that
switching of polarization in the positive direction requires a higher field.

Figure 34c presents the piezoresponse image of the same area after having performed
the piezoelectric hysteresis loop measurement. As the last voltage applied was +20V, the
polarization and the piezoelectric constant remained positive after the acquirement of the
hysteresis loop and it can easily be seen that the entire grain became positive. Therefore, in
this case, a single ferroelectric domain as small as 300 nm in size was switched within a (110)-
oriented crystallite of BaBi4Ti4O15 [58].

Anisotropy
As in the case of SBT, due to the symmetry it is expected that the spontaneous polarization has
no component along the c-direction. Measurements performed by Kim et al. on BaBi4Ti4O15
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single crystals revealed a strong anisotropy of the dielectric constant [155]. They found that
ε εa b c, / = 6  at room temperature and ε εa b c, / = 58  at the Curie the temperature, concluding
that the Bi2O2 planes act as paraelectric layers in BaBi4Ti4O15. However, to date there are very
few experimental indications of the absence of the spontaneous polarization in the c-direction
[139]. In order to investigate the ferroelectric behavior along the c-axis, the piezoresponse of a
point located on the c-oriented region was thus measured. The hysteresis loop measurement
shown in Figure 34d (dots) was performed at the place marked by the arrow in Figure 34a.
The absence of the piezoelectric hysteresis definitely demonstrates that the polarization vector
in BaBi4Ti4O15 has no component along the c-axis.

5.3.5 Bi4Ti3O12  films

Bismuth titanate (Bi4Ti3O12) is an odd-n member of the Aurivillius family, having three
oxygen octahedra between two bismuth oxide layers. Its crystal symmetry in the paraelectric
phase is tetragonal, and it appears that Bi4Ti3O12 is one of the few compounds within the
Aurivillius family that has a monoclinic ferroelectric structure, with one component of the
polarization in the plane of the layers, and the other perpendicular to this plane. The resulting
domain-wall structure is complex, leading to complicated but also interesting optical, electric,
and piezoelectric properties.

Right from its discovery [131] it was considered as the representative prototype member
of the BLSFs, also known as the “bismuth titanate family” [136]. The discovery of
ferroelectricity and optical activity in Bi4Ti3O12 single crystals started a vast new area of
research [133,156].

In this work, the most exciting results were obtained on bismuth titanate, too.

Ferroelectric domains
Our epitaxial Bi4Ti3O12 films grown by PLD show mainly the same structural and
crystallographic characteristics as the SBT and BaBi4Ti4O15 films presented previously. The
only differences were their larger thickness of 500 nm (double than SBT) and the longer
rectangular crystallites, of the order of 1 – 2 µm. TEM investigations revealed that these
crystallites had a (110)- orientation with the c-axis perpendicular to the long edges of the
crystallites [79,157].

Figure 35 shows the typical surface morphology and the corresponding domain
structure of a Bi4Ti3O12 film grown on LaNiO3 / STO(001). The topographic image reveals
several rectangular grains with a large aspect ratio (approx. 5:1), having the long edges
oriented along two mutually perpendicular directions, viz. parallel to [100] and [010] of the
STO substrate [79]. The out-of-plane domain image reveals a very strong contrast within the
grains (black, white and gray stripes alternating along the grain length) and almost no contrast
in the surrounding film matrix (gray). The domain size ranges from 100 nm up to the entire
crystallite size. The domain walls appear perpendicular to the grain length and therefore
parallel to the c-axis at least in the initial state. The gray contrast within the grains can be
explained by the presence of opposite domains over the film thickness, therefore contributing
out of phase to the local piezoresponse.



5.3 Bismuth-layered perovskite thin films: Anisotropy of ferroelectricity

66

(a) (b)
Figure 35 (a,b) Topography (a) and out-of-plane domains (b) in an epitaxial Bi4Ti3O12 film.

It was found that the initial domain structure contains positive domains (polarization
oriented bottom to top) especially in regions where the density of the (110)-oriented
crystallites is rather high (with connected and overlapped grains like the ones in Figure 35).
This suggests that the local ferroelectric behavior is strongly dependent on the orientation,
polarization and strain induced by the environment. In order to avoid the uncontrollable
influence of the neighboring grains and to ensure the same background for the initial state, the
following experiments were performed on isolated grains, in regions were their density was
low.

Local piezoelectric response
When probed for the local piezoelectric hysteresis it appears that, unlike all the other samples
tested, Bi4Ti3O12 films behave in a unique way. Looking to the in-field hysteresis loop
obtained from one of the non-c-oriented grains (dotted loop in Figure 36) the loop appears to
be comparable with those obtained from PZT films having about the same thickness.
However, a very strange behavior was observed in Bi4Ti3O12. If the biasing voltage is
suppressed at the maximum field applied (e.g. 30 V, positive or negative) the piezoresponse
signal drops to a very low value and even changes its sign, as indicated by arrows in Figure
36! Recording the remanent loop above the same place revealed that for those high pulses, the
piezoelectric coefficient decreases and often changes its sign as if the polarization under the
tip would switch back after the removal of the field.

Figure 36 In-field (dots) and remanent (full line) piezoelectric hysteresis loops of non-c-oriented
grains of bismuth titanate.
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To obtain more information about this switching behavior, it would be helpful to
record a domain image after each pulse applied to the same point of the sample. This task,
however, requires a very good stability of the system (a high-resolution image may require up
to approx. 1.5 hours) and may be difficult to achieve, due to the tip deterioration during the
scanning process. Figure 37 summarizes an experiment in which the domain structure was
recorded for the most important regions of the remanent hysteresis loop, namely at Vbias = +/-
Vmax and at Vbias = 0. It is worth to specify that a very similar behavior was observed overall
not only on epitaxial films, but also on polycrystalline films, deposited on LaNiO3 / YSZ /
Si(100) [73].

The initial polarization state was negative (Figure 37c), in accordance with the already
mentioned observation that this is the general case for isolated grains in our films. On the
hysteresis loop, this domain image corresponds to the point marked “c”, with

Vpmdzz /5.4)0( −=− . The SFM tip was positioned over the grain shown in Figure 37a at the
place marked by the cross, and voltage pulses were applied to the tip as described for the
measurement of remanent hysteresis loops.

 (a)     (b)

(c) (d)

(e) (f)
Figure 37 Out-of-plane piezoresponse characterization of a (110)-oriented grain of bismuth
titanate. (a) Topography, the cross indicates the place were the SFM tip was fixed for hysteresis
measurement. (b) Remanent piezoelectric hysteresis loop of the grain. (c–f) Piezoresponse images
acquired to visualize the domain structure corresponding to the places marked with bullets on the
loop.

Applying increasing voltage pulses to the marked region it is found that the
piezoresponse sharply increases near the coercive field, becomes positive, but the expected
saturation is not reached anymore. Surprisingly, the piezoelectric coefficient starts to decrease
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and even becomes negative, as if the polarization would be oriented in the opposite direction
than that imposed by the electric field applied (section “c” – “d” marked on the loop). The
biasing procedure was interrupted at point “d” in order to record the corresponding domain
structure induced in the grain, and the corresponding image is shown in Figure 37d.
Remarkably, the domain image is indeed consistent with the hysteresis data. With other words,
the place were the tip has applied the voltage exhibits a dark contrast over several tens of
nanometers, indicating an orientation of polarization in another direction than that initially
expected. Furthermore, the image shows that outside this area positive domains were switched
in the grain, on both sides of the probing point, up to a distance of about 150 nm from the
probing point. The hysteresis loop cycling was continued subsequently by applying bias pulses
with amplitudes decreasing from the previous Vmax (in this case 30 V) down to zero (point
marked “e” on the loop). Again unexpectedly, the piezoelectric response increased up to

Vpmdzz /4)0( +=+ . The domain image corresponding to this stage (Figure 37e) fully confirms
the switching of the region under the tip at decreasing bias pulses, showing that almost half of
the grain has the polarization upward.

The same measurement procedure was then applied for negative voltages, starting from
this state. Decreasing the pulse amplitudes down to –Vmax (the point indicated with “f” on the
loop) resulted, as revealed by Figure 37f, in complete switching around the probing place, but
not under the tip. Finally, increasing the bias pulses from –Vmax up to zero, the grain arrived in
the same state as before cycling (Figure 37c), indicating that the process is reversible.

Franke  et al. reported somewhat similar effects on PZT(53/47) thin films [158]. They
explained this behavior as being caused by the Maxwell stress (electrostatic attraction between
tip and bottom electrode) developed during the application of high voltage pulses (up to 30 V,
their film having 600 nm thickness). In their case, the depolarization was supposed to occur
via ferroelastic switching, which takes place to minimize the elastic energy of the crystallite.
In the case of PZT, this means in fact a 90° switching, which results in the spontaneous
polarization oriented perpendicular to the direction of the compressive stress. However, their
setup did unfortunately not allow ferroelastic switching without the application of an electric
field, thus preventing them from a definitive confirmation of their explanation.

In our case, however, there is not only a depolarization, i.e. a decrease of the
piezoelectric signal to zero, but definitely the appearance of a non-zero value: in Figure 37b
the piezoelectric coefficient reaches –2 pm/V at high positive voltages. Furthermore, in our
experiments we did not detect any change in the piezoresponse even for 1 GPa stress applied
to the sample, a value about 30 times higher than the estimated Maxwell stress. Therefore, we
think that the reason for the observed behavior is electrostatic (and not mechanic) in nature. As
shown in Sect. 3.2.4 and Appendix A the electric field generated by the SFM tip in the sample
is extremely nonhomogeneous due to the tip shape and to the high dielectric permittivity of
ferroelectric materials. According to the simulations (Figure 9 in Sect. 3.2.4), there is a large
area in the contact region where the electric field applied is nearly parallel to the surface,
having a radial symmetry. At strong electric fields the polarization may be oriented by this
electric field resulting in a metastable domain pattern with domain walls directly under the
contact place. The presence of domain walls may lead to unusual piezoelectric response in
their vicinity, and, of course, the relationship between polarization and piezoelectric
coefficient (Eq. 10, Sect. 2.2) is not valid anymore.
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This explanation is consistent with measurements of the in-plane piezoresponse signal.
If the polarization is oriented in the film plane by the high electric fields, its orientation should
also depend on the polarity of the poling. It follows that an opposite contrast should result in
the in-plane piezoresponse images for positive and negative poling. Taking into account the
local field distribution under the tip (suggested by the equipotentials in Figure 9, Sect. 3.2.4),
the reversal of the in-plane contrast in the vicinity of the poling location is expected as
indicated in Figure 38.

 (a) (b)
Figure 38 Expected contrast of the in-plane piezoresponse image (upper images) for high
voltages applied in remanent hysteresis loops. (a) for negative and (b) for positive voltages
applied to the bottom electrode. The lower images are side views.

Indeed, experiments have confirmed these expectations. Figure 39 summarizes an
experiment during which the in-plane piezoresponse signal was monitored in addition to the
out-of-plane piezoresponse. The cross in Figure 39a indicates the place above a grain where
the local measurements were performed. For high positive voltage pulses, the contrast of the
in-plane piezoresponse image (Figure 39d) is similar to the contrast predicted in Figure 38b.
As expected in Figure 38a, for high negative voltages applied to the tip, the in-plane contrast
of Figure 39c is reversed. Therefore, the images (c) and (d) in Figure 39 obviously
demonstrate the in-plane switching in the probing region*.

The in-plane “hysteresis” loop (Figure 39b, full line) represents the in-plane signal
recorded as a function of the bias pulse amplitude. The shape of the curve clearly indicates that
in the contact region, for bias voltages higher than 20V in absolute value (where |dzz|
decreases), a formation of in-plane domains takes place. In contrast, for voltages between
+20V and -20V, the in-plane signal is not well defined, suggesting domain wall movements
and domain rearrangements. As it is obvious, changes in polarization direction with the
voltage cause fast variations of the in-plane signal, which take place for pulse amplitudes
corresponding approximately to the coercive voltage on the out-of-plane loop (dzz).

                                                
* It should be reminded that, due to the particularities of the detection method, the in-plane piezoresponse images
illustrate only the component of the vibration perpendicular to the cantilever axis as indicated on the color bars,
and not the entire in-plane component of the polarization.
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Now the question arises why such an effect occurs only in bismuth titanate and not in
the other BLSF materials. To give an answer is not simple, and would require a laborious
computation of the total energy minimization in the system under consideration.

           
(a) (b)

 
(c) (d)

Figure 39 High-magnification two-dimensional monitoring of piezoelectric switching in a (110)-
oriented grain of bismuth titanate. (a) Topography showing the probing place. (b) Out-of-plane
(dots) and in-plane (solid line) piezoelectric loops of the grain (IPPS stands for in-plane
piezoresponse signal). (c) Out-of-plane (up) and in-plane (down) piezoresponse images
illustrating the domain configuration after a strong negative pulse. (d) Ibid., after a strong positive
pulse. Note: pulses are applied to bottom electrode.

Simply speaking, the spontaneous polarization in Bi4Ti3O12 has eight possible orientations
(compared to six in tetragonal PZT and four in SBT and BaBi4Ti4O15) and it is therefore much
easier for the polarization vector to find the closest direction to that of the local field. Similar
results of Franke et al. [158], which were briefly presented above, have been obtained on PZT
films with compositions at the morphotropic phase boundary, which is have presumably
fourteen(!) equivalent domain states (or possible orientations of spontaneous polarization*) [8].

                                                
* Viz. the six orientations of tetragonal PbTiO3 and the eight orientations of rhombohedral PbZrO3, assuming that
the grains are single crystalline and that there is a uniform distribution of Ti and Zr ions.
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Although a large number of allowed directions for the spontaneous polarization leads to an
enhancement of the material properties, it also causes some drawbacks such as strains
developed in domain walls, fatigue, as well as dielectric and mechanical losses. In the next
section an in-situ observation of domain pinning will be shown as an effect of a complex
domain configuration.

In-situ observation of local pinning of ferroelectric domains
The study of the basic mechanisms that lead to the inhibition of ferroelectric switching is of
very high importance. Usually, the clamping of domains occurs when a charged defect and a
domain wall (charged or not) form a stable configuration that prevents the polarization in a
certain region to reverse its orientation. The application of high voltage pulses with a sharp tip
induces an unusual domain structure due to the extreme inhomogeneous electric field at the tip
apex. In combination with an existing domain structure this may lead to the formation of a
highly stable configuration that cannot be modified anymore.

Figure 40 illustrates the occurrence of domain pinning in such a situation. The grain
shown in the topographic image was probed for the piezoelectric hysteresis at the place
marked by the cross. The hysteresis loops acquired show a history dependence (the loops have
different shapes) indicating that cycling produces irreversible domain rearrangements.

(a) (b)

(c) (d)
Figure 40 Pinning of domains in bismuth titanate. (a) Topography. (b) Domain image before
cycling. (c) Hysteresis loops acquired at the point marked in (a) with a cross. (d) Piezoresponse
image after the hysteresis loop measurement showing clamped domains. Note the change in
contrast of the matrix around the grain.

The main modification consists in an increase (in absolute value) of the negative
coercive voltage of the second cycle (traced with a solid line in Figure 40c) compared to the
coercive voltage of the first trace (dashed line). This is an indication that under the probing
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location the domain walls became clamped, preventing the growth of negative domains, so
that a higher field was required to partly switch again into the negative state. After the
maximum negative voltage was applied, the ferroelectric behavior was entirely suppressed,
and any expected correlation between the piezoresponse and the voltage applied disappeared
(the third loop, represented by dots). The piezoresponse image acquired after the local probing
(Figure 40d) reveals the formation of a needle-shaped positive domain inclined with respect to
the grain axis. This is certainly not a natural domain wall that can appear in a needle-shaped
grain with the c-axis parallel to the film plane and perpendicular to the long edges of the grain.
It is reasonable to assume that this special domain is the reason for the occurrence of domain
pinning under a high inhomogeneous electric field.

Furthermore, the change of contrast in the c-oriented matrix is remarkable. As it is well
known, Bi4Ti3O12 has a component of the spontaneous polarization along the c-axis and
therefore a piezoelectric coefficient 033 ≠d . The observed changes in the weak contrast of the
matrix indicate switching of the polarization along the c-axis. The next section presents
measurements in this region, and compares the obtained piezoelectric data with data from the
literature.

Anisotropy in bismuth titanate
Piezoresponse imaging of c-oriented Bi4Ti3O12 films is rather difficult due to its low
piezoelectric coefficient along this direction, and requires long integration times for a
reasonable good detection. Local measurements can be performed much easier since they are
not limited in duration by the timing imposed by the scanning. We succeeded, however, both
to modify and to image the out-of-plane and in plane components of the induced polarization
in c-oriented Bi4Ti3O12 films.

Figure 41a shows the topographic image of a tested area with a cross marking the place
chosen for local measurements. Initially, the area did not show a clear piezoelectric contrast
for both out-of- and in-plane signals, possibly due to the presence of several domains over the
film thickness. A piezoelectric loop was recorded with the tip fixed above the surface. The
long time constant needed implied the use of a very low cycling frequency (30 minutes
period).

The longitudinal piezoelectric coefficient was found to be 2d33 = 1.6 pm/V. Compared
to the longitudinal piezoelectric coefficient of non-c-oriented Bi4Ti3O12 grains we find a ratio

15/ 3311 ±=dd  in complete agreement with measurements by Neto and Cross on single
crystals, who found the same ratio [159].

The domains induced in the sample by a negative pulse are presented in images (c) and
(d) of Figure 41. The out-of-plane piezoresponse image shows a weak dark contrast with
dimensions of 600 nm × 400 nm at the place where the field was applied, and a weak light
contrast that extends much further into an area larger than mm µµ 22 × . The in-plane image
shows the PX-contrast expected for the negative poling (see Figure 38a), as discussed in the
previous section. The induced domains extend into a hexagonal-shaped area of about 800 nm
in lateral size. This area is zoomed in Figure 42a. Additionally, the change in contrast at the
domain boundaries is emphasized with line drawings. The dashed line represents the contour
of the negative domain observed in the out-of-plane image (Figure 41c).

The domain structure induced can now be easily derived, as shown in Figure 42b, since
the crystallographic orientation of the film is precisely known from HRTEM analysis [79]. The
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distribution of the in-plane polarization shows a radial symmetry, in agreement with the
calculated field distribution in the vicinity of the sample surface. However, a rectangular area
about 100 nm × 200 nm in size, exactly at the contact location during poling, could not be
resolved, since it appears gray in both images. It is reasonable to believe that the region is
highly stressed by the surrounding domains (and also by the tip during poling), since all four
edges of the rectangle are normal to the spontaneous polarization of the neighboring domain.
The presence of a high stress may either clamp the piezoelectric response, or even cause a
reduction of the spontaneous polarization. Furthermore, the domain structure in Figure 42b is
certainly not a natural domain configuration, in the sense that it implies a positive charge
distribution, in the respective area, that should have been induced by the tip*.

   
(a) (b)

          
(c) (d)

Figure 41 Study of the ferroelectric behavior in c-oriented bismuth titanate films.
(a) Topography of the area; the probing place is indicated by a cross. (b) Comparison between the
response of non-c–oriented grains and the matrix. (c,d) Out-of-plane (c) and in-plane (d)
piezoresponse images of the area after the application of a strong negative voltage pulse to the
bottom electrode. Note: The initial contrast was gray, i.e. featureless.

                                                
* As already mentioned, the negative voltage was applied to the bottom electrode.
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Another characteristic of the domain structure inferred from our measurements is that
the 90°-like domain walls that are parallel to one of the crystallographic axes of Bi4Ti3O12 are
not compatible with the criterion of Fousek and Janovek [2] concerning the prediction of
domain wall orientations. Since their phenomenological theory was developed for an infinite,
perfect ferroelectric single crystal, our findings show that at the mesoscopic scale the
thermodynamic approach needs further refinement.

 (a) (b)
Figure 42 Deduction of the polarization orientation induced in the c-oriented Bi4Ti3O12 film.
(a) High magnification of the in-plane piezoresponse image Figure 41d. The lines mark places
with high piezoresponse level. The dashed contour was taken from Figure 41c and limits the
region with a high negative piezoresponse signal (the polarization clearly has a component
oriented top-to-bottom). (b) The domain structure deduced from piezoresponse images and the
known crystallographic orientation.

In conclusion, measurements performed on thin films of different members of the Aurivillius
family revealed the following:

• As deduced from structural analysis and a few macroscopic experiments on films with
preferential orientations, a ferroelectric behavior was found only in the non-c-oriented
grains, and also for the c-oriented matrix of Bi4Ti3O12, an odd-n member of the family. The
piezoelectric response along the c-direction of the even-n members of the BLSF was
always under the noise limit of the setup. The results indicate the presence of a
spontaneous polarization only along the crystallographic [100]orth direction, with the
exception of Bi4Ti3O12, which has also a small component along the [001]orth direction.

• Individual non-c-oriented grains of SBT and BaBi4Ti4O15 as small as 100 nm in lateral size
possess very well defined rectangular-shaped hysteresis loops. However, the films are not
homogeneous and the hysteresis parameters differ from one grain to another. In contrast,
the c-oriented matrix did not respond piezoelectrically even after strong local poling.

• An internal bias field exists at the bottom electrode - ferroelectric film interface, a bias that
causes a negative initial polarization (top-to-bottom) and, sometimes, also the
backswitching of the positive domains.
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• Indications on the occurrence of 90° domain switching in SBT films were found. However,
further investigations are needed, especially by detecting the in-plane component of the
polarization (which was not fully successful yet).

• Some particular gray and very thin regions were found in the non-c-oriented grains of
SBT, which are very stable against poling, but which seem not to disturb the switching of
the rest of the grain. These regions need further investigation, too.

• A very particular response of Bi4Ti3O12 to poling pulses was found in the non-c-oriented
grains, as well as in the c-oriented matrix. This behavior is explained in terms of the
special (monoclinic) symmetry of bismuth titanate which facilitate the manifestation of the
in-plane polarization. In-plane polarization is indeed detected and revealed that the film is
polarized by the SFM parallel to the surface, a somewhat unusual, but understandable
phenomenon if the exact field distribution under the SFM tip is taken into account.
However, a consistent deduction of the polarization orientation in these regions, which
would be in agreement with the TEM data, could not be found. If all the components of the
piezoelectric tensor were known, this problem could probably be solved.

• The conditions for domain wall orientations predicted by the thermodynamic theory
(developed for infinite, free, ideal single crystals) were found not to be fulfilled in epitaxial
films of Bi4Ti3O12, at least not locally on a mesoscopic scale.

5.4 Patterned nanostructures

In view of the prospective integration of ferroelectric materials into microelectronics it appears
necessary to decrease the size of the device structures. In particular, for the prospective
ferroelectric random access memory, the ability to scale down the ferroelectric properties is an
imperative task in order to be competitive with other information data storage media. For this
purpose, two main achievements have to be realized. The first one is the fabrication of
memory cells having sizes in the submicron range, thus fulfilling the requirements for a
FeRAMs in the memory density range of one or several Gbit per chip. The second is to study
how these cells behave at sizes in the range of hundreds of nanometers and below. The main
problem that may occur, predicted by some theoretical calculations [150], is whether or not the
ferroelectric properties are altered by the size reduction.

The fabrication of arrays of independent ferroelectric cells was achieved in our group
by electron beam direct writing as described in Sect. 3.4.3. This subchapter addresses the
characterization of their ferroelectric behavior.

A first approach to check the ferroelectricity of individual cells consists in recording
piezoelectric loops, and visualizing the domains formed (and switched) within the structure.
Further characterization implies the observation of the stability of the domain structure under
different conditions like poling of the neighbouring cells (testing of crosstalk between cells)
and number of switching cycles (fatigue measurements).
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5.4.1 Control of the domain pattern in mesoscopic structures

Fully successful ”writing“ and ”reading“ of ferroelectric domains within 1 µm cells is
illustrated in Figure 43. The structures appear without an initial domain pattern, as can be seen
from the upper left cell in Figure 43b. However, high resolution investigations (such as AFM
with a sharp tip) revealed grain sizes of 20 nm or less. The detection of the grains was not
possible in piezoresponse mode due to the tip apex, estimated to have a radius of 30-50 nm
(the grains are even not distinguishable in the topographic image Figure 43a).

The SFM tip was positioned at the center of each of the numbered cells and
piezoelectric hysteresis loops were acquired. As can be seen in Figure 43c the behavior of the
patterned structures is reasonably uniform and well reproduced, with variations of less than
20% in the hysteresis parameters. The ferroelectric domains induced in each of the cells
characterize the saturation regions of the corresponding hysteresis loops, after applying the
maximum voltage used in the cycling: +30V for the grains No. 1 and No. 2, and –30V for the
grain No. 3. The lateral size of the domains is several hundreds of nanometers, larger for the
negative domain than for the positive ones.

(a) (b)

(c)
Figure 43 Ferroelectric behavior of PZT structures 1 µm in lateral size. (a,b) Topography (a) and
piezoresponse (b) images simultaneously acquired after the poling. (c) Local hysteresis loops
acquired in the center of the cells numbered in (a). The cells No. 1 and 2 were left positively
polarized and cell No. 3 negatively. No change in topography was detected after poling.
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Similar results were obtained from the 500 nm lateral size cells (cf. Figure 48a,b
below). No mutual influence of the cells was detected; the cells could be tested and switched
independently, therefore the crosstalk between cells can be ruled out, at least down to the cells
250 nm in lateral size, and 250 nm apart one from another.

Unfortunately, imaging of smaller structures (300 and 100 nm lateral size) failed due to
the tip shape. The tip apex did not penetrate into the space between the cells down to the
substrate, and consequently the images were highly distorted, representing actually a
superposition of the real topography and the tip contour.

The behavior of the 1 µm structures was further tested in order to check the stability of
a polydomain structure and also the dependence of the properties on the probing point. The
results of the experiments performed on one cell are summarized in Figure 44.

Figure 44 Switching experiments on a 1 µm × 1 µm × 100 nm PZT structure. (a,b) Topographic
(a) and piezoresponse (b) images simultaneously obtained before poling. (c) Piezoresponse image
acquired after poling at the point marked “1” (the last voltage applied was +30V). (d)
Configuration of domains formed after poling at the point marked “2” (the last voltage applied
was -30V). (e) Hysteresis loops measured at the regions marked “1” (full line) and “2” (dashed
line) in the topographic image (a).

The topography (Figure 44a) and the initial polarization state (Figure 44b) were first
acquired. The piezoelectric response shows a weak dark contrast, indicating a small negative
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preference for the initial polarization orientation. Then the SFM tip was positioned
successively on two different places of the cell, first close to one of the corners and then in the
center. These positions are indicated by numbers “1” and “2” in the topographic image. From
each point a hysteresis loop (Figure 44e) was recorded.

The last voltage applied to point “1” was +30 V and to point “2” –30V. Two opposite
domains were created, with lateral sizes of ~500 nm × 350 nm and ~700 nm × 400 nm, as can
be seen in Figure 44c acquired after the local poling of both regions of the cell. Although the
two places were poled with the same bias amplitude and pulse width, the negative domain is
much larger (~150%) than the positive one. This is a clear indication of a preferential
switching direction in the structure. This asymmetry can be ascribed to the differences in the
two interfaces with the two electrodes (the Nb-doped SrTiO3 substrate and the highly doped
silicon tip) as suggested for macroscopic ferroelectric capacitors [160].

By comparing the two loops acquired from points separated by 400 nm a slight
difference can be observed: The hysteresis loop of the center shows a higher coercive field and
has a better symmetry with respect to the dzz-axis than the other one. This fact suggests that in
the proximity of the edge the effect of either depolarizing fields and/or surface states become
significant.

Experiments performed on cells having 500 nm in lateral size revealed that poling at
the center results in the switching of the entire cell, as shown by the cells in the left column of
Figure 45b. However, two opposite domains could be induced in the upper right cell by
subsequent poling in the middle (negative poling) and at one of the corners (positive poling) of
the cell. The resulting domain pattern was stable on the experiment’s time scale (several tens
of hours). The positive domain has about 200 nm in lateral size and represents the smallest
domain we could write and subsequently read on these structures.

(a) (b)

Figure 45 Domain control in 500 nm lateral size structures. (a) Topography. (b) Domain image of
the cells after poling: The cells in the left part were positively (upper cell) and negatively (lower
cell) poled with the tip fixed at the center. The upper right cell was first negatively polarized with
the tip fixed in the middle, then positively polarized with the tip fixed above the upper right
corner.
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Extremely important in memory cell arrays is to prevent the memory state of one cell
to be influenced by the memory state or by the processes involved in writing or reading the
state of the neighboring memory cells. This phenomenon called crosstalk, represents a
challenging problem in the case of magnetic storage media at sizes in the sub-micron range.
The results presented in Figure 45b clearly demonstrate that, in the case of the prospective
ferroelectric memories, writing and reading of one single memory cell in an array of cells of
500 nm in lateral size with 500 nm spacing does not affect by any means the polarization state
of the neighboring cells. This fact represents a significant achievement of the present work,
proving that the ferroelectric cells fulfill the conditions requested for the use in a high-density
FeRAM array*.

5.4.2 Scaling down of ferroelectricity

Although piezoresponse imaging did not result in reliable domain images in the case of PZT
structures smaller that 500 nm in lateral size, it was still possible to fix the SFM tip over the
desired place and to sweep the bias for local hysteresis loop measurements.

(a) (b)

(c) (d)

Figure 46 Piezoelectric hysteresis loops of PZT cells with: (a) 100 nm, (b) 300 nm, (c) 500 nm
and (d) 1000 nm lateral size.

The ferroelectric behavior of patterned PZT structures with lateral sizes of 100, 300,
500 and 1000 nm was proven by means of local piezoelectric loops acquired from several cells
of each size. The results are shown in Figure 46(a-d). In order to compare the ferroelectric
behavior for different cell sizes, it is very important to emphasize that for this experiment, the

                                               
* The absence of a crosstalk between the nanostructures in our results reported in Ref. 80 has attracted the
consideration of NATURE, which has mentioned the ability of our group to create ferroelectric memory arrays, as
well as to write / read individual memory cells: P. Ball, “Technology: The computer that doesn't forget” in Nature
science update, Friday, 24 Sept. 1999 (http://helix.nature.com/nsu/990930/990930-1.html).
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four categories of cells were prepared on the same substrate onto an area of 50 × 50 µm2,
therefore under similar conditions (cf. Figure 13 in Sect. 3.4.3). Moreover, the hysteresis loop
measurements were achieved using the same SFM tip, within the same experimental session.
Therefore, it can be assumed that the results really reflect the sole effect of the lateral size.

There are no major changes in the ferroelectric behavior with decreasing the lateral
size by one order of magnitude in the mesoscopic range (hundreds of nanometers). Both
hysteresis parameters 2dzz and 2EC are comparable and within the variation range observed in
each set of cells. However, the size of the structures did systematically influence another
hysteresis parameter: the vertical offset of the loop. The absence of a top electrode in the
experiments caused an asymmetry between the bottom electrode and the highly doped silicon
tip, which leads to the vertical offset of the loops. This asymmetry of the loops was found to
be size dependent, the hysteresis loops of smaller structures being strongly shifted into the
negative direction of the vertical axis.

The asymmetry of a ferroelectric hysteresis loop is usually caused by the preference of
a certain polarization state over the other in ferroelectric bistable states, a phenomenon called
imprint and also observed in macroscopic measurements [161,162]. In the macroscopic
measurements of polarization this asymmetry results in a shift of the hysteresis loop along the
electric field axis, as the vertical position of the loop is arbitrarily set. This is due to the fact
that the determination of a charge (or a polarization) from an electrical measurement is done
by integrating a current during a certain period of time, and this determination needs an
integration constant which usually is not known. Therefore, the polarization hysteresis loops
are usually centered along the polarization axis [163], and as a consequence, the imprint in the
ferroelectric capacitor appears as a shift along the field axis, and is described in terms of an
internal bias field [162,164]. In contrast, the piezoelectric displacement measured is perfectly well
defined, and has an absolute value. Therefore, the calculation of the polarization from
piezoelectric data using Eq. 10a in Sect. 2.2 is considered as an absolute method to determine
the ferroelectric polarization [89,165]. In the same way, a vertical shift (or the offset along the
dzz-axis) of a piezoelectric hysteresis loop can be associated with a region having a non-
switchable polarization and therefore a preferred polarization direction, which thus can be
called imprint, too. For convenience, to eliminate the effect of the different shapes of the
hysteresis loops, we may define the imprint also as a relative offset, i.e. as the median dzz-
position of the zero-field piezoelectric coefficients, with respect to the distance between them*:
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Eq. 33

where Ω denotes the relative offset, and +
zzd  and −

zzd  are the zero field piezoelectric
coefficients of the hysteresis loop, including their sign.
Calculations of the imprint (as defined in Eq. 33) with dzz-values from the hysteresis loops of
Figure 46, showed a strong dependence on the cell size (Figure 47). In the light of the studies
found in the literature, this size dependence could be explained assuming the presence of
dipolar defects in the vicinity of the cell surface. This explanation is further developed in the
next chapter, Sect.6.4.

                                               
* The distance between the zero-field coefficients on a piezoelectric hysteresis loop is usually denoted 2dzz (as the
distance between the coercive fields is denoted 2EC).
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Figure 47 Size dependence of the relative hysteresis shift (imprint) in mesoscopic cells (dzz).

5.4.3 Fatigue in submicrometer devices

Ferroelectric fatigue is defined as the loss of switchable remanent polarization in a
ferroelectric material as a function of the number of bipolar switching cycles. The endurance
to polarization switching of the patterned PZT cells was tested in order to compare it with the
fatigue of macroscopic samples reported in the literature.

In Figure 48 fatigue measurements performed on a 500 nm PZT structure are shown.
This experiment was completed at the center of the cell No. 1 of Figure 48a, by applying an
AC voltage having an amplitude of 7 V and a frequency of 5kHz. To demonstrate that the tip-
to-sample contact did not deteriorate during the cycling of cell No. 1, the neighboring cell (No.
2) was used as a reference.  Before and after fatigue measurements, the hysteresis loop of each
cell was acquired. Cell No. 1 was left each time in the positive polarization state (white
contrast in the image) and cell No. 2 was left negative (polarization towards the bottom
electrode, black contrast).

     
Figure 48 Fatigue measurements performed on one of the 500 nm PZT structures. (a)
Topographic image of two PZT cells. (b,c) Domain structure of the same area before (b) and after
(c) fatigue of cell No 1. (d) Hysteresis loops of the cell No. 1 before cycling ( — ), after 105

cycles ( )− − and after 107 (l) cycles. The inset shows the hysteresis loops of cell No. 2 before
(—) and after (l) fatigue of cell No. 1.
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The images shown in Figure 48b-c represent the piezoresponse of the cells before and
after 107 cycles on cell No. 1. The fatigue experiment of cell No. 1 was interrupted after
N=105 cycles in order to acquire a hysteresis loop (Figure 48d). As shown by the hysteresis
loop data in Figure 48d, after N=105 polarization reversals the remanent piezoelectric
coefficient was not affected significantly; only the maximum value of the piezoelectric
coefficient decreased and the coercive field increased while cycling the ferroelectric cell.
Further fatigue of the cell up to N=107 cycles led to a decrease of the remanent piezoelectric
coefficient down to 50 % of the initial value. Unlike in fatigue experiments performed on thin
films [89,166], no shift along the dzz-axis can be noticed. The piezoresponse image of cell No. 1
in the fatigued state (Figure 48c) suggests that pinning of domains takes place in the entire
volume of the structure .

Taking into account that the grain size of the structures is of the order of 20 nm, it is
not possible to specify the role of grain boundaries in domain pinning, because the grain size is
below the lateral resolution of the SFM. It has been suggested that for thin films (up to 1.8 µm
thickness) a high density of frozen-in domain walls in the entire volume of the structure
implies an increase of permittivity [121], whereas no asymmetry of the polarization hysteresis is
expected if nucleation of reversed domains is inhibited at the electrodes. For thick films (down
to 70 µm thickness), a decrease of the permittivity with the number of polarization switches
has been reported [95]. Since the slopes of the hysteresis loops in Figure 48d suggest the
decrease of the dielectric constant with the number of cycles, we suppose that fatigue of this
nanostructure occurs via inhibition of the nucleation of domains at the grain boundaries, in the
entire volume of the structure [167].

The main results obtained on patterned PZT structures can be summarized as follows:

• No effect of the size could be observed in the ferroelectric hysteresis: Both coercive field
and piezoelectric coefficient are the same for all sizes, within the experimental errors.
However, an internal bias seems to be present and to increase as the size of the
ferroelectric cells decreases.

• It was proven that 500 nm cell in lateral size could be written and read individually
without any influence on the polarization state of the neighboring cells. That is, from the
device viewpoint, no crosstalk is expected between the cells of the prospected high-density
FeRAMs. Moreover, there is some indication that the crosstalk is absent down to 300 nm
lateral size with 300 nm spacing.

• Ferroelectric domains were written into and read out of 1 µm and 0.5 µm lateral size cells.
Even two oppositely written domains were perfectly stable for a long time, without any
indication of further alteration of the piezoelectric contrast (and therefore polarization).

• Fatigue measurements performed on the cells of 0.5 µm lateral size revealed the normal
behavior for PZT films, without any indication of an influence of the size effect on the
fatigue.
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6.6.6.6. DiscussionDiscussionDiscussionDiscussion
The scope of this work was to study ferroelectric phenomena at a local scale on different
materials in view of their prospective use in non-volatile memories.

An analysis of the available techniques by which ferroelectricity can be probed at a level
as small as possible revealed that the most suitable method is the so-called “piezoresponse-
SFM”, a scanning probe technique, which is based on the converse piezoelectric effect
(present in all ferroelectric materials). The reason for this choice is that this technique allows
both the detection and modification of the ferroelectric state using the same experimental
setup, down to a resolution of 10 nm. Special attention has been paid to explore and to point
out the methodology to extract as much information as possible about the local material
properties from the physical quantities accessible with this method. The capabilities of the
experimental system were tested using barium titanate single crystals, whose properties are
well known in the literature, both from macroscopic and microscopic characterization.

Ferroelectricity was investigated by means of the electromechanical response to an AC
excitation voltage on a series of samples, with ferroelectric structures of decreasing size:

1. Polycrystalline continuous films of PZT consisting of grains with random orientation and
sizes in the 100 nm - 600 nm range. The thickness of the films was in the same range, 200
nm up to 600 nm. These films can be considered as a two-dimensional assembly of
ferroelectric entities.

2. Individual non-c-oriented grains embedded in a c-oriented matrix of different epitaxial
films of BLSF materials. The grain size was again in the mesoscopic range (hundreds of
nanometers), comparable with the contact area between the SFM tip and the grain i.e. the
area from which the electromechanical data are collected. These grains, embedded into a
background with c-orientation, were not completely independent or stand-alone, since they
were surrounded by a matrix of the same material. However, since they were switchable
independently from each other, they may be considered as individual grains.

3. A set of fine-grained individual ferroelectric structures having finite lateral sizes ranging
from 1 µm down to 100 nm. These sizes are close to the experimental resolution limit
(which is the contact area between the SFM tip and the structure).

The ferroelectric behavior was studied by means of domain imaging and local
electromechanical probing. Although each experimental result was shortly discussed already,
some general discussion will now be provided.

6.1 The ferroelectric domain structure

The configuration of the ferroelectric domains is the most important factor that determines the
macroscopic ferroelectric properties, controlled by the domain nucleation and the domain wall
mobility. From piezoresponse images a large variety of domains could be observed, starting
from the single domain state that was found in BaTiO3 single crystals over large areas and
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down to very small (100 nm) and isolated grains of SBT containing even multiple domains of
30 nm in lateral sizes (like Figure 31 in Sect. 5.3.3).

Unlike other methods, scanning microscopy methods, in particular piezoresponse
SFM, permit to verify whether the conditions for stability of the domain structure still hold in
the range of tens of nanometers. It was found, for instance, that the rules found for the
macroscopic equilibrium of ferroelectric domains are still valid at this scale, at least under
normal conditions (moderate contact force and electric fields applied). For example, 90°
domain wall structures, typical for BaTiO3 single crystals, where they have a domain width of
10µm - 20µm (as in Figure 18, Sect. 5.1.2), were found in PZT (30/70) grains of only 500 nm
size with domains of less than 10 nm in width (see Figure 23, Sect. 5.2.2). The same holds for
the 180° domain walls. It may happen, however, that extreme local conditions such as stress
from neighboring grains or from the substrate, or an intense poling field from the SFM tip
induce charged domain walls or metastable domain states that are not allowed within
equilibrium thermodynamics.

A common belief for simple perovskites is that grain sizes below 150 nm should be
stable monodomains [153], and therefore would exhibit bad switching properties due to the
inhibition of reverse domain nucleation. In switching experiments we indeed found that grains
of 500 nm usually take the single domain state when poled at saturation (Figure 27, Sect.
5.2.4), but also that they can assume a multidomain state for lower poling voltages. This case
was shown, for instance, in Figure 28c (Sect. 5.2.4), where the small domain nucleated was
stable at least for several hours. Also, it was found that the domains may extend into the
adjacent grain but do not necessarily extend over the whole grain. In the case of SBT, grains of
200 nm in lateral size may still exhibit a domain structure, even after poling at saturation.

Domain imaging in small grains of SrBi2Ta2O9 revealed a very fine and very stable
domain structure, grains of different sizes usually exhibiting domains of less than 50 nm in
width. Figure 31 (Sect. 5.3.3), for instance, shows a grain 250 nm in length divided into five
stripe domains 50 nm in width each, and a smaller grain, about 150 nm in diameter, shows
three similar domains. In contrast, there are two other small grains discernible in the flat
background, each about 50 nm in lateral size, which are in the single domain state. The
hypothesis could be put forward that, at least for this type of ferroelectric systems (a-oriented
grains of SBT embedded into the c-oriented matrix), grains under 50 nm are single domains.
This value is, however, very close to the lateral resolution of the experiment, estimated to 30
nm – 50 nm. Therefore, even finer domains could exist (also in grains that appear with gray
contrast) without being visible due to the too large probing contact area. Assuming
nevertheless that in SBT the smallest domain size is 50 nm, it is possible to compare the
domain wall energy in different materials using the relation [5]:

t
Pd 2

0
2 *εσ = , Eq. 34

Eq. 34

where d is the smallest stable domain size in a periodic domain structure having the thickness
t, P0 is the spontaneous polarization, ε* is a constant related to the dielectric permittivities of
the crystal, and σ is the domain wall energy density. Since the smallest stable domain
observed in grains of similar sizes in BaBi4Ti4O15 and Bi4Ti3O12 was about 100 nm, it is
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possible to predict that the domain wall energy density is at least four times bigger for the two
materials than for SBT.

As a general feature, the bismuth layer-structured ferroelectric (BLSF) thin films
studied in this work exhibit grains of non-c-orientation embedded into a flat c-oriented matrix.
These grains, a few fractions of micrometer in lateral size, are either spherical (as seen in the
SEM images) or rectangular with an aspect ratio higher for Bi4Ti3O12 than SBT and
BaBi4Ti4O15. The formation of these structures is an effect of the high anisotropy of these
materials, which leads to an anisotropic grain growth during deposition. The piezoelectric
contrast is always zero in the c-oriented matrix, except for Bi4Ti3O12 where domains can be
induced by poling the samples. The non-c-oriented grains exhibit a well-defined
piezoresponse, slightly stronger in spherical grains than in the rectangular-shaped grains. The
magnitude of the signal from the grains will be discussed below (Sect. 6.3). The sign of the
piezoresponse indicates that the polarization in the as grown state is usually oriented towards
the bottom electrode, which consists of an epitaxial LaNiO3 film or of a Nb-doped SrTiO3

crystal. A possible reason for this initial orientation of the spontaneous polarization is the
negative carrier concentration present in the bottom electrode. Negative charges in the bottom
electrode, near the interface with the ferroelectric film, create an electric field that favors the
top-to-bottom orientation of the polarization in the ferroelectric. However, this hypothesis has
to be checked, for instance by depositing films on oxide electrodes with a p-type conduction.
In this case the onset of polarization should be positive.

In all the BLSF films investigated, the domain walls in the rectangular grains were
parallel to the c-axis of the grains, as revealed by a comparative analysis of piezoresponse
measurements and HRTEM investigations of grains in the same area of the samples. The
occurrence, under certain circumstances, of domain walls with other orientations was followed
by the pinning of these atypical domain walls after less than ten switching cycles of the
polarization (see Sect. 5.3.5).

Ferroelectric domains induced in isolated PZT nanostructures were stable at least on
the experimental time scale (a few days). Writing and imaging of two domains within the
same structure of 1 µm or 500 nm in lateral size was also achieved. The smallest domain we
could write and further image in these very fine-grained nanostructures was about 200 nm in
size, as shown in Figure 45, Sect. 5.4.1 (the positive domain in the upper right cell). We
believe that these domains certainly extend through the entire thickness of the structure.

Another disputable aspect in piezoresponse imaging of ferroelectric domains is the
depth into the sample over which the detected domain extends. This aspect may be defined as
the “z-sensitivity” of the method and is basically determined by the ferroelectric material
investigated. Calculations with the simple model described in Appendix A indicate that 90%
of the voltage applied between the SFM tip and the bottom electrode is applied to about 30%
of the sample thickness (see Figure A 3b in Appendix A) for a permittivity of the ferroelectric
material of εr = 100. Other simulations using the finite element method have estimated the
“active” layer that piezoelectrically responds to be 30 nm out of 128 µm thickness of a BaTiO3

single crystal [168] and a similar value is suggested for a 400 nm thick epitaxial PZT (20/80)
film [169].
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Rather contradictorily, Ahn et al. [40] have experimentally demonstrated the field effect
in a PZT/SrRuO3(110)/SrTiO3(001) epitaxial heterostructure. Systematic and stable changes in
the resistance of the SrRuO3 layer were induced by poling the upper surface of the 400 nm
thick PZT film with an SFM tip. In other words, the ferroelectric domains induced at the
surface extended throughout the thickness down to the bottom electrode and reversibly
modified its carrier concentration [40].

Our estimates (using the simple model described in Appendix A) regarding the penetration
depth of the electric field have clearly established the following two aspects:
1. The permittivity is a very important parameter; higher values imply smaller fields inside

the sample, as indicated by our simple model in Eq. A 4*. Therefore, the region which
piezoelectrically responds will be very thin, and consequently the piezoresponse of high
permittivity materials is concentrated to the near-surface region. For instance, in BaTiO3

single crystals, one can estimate that the field penetrates 20 times deeper into the c-
domains than into the a-domains ( 200/4000/ ≈ca εε ).

2. The aspect ratio contact area / film thickness of the electrostatic system plays an important
role, too. A large contact area (of blunt tips for example) or a small thickness of the
ferroelectric film makes the geometry to get closer to that of a planar capacitor, therefore
decreasing the degree of non-homogeneity of the electric field. As a consequence, the
piezoresponse of thin films may reflect the contribution of a larger percent of the film
depth than the piezoresponse of thick samples. The stray field, however, remains important
in both cases and it may polarize the region parallel to the film plane.

Therefore, we may assume that the piezoresponse images of thick (more than about 1 µm)
samples illustrate only the domain structure near the surface, whereas in thin films (less than
500 nm in thickness), the whole thickness of the film contributes to the measured
piezoresponse. Nevertheless, these assumptions depend on the specific experimental
circumstances, e.g. on the permittivity and the grain size of the sample.

                                                
* VM2 inside the ferroelectric is proportional to (ε2)-1.

6.2 Piezoelectric and ferroelectric hysteresis

The procedures for recording the hysteresis loops were explained in Sect. 4.3.3. It is obvious
that these loops are not usual hysteresis loops, in a classical sense. While the in-field loops are
similar in nature to the small-signal capacitance measurements, the remanent loops are of a
more particular type. They reflect in fact the retention characteristics after the application of a
particular voltage pulse and after the specific history of polarization states. In contrast, the in-
field loop characterizes a domain state in the presence of the electric field applied, a
ferroelectric state that may not remain after the suppression of the field. This is actually the
case in many macroscopic measurements, where the polarization value read a few fractions of
a second after the field removal is much lower than the zero field polarization of the
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(dynamical) in-field loop. Therefore, the hysteresis loop of the relaxed state (defined as
remanent hysteresis loop by our group [73]) is much more suitable not only for local
electromechanical measurements but also for ferroelectric characterization in general.

Interpretation of the hysteresis loop shape
Whereas the physical meaning of the saturation parts on the hysteresis loops is clear, the
meaning of the intermediate points of the loops, near the coercive voltage, is not trivial. In the
ideal case, for the 180° switching of a single grain, the loop should be perfectly rectangular-
shaped, similar to that of grain No.1 in Figure 32 (Sect. 5.3.3). This would indicate that once
the local threshold field has been reached, nucleation and growth of an opposite domain take
place in the whole volume probed within some nanoseconds, giving rise to an ideal square-
shaped hysteresis loop. The experiments have shown, however, that abrupt switching from one
state to another only rarely occurs, depending on the material, grain size or grain orientation.
Nucleation and growth of the domains actually take place over a set of pulses applied with
amplitudes around the coercive voltage, suggesting intermediate stable states of the domain
configuration. Compared with macroscopic switching it appears very unusual that switching -
a highly non-equilibrium process - occurs by passing through (at least) metastable states.
However, the different conditions imposed on the system in the case of the local piezoresponse
and macroscopic ferroelectric polarization hysteresis make them difficult to compare. In the
SFM measurements only one nucleation center is activated, whose evolution depends on the
local environment, whereas in macroscopic measurements a well-defined electric field is
applied to a statistical system of domains (each with its own parameters) that evolve together,
with a strong mechanical and electrostatic coupling [170,171].

The interpretation of the transition regions between the two saturated states of
polarization on a hysteresis loop needs a special treatment. As mentioned above they
characterize intermediate switching states as “seen” by the tip through the small piezoelectric
oscillations induced in a certain volume underneath the contact region. During polarization
reversal, in this volume, mainly nucleation and growth of opposite domains occurs, at least for
those domains having the polarization oriented perpendicular to the film plane. Nevertheless,
in order to minimize the total energy of the system, either ferroelastic switching or motion of
an existing domain wall from a previous position to a more stable one may also take place, as
imposed by the field and by the specific boundary conditions. The first hysteresis loop of grain
No. 2 in Figure 32 (Sect. 5.3.3) certainly resulted from a ferroelastic switching, and as
consequence, a strange loop was recorded during this 90° switching. Simultaneous recording
of both out-of-plane and in-plane hysteresis loops will help the elucidation of these processes,
specific to local probing experiments.

Since the system evolves according to the local boundary conditions, the hysteresis
loops recorded at different places should, at least in principle, be different. Local strains and
electric fields produced by nearby grains should influence the local behavior. Indeed, this is a
general trend that was observed during this work, where differences in hysteresis parameters
were found not only between grains, but also within the same individual grain, less than 300
nm in lateral size [58,60]. The hysteresis loops in Figure 44 (Sect. 5.4.1) are another example
where the presence of the edges of the structure (1µm in the lateral size) shifts the onset of
polarization downwards.
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Considerations on numerical values
The values obtained for the piezoelectric coefficients are calculated as described in Sect. 4.2.
Those of the local saturation piezoelectric coefficients are typically 2 – 4 times smaller than
the ones measured from macroscopic measurements on films, and about 10 – 20 times smaller
than the bulk values. However, similar values have been reported in the literature from other
piezoresponse SFM measurements [66,90,111]. The clamping of the film to the substrate
(Appendix C) is not sufficient to explain the low experimental values of the effective
piezoelectric coefficient even in macroscopic measurements on thin films [172]. Since
piezoelectricity implies strain, which exists mainly at each 90° domain walls*, it is believed
that the reduced number of non-180° domain walls in thin films (compared to the bulk) is
responsible for the further decrease of the piezoelectric response [173]. In the case of the
piezoresponse measurements, even more factors may cause the reduction of the effective
piezoelectric coefficient. A few possible reasons for the very small values of the local
piezoelectric coefficient measured (for example, 3 to 6 pm/V in BaTiO3, compared to the bulk
value of 86 pm/V) are:

1. The high permittivity of ferroelectrics
Due to the high permittivity (usually several hundreds), and also to the large thickness of the
sample, the electric field is confined to a thin region near the surface, in the vicinity of the
contact place (see Figure 9 in Sect. 3.2.4). This implies that only a small region of the sample
will respond piezoelectrically to the AC testing voltage [168]. The region is clamped by the
immobile surroundings not only in the film plane (as shown in Appendix C) but also
perpendicular to it, and therefore the effective piezoelectric coefficient appears smaller than
that of the film.

2. The very high electric field under the tip
Because the electric field is similar to that given by a point charge, therefore extremely
inhomogeneous, the testing voltage (in the range of 2 Vrms) may be high enough to switch the
polarization in a very small region under the contact area, where the field exceeds the local
coercive field. Occurrence of switching under the influence of the AC testing voltage, with the
same frequency as the excitation, will lead to a decrease of the first harmonic response and to
an increase of the second harmonic oscillation.

3. The adsorbed (water) layer at the surface
Any adsorbed surface layer with a relatively low dielectric constant will further decrease the
field in the ferroelectric sample, due to the large permittivity of ferroelectric materials.

4. The contact force between tip and surface
A simple estimate of the stress applied to the sample for a contact force of Nµ5  and a contact
area of 2240 nm⋅π  (as usual in the present measurements) leads to a value of GPa1 . Such a
huge pressure may considerably clamp the mechanical response of the sample.

                                                
* The contribution of the domain wall movements to the dielectric permittivities and piezoelectric coefficients is
known in the literature as “extrinsic contribution”, which has to be added to those of the lattice (single crystal),
called “intrinsic contribution”.
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To obtain reasonable numerical values from local piezoresponse measurements, some
scientists simply scale the average signal over a poled area with respect to the piezoelectric
coefficient measured macroscopically. Other works use a standard sample, for instance quartz,
to calibrate the signal. Despite these calibrations, the piezoresponse SFM measurements are
not comparable with macroscopic piezoelectric measurements and are not really comparable
among the different types of samples investigated each of them reflecting specific
measurement conditions. Therefore, in this work, the values resulting from the direct
calculations were given. In contrast, estimates of the electrostriction coefficient are of the
same order of magnitude as those from macroscopic measurements on SBT polycrystalline
films [73], and even showed a better match for PZT and BaTiO3 (single crystal).

6.3 Dependence of the local ferroelectric properties on the local
crystallographic orientation

As already established, piezoresponse SFM allows to obtain information on the existence of
polarization, and whether or not the material is switchable, in other words, to test for
ferroelectricity. In our epitaxial films, the exact crystallographic orientation has been
established by other means (XRD and HRTEM). The piezoresponse measurements have not
only shown the absence of polarization along the c-direction for BLSF materials with even
Aurivillius parameter, but also the impossibility to pole or to create domains in these regions.
In other terms, the complete absence of ferroelectricity along the c-direction has been
demonstrated.

It should be emphasized that in piezoresponse imaging it is not the polarization which
is being sensed, but an induced piezoelectric oscillation. It was proven in Sect. 4.1 that the
movement of the SFM tip reflects the induced vibration of the sample surface underneath. This
piezoelectric oscillation should now be analyzed more in detail. At first, if we consider only
the out-of-plane imaging, we can say that the physical quantity probed is certainly the
piezoelectric coefficient perpendicular to the film plane. Therefore, the piezoresponse images
represent, exactly speaking, piezoelectric and not ferroelectric domains. Although they are
strongly correlated, as already explained in Sect. 5.2.3 and as it is shown more precisely in
Appendix B, the piezoelectric oscillation detected is not strictly proportional to the out-of-
plane component of the polarization even in the simple ferroelectric system PZT. If we look to
BaTiO3 (Appendix B, Figure A 4b) we immediately notice that the maximum in dzz (the
piezoelectric coefficient “seen” by the tip; see notations in Appendix B) appears along a
direction making a large angle (about 52° [174]) with the direction of the spontaneous
polarization. This implies that out-of-plane piezoresponse imaging in BaTiO3 does not
describe simply the out-of-plane polarization, and that additional information is needed to
deduce the actual ferroelectric domains. Such knowledge may be, for example, either the film
orientation or the in-plane piezoresponse image. In the case of polycrystalline films, it may be
difficult to extract information about the polarization. In fact the piezoelectric coefficient and
the spontaneous polarization are still related, but this correlation depends on the specific
orientation of each grain. The reason for this specific shape of the dzz-surface of BaTiO3 is the
large value of its d15 piezoelectric coefficient (see Appendix B), which in turn is related (via
Eq. 10c, Sect. 2.2) to the permittivity ε11 that is about 20 times larger than ε33. Since no other
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material studied in this work showed such large differences in the magnitude of the
permittivities, we assume that the dzz-surfaces of the materials with tetragonal symmetry
approximate in shape the one of tetragonal PZT, given in Figure A 4a.

Therefore, for all materials having a tetragonal symmetry, the differences in the
maximum induced piezoelectric coefficient could be expressed on the basis of the crystal
orientation dependence of the piezoelectric coefficients. This was possible, because dzz(θ) and
Pz(θ) have the same trend, namely they are both at maximum for θ=0°, at minimum for
θ=180° and zero for θ=90°. In PZT polycrystalline films the difference in the behavior of the
grains could be explained on the basis of different orientations of the grains (Figure 26 in Sect.
5.2.3). Although the symmetry of the BLSF is not exactly tetragonal, it is usually assumed that
a small orthorhombic or monoclinic distortion does not significantly change the piezoelectric
tensor. In fact, knowing the crystallographic orientation, our results demonstrate that a similar
correlation between the longitudinal piezoelectric coefficient and polarization is indeed valid
for all the even-n members of the BLSF materials.

Let us have a closer look on bismuth titanate. Bi4Ti3O12 has a monoclinic symmetry
and therefore 10 independent components of the piezoelectric tensor. Neto and Cross [159] have
measured the longitudinal coefficients d11, d22 and d33 for single crystals, and separately
calculated the other coefficients from previously published data. Using these values* the dzz

surface was calculated as a function of the direction as described in Appendix B for the
tetragonal symmetry.

The result of this calculation is shown in Figure 49. Although there may be some other
variants of the surface, this is the most probable dependency, in agreement with the measured
coefficients. As can be immediately noticed in the figure, a maximum in the piezoelectric
response can be reached in a direction parallel to [100], but also a small piezoelectric activity
exists along the [001] direction. The ratio d11/d33 is approximately equal to 4.

Figure 49 Expected dependence of the longitudinal piezoelectric coefficient on the measurement
direction “z” in bismuth titanate. For the physical meaning of the surface plot see Appendix B.

Although about five times smaller than the bulk values, the piezoelectric coefficients in our
measurements on Bi4Ti3O12 epitaxial thin films (about 500 nm thick) revealed the same ratio

                                                
* They found a discrepancy between the calculated and measured d33, so the experimental value was used for the
piezoelectric coefficient along the c-axis.
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for the piezoelectric coefficient of non-c-oriented grains and of the c-oriented matrix (see the
zero-field piezoelectric coefficients in Figure 41b, Sect. 5.3.5).

6.4 Size effect studies in ferroelectrics

Studies of size effects in ferroelectric materials historically developed in the following
directions:

• Three-dimensional approach at macroscopic level: The size of the sample is kept constant,
but the size of the single crystalline constituents is decreased. More exactly, the bulk
properties are studied as a function of the grain size. The conclusion is that ferroelectric
properties deteriorate with decreasing grain size.

• One-dimensional approach: Two dimensions of the ferroelectric sample are kept constant
and the film thickness is decreased. In simple perovskites (BaTiO3, PZT) the grain size is
strongly related to the film thickness (due to the isotropic grain growth) and their effects
on the ferroelectric properties could be estimated separately only recently [153].
Experiments have shown that the grain size is the main factor involved in the deterioration
of ferroelectric properties when decreasing the film thickness. The same was found for
SBT films. Due to the anisotropic grain growth in SBT, the same grain size and
consequently the same ferroelectric behavior was reported for films with thickness from 50
nm up to 500 nm [151].

• True three-dimensional approach, achievable by decreasing all three dimensions of the
sample.

During this work the size effects on the ferroelectric behavior have been experimentally
studied using the third approach, which from a physics point of view is the proper one. Our
results clearly prove that the ferroelectric behavior does not depend on the size at least down
to 100 nm lateral size of the ferroelectric “sample”. The one micron “samples” behaved as thin
films when probed in the middle. Domains up to 500 nm lateral size were written and read as
usual in very fine-grained thin films. Also, a multiple domain structure could be formed even
in the 500 nm lateral size cells.

However, an increase of the vertical offset of the hysteresis loops was found with
decreasing the structure size, an effect that may prevent the functionality of small memory
cells. The vertical bias of the loops is certainly not related to the ferroelectric phenomenon, but
most probably to the electrode asymmetry. Drawing the reciprocal of the relative offset (from
Figure 47) versus the cell area it was noticed that the dependence can be fairly well fitted with
a linear relation as shown in Figure 50. From the fitting parameters, the following empirical
law was derived:

βα −−=Ω− A1 , Eq. 35
Eq. 35

where Ω is the relative shift of the hysteresis loop (as defined in Eq. 33, Sect. 5.4.2), A is the
area of the cell, 2)328( −±= mµα  and 2.09.1 ±=β . This dependence is difficult to interpret in
the frame of the present imprint theories proposed in the literature. In the following, we will
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try to relate our results to the two main attempts to explain the imprint of polarization in
ferroelectric thin films.

Figure 50 Size dependence of the reciprocal of the vertical hysteresis shift (imprint) in
mesoscopic cells.

There are several reports in the literature on the effect of a layer with a fixed
polarization on the leakage current [160] and on the vertical shift of the piezoelectric hysteresis
loop in the case of epitaxial films [175]. According to the above studies, a lattice mismatch
between the film and the substrate causes strong elastic in-plane strains in the film that build
up a region with fixed polarization at the interface. The orientation of this strain-induced
polarization depends on the lattice mismatch. If the lattice constant of the film is larger than
that of the substrate, the polarization is directed towards the ferroelectric film. The size effect
(in this case “thickness-effect”) comes from the fact that the influence of this non-switchable
layer (which is supposed to have a constant thickness for a given ferroelectric-substrate
interface) becomes more important as the overall thickness of the ferroelectric film decreases.
In our case, however, the existence of a layer with non-switchable polarization cannot be
caused by a lattice mismatch, since the PZT structures are not epitaxial, but polycrystalline
with an average grain size of about 20 nm. Moreover, since all the cells have the same
thickness of 110 nm, a non-switchable layer with a fixed thickness cannot explain the effect of
the lateral size on the relative offset.

Another approach to explain the imprint is based on the assumption that an internal
bias field is present inside the ferroelectric or at least in the vicinity of its interfaces with the
electrodes. The association of this internal field with the voltage shift of the macroscopic
hysteresis loop of the polarization is supported by the linear dependence of the hysteresis shift
on the value of the polarization  remaining after a sustained (long time) poling [176,164].

We think that this is actually happening in our case, too, with the built-in electric field
arising from the asymmetry of the ferroelectric-bottom electrode interface. In order to use the
substrate as a bottom electrode, the mesoscopic devices were patterned directly onto Nb-doped
STO substrates. Doping with niobium turns the perovskite strontium titanate into an n-type
semiconductor [177]. This may provoke a region depleted from charge carriers near the
interface, since ferroelectric materials can be considered as semiconductors with low mobility
charge carriers. The region depleted from charge carriers generates an electric field at the
ferroelectric-electrode interface [178], which in this case would be oriented top-to-bottom. This
orientation of the bias field is in complete agreement with the sign of the offset found in our
samples, for which the non-switchable layer also appears to have a spontaneous polarization
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oriented top-to-bottom, therefore negative according to the convention used throughout this
work (positive z-axis oriented bottom to top).

Next, we will try to explain the dependence of the offset on the cell area observed in
our structures. The empirical relation expressed in Eq. 35 above, shows that the relative shift
of the piezoelectric hysteresis loops of the cells depends on the reciprocal of a linear
expression of the cell area. Using the linear dependence between the effective piezoelectric
coefficient measured by the tip and the effective polarization underneath (Eq. 10a*, Sect. 2.2)
we may deduce from Eq. 33 (Sect. 5.4.2) and Eq. 35 the ratio between the zero-field
polarizations for the two oppositely polarized states:
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Eq. 36

It should be mentioned that the exact physical processes occurring in ferroelectric films
are presently not yet well understood, and finding the cause for the vertical shift of the loops
remains an open question. For instance, the processing conditions, especially during the
crystallization of the ferroelectric phase, have a very strong impact on the ferroelectric
properties [161,179]. Following Pike et al. [180], and also Warren et al. [176], we may suppose that
the imprint (internal bias field) is given by a component of the polarization, further referred to
as PD, determined by the dipolar defects present in the ferroelectric materials. In our case, PD

is oriented top to bottom. We may also suppose that the net polarization in the ferroelectric
structure is given by the sum of the ferroelectric polarization and the defect-dipole component.
For the two zero-field states we therefore may write, assuming that the pure ferroelectric
polarization is symmetric:
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Substituting Eq. 37 into Eq. 36, we find the dependence of the dipolar-defects component on
the ferroelectric cell area (the sign is not included):

βα +
=

A
PP ferroD

2 Eq. 38
Eq. 38

Eq. 38 can be explained if we assume that the defects are mainly located at the surface
of the ferroelectric structure over a certain thickness δ. It follows that the effect of the dipoles
becomes important when the ratio between the volume and the surface of the structure (viz.
the lateral size of the cell) decreases.  This assumption seems to be supported by the
experiment presented in Figure 44 (Sect. 5.4.1): The hysteresis loop recorded at the corner of
the cell having 1 µm in lateral size exhibits a significantly larger imprint compared to the
hysteresis loop recorded at the center of the same cell. The proximity of the cell edges has
therefore shifted the hysteresis loop in the negative direction. Eq. 38 gives for PD / Pferro = 0.87
in the case of cells having 100 nm size. This ratio decreases to only 0.033 for cells of 1 µm

                                                
* Although deduced for single crystals in the monodomain state, Eq. 10a still remains valid in the case of
polycrystalline ferroelectrics (ceramics and films) if the values of the physical quantities involved are replaced with
their effective values.
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lateral size. It can also be found that the upper limit, PD = Pferro , is reached when the size of
the structure decreases to zero.

In the case of PZT-based materials, the existence of these dipolar defects at the
interfaces has been confirmed in different investigations, and therefore our explanation
appears to be intuitively correct. However, further experiments, specifically on structures
patterned on various p-type semiconductor substrates should confirm the opposite orientation
of the dipolar defects compared to the present studies.
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7.7.7.7. Conclusions and outlookConclusions and outlookConclusions and outlookConclusions and outlook
In this work a comprehensive study of the local piezoelectric response behavior of
ferroelectric single crystals, thin films and nanostructures has been carried out, applying the
technique of voltage-modulated scanning force microscopy. In view of the significance of
ferroelectric thin films and nanostructures for the prospective development of high-density
ferroelectric random access memories (FeRAMs) for use in advanced microelectronics,
emphasis was put on the local ferroelectric properties of thin films and nanostructures of the
most promising ferroelectric materials, viz. Pb(Zr,Ti)O3 (PZT) and different members of the
bismuth-layer structure family (BLSF), or Aurivillius phases. Members of the Aurivillius
family with both an even and an odd number n of perovskite-type octahedra between Bi2O2

layers (even Aurivillius parameter), viz. SrBi2Ta2O9 (SBT) and BaBi4Ti4O15, and Bi4Ti3O12,
respectively, have been studied, because these two sub-groups of the BSLF fundamentally
differ in their crystal symmetry and therefore also in the anisotropy of their ferroelectric
properties. The investigations included imaging ferroelectric domains, recording local
piezoelectric hysteresis loops, and measuring piezoelectric coefficients, all with a lateral
resolution down to 10 nm and a high sensitivity. This measurement performance has been
achieved by adding a homemade piezoresponse module to a commercial scanning force
microscope, by carefully optimizing the measuring procedures, and by studying some of the
basic mechanisms and conditions underlying the piezoresponse-mode of scanning force
microscopy. Among the results obtained, the following deserve particular attention either in
terms of the possibilities and limitations of the piezoresponse-SFM technique, of new facts of
fundamental character, or of formerly unknown properties of films and nanostructures
significant to the future development of FeRAMs:

1. Making use of a simultaneous or subsequent visualization of both the out-of-plane and in-
plane components of the piezoelectric response of a certain sample area, the ferroelectric
domain structure of BaTiO3 single crystals, known from many investigations of various
authors, was fully reproduced using the piezoresponse-mode SFM setup. In this way, the
overall performance and reliability of the setup and the validity of the measuring
procedures used were fully confirmed.

2. The domain structure and local piezoelectric hysteresis loops of different grains in
polycrystalline PZT thin films were studied and compared with each other. Film thickness
and grain size of the films both ranged from 100 nm to 600 nm. The investigations showed
that a strong variation of the properties occurred from grain to grain within the same film,
and even within the same grain. In particular, it was found that the saturation piezoelectric
coefficient may differ drastically from one grain to another, and that the switching process,
viz. nucleation and growth of domains with reversed polarization, occurred differently
when the same grain was probed at different places. The most probable reasons for this
variability were found to be the different crystallographic orientations of the grains and
crystallites implying variations of the effective piezoelectric response, and the fact that the
switching nucleated by the SFM tip evolves according to the local environment. In view of
the demonstrated spatial variation of the properties within polycrystalline films, the growth
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of epitaxial films of these materials is necessary in order to achieve uniform properties
over the entire film area.

3. Comprehensive investigations were carried out on individual grains of different well-
defined crystallographic orientations within epitaxial thin films of different BSLF
members, both with even and odd Aurivillius parameters n. In this way, it was confirmed
that even-n BLSF members have no polarization component along their [001] axis, even
not in the close vicinity of grains with other orientations, and that they cannot be polarized
along the [001] axis under any local conditions. Accordingly, (001)-oriented films of even-
n BSLF materials cannot be used in a planar-capacitor type FeRAM. In contrast, odd-n
BLSF members have a small component of the polarization along their [001] axis, as was
confirmed by local switching experiments in (001)-oriented regions of Bi4Ti3O12 films. As
a consequence, the odd-n BLSF members are in principle suitable for an application in a
planar-type geometry even if they are (001)-oriented.

4. A study of the domain structure within individual grains was performed knowing the
crystallographic directions in the investigated grains from comparative transmission
electron microscopy (TEM) and selected area electron diffraction (SAED) studies of the
same BLSF films. The main results are that small grains of the order of 100 nm in lateral
size can posses a fine and stable domain structure with the domain sizes at the lateral
resolution of the setup. Well defined, rectangular-shaped hysteresis loops were recorded
from these grains indicating that individual ferroelectric structures with lateral sizes in the
100 nm range posses excellent properties for the application in non-volatile memories. It
was found that the domain walls in these non-c-oriented grains are preferentially parallel to
the c-axis and that, under certain circumstances, interaction of domain walls with different
orientation caused the irreversible pinning of the adjacent domains. These results show that
the domain sizes in thin films can attain much smaller values than believed previously and,
therefore, the lower limit of the smallest structure still exhibiting ferroelectric behavior is
well below 100 nm in case of BLSF materials.

5. For FeRAMs with a memory density in the Gigabit range, well-ordered ferroelectric
nanostructures with lateral sizes in the 100 nm range are required. To find out whether or
not such small structures are still ferroelectric (i.e. possess a spontaneous polarization that
is switchable), a study of the local piezoresponse of such manufactured structures was
performed. It was found that fine-grained nmnmnm 100100100 ××  ferroelectric
structures exhibit a well-defined piezoelectric hysteresis comparable to that of larger
structures, up to nmmm 10011 ×× µµ . Since these structures were separate ferroelectric
entities, the results clearly demonstrate that ferroelectricity scales well down with size,
without deterioration of the switching behavior, at least in terms of the hysteresis loop
parameters 2Pr and 2EC.

6. Switching experiments were performed on individual polycrystalline PZT structures
nmnmnm 100500500 ××  in size that were part of a regular array, with a spacing of 500

nm between them. The experiments showed that these structures could be addressed
individually, that they switch entirely, i.e. different ferroelectric domains are not usually
forming within one structure, and that no crosstalk occurs between neighboring structures.
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Accordingly, there is no obstacle of physical nature to the realization of FeRAMs with a
high memory density in the Gigabit range.

7. From the experimental piezoresponse results it was possible to derive certain components
of the piezoelectric tensor of the ferroelectric epitaxial thin films investigated. Their values
turned out to be about two to five times lower than the values measured macroscopically
on the same materials, but comparable to the values obtained by other authors using
piezoresponse SFM. The origins of the low values measured were discussed in terms of the
complex electromechanical interaction between the ferroelectric sample and the probing
SFM tip. For the case of bismuth titanate, which has a nonzero component of polarization
along the c-axis, the ratio d11/d33 determined was same as that measured macroscopically
on single crystals, therefore validating the numerical values obtained from the
piezoresponse data. A more complex model of the tip-to-sample interaction, including also
the elastic properties of the tested material, is definitely needed in order to explain the
small effective values measured.

8. A basic imaging mechanism has been studied taking into account the anisotropy of the
tensor of the piezoelectric coefficients dij (matrix notation) in order to establish how the
piezoresponse signal really reflects the out-of-plane component of the spontaneous
polarization. It was found, by computing and drawing three-dimensional plots of the
longitudinal piezoelectric coefficient dzz along the probing direction that only in a
restricted number of cases the magnitude of the piezoresponse signal correspond to the
magnitude of the polarization.

9. The investigations also demonstrated a fundamental electrical asymmetry of the
ferroelectric film-semiconductor electrode structure. The local piezoelectric hysteresis
loops were always shifted in the vertical (dzz) direction, indicating a preferential orientation
of the polarization towards the bottom electrode. As the main reason, it was established
that a region depleted from charge carriers is present at the interface between the
ferroelectric film and the n-type SrTiO3 substrate causing a built-in field, which favors the
aforementioned polarization state. Moreover, it was observed, for the individual structures
patterned on the same substrates, that this asymmetry increases with a decrease in size of
the structure. The latter effect was explained assuming the presence of oriented dipolar
defects in the fine-grained PZT cells, defects located mainly at the surface of the
nanostructure.

In conclusion, the successful application of the piezoresponse-mode of scanning force
microscopy to a variety of thin films and nanostructures of different composition,
crystallographic structure and morphology has contributed to a better understanding of the
piezoelectric and ferroelectric properties of these films and structures. Although a number of
open questions remains, which are especially related to the details of the field distribution
within the material volume under the SFM tip, it can be concluded that voltage-modulated
scanning force microscopy has proven a powerful tool to characterize ferroelectric films and
nanostructures on the lateral nanometer scale, a performance which is required for future
developments of ferroelectric high-density memories in advanced microelectronics.
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Appendix A:  The method of the image charges applied to EFM of a
dielectric layer with bottom electrode

A ferroelectric sample with a bottom electrode and a conductive SFM tip represent an
electrostatic system for which the potential distribution and the electric field have to be
determined. In this section, the method of the image charges is used to estimate, in a first
approximation, the potential distribution produced by the application of a voltage between
the SFM tip and the bottom electrode.

In first approximation, the spontaneous polarization is neglected and the ferroelectric
is replaced with a dielectric medium (further referred to as M2) having the permittivity ε2

and a thickness d. Also, the conductive tip in contact with the dielectric is replaced with a
point charge q0 at a distance h above the surface in the adjacent medium (denominated M1)
having the permittivity ε1. The bottom electrode, in contact with M2 on the opposite side of
M1, is kept at zero potential. The solution of the simplified problem is based on the fact that
the potential produced by q0 has one equipotential surface which is tangential to the M1-M2
interface, and this surface may be considered as the surface of the tip.

For determining the potential inside the layer, the solution to two simple electrostatic
problems turn out to be useful. The first one is the problem of a point charge located in M1 at
a distance h from the plane that separates M1 from M2. This problem is further referred to as
“DD” (“dielectric-dielectric”). The second elementary problem is that of a charge in front of
an infinite conductive plane, from now on denominated “CP” (“conductive plane”). Both
problems are solved in any basic course of electrostatics [181], and the respective solutions
will be taken as known.

Figure A 1 Problem DD: A point charge in a medium M1 at a distance h of the surface that
separates M1 and M2.

The solution of problem DD (the geometry of which is schematically represented in
Figure A 1) is as follows: In M1 the potential is generated by two charges: a charge q0 at z =
h in M1, and a charge q1 at z = -h, in M2. In M2 the potential is given by a charge q2 located
in M1, at the same place as q0. The values of the charges q1 and q2 are :
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The problem CP is trivial: the potential distribution of a system composed of a charge
in front of a conductive plane is the same as the one of the initial charge plus a charge of
opposite sign located symmetrically with respect to the plane.

For the initial problem, the origin of the axis z was chosen at the conductive plane, as
shown in Figure A 2. The solution is based on successive imaging of charges with respect to
the conductive plane and to the M1-M2 interface. The resolution of the problem can be
performed following the succeeding steps:

Figure A 2 Charges and their positions for the first two steps of the solution.

Step 1
The charge q0 is imaged with respect to the dielectric interface (DD). In M1 the potential is
given by q0, at position h)(dz +=0  and by q1 (according to problem DD) at position

h)(dz −=1  (the origin is now at the conductive plane). In M2, the potential is given by the
charge q2 (according to problem DD), at position h)(dz +=2 . The solution of the problem
DD ensured the fulfillment of the boundary condition at the M1–M2 interface. Since the
conductive plane exists beneath M2, and since in M2 the potential is given by the charge q2

(only, for now), it follows that q2 has to be imaged with respect to the conductive plane. This
third charge q10 = -q2 is located at the position h)(dz +−=10 , symmetric to that of q2 with
respect to the conductive plane (Figure A 2).

The “occurrence” of the charge q10 contributes to the potential in M2 (according to
the problem CP) and thus the boundary condition of DD ceases to be satisfied! Therefore, the
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imaging process has to start again, now with the initial charge q10 instead of q0 (that’s why it
was called q10 and not q3, for example).
Step 2
 The new charge q10 (acting in M2, and which does not fulfill the boundary conditions of the
previous solution of DD) is now the starting point of a new DD problem. The initial charge
now being in M2 (and not in M1 as it was in the first DD problem), two other new charges
are created. At this stage, the potential in M2 is given by the charges q2 and q10, and
additionally, by the image charge q11 at position h)d(dz ++= 211  (symmetric with respect
to the dielectric interface). The potential in M1 is given, at this stage, by the charge q12 at
position h)-(dz +=12  (the same as q10, according to the problem DD), in addition to the
charges q0 and q1 (charges which were found previously that were acting in M1).

The values of the new charges are given in Eq. A 2 (the permittivities ε1 and ε2 of the
solution DD in Eq. A 1 are interchanged, since now the initial charge is in M2).
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At this stage, the boundary conditions at the dielectric interface are fulfilled again,
but with the new charge q11 acting in M2, the boundary condition at the conductive plane is
not satisfied anymore, and this charge is the initial charge of a new CP problem. As a
consequence, a new charge, q20 = -q11, at )3(20 hddz ++−= , will contribute to the potential
in M2, and the boundary conditions at the M1-M2 interface cease to be fulfilled.

Now the situation is the same as before in Step 2, with q20 being the starting charge.
To find the complete solution, Step 2 has to be repeated until the boundary conditions at the
interfaces are fulfilled. It is important to note that no additional singularities are introduced
by the imaging procedure: all the charges acting in M1 (M2) are located outside M1 (M2).

After performing the necessary calculations, the general formula for all image
charges and their positions can be derived as given in Eq. A 3. The potential function is
given in  Eq. A 4. In these equations, k represents the number of Step 2 iterative operations
performed.

[ ]

�
�
�
�

�

�
�
�
�

�

�

++=
+

=

=
+
−−=

+−−=
+��

�

�
��
	




+
−−=

−
−

hdkzqq

zzqq

hdkzqq

kkk

kkkk

k
k

kk

)12(,2

,

)12(,2)1(

20
21

1
2

010
21

21
1

00
21

2

1

21

2112
0

εε
ε

εε
εε

εε
ε

εε
εε

Eq. A 3

Eq. A 3



Appendices

iv

��

�
�
�

++=

++=

�

�

=

=

1 2022

1 1101

)(
k

kk
M

k
k

M

VVVV

VVVV
Eq. A 4

Eq. A 4

In Eq. A 4, Vα
(k) is the potential produced by the charge qα

(k), where α = 0, 1, and 2. It
is to be noted that the absolute values of the image charges are decreasing as k increases.
Since the location of the charges is moving away from the interface with increasing k, the
problem converges is rather rapidly, depending on the ratio between the two permittivities.
For example, if ∞→12 /εε  only the first step is needed and the electric field does not
penetrate into M2. Usually, for 100/ 12 =εε  (a usual case for ferroelectric thin films) k = 5
iterations are needed to fulfill the boundary conditions with an accuracy of 1%.

(a) (b)

(c)
Figure A 3 (a, b) Electric field (a) and potential (b) versus position along the film thickness
directly under the tip. (c) Cross-section normal to the film plane showing the equipotential
surfaces. V0 denotes the equipotential tangent to the surface, that may play the role of the tip
surface (i.e. the voltage applied to the tip with respect to the bottom electrode). The distances in
the plots are divided by the film thickness. Note: the accuracy is better than 1% (the potential at
the bottom electrode is not zero, but less than 1% of the value at the surface).

The results of the calculations of the electric field and of the potential in the regions
of interest for 100/ 12 =εε are shown in Figure A 3. As expected, both the electric field and
the potential inside the dielectric are extremely inhomogeneous and concentrated under the
tip apex. The plot in Figure A 3a shows that the electric field at a depth of 35% of the
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dielectric thickness under the surface is about 1% of the value at the contact place, and is ten
times smaller than at a depth of 10% of the dielectric thickness. The potential plot in Figure
A 3b shows that the voltage drop over the first 30% of thickness of the dielectric is almost
90% of the voltage applied to the tip.

Figure A 3c illustrates the equipotential surfaces in a cross-section through the y = 0
plane. Both x- and z-axes were scaled to the film thickness, so that the z = 0 plane represents
the dielectric-bottom electrode interface, whereas the sample surface is at z = 1. The
presence of a field component parallel to the sample surface, in the near vicinity of the tip
should be especially emphasized. This in-plane component may polarize the ferroelectric
along radial directions parallel to the film surface. Whether or not the resulting domain
structure is stable, depends on the material and on the local environment.

Appendix B:  Dependence of the piezoelectric coefficients on the
testing directions

In piezoresponse SFM, the tip senses the induced oscillations in a ferroelectric sample. If the
spontaneous polarization is normal to the film plane, then the piezoelectric coefficient
involved is the standard one. For example, if the sample probed is c-oriented PZT, the
piezoelectric coefficient detected is d33. This section addresses the problem of the
piezoelectric detection if the ferroelectric has an arbitrary orientation.

Given  (d0) the complete set of piezoelectric coefficients for a particular orientation
of the coordinates system S0 = (x0, y0, z0) = (x0

i) with respect to the principal crystallographic
axes, the piezoelectric coefficients along different directions can be calculated using tensor
transformations [6,7,182]. For this purpose, a second system of coordinates S = (x, y, z) = (xi)
has to be chosen, in such a way that the directions of interest are along its axes. For example,
if only the longitudinal coefficient has to be calculated along a particular direction, then the
system S is chosen with one of its axis (usually the z-axis) to coincide in orientation with the
direction of interest. In this case, the x- and y- axes may have arbitrary orientations, since
only the z-direction is implied in the measurement (both the electric field and the induced
displacement are along z). The choice of the system of axes has also to fulfill the condition of
being a right-handed orthogonal system. Now the piezoelectric coefficient related to the
directions of interest can be computed in the new system of coordinates from the whole
piezoelectric tensor in the system S0. For instance, in the aforementioned case, the
piezoelectric coefficient d33 in the system S is the longitudinal piezoelectric coefficient (dzz)
along the direction z in the system S0.

The transformation matrix of coordinates from the system S0 to the system S is
jiij

j
i xxaA == . The components of the piezoelectric tensor will then transform from the old

system to the new one as 0
mnl 

l
k

n
j

m
iijk dAA A d = . For the compressed (matrix) notation of the

coefficients, this transformation become:

NAdd 0= , Eq. A 5
Eq. A 5

where the elements of matrix N are combinations of the elements of the matrix A [7]:
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To calculate the longitudinal piezoelectric coefficient along different directions, the
new system S = (xi) = (x, y, z) is rotated in the 3-dimensional space and the dzz coefficient is
calculated using Eq. A 5. The system S0= (x0

i)= (x0, y0, z0) is chosen with its axes to coincide
with the crystallographic ones for which (d0) is known (for instance [001] is x0

3, [100] is x0
1,

[010] is x0
2). A convenient transformation matrix that can be used to rotate the system S in 3-

dimensional space with respect to the system S0 is the following:
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θϕθϕθ
θϕθϕθ

ϕϕ
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sinsincoscoscos
0cossin

 -
-

A

where θ is the angle between the axis z0 and the axis z, and ϕ is the angle between the
projection of the z-axis on the x0y0 plane and the x0-axis. The transformation matrix A rotates
all the three x, y, z-axes but the x-axis is kept in the x0y0 plane. The two systems coincide for
θ = 0° and ϕ = 90°.

(a) (b)
Figure A 4 Longitudinal piezoelectric coefficient dzz (electric field applied along z,
displacement measured along z) for the tetragonal symmetry 4mm: (a) for PZT(40/60), and (b)
for BaTiO3. Numerical values used for the calculation are given in Table 2. For the specific
meaning of the surface plot see text.
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The results of the calculation are shown in Figure A 4 for tetragonal PZT (a) and for
tetragonal BaTiO3 (b). In these figures, the distance between one point of the graph and the
origin represents the longitudinal piezoelectric coefficient along that direction.

Therefore, if the longitudinal piezoelectric coefficient is not measured along the
direction of the spontaneous polarization, the piezoelectric coefficient is not simply
proportional to the projection of the polarization on this direction*, but is a complicated
function of the other piezoelectric coefficients of the entire piezoelectric tensor.

By replacing (d0) in Eq. A 5 with the piezoelectric matrix form of tetragonal single
crystals (point group 4mm) the general equation given in Eq. A 7 comes out for the
longitudinal piezoelectric coefficient along a direction making the angle θ with the direction
of the spontaneous polarization.

θθθθ 3
33

2
1531 coscossin)()( dddd zz ++= Eq. A 7

Eq. A 7

In Eq. A 7 there are two terms that influence dzz. The two materials chosen (Figure A
4) represent the extreme cases for which one of the two terms dominates and determines the
shape of the surface: d33 in the case of PZT and d15 for BaTiO3.

Material (point group) d22(pm/V) d33(pm/V) d31(pm/V) d15(pm/V)
BaTiO3 (4mm) - 85 -35 400
PZT (40/60) (4mm) - 160 -60 170
PZT (60/40) (3m) 75 70 -11 360

Table 2 The piezoelectric coefficients used for the graphic representation (in the standard
orientation for each symmetry).

Figure A 5 dzz of rhombohedral PZT. Note that in this case the magnitude of dzz does not reflect
anymore the maximum of the z-component of the polarization.

                                                
* for instance, θ  d d zz cos33≠ , where θ is the angle between the directions “z” and “3”.
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For lower symmetries, the dependence of the piezoelectric coefficient on the
direction is more complex, since there will be more non-zero terms than in Eq. A 7. For
example, in Figure A 5 the piezoelectric surface for rhombohedral PZT is given. One can
easily notice that the dzz piezoelectric coefficient is not anymore simply related to the
component of the spontaneous polarization along the z-direction. In such cases, the analysis
of the piezoresponse is becoming complex and the images or the local measurements have to
be considered with extreme care.

Appendix C:  The effective piezoelectric coefficients in thin films –
clamping by the substrate

It is well known that piezoelectric measurements of thin films reveal much lower values of
the coefficients, compared to the bulk values in standard measurements. This effect has been
assigned to the clamping of the piezoelectric film by the substrate. The origin of this effect
comes from the fact that the longitudinal piezoelectric effect occurs always together with the
transversal effect. For the inverse piezoelectric effect, for example, the application of an
electric field parallel to PS does not only cause an extension (d33 > 0) in the direction parallel
to the field, but also a compression perpendicular to the field (d31 has almost always a sign
opposite to that of d33). If the crystal is not allowed to deform along the transversal
directions, then it will deform less along the longitudinal (normal to the film) direction. In
the case of thin films on substrates, exactly this is happening, and the direct consequence is
that the value of the measured piezoelectric coefficient is much lower than the real one [183].

In the case of the converse piezoelectric effect, the effective piezoelectric coefficient
may be easily calculated by using the piezoelectric constitutive equations (Eq. 5a in Sect.
2.2).

In the case of a polycrystalline film poled in the z-direction perpendicular to the film
plane, the symmetry class in this case is the same as that for a poled ceramic, i.e. mm∞ . The
relevant equations in this case are:
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An ideal clamping in the x–y plane (plane of the substrate) implies 021 == xx
whereas 03 ≠x . The symmetry of the film in the plane of the substrate results in 21 XX =
and because the surface of the film is free, 03 =X . Eq. A 9 then gives for the effective
(measured) converse piezoelectric coefficient in randomly oriented films:
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Eq. A 10

Since in most materials d31 < 0 and s13 < 0, the measured coefficient in films is
smaller than in unclamped materials. Therefore, the small values of the piezoelectric
coefficients in films relative to the bulk ceramic values can be at least partly explained by the
clamping effects of the substrate.
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Appendix D:  The matrix notation of the electromechanical
coefficients

To simplify the notation, the components of the electromechanical tensors (strain, stress,
elastic compliance, piezoelectric coefficient, electrostriction, etc) can be written in the matrix
(or reduced notation) form, following the Voigt convention given in Table 3. A pair of
indices ii = 11, 22, 33, for example, is replaced with the single index m = 1, 2, 3,
respectively, and the mixed pairs of indices (which represent shear components of strain and
stress tensors) ij = 23 or 32, 13 or 31, 12 or 21 are written as m = 4, 5, 6, respectively.

Tensor notation Matrix notation
 ii = 11, 22, 33 m = 1, 2, 3
 ij = 23 or 32, 13 or 31, 12 or 21 m = 4, 5, 6
 sijkl smn, both m and n = 1, 2 or 3
2 sijkl smn , m or n = 4, 5, or 6
4 sijkl smn , both m and n = 4, 5, or 6
dijk dim , m = 1, 2, 3
dijk (½)dim , m = 4, 5, 6
Qijkl Qijkl , m = 1, .., 6, n = 1, 2, 3
2 Qijkl Qijkl , m = 1, .., 6, n = 4, 5, 6

Table 3 Conventions for the matrix notation
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