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1 Introduction

Ferroelectric thin films are in the focus of extensive research efforts for applications in-
cluding but not limited to capacitors, pyroelectric sensors, ferroelectric random access
memories and valves for ink, fuel or medicines [1, 2, 3, 4, 5]. In order to integrate fer-
roelectrics into suitable devices, miniaturisation is essential [6, 7]. Some of the main
challenges that have been faced during the course of the research devoted to ferroelectrics
are size-related phenomena. These have stimulated intense scientific debate owing to
the apparently new physical properties that thin-film and nanoscale ferroelectrics possess
compared to bulk material. For instance new effects may arise in thin films which influ-
ence the resulting properties. Due to the different lattice parameters of film and substrate,
dislocations are frequently formed within the film [8, 9, 10, 11, 12, 13]. If the film thick-
ness is reduced to below a certain critical value, strains occurring at interfaces become
important [14], enabling strain engineering of the ferroelectric properties [15], e.g. by
tailoring growth on different substrates [16], Another approach to tune the properties of
thin films is to grow heterostructures consisting of different ferroelectric materials [17].
It is also possible to combine ferroelectrics with other classes of materials as dielectrics
[18, 19] or even semi- [20] or superconductors [21]. This way of fabricating heterostruc-
tures also allows to control the strain and microstructure by choosing the appropriate
components comprising the functional system.

In all these attempts a highly controlled microstructure is essential. The formation of
strain, dislocations, and domain structures in ferroelectric thin films strongly impacts the
ferroelectric properties. These features usually originate at the interfaces, and therefore a
careful design of interfaces allows to control these structural characteristics. PbZrxTi1−xO3

is a ferroelectric material most commonly used for applications because of its high piezo-
electric coefficients. Furthermore, it crystallises in the rather simple perovskite structure
which makes it a good model system for fundamental research. In the frame of this work
the influence of interfaces on the ferroelectric properties are investigated using two similar
tetragonal ferroelectric materials, viz. PbZr0.2Ti0.8O3 and PbZr0.4Ti0.6O3.

Chapter 2 addresses the fundamentals required for the understanding of this topic. That
is on one hand the general properties of perovskites (Section 2.1) including a closer look
on the used materials and the model system of PbZrxTi1−xO3 as a ferroelectric and a wide
bandgap semiconductor. On the other hand the various growth modes of thin films are
reviewed. The dislocation formation during growth is theoretically described. It depends
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1 Introduction

on the lattice misfit and the layer thickness of the combined materials (Section 2.2).
In the first part of the experimental Chapter (Chapter 3) fabrication methods are intro-

duced and the possible influence of the deposition conditions is explained (Section 3.1).
The second part contains details on the characterisation methods used to analyse the
structure and electrical properties of the films. Scanning probe microscopy including
atomic force microscopy in conventional and in piezoresponse mode was applied to in-
vestigate the topography and the domain structure at the surface of the grown films (Sec-
tion 3.2.1). In order to reveal the microstructure, dislocations and a-domains were im-
aged, and the layer thickness was determined by (high resolution scanning) transmission
electron microscopy (Section 3.2.2) of cross-sectional samples. Electron paramagnetic
resonance (Section 3.2.6) was applied to probe point defects. X-ray diffraction measure-
ments were performed to obtain information on the crystal structure from a larger part
of the film compared to the very local transmission electron microscopy investigations
(Section 3.2.3). Energy dispersive X-ray spectroscopy was applied during transmission
electron microscopy to analyse the composition of the film. Another method used to deter-
mine the film composition is RUTHERFORD backscattering spectroscopy (Section 3.2.5).
Electrical investigations were performed on the fabricated films as described in Section
3.2.4.

All specified investigation methods were used to reveal the properties of the fabricated
heterostructures as shown in Chapter 4. The key term of this work is the modification
of the ferroelectric films via interfaces, including the interface between the electrode and
a single ferroelectric layer. The lattice misfit introduced at this interface determines the
properties of the ferroelectric film as shown in Section 4.1. This is the simplest design
without any modifications of the ferroelectric film. However, it leaves only few possibili-
ties to further tune the properties. These possibilities are (i) the variation of the thickness
with its known consequences [22, 23, 24, 25] and (ii) doping. Therefore the latter is
also also investigated. An artificial interface is introduced into the ferroelectric film by
growing two layers to have more degrees of freedom in influencing the film properties.
In Section 4.2 the strong impact of this structural modification is experimentally demon-
strated and theoretically described. Differences between the used model and experimental
data are discussed in the following chapters. Section 4.3 investigates the influence of dop-
ing on the properties of the ferroelectric film. Section 4.4 shows the effect of a systematic
increase of the density of interfaces by growing multilayers.

Chapter 5 briefly summarises the discussed results and gives a short outlook on future
research.
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2 Fundamentals

2.1 Ferroelectrics

Applications

A direct application of the specific properties of ferroelectrics is the utilisation of the
switchable remanent polarisation in order to create non-volatile ferroelectric random ac-
cess memories (FeRAMs). However, the most common areas of applying ferroelectrics
use attributes resulting from their dielectric, piezoelectric and pyroelectric properties. Fer-
roelectric ceramics, for instance, can be found as dielectrics in capacitors. Furthermore,
due to the tunability of the dielectric constant by an electric field, ferroelectric films
can serve as waveguides. The piezoelectric effect is used for ultrasonic devices, active
damping elements, high-precision actuators in microscopes, and valves for inks, fuel, and
medicine. Moreover, passive infrared sensors often contain ferroelectric materials. Many
other applications have been suggested as recently summarised by Scott [4].

Figure 2.1: Classification of ferroelectricity after [26]. The inset shows the typical ferroelec-
tric polarisation-field hysteresis curve. The polarisation is switched if a critical field strength is
reached.

Properties

Ferroelectrics belong to the pyroelectric materials which are in turn a subgroup of piezo-
electric materials (Fig. 2.1). Piezoelectric materials show an electrical charge if they are
exposed to mechanical stress due to the relative displacement of their ions. The piezo-
electric effect was discovered in 1880 by Jacques and Pierre Curie on tourmaline single
crystals [27]. This effect is only possible in ionic crystals with a crystal structure without
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2 Fundamentals

inversion symmetry. In addition to the described effect of piezoelectricity, a pyroelectric
crystal builds up a charge when the temperature is changed. Pyroelectric crystals are al-
ways polar due to a permanent dipole formed by the lattice ions. Under conditions of
thermodynamic equilibrium the surface charge is compensated by free carriers from the
environment. If the crystal is cooled down or heated up, the distance of the lattice ions
will change due to thermal expansion and produce a charge on two opposite sides of the
crystal. If the polarisation of a pyroelectric material can be switched between two thermo-
dynamically stable states, then the material is called ferroelectric [28]. For ferroelectric
switching an electric field higher than the according threshold value has to be applied
opposite to the direction of the polarisation. This results in the well-known hysteresis
curve showing the polarisation switching in dependence on the applied electric field P(E)
which is typical for ferroelectric materials (Fig. 2.1).

Figure 2.2: Domains are generally formed to reduce the free energy of the ferroelectric. There
are basically two different types of domains: a) Formation of electric 180° domain walls to reduce
the high energy necessary to maintain the wide spread of the electric field. This energy can be
reduced if the electric flux lines are short-circuited by the domains. b) Formation of elastic 90°
domain walls to accommodate tensile stress (blue dashed lines). By tilting the direction of the
polarisation, the ferroelectric is able to expand in the direction of the stress.

The direction of the polarisation is not uniform throughout the whole ferroelectric,
but regions of a common polarisation state, so-called domains, are formed. Depending
on the crystal symmetry, different angles between the directions of the polarisation in
adjacent domains are possible. These are separated by domain walls denominated by this
angle (e.g. 180° domain wall). The domain walls exhibit a finite thickness which may
range from one to ten unit cells for 180° domain walls in Pb(Zr,Ti)O3 films as recently
shown by direct investigations using high resolution transmission electron microscopy
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2.1 Ferroelectrics

[29]. Domains are generally formed to reduce the free energy of the system. Ideally,
to decrease the electric stray field, domains with an opposite sign of polarisation will
develop to short the electric flux lines (Fig. 2.2a). Their formation does not impact any
strain states.

Another domain type occurs if a ferroelectric material has a paraelectric phase which
is cubic so that in the ferroelectric phase the polarisation can point into six different di-
rections. To reduce the magnitude of tensile strain, 90° domains are formed (Fig. 2.2b).
Due to the relaxation of the elastic deformation by these domains they are also named
ferroelastic domains. The domain wall is inclined to avoid charging.

Domains play an important role during polarisation switching. Ferroelectric samples
are not switched as a whole but 180° domain walls nucleate and propagate through the
sample. Afterwards the lateral motion of the domain walls consumes more volume of
the sample until it is switched [22, 30]. The polarisation of 90° domains may also be
turned. However, due to mechanical confinements, strong backswitching is likely to occur
[31, 32, 33]. A remanent rotation is only possible if it is allowed by the elastic boundary
conditions. This may, e.g., happen if the additional strains are compensated elsewhere.

Perovskites

Many ferroelectric materials crystallise in the perovskite structure. The prototype mineral
of this structure is CaTiO3. Gustav Rose discovered it in 1839 and named it Perovskite
after Lew Alexejewitsch Perowski (a Russian mineralogist). The empirical formula of
all perovskites is ABO3 were A and B are different cations and O is oxygen. Perovskites
crystallise in a face-centred sphere packing of the A and O ions with the B ions at a quarter
of the octahedral spaces (Fig. 2.3a). The stability of this structure can be estimated by
using geometrical considerations to define the GOLDSCHMIDT tolerance factor [34]:

t =
rA + rO√

2(rB + rO)
. (2.1)

The perovskite structure is assumed to be stable for 0.83 < t < 1.07 [35, 36]. At t ≈ 1
an ideal cubic structure is realised which is distorted for higher and lower values. This
distortion leads to a ferroelectric behaviour for t > 1.

In the course of this work, certain PbZrxTi1−xO3 (PZT) compositions are investigated
as a model system for tetragonal ferroelectrics. The high piezoelectric coefficients of PZT
make changes of the properties easily observable. Its lattice constants are similar to the
paraelectric perovskite SrTiO3 (STO) which is therefore used as a substrate. A further
perovskite, SrRuO3 (SRO), exhibits metallic conductivity and also has lattice constants
which are very close to that of PZT, therefore SRO is employed as the electrode material.
Below, these three materials are discussed in detail.
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2 Fundamentals

Figure 2.3: a) Perovskite structure ABO3, black are the A ions, red is the B ion and blue are the
O ions. The A and O ions form a face centred cubic lattice. The B ion is located in the octahedral
space between the O ions (shaded area). b) Unit cell of PbZr0.2Ti0.8O3. The central ions (Zr or
Ti) and the O ion are shifted with respect to the Pb ions.

Lead zirconate-titanate: Lead titanate PbTiO3 is a ferroelectric known for its high
polarisation values and piezoelectric coefficients. Zr can replace the Ti ions on the B site
of the perovskite cell to form the solid solution lead zirconate-titanate PbZrxTi1−xO3. De-
pending on the Zr content and the temperature, PZT will exhibit different crystal phases
(Fig. 2.4a): for all Ti/Zr ratios above the corresponding CURIE temperature TC, PZT is
paraelectric and cubic (PC). With increasing Zr content TC decreases. At the same time
the phase below TC changes from ferroelectric tetragonal (FT ) to ferroelectric rhombo-
hedral (FR) and finally to antiferroelectric orthorhombic (AO) with a small region of an
antiferroelectric tetragonal (AT ) phase. The central B ion (Zr or Ti) and the O ions are
shifted in the ferroelectric phases with respect to the centrosymmetric case (Fig. 2.3). This
causes a permanent dipole moment parallel to the shift and therefore a polarisation of the
unit cell. The interaction of the unit cells determines the behaviour of the material. For
ferroelectric PZT compositions all dipole moments are aligned in parallel. In the antifer-
roelectric phase the ions of adjacent unit cells are shifted antiparallel to each other which
results in zero net polarisation. Also the lattice parameters change with the Zr/Ti ratio
and show a splitting in the orthorhombic and tetragonal phases (Fig. 2.4b). PZT cannot
be manufactured in the form of large single crystals because of the incongruent melting
of the compounds [37]. Therefore, it is widely used in the form of ceramics or thin films.
Ceramics consist of grains with different crystal orientations. This leads to an average
macroscopic polarisation of about zero. Thus ceramic samples have to be poled using an
external electric field to more or less align the polarisation of all the grains. In the case
of epitaxial thin films the orientation of the polarisation is not arbitrary but is influenced
by mechanical confinements of the underlying substrate. Any difference of the in-plane
lattice parameters between substrate and film results in a definite in-plane strain.
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2.1 Ferroelectrics

Figure 2.4: a) Phase diagram of PbZrxTi1−xO3 after [38] showing the stability borders of the
para-, ferro- and antiferroelectric phases in dependence on the Zr content and the temperature.
The coloured lines mark the investigated compositions PZT40/60 (red line) and PZT20/80 (green
line). b) Lattice parameter of the ferroelectric and antiferroelectric phases of PbZrxTi1−xO3 at
room temperature versus the Zr content (after [39]).

Compressive strain supports an out-of-plane polarisation whereas tensile strain supports
the in-plane polarisation.

In this work, the PZT compositions PbZr0.2Ti0.8O3 (PZT 20/80, green line in Fig. 2.4)
and PbZr0.4Ti0.6O3 (PZT 40/60, red line in Fig. 2.4) are used. Both of them have a
tetragonal crystal structure with the lattice parameters aPZT 20/80 = 0.395nm, cPZT 20/80 =
0.414(8)nm, aPZT 40/60 = 0.400nm and cPZT 40/60 = 0.415(0)nm [40, 41].

PZT as a wide bandgap semiconductor: In many cases, ferroelectrics can be con-
sidered as ideal insulators. In these cases the influence of external factors, such as free
carriers, interfaces and local structural defects, can frequently be neglected without im-
portant impact on final results and discussions. In systems with reduced dimensionality,
such as thin films or nanostructures, these details may play an important role. For instance
lead-based ferroelectric thin films have to be treated as semiconductors to correctly inter-
pret the experimental data. The size of the bandgap depends on the composition and on the
microstructure (polycrystalline, single crystalline, etc.) [42, 43]. Experimental investiga-
tions on single crystalline epitaxial PZT films exhibiting a structural quality comparable
to the ones used here have a bandgap of 3.9 eV for PZT20/80 and 4.1 eV for PZT40/60
[42]. These values are close to those obtained by theoretical descriptions using the den-
sity functional theory (DFT) which predicts 3.73 eV for PZT25/75 [44]. The sign of the
mobile charge carriers is still under discussion. The achieved result depend on the the-
oretical approach used. If the PZT is described by defect chemistry this would result in
p-type conduction [45]. In contrast, n-type conduction is probable when considering the
much higher mobility of electrons injected from the electrode which are mainly responsi-
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2 Fundamentals

ble for the conduction [46]. Recent experiments performed on single crystalline epitaxial
PZT20/80 films suggest n-type conduction [47].

Strontium titanate: As will be described in Section 2.2, an appropriate substrate is
crucial for film growth. Since only PZT compositions with x = 0.2 and x = 0.4 were
used, with lattice parameters a of 0.395nm and 0.400nm, respectively, the cubic per-
ovskite strontium titanate SrTiO3 is the chosen substrate. It has a lattice parameter of
aSTO = 0.390nm [40, 48] which is very close to the lattice parameter a of both ferroelec-
tric compositions and therefore allows epitaxial growth of films with a high crystalline
quality. Since the lattice parameter of STO is slightly smaller than those of the PZT com-
positions this will favour a c-axis oriented growth of the PZT films with an out-of-plane
polarisation, an inevitable condition for macroscopic investigations of the polarisation.

Strontium ruthenate: To allow an electrical characterisation of the ferroelectric lay-
ers a bottom electrode is required. Strontium ruthenate SrRuO3 is a perovskite which
shows a metallic behaviour. Investigations on SRO thin films revealed a resistivity of about
200µΩcm [49]. It has an orthorhombic structure at room temperature with a = 0.553nm,
b = 0.557nm and c = 0.785nm [50, 51]. According to Zayak et al. [52] these parameters
can be converted into the lattice parameter of a slightly distorted cubic phase giving a
pseudocubic lattice parameter aSRO ∼ a√

2
∼ b√

2
∼ c

2 ∼ 0.393nm. Thus it lies in between
the lattice constants of STO and PZT and fits very well to both of them. Moreover, the
perovskite structure facilitates the growth of the subsequent PZT layer. Another advan-
tage of using an oxide electrode is its permeability to oxygen vacancies. These are known
as one of the major reasons for fatigue in switching of ferroelectric thin films [53]. If
common metal electrodes are used, the oxygen vacancies may agglomerate at the inter-
faces and thus may deteriorate the switching properties. This effect does not occur with
SRO, because here the oxygen vacancies can easily cross the respective interface.
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2.2 Thin films

2.2 Thin films

Thin films are material layers ranging from fractions of a nanometre to several microme-
tres in thickness. Electronic semiconductor devices, optical coatings and hard coatings
are the current main applications benefiting from thin-film design. In the growing field
of solar technology, for example, thin films are introduced with the perspective to sub-
stantially reduce the cost of the still expensive photovoltaic systems. Thin-film designs
for ferroelectrics reduce the necessary operation voltages and allow their integration into
microelectronic devices.

Thin films can be fabricated by either growing from the vapour phase, depositing from
a liquid solution or by wafer-bonding onto a substrate. This work will focus on the growth
from the vapour phase, for which the various important mechanisms will be detailed be-
low.

Epitaxial Films

The growth of thin films from the vapour phase is preceded by clustering processes of the
adatoms on the substrate surface. These basic processes which all take place simultane-
ously are shown in Fig. 2.5. Adatoms arrive on the surface and are accommodated there.
Some of them have enough energy to re-evaporate. Other adatoms are not able to escape
due to their lower energy but can still diffuse on the surface. When a certain density of
adatoms on the surface is reached, the formation of clusters begins [54]. These clusters
are not necessarily stable, atoms might still be re-evaporated. A critical cluster size is
reached, when the sum of the atoms diffused to and directly impinged on the cluster is
higher than the number of re-evaporated atoms. This cluster is considered to be stable
and is called a nucleus. Further growing of the clusters leads to their coalescing and the
formation of a continuous film. Nucleation does not occur homogeneously on the surface.
Defect sites on a crystal surface generate local minima in the potential and are therefore
preferred nucleation sites. This can lead to an acceleration of the nucleation process [55].
Three growth modes dominate the epitaxial growth on flat surfaces:

Figure 2.5: Nucleation processes of arriving atoms on the substrate during the initial stage of film
growth. Stable clusters are required to enable the formation of films.
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2 Fundamentals

1. Two-dimensional FRANK-VAN DER MERWE growth mode (Fig. 2.6a): The film
grows in layers, the subsequent atomic layer does not start before the preceding one
is complete.

2. Three-dimensional VOLMER-WEBER growth mode (Fig. 2.6b): In this case iso-
lated islands grow. A continuous film is formed when the islands are large enough
to come into contact with each other and coalesce. Since the islands do not neces-
sarily have the same orientation the resulting films may exhibit perturbations of the
regular lattice structure as twin boundaries.

3. A mixture of both above modes, called STRANSKI-KRASTANOV growth mode
(Fig. 2.6c): Here, firstly a continuous film forms, as displayed in Fig. 2.6a. At
a later stage of the growth, depending on the properties of film and substrate, the
film continues to grow in form of islands, comparable to Fig. 2.6b.

Figure 2.6: Possible growth modes of films on flat surfaces. The mode depends on the interaction
strength between adatoms and the surface. The film can grow either a) layer-by-layer (FRANK-
VAN DER MERWE), b) in form of coalescing islands (VOLMER-WEBER) or c) in a mixed mode,
where layer-by-layer growth is followed by island growth (STRANSKI-KRASTANOV).

Figure 2.7: a) Example of different crystal faces. The (100) face belongs to the so-called singular
faces with low Miller indexes. Due to the miscut angle in between the vicinal and the singular
face, steps are formed. The direction of the movement of the steps during film growth is indicated.
b) Possible diffusion paths of atoms at a surface step. If the atom approaches the upper side of the
step, it may be reflected. If it approaches from the lower side it will more likely be incorporated
into the step.

In addition to these three basic growth modes, two more growth modes are induced by
the substrate surface. Thin films cannot be prepared in a freestanding form but have to be
grown on substrates. These substrates have to be single crystalline if epitaxial films shall
be fabricated. The structure of the crystal face used as substrate determines the growth
of the covering film. Low-indexed crystal faces are called singular faces. If the crystal
faces differ by small angles from atomically flat faces, they contain lamellar terraces of
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2.2 Thin films

singular faces interrupted by monatomic steps. They are called vicinal faces (Fig. 2.7a).
The edges of these steps can be considered as defects where preferred nucleation takes
place and simultaneously they act as diffusion barriers [56]. Adatoms would have to
overcome an energy barrier to diffuse across a step. If their energy is too low to move
down a step, they will be reflected. When approaching a step edge from the lower side the
atom will most likely be incorporated because it is attracted by more nearest neighbours
than on the free surface (Fig. 2.7b) [57]. At a high rate of incoming atoms, islands are
formed randomly distributed on the surface. If the rate of arriving atoms is low enough to
prevent nucleation on the terraces, the steps will move during the growth process because
ideally the atoms are joined only to the step edge. This is the so-called step-flow growth,
a special kind of layer-by-layer growth. Any perturbation in the rate of the lateral motion
of a step leads to the formation of a bunch of steps. The step height is the sum of all steps
which contribute to the bunch. Because the velocity of the steps decreases with its height,
the bunches move slower than the monatomic steps, which at the end amplifies this effect,
resulting in step bunching.

Figure 2.8: Basic principle of the mechanism of the formation of misfit dislocations due to misfit
strain. a) In heteroepitaxy the film material usually exhibits a different in-plane lattice parameter
than the substrate. In the shown case the lattice parameter of the film is larger than that of the sub-
strate. b) If the film thickness stays below a critical threshold value (h < hC) the lattice parameter
of the film is adapted to that of the substrate. c) If the critical thickness is exceeded during film
growth (h > hC), misfit dislocations (>) are introduced to relax the strained film. In the shown
example an extra half plane is present in the substrate at each misfit dislocation.

Films are grown on substrates which can either consist of the same (homoepitaxy) or of
a different material (heteroepitaxy). In most cases of heteroepitaxy there is a difference in
the lattice parameters of the substrate and the film (Fig. 2.8a). In case of identical lattice
parameters in both in-plane directions the biaxial misfit f can be defined according to

f =
as−a f

a f
(2.2)
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2 Fundamentals

with as and a f the nominal in-plane lattice parameters of the substrate and epitaxial film,
respectively. In the first stage of growth of a film with, for example, a larger lattice
parameter (Fig. 2.8a) the film is strained to the substrate and grows pseudomorphically
(Fig. 2.8b). When the film thickness exceeds a critical thickness hc, misfit dislocations
(MDs) are introduced to release the strain. Each MD results in an extra half crystal plane
in the substrate (Fig. 2.8c). The same mechanism holds for films with a smaller lattice
constant compared to the substrate. The only difference is the opposite sign of the misfit
which leads to the introduction of additional planes in the film. The MDs give rise to
threading dislocations (TDs) which propagate to the surface of the film. hc can be esti-
mated from the forces acting on existing dislocation lines [58]. The force exerted by the
misfit strain ε is

Fε =
2G(1+υ)

(1−υ)
bhε cosλ , (2.3)

where G is the shear modulus, ν the Poisson ratio, b the Burgers vector, h the film thick-
ness and λ the angle between the slip direction and the direction in the film plane which
is perpendicular to the intersection of the slip plane and the interface. The tension in the
dislocation line can be estimated as

Fl =
Gb2

4π (1−υ)
(
1−ν cos2

α
)(

ln
h
b

+1
)

, (2.4)

with α being the angle between the dislocation line and the Burgers vector. If

Fε

(
εmax =

1
2

f
)

> 2Fl (2.5)

the TDs will move. Thereby the coherence of the interface is destroyed and ε is reduced.
The critical thickness hc can be calculated by equating both equations 2.4 and (2.5):

hc =
b

2π f

(
1−ν cos2 α

)
(1+υ)cosλ

(
ln

hc

b
+1
)

. (2.6)

This estimation gives the minimum thickness for the introduction of MDs into one layer
of a multilayer system. For calculating the critical thickness of a single layer on a thick
substrate, two additional boundary conditions have to be considered. Firstly, in a multi-
layer system the misfit strain is assumed to be shared between the layers, so one layer type
is is under compression and the other under tension. This is no longer valid for a single
layer. Secondly, the moving of a threading dislocation in a sandwiched layer would cause
two misfit dislocations, one at each interface, whereas in a single layer only one occurs.
Each of these conditions divide the critical thickness by a factor of two resulting in

hc =
b

8π f

(
1−ν cos2 α

)
(1+υ)cosλ

(
ln

hc

b
+1
)

. (2.7)
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2.2 Thin films

Figure 2.9: Impact of different misfits on the spontaneous polarisation of tetragonal ferroelectric
thin films. a) If the substrate has a larger lattice parameter than the film, the induced tensile strain
leads to the formation of elastic a-domains. The tilt of the spontaneous polarisation to the in-plane
direction causes a decrease of the remanent polarisation of the film. b) If the substrate has a smaller
lattice parameter than the film, the induced compressive strain leads to a higher tetragonality of the
unit cell. This enhances the spontaneous polarisation via the electrostrictive coupling (see Eq. 4.1
- 4.2).

However, it is possible to grow coherent films beyond hc since there are kinetic barriers
which slow down or prevent the formation of MDs [23, 59, 60]. The film structure is
determined by the growth mode and the density of dislocations. Both are influenced by
the intrinsic properties of the materials used for film and substrate, by the film thickness
and by the general growth conditions.

Ferroelectric thin films

If ferroelectrics are grown in thin film geometry they are exposed to strong mechanical
confinements induced by the supporting substrate. This affects the displacement of the
ions which is essential for the development of the ferroelectric effect as well as the for-
mation and movement of the domain walls. Therefore severe changes of the thin film
behaviour compared to the bulk properties can be expected.

Depending on the preferred substrate-film combination, either compressive or tensile
strains can be introduced into the ferroelectric film. In certain cases, the tensile strain is
able to tilt the polarisation vector from the out-of-plane to the in-plane direction [61]. For
a tetragonal symmetry the rotation of the unit cell on average results in an effective lattice
parameter ae f f . This parameter is in the range between the smaller lattice parameter a
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and the larger lattice parameter c
(
a ≤ ae f f ≤ c

)
and is closer to the substrate’s lattice

parameter (Fig. 2.9a). Another prominent characteristic of electric polarisation is the pos-
sibility to enhance it to higher values than these measured in bulk via strain-polarisation
electrostrictive coupling (Fig. 2.9b) [62], even though this is not always as extensive as
expected [63, 64, 65]. Thus, ferroelectric films can be tuned to exhibit either polarisation
values superior to the corresponding bulk material or an outstanding dielectric constant.
Other properties like the pyroelectric effect are affected as well [66, 67, 68].

However these considerations only hold true for a very confined thickness range. If a
critical thickness is exceeded during film growth, the heteroepitaxial film usually starts
to relax by forming misfit dislocations, which is accompanied by threading dislocation
formation (see Section 2.2) [58, 69, 70, 71, 72, 73]. Additional stresses could also arise
upon cooling down the film from growth temperature to room temperature due to differ-
ent thermal expansion coefficients between film and substrate. For particular ferroelec-
tric films, a-domains can form below the Curie temperature to further relax the residual
stresses [40, 74]. These a–domains are characterised by their polarisation axes lying in the
plane of the film-substrate interface. Due to the different elastic strain state and/or lattice
parameters the a-domains are detectable in diffraction characterisation such as electron
diffraction (Section 3.2.2) or X-ray diffraction (Section 3.2.3). While these relaxation
mechanisms give rise to global and local strain relaxation in the film, they can be detri-
mental for the ferroelectric behaviour [9]. The reason for the latter is that local strain
variations induce a position dependent polarisation owing to the electrostrictive nature of
these systems. Strong internal electric fields due to polarisation gradients could develop,
smearing out the phase transition and even suppressing ferroelectricity.
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3.1 Film growth: Pulsed laser deposition

Pulsed laser deposition (PLD) belongs to the physical vapour deposition methods. A laser
is used to ablate a material from an appropriate target and the resulting plume of ions and
atoms is deposited on a substrate. PLD was used for the first time in 1965 [75], but
due to technical difficulties other techniques like molecular beam epitaxy and sputtering
became more popular. With the advancements in laser technology Cheung et al. showed
in 1983 the possibility of manufacturing films with a quality comparable to the results
of other methods [76]. From this date PLD met with an increasing popularity due to
its high versatility. Nearly every material, even molten targets [77], can be deposited
using an appropriate wavelength of the laser light. Even complex crystal structures can
be grown if the optimum parameters are determined. Since this method as a rule transfers
the material as a whole, frequently stoichiometric targets can be used which simplifies the
handling of a PLD system. The absence of sensitive electrical devices in the deposition
chamber allows the use of a reactive atmosphere which broadens the range of depositable
materials. By using a multi-target holder, films with layers of different compositions can
be made in situ, i.e. without opening the chamber. The strong non-equilibrium conditions
during PLD give rise to unique applications: it is possible to grow metastable materials
which cannot be fabricated by standard routes, and species which form only during the
laser ablation process can be grown into thin films [78]. Finally, the highly directed plume
allows a high deposition rate. In the following, the operation principles and the influence
of the deposition parameters will be discussed.

Basic principles

When the laser hits an absorbing material the energy is absorbed by electrons and phonons
of the lattice, by free charge carriers at the surface, and by the plume of the ablated mate-
rial [79, 80]. The absorption by the electrons leads to their excitation which dramatically
increases the gas pressure of the target material or even directly destroys the chemical
bonds of the lattice. This leads to a rapid expanding gas which also drags parts of the
target along. The emerging particles are further heated and accelerated by the incoming
laser beam to form a plasma close to the surface. Above the surface the particles collide
with each other and form the so-called KNUDSEN layer. Therefore, the velocity distri-
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bution differs from the one caused by the pure ablation process. Beyond the KNUDSEN

layer a region of ’free flight’ follows up to the substrate with nearly no collisions. After
having left the target the flying particles are visible as a fluorescent plume (Fig. 3.1b)
which consists of electrons, ions, atoms, molecules, clusters, solid particles and molten
droplets. The plume is directed perpendicular to the target surface. Its size and shape are
determined by the energy and energy density of the laser light as well as by the pressure
and composition of the background gas. A certain pressure of reactive gas is used in PLD
to retain volatile components and to thermalise the plume. After the flight period the par-
ticles arrive on the substrate, which is usually heated to improve the surface diffusion, and
form a film.

Figure 3.1: Image of the PLD chamber which is used in the frame of this work. The constituent
parts shown in a) are explained in b) showing a schematic drawing of the used PLD chamber
including the descriptions of all important parts.

Laser

Usually, laser radiation with a short wavelength is applied in PLD. This has the advantage
of an improved light absorption as well as a smaller penetration depth for the materials
relevant in this work. Therefore, only thin layers of the target are ablated which reduces
both the probability of splashing and the energy density (fluence) necessary for ablation,
which contributes to a more controlled ablation process. A further reduction of the num-
ber of too large particles takes place as they are partially dissolved when some of the laser
light is absorbed by the plume [81].

Excimer lasers deliver radiation in the ultraviolet range [82]. They work with a gas
which is in the simplest case pumped by electric discharges. Two components are excited
to form the excimer molecule in the presence of a buffer gas. The ground state is repulsive
which causes the excimer molecule to dissociate rapidly and allows high repetition rates.
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3.1 Film growth: Pulsed laser deposition

Possible excimer molecules are F2, ArF, KrCl, KrF, XeCl and XeF. Lasers which use KrF
as excimer molecule have a very high gain and consequently this kind of laser is most
commonly used.

The energy profile within the beam has to be as homogeneous as possible to enable a
well-defined ablation. This is mainly given by the design of the laser but it can be im-
proved by the use of an aperture. To have an effective conversion of energy to the lattice
of the target, the pulse duration has to be in the order of nanoseconds. Otherwise the
thermal conduction would carry away increasing parts of the energy. Furthermore, the
laser energy plays a crucial role for the ablation mechanism. If the energy deviates from
the optimum regime, the composition of the ablated material would change. Moreover,
when the laser energy is reduced to a level which is not sufficient to completely vaporise
the ablated material this leads to a higher number of particles in the plume. Even lower
energies result in a considerable drop of the ablation rate with a smaller number of parti-
cles [83]. The threshold fluence for PZT was estimated to be 0.3 J

cm2 [84]. Much higher
energy densities cause a larger number of high energetic particles which might damage
the film surface.

The rate of ablated material is also controlled by the repetition frequency of the laser.
If the amount of ablated material is not sufficient to form a continuous film this leads to
the creation of pinholes. Too much material does not allow the surface atoms to diffuse to
equilibrium positions and outgrowths of fast growing crystal faces can be observed [85].
The repetition rate of the laser pulses determines the time for the material to equilibrate
between the arrival of the vapour pulses. The duration of the vapour pulses was estimated
to be approximately 1 ms [86]. Finally, the laser fluence has to be adjusted according
to the used film and substrate properties to enable the optimum growth regime (step-flow
growth or layer-by-layer growth). Different growth regimes were determined theoretically
and verified experimentally for the growth of SRO on STO [87].

Target

In principle any kind of target can be used for ablation by a laser beam. However, to
grow films in a controlled manner, the target has to be dense and homogeneous with a
smooth surface to avoid extensive particle formation. During the ablation process the
laser radiation might change the surface properties of the target. Volatile components
could be ablated at a higher extent. In this case the composition of the surface differs
from the bulk of the target. The remaining components would shield the material behind
and thereby cones would be formed (Fig. 3.2a). As a result, the target is irregularly ablated
[88, 89].
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Background gas

A higher gas pressure than in methods like molecular beam epitaxy
(
10−2 Pa

)
[90] is

used during PLD (10Pa). Oxygen is used as a reactive background gas for the deposition
of PZT. This helps retaining the volatile components in the target and the growing film
in two ways, viz. due to the basic physical effect of a higher background gas pressure
and because the vapour pressure of the used metals decreases when they are oxidised.
Additionally, the species in the plume are scattered at the gas molecules and are slowed
down. This is necessary to avoid damaging of the substrate and film surface by high
energetic particles. Due to the collisions of the particles with the oxygen atoms, lead oxide
PbO is formed as a precursor for the formation of the film [84]. The higher reactivity
of the oxygen compared to the other components also facilitates the nucleation of the
arriving atoms on the surface. In order to further improve the reactivity of the oxygen
atmosphere the pressure could be increased. This in turn leads to a lower deposition rate,
so a compromise has to be found.

Figure 3.2: a) Example for cone formation on an Yttrium Iron Garnet target caused by the ir-
radiation with laser light [89]. b) Stepped surface of an etched and annealed vicinal (100) STO
substrate.

Experimental setup

An image of the deposition chamber and its components is given in Fig. 3.1. The em-
ployed excimer laser (LPX300 by Lambda Physics) uses KrF as the excimer molecule
and Ne as a buffer gas. The laser emits light at a wavelength λ = 248nm which corre-
sponds to a photon energy of about 5eV . This is higher than the band gap of about 4eV of
Ti-rich PZT which allows the ablation of this material by electronic excitation. The pulse
duration provided by the used laser is 25ns. The beam is sent through an aperture to cut
off the lower energetic edges and get a more homogeneous energy profile of the beam.
After being reflected by a mirror, the beam passes the laser window of the chamber and is
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focused on a ceramic target. The targets are positioned on a revolvable four-target holder
and can be rotated to allow in situ change of the deposited material. The chamber is filled
with oxygen via a gas inlet. The substrate is mounted above the target on a heatable
holder at a distance from the target of 5.5cm. Several accessible parameters have to be
adjusted for the optimisation of the film growth in the described setup.
Laser adjustment: The repetition rate of the laser pulses is kept at 5Hz for all ablated
materials. This gives the material a time of about 200ms to equilibrate between the ar-
rivals of the vapour pulses. In the case of PZT the laser beam was sent through an at-
tenuator. Measurements of the laser energy density (fluence Φ) are performed inside
the deposition chamber. Laser fluences of 1.4 and 2.8 J

cm2 were used, depending on the
ablated material (Tab. 3.1), which causes the plasma plume to cover about 80% of the
target-to-substrate distance.
Target preparation: Disc-shaped ceramic targets with a diameter of 50.8 mm and a
thickness of 3.175 mm have been used. According to the specifications of the manufac-
turer (PRAXAIR) the purity is at least 99.9%. To avoid an extensive surface modification
the target is sanded and a preablation is performed preliminary to each deposition. Since
the favoured evaporation of volatile components cannot be fully inhibited, the PZT tar-
gets contain 10 % excess of Pb.
Gas pressure: An oxygen pressure of 14−30Pa was used during deposition of the dif-
ferent materials.

deposited
material

target
density

laser
fluence

oxygen
pressure

substrate
temperature(

g
cm3

) (
J

cm2

)
(Pa) (◦C)

SRO 3.72 2.8 14 700
PZT20/80 7.42 1.4 30 575

PZT20/80:Cr 7.48 1.4 30 575
PZT40/60 7.70 1.4 30 575

Table 3.1: List of deposited materials with corresponding target properties and PLD parameters.

Substrate preparation: To achieve smooth films with a very high crystal quality, layer-
by-layer growth is necessary. The optimum mode to reproduce a regular surface is the
step-flow growth which is only possible for small misfits as for SRO on STO. Step bunch-
ing would lead to enlarged and irregular terraces whereas coalescing islands often cause
antiphase boundaries. To enable step-flow growth, a substrate with steps of equal width
and height, a so-called vicinal substrate, is required. Vicinal STO substrates with a miscut
angle of 0.1◦ are used throughout this work. Initially, the surface is not uniformly termi-
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nated but exhibits a stochastic mixture of both strontium oxide SrO and titanium dioxide
TiO2 as termination. Therefore, a special treatment of the surface is required. The STO
is etched in buffered hydrofluoric acid with a pH-value of 4.4 . . .4.6 to dissolve only the
basic SrO and spare the acidic oxide TiO2 [91]. This results in a TiO2-terminated sur-
face with steps of one unit cell height.The substrate is then annealed at 900− 1100◦C
for 1−2h, depending on the substrate’s terrace width, in order to smoothen out possible
defects from the etching process and to adjust the terrace edges to a nearly parallel shape
[92]. This procedure provides a regular substrate surface as shown in Fig. 3.2b.

During the film deposition the substrate is kept at elevated temperature. The chosen
temperature depends on the growing material (Tab. 3.1). This increases the diffusion
length of the deposited atoms and allows to grow single crystalline films but also slightly
increases the evaporation of the volatile component [84]. Without the substrate heating,
the sample had to be annealed after deposition which could result in a polycrystalline or
textured film.
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3.2 Characterisation methods

3.2 Characterisation methods

3.2.1 Scanning probe microscopy

Atomic force microscopy: Atomic force microscopy (AFM) is used to map the to-
pography of surfaces by utilising attractive and repellent atomic forces. A sharp tip carried
by a deformable cantilever is approached to the sample. When the distance to the surface
is small enough, attractive van der Waals forces pull the tip towards the surface. In ambi-
ent conditions capillary forces give an additional contribution to the attractive forces. If
the tip is pushed closer to the surface the forces become repulsive. The tip is exposed to
both attractive and repulsive forces during the scan across the investigated surface. This
leads to a deflection of the cantilever if the height of the surface features changes or to
a twisting if any frictional forces occur. A laser beam is reflected from the backside of
the cantilever to detect such deformations. The beam reflection is measured on a four-
quadrant photo detector. The height of the tip is adjusted to stay at zero deflection.

In contact mode, the force applied by the tip may damage the investigated surface. A
way to avoid the damage is to use the so-called tapping mode. In this mode the cantilever
is oscillating above the surface and just ’touches’ the surface at its lowest point. The
amplitude of this oscillation is tracked during scanning over the surface. Any surface
features cause a shift of the oscillating amplitude and phase. A feedback loop corrects the
position of the cantilever which is registered and the surface morphology is mapped. Any
frictional forces are eliminated by this technique [93].

From the AFM images the root-mean-squared roughness RMS is calculated as a mea-
sure of the surface roughness:

RMS =

√
1
N

N

∑
i=1

(zi−〈z〉), (3.1)

with N the number of measured coordinates, i the i’th measured coordinate, zi the height
value of the measured coordinate and 〈z〉 the average of all N height values.

A Digital Instruments 5000 AFM equipped with a MikroMasch NSC15/AlBS silicon
cantilever (with a spring constant of 40Nm−1) operating in tapping mode was used during
this work.

Piezoresponse force microscopy: Piezoresponse force microscopy (PFM) is a
modification of conventional AFM. A conductive tip is used to apply an alternating volt-
age to the sample. This leads to a deformation of a ferroelectric film via the converse
piezoelectric effect which is measured as a deflection of the cantilever. The frequency of
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the deflection caused by the piezoresponse is known and can be subtracted from the over-
all topography signal (lock-in principle). Different deflection amplitudes and phase shifts
are obtained, depending on the polarisation of the film. If the polarisation is pointing
away from the tip a positive voltage causes an expansion of the film. The oscillations are
in phase with the applied alternating voltage. If the polarisation is pointing towards the
tip this causes a phase shift of 180°. In case of a polarisation perpendicular to the applied
field, as in the case of a-domains in tetragonal ferroelectrics, in the first approximation
the applied voltage does not lead to any deformation of the film, and the measured PFM
amplitude equals zero [94]. Certain in-plane polarisation components can, however, be
detected via shear deformation of the cantilever.

In this work PFM was performed using a scanning probe microscope (ThermoMicro-
scopes) equipped with a PtIr coated tip (ATEC-EFM-20) with an elastic constant of about
2.8Nm−1. Surface mapping and local hysteresis measurements were usually carried out
applying an ac probing voltage of 2V at 25kHz.

3.2.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is a powerful tool to image the microstructure
of crystals. Crystal features like deformations and extended defects such as dislocations
and stacking faults can be easily observed. In this work a Philips CM20Twin was operated
at an acceleration voltage of 200 kV to observe conventional TEM images. The high
resolution TEM images (HRTEM) and high resolution scanning TEM images (HRSTEM)
were obtained using a JEOL 4010 and a FEI TITAN 80-300 at a working voltage of
400 kV and 300 kV, respectively.

Working principle

The working principle of transmission electron microscopy is comparable to an optical
microscope in transmission mode. Instead of a lamp an electron source is used and the
lenses are made of coils generating an electromagnetic field which is used to manipulate
the electron’s path (Fig. 3.3). The resolution of both transmission optical and electron
microscopes is principally limited to features of the size of the used wavelength. However,
the limiting factor in TEM are the lens abberations. Nevertheless, a rather high resolution
can be achieved due to the short wavelength of electrons accelerated by several hundred
kilovolts.

When electrons hit a sample, due to their electric charge they interact mostly with the
nucleus of the atoms. If the sample is crystalline, a diffraction pattern is created due to
constructive interference under the conditions given by BRAGG’s Law

nλ = 2d sinθ (3.2)
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Figure 3.3: Paths of the electron beams in the TEM [95]. a) shows the operation mode if the
diffraction pattern shall be projected on the screen whereas b) shows the operation mode to view
the magnified image of the sample. The selected area diffraction (SAD) aperture is used to obtain
a diffraction pattern of a small area of the sample. The objective aperture is necessary to create an
amplitude contrast in the image (details in Fig. 3.4).

where n is a number, λ the wavelength of the electrons, d the distance of the diffracting
planes and θ the angle between the incident wave and the scattering plane. Depending
on the excitation of the intermediate lens, either the diffraction pattern (Fig. 3.3a) or the
image (Fig. 3.3b) of the sample is projected on the screen.

A selected area diffraction (SAD) aperture has to be inserted if the diffraction pattern
should be obtained from a defined part of the sample. Since it is not possible to insert an
aperture at the location of the sample, the SAD aperture is inserted into the image plane
of the objective lens. In order to create an amplitude contrast an objective aperture is
used (Fig. 3.3b). In diffraction-contrast mode, the objective aperture offers two different
kinds of images. Firstly, the residual electrons of the direct beam give rise to the so-
called bright field (BF) image, if the scattered electrons are absorbed by the aperture
(Fig. 3.4a). Secondly if the aperture is positioned in such a way that the direct beam is
absorbed (Fig. 3.4b) and the scattered electrons are allowed to pass, they form the dark
field (DF) image. The diffraction pattern is utilised to adjust the position of the objective
aperture. The aperture has to be placed on the bright central spot to obtain a BF image
(Fig. 3.5a). One of the smaller diffraction spots representing a certain crystal plane has
to be chosen and let pass by the aperture (Fig. 3.5b) in order to obtain the DF image. If
the diameter of the aperture is large enough to include both the direct beam and some
of the scattered beams (Fig. 3.5c) they will interfere with each other. This will create
a phase contrast which is used to generate HRTEM images. If a scanning transmission
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electron microscope with high enough lateral resolution is available, single atom columns
can be resolved in high-angle annular dark field (HAADF) images (Z-contrast images)
which make use of incoherent scattering events at the nuclei of the atoms, providing high
resolution scanning TEM (HRSTEM) images.

Figure 3.4: First part of the electron beam path in TEM when an image of the sample is displayed
[95]. a) If the objective aperture lets only the direct beam pass, a so-called bright field image
is detected. All the diffracted electrons generate the dark contrast. b) By letting the diffracted
electrons pass, a dark field image is displayed. Only the collected diffracted electrons are visible
as the bright parts of the image.

Figure 3.5: Objective aperture as seen in the diffraction pattern. The big dark spot designates
the direct beam whereas the small spots depict the diffraction pattern of different crystal planes.
a) If the aperture lets the electrons of the direct beam pass, all diffracted electrons are prevented
from contributing to the image. b) If the aperture lets one diffracted beam pass, only the electrons
diffracted at this certain plane are collected and contribute to the contrast in the image. c) If a big
aperture is used which lets the direct beam and diffracted beams of various planes pass, the beams
will interfere with each other. This generates a phase contrast which allows to create a HRTEM
picture.
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Sample Preparation

To prepare the samples for cross-section (HRS)TEM, they are cut in two pieces of equal
size and glued face-to-face using M-Bond 610 epoxy resin. The glued sample is annealed
for 90 min at 150 °C under the constant pressure of a clamp. Afterwards it is cut in slices
of 0.5 mm thickness and sanded and polished down manually to a thickness of 50-80 µm.
Next the thickness of the slices is further reduced to 10-15 µm with a dimple wheel and a
polishing wheel attached to a Gatan Model 656 dimple grinder. Subsequently the sample
is glued to a Mo oval grid using a two-component epoxy resin which has to harden for
12 h. Supported by this grid, the sample is put into a Gatan Model 691 PIPS dual ion mill
wherein the sample is thinned from one side by Ar+ bombardment. The ion energy is
reduced from 4 keV to 2 keV to avoid a destruction of the sample during thinning. When
a transmittable area becomes apparent the energy is reduced to 1.5 keV and the sample is
polished from both sides to complete the preparation.

3.2.3 X-ray investigations

X-rays are part of the electromagnetic spectrum with a wavelength of 0.01 - 10 nm. They
are used in various ways to analyse many kinds of materials [96, 97]. In X-ray fluo-
rescence spectroscopy, for example, high energetic radiation excites X-rays to map the
elemental and chemical composition of the investigated sample.

Other applications use the high penetration ability together with the changing absorp-
tion which depends on the atomic number and material defects. This allows radiography
in many areas from medicine to materials testing.

However, the utilisation in this work concerns mainly the X-ray diffraction. Since the
wavelength is in the same order as the atomic radii and the interatomic distances, the X-
rays are diffracted and allow a detailed analysis of the crystal structure. It is possible to
determine the orientation of crystals, their lattice constants and - to a certain extend - their
composition by a comparison of the results with the existing extensive databases. Fur-
thermore, also distortions of the crystal lattice like strains and textures can be observed.

X-ray diffraction

X-rays are created by decelerating high energetic electrons at the anode. A continuous
spectrum is created if the electric field of the materials’ atomic nuclei decelerates the
electrons. Another energy loss process of the fast electrons is to knock out an electron
on the inner shell of a target atom. When this place is refilled by an electron from an
upper shell, it emits an X-ray photon having an energy according to the energy difference
between the shells. This is called the characteristic radiation because the energy difference
between the shells and therefore the wavelength of the characteristic line is specific to each
element. The emitted photon is called the K radiation if an electron relaxes to the K-shell.
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If the transition takes place from the nearest higher shell the index α is used, if it comes
from the next one β is used and so on. Finally, the index gets a number depending on the
change of the inner quantum number j. The transition with the highest energy is provided
with a 1 and the number increases with decreasing energy. The investigations described
here are performed using the CuKα1 radiation (λCuKα1 = 0.1541nm) [98] which is not
separated from the CuKα2 radiation (λCuKα2 = 0.1544nm) because their energies are very
close.

CuKα radiation with both wavelengths is sent on the sample and scattered. This process
is called elastic scattering if the frequency of the wave does not change, because the wave
preserves its energy. A coherent scattering is defined by a fixed phase correlation between
scattered and unscattered wave. If an elastic and coherent scattering takes place on a
periodic structure this is called diffraction. A signal can be detected only if there is a
constructive interference which takes place at distinct angles described by BRAGG’s law
(Eq. 3.2). The intensity of these diffraction peaks depends on the atomic number of the
elements and on the arrangement of the atoms in the unit cell. Both parameters change the
electron configuration which determines the contribution to the scattering process. The
diffraction pattern is unique for each material.

A four-circle Philips X’Pert material research diffractometer (type 3050/65, 50 kV and
30 mA, CuKα radiation) was used to analyse the samples grown by PLD. The setup of
this X-ray diffractometer is shown in Fig. 3.6a. Preliminary to each measurement the

Figure 3.6: a) Setup of the used X-ray diffractometer. θ designates the angle between the surface
and the incident beam. The sample can be tilted in the plane of the beam by varying ω and in both
perpendicular directions with the help of Φ and Ψ. b) Principle of mapping the reciprocal space
around the (204) diffraction spot. The reciprocal plane is spanned by varying ω and 2θ .

angles φ and ψ were used to optimise the orientation of the sample to get the maximum
possible intensity. In order to investigate the crystal structure of the films, θ − 2θ scans
were performed which were realised in the used setup by rotating the sample around ω

and changing 2θ by moving the detector. A more sophisticated method to investigate thin
films is the recording of reciprocal space maps (RSM). This is usually done in the vicinity
of a diffraction peak of the substrate (Fig. 3.6b). By carrying out many consecutive ω−2θ
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scans, whereby the starting value of ω is increased, the chosen area of the reciprocal space
is mapped.

Energy-dispersive X-ray spectroscopy

The usage of an energy dispersive X-ray detector together with a TEM or scanning elec-
tron microscope (SEM) allows the determination of the energy of the X-ray photons that
are emitted from the sample due to the incoming beam electrons. It is possible to iden-
tify the elements of the irradiated target from the detection of the characteristic radiation.
This paves the way for a method to analyse the elemental composition of materials, called
energy-dispersive X-ray spectroscopy (EDX) [96, 99]. Most SEMs and many TEMs are
equipped with an EDX detector allowing the elemental analysis of the investigated sam-
ple.

3.2.4 Electrical measurements

Circular and square-shaped Pt top electrodes with a diameter of about 100 µm and a side
length of 60 µm, respectively, were deposited at room temperature by radio frequency
sputtering through a corresponding stencil. Silver paste was used to connect the SRO
bottom electrode with a copper plate. Both the copper plate and the top electrode were
contacted by W tips with the help of a micromanipulator. Ferroelectric hysteresis curves
were recorded at 1kHz (AixxACT TF Analyzer). Capacitance-voltage characteristics
were recorded at 100kHz with a probing voltage of 0.1V (HP4194A Impedance Ana-
lyzer). The superimposed dc bias had a slope of about 1V s−1 and the delay time between
slope up and down was 0.5s. The values at zero voltage were used to calculate the equiva-
lent dielectric permittivity using the simple plan-parallel capacitor model. Current-voltage
characteristics were recorded using a Keithley 6517 with the voltage applied in the direc-
tion of the polarisation to avoid contributions due to the switching process. The voltage
was applied for 2s before measuring the current.

3.2.5 Rutherford backscattering spectroscopy

Rutherford backscattering spectroscopy (RBS) is a nondestructive analytical technique to
determine the composition of surfaces and layers up to a few micrometres. In RBS low-Z
ions (H+ or He+) are accelerated with energies in the MeV range and directed towards the
sample. The backscattered ions are detected and analysed in view of the residual energy
which is influenced by the scattering process and the scattering angle. Two different
processes reduce the energy of the ions with respect to the incoming beam. If the ions are
scattered at an atomic nucleus they will lose a certain amount of energy which depends
on the mass of the nucleus. This allows the identification of the elements in the sample.
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Additionally, the ions are decelerated by the sample electrons. With increasing depth of
the scattering core the energy will continuously decrease. The depth of the scattering
process can be determined from the energy difference which enables to create a depth
profile of the sample’s composition [100].

RBS investigations were performed in cooperation with Dr. R Mattheis (IPHT Jena)
at the 3MVTandetron accelerator JULIA at CISLAB, Friedrich Schiller University Jena,
using 4He+ ions with a primary energy of 1.4MeV . RBS spectra were simulated with the
iterative simulation software RUBSODY [101].

3.2.6 Electron paramagnetic resonance

Electron paramagnetic resonance (EPR) is able to detect only non-paired electrons of
atoms or ions. All atoms and ions with paired electrons do not contribute to the signal
which strongly limits the application of this technique. However, at the same time this
allows a very specific detection of responding atoms and ions. These properties make
EPR an adequate method to investigate point defects. In EPR the sample is exposed to a
magnetic field in the order of several Tesla. In the magnetic field the degeneracy of the
electrons’ energy levels is lifted and the latter split with respect to their magnetic quantum
numbers. The developing energy gap ∆E has a magnitude of

∆E = geµBB (3.3)

with ge the LANDÉ factor, µB the BOHR magneton and B the applied magnetic field.
Unpaired electrons can surpass this energy gap if excited by electromagnetic waves which
fit the condition

h f = ∆E. (3.4)

Here h is PLANCK’s constant and f the frequency of the electromagnetic radiation. An
additional splitting is caused by the interaction among the electrons, giving rise to the
so-called fine structure. The local fields σ modify the experienced magnetic field which
is taken into account by modifying ge that becomes the so called g-factor

g = ge (1−σ) . (3.5)

The g-factor is smaller than ge if the according shell is less than half filled and it will be
larger if more than half of the shell is filled. In EPR measurements the frequency of the
radiation is kept constant and the magnetic field is varied. An absorption peak is observed
if the energy gap fits the frequency. The determined g-factor is characteristic for every
element in a certain valence state. The fine-structure interaction can be described by a
Hamiltonian containing the fine-structure (FS) tensor. From the symmetry of the tensor
the local site symmetry of the paramagnetic ion can be concluded [102].
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240 GHz EPR measurements were performed in cooperation with Dr. R.-A. Eichel
(TU Darmstadt, now University of Freiburg) at the National High Magnetic Field Lab-
oratory (NHMFL) on a spectrometer invoking a quasi-optical setup without resonator
[103]. Microwave radiation was provided by the multiplied output of a Gunn oscilla-
tor. Heterodyne signal detection allowed full control of the signal phase [104]. The
setup of the thin film oriented with its crystalline c-axis parallel with respect to the mag-
netic field results in an orientation-selective measurement of only the parallel components
of the spin-Hamiltonian parameters. Calculations employing the semi-empirical NEW-
MAN superposition model (NSM) [105] were performed by Dr. E. Erdem (University
of Freiburg). Alternative information on the defect structure was obtained from DFT
calculations by Dr. P. Erhart (Lawrence Livermore National Laboratory). The corre-
sponding calculations within the local spin density approximation were carried out using
the projector-augmented wave method as implemented in the Vienna ab-initio simulation
package [106, 107].
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This chapter deals with the results obtained on ferroelectric epitaxial heterostructures. The
aim is to understand the impact of interfaces on the properties of tetragonal PZT films.
Firstly, in Section 4.1, the electrode layer and single composition ferroelectric films are
analysed to be able to distinguish between intrinsic properties of the investigated mate-
rials and extrinsic properties induced by the design of the heterostructure. Subsequently,
two ferroelectric layers are combined to create an interface within the ferroelectric film
which will be addressed in Section 4.2. Moreover, the influence of doping is examined
in Section 4.3. Later on the number of interfaces will be systematically increased within
Section 4.4.

PZT20/80 is known to grow epitaxially on STO [108] making it possible to largely ex-
clude extrinsic influences and concentrate on the intrinsic properties. A similar material
is needed to purposely create artificial interfaces in the ferroelectric film and simultane-
ously avoid to introduce too many new properties into the system. It would be much more
difficult to interpret any data in terms of interface effects, if there had been a lot of other
influences caused by a very different material system. Therefore, PZT40/60 is chosen
which is another composition of the solid solution system PZT and consequently is very
similar to PZT20/80. It is also tetragonal and its ferroelectric properties are close to the
ones of PZT20/80. The small difference in the lattice constants is expected to be sufficient
to introduce a clearly discernible interface in any geometrical arrangement that combines
these two compositions.

4.1 Properties of single composition films

As mentioned in Section 2.1, the investigated heterostructures consist of the substrate
STO, the perovskite electrode SRO and a ferroelectric film of PZT20/80 or PZT40/60 or a
combination of them. Dislocations are formed at growth temperature (given in Tab. 3.1)
during deposition of the films. The resulting density of dislocations depends on the mis-
match of the lattice parameters of the film and the underlying material at this temperature.
Different thermal expansion coefficients of the layers may create additional stresses dur-
ing cooling down to room temperature. Therefore, the knowledge on temperature depen-
dence of the lattice parameters of both substrate and film material is crucial to understand
the properties of the final film. The lattice parameters change severely between growth
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temperature and room temperature. Since both STO and SRO are considered as cubic, the
corresponding lattice parameters vary more or less linearly with temperature by thermal
expansion. In contrast, the used ferroelectric PZT compositions undergo a phase transi-
tion at TC from cubic to tetragonal (Fig. 2.4a). This is accompanied by a splitting of the
single lattice parameter into two different ones. A pseudocubic lattice parameter can be
extrapolated down to room temperature from the linear temperature dependence of the
PZT’s lattice parameters above TC, using the thermal expansion coefficients [109]. The
tetragonal lattice parameters can be deduced with the help of the equations which describe
the effect of the spontaneous strain [110]:

a = apc +apcQ12P2
S (4.1)

c = apc +apcQ11P2
S . (4.2)

Here, a and c are the tetragonal lattice parameters whereas apc is the pseudocubic lat-
tice parameter, Qi j the electrostrictive coefficients and PS the spontaneous polarisation.
The spontaneous polarisation can be calculated from the minimisation of the free en-
ergy. To calibrate the results they are adjusted to fit the known room temperature a-axis
lattice parameters [40, 41, 48, 50, 51]. The temperature dependent lattice parameters
of all materials under consideration are shown in Fig. 4.1. A slight deviation between

Figure 4.1: Non-strained lattice parameters of the materials used for PLD in dependence on tem-
perature. PZT20/80 and PZT40/60 become ferroelectric below the Curie temperature and their
cubic lattice parameter splits into the two tetragonal ones.

the calculated and the experimental c-axis lattice parameters is observed (∆cPZT 20/80 =
0.0009nm, ∆cPZT 40/60 = 0.0004nm) which might result from the small discrepancy be-
tween the used parameters obtained by different authors. This deviation is small enough
to neglect its influence on the deduced quantities. The misfit f (Eq. 2.2) can be calculated
at any temperature from the difference of the lattice parameters. It is important to keep in
mind that the misfit at growth temperature determines the corresponding critical thickness
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hC (Eq. 2.6) above which MDs are introduced. One important base which is common to
all described ferroelectric films is the SRO bottom electrode. Therefore, the aim is to
avoid the formation of dislocations in this layer. In the following the necessary conditions
are discussed.

Bottom electrode layer: SRO

Prior to the deposition of all PZT films, the SRO bottom electrode has to be deposited to
enable electrical characterisation of the sample. The surface of the SRO layer determines
the growth and thereby the resulting crystal structure of the subsequent ferroelectric film.
Therefore, the SRO surface should exhibit regular straight terraces of a uniform width
which reflects the vicinal surface of the substrate. This can be realised only if the SRO
grows in the step-flow mode and if the structural quality of the SRO layer is very high.

SRO has a very small misfit of f = −0.55% (at 700°C) to the STO substrate. In order
to decide which of the Eqs. 2.6 or 2.7 has to be used, the boundary conditions of the
SRO layer have to be considered: since the SRO layer is covered by (at least) one further
layer, the strain can be shared between the layers, and MDs are allowed to occur on two
interfaces. Therefore it is Eq. 2.6 that gives the correct value of the critical thickness. Due
to this equation, it is possible to grow an SRO layer pseudomorphically up to a critical
thickness hC ≈ 80nm without the formation of misfit dislocations. Experimentally the
growth of coherently strained SRO was shown for a thickness up to 75nm [73]. Depending
on the deposition parameters, different growth modes are observed. As it was theoretically
predicted and experimentally confirmed [87] the PLD growth regime for SRO depends on
the flux of the incoming atoms as well as on the temperature and the terrace width of
the substrate (see Fig. 4.2). In the present work the terrace width of the used substrates

Figure 4.2: PLD growth regimes in dependence on the flux F of incoming atoms and the terrace
width L of the substrate at a) 600°C and b) 700°C, after [87]. It can be seen that the desired step
flow growth is limited to a small region in between step bunching and island formation.
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varies only slightly from sample to sample, amounting about 200nm which corresponds
to a miscut of about 0.1°. The atom flux at a constant oxygen pressure (Tab. 3.1), target
to substrate distance (5.5 cm) and repetition rate (kept at 5 Hz) was controlled by varying
the energy density of the laser pulses (laser fluence ΦL). Figure 4.3 displays the evolution
of different growth modes with increasing laser fluence which are explained in detail in
Section 2.2. At values of ΦL ≈ 2.4 J

cm2 the terraces of the SRO conglomerate leading to

Figure 4.3: AFM images showing surfaces of 70nm thick SRO films on a substrate with a terrace
width of 200 nm, grown at a temperature of 700C obtained from different growth modes generated
by different laser fluences. The image size is 3 µm× 3 µm. With increasing laser fluence the
growth mode changes from a) step bunching at ΦL = 2.4 J

cm2 over b) step flow growth at ΦL =
2.8 J

cm2 finally to c) island grow at ΦL = 3.2 J
cm2 .

the observed irregular structure typical for the step-bunching mode (Fig. 4.3a). According
to the theoretical results, the energy (at the given terrace width and temperature of the
substrate) is too low to achieve step-flow growth. At ΦL ≈ 2.8 J

cm2 the SRO grows in the
step-flow (Fig. 4.3b) mode. In this growth mode the steps of the underlying STO substrate
are reproduced. SRO has the best homogeneous microstructure with a regular surface. A
further increase up to 3.2 J

cm2 leads to island growth (Fig. 4.3c). At these values of ΦL

the energy window for the step-flow growth at the given temperature and terrace width is
already left. The atom flux is high enough to cause a nucleation at arbitrary points of the
surface, the preferred nucleation at the step edges does no longer dominate the growth.
Individual islands form, resulting in a rough surface topography.

As can be seen, the step-flow mode reproduces a regular surface at every step of the
growth process providing the required SRO surface with regular terraces. The correspond-
ing optimum PLD parameters for growing SRO films are used throughout the present work
to prepare the bottom electrode. In this way the basis for a layer-by-layer growth of the
subsequent PZT film is laid.

Ferroelectric layer: PZT40/60 and PZT20/80

The properties of the single composition ferroelectric films have to be investigated before
any attempts can be made to understand more sophisticated systems.
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Microstructure: As a useful side effect of the similar structural and physical prop-
erties of the two investigated PZT compositions, the same deposition conditions can be
used (Tab. 3.1). The grown films exhibit a very smooth surface: AFM measurements re-
veal a surface roughness of RMS ≈ 0.252nm for the layer system consisting of the SRO
bottom electrode and the ferroelectric PZT40/60 layer (Fig. 4.4 a). In case of a PZT20/80
layer, some outgrowths with a height of around 10nm occur (Fig. 4.4 b). However, in
between these outgrowths the surface roughness is as low as RMS ≈ 0.172nm and even
some terrace-like structure induced by the substrate is still visible. Both the small rough-
ness and the observed terraces indicate a highly controlled and homogeneous film growth
for both compositions.

Figure 4.4: AFM images of the surface of a) a 100nm thick PZT40/60 and b) a 90nm thick
PZT20/80 film. The image size is 1 µm×1 µm. A very small roughness is observed for both films.
In case of the PZT20/80 film terraces induced from the substrate can be observed in between the
outgrowths.

θ − 2θ XRD scans were performed to examine the crystallographic orientation of the
films. The resulting diffraction peaks are shown in Fig. 4.5. For PZT exclusively (00l) re-
flections occur. Several characteristics cause the details of the diffraction patterns: Firstly,
both the STO substrate and the SRO electrode cause peaks very close to the ones associ-
ated with the PZT. This happens due to their crystallographic similarity for which they
were chosen as parts of the heterostructures. The peaks are not well separated from each
other but rather triples are observed, especially at low l. Due to the decreasing out-of-
plane lattice constant of the used materials the diffraction peaks of PZT, SRO and STO
occur always in this sequence. Secondly additional peaks occur stemming from the not
completely suppressed CuKβ radiation (marked by # in Fig. 4.5), the polycrystalline top
Pt electrode (*), a W contamination of the X-ray target (+) and the Si sample holder
(%). From the sole occurrence of the (00l) reflection a highly oriented single crystalline
structure of both PZT compositions can be derived with the tetragonal c-axis pointing
out-of-plane.

The internal microstructure of the fabricated films is revealed by TEM investigations of
cross-sectional samples as shown in Fig. 4.6. Firstly, the pictures provide the information
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Figure 4.5: θ−2θ scan of a Pt / PZT / SRO / STO heterostructure with a) a 100nm thick PZT40/60
and b) a 90nm thick PZT20/80 layer. The (00l) peaks with l = 2 . . .4 are indicated. The peaks are
always triples consisting of diffraction peaks of PZT, SRO and STO (in this sequence). Additional
peaks are visible which belong to the polycrystalline Pt top electrode (*), the remaining CuKβ

radiation (#), the Si sample holder (%) and the W line (+) from a tungsten contamination of the
X-ray target by the tungsten cathode filament.

about the thicknesses of the layers which is essential for a good estimation of the applied
electric field and further electrical properties like the dielectric constant and the coercive
field. In this specific case, the thickness of the PZT40/60 and PZT20/80 film is 100nm
and 90nm, respectively. From Fig. 4.6 it can be seen that the SRO grows coherently.
As shown in Fig. 4.6a a detailed microstructure with many features is exhibited by the

42



4.1 Properties of single composition films

Figure 4.6: TEM cross-section micrographs of a) a 100nm thick PZT40/60 and b) a 90nm thick
PZT20/80 film grown with a SRO bottom electrode on (001)-oriented STO, seen from the [010]
STO direction. In a) a high density of misfit dislocations (circles), threading dislocations (ovals)
and a-domains (arrows) are visible as signs for advanced relaxation. A much lower density of the
structural features observed in a) is visible in the PZT20/80 film shown in b). Large regions of the
film are free of extended defects.

PZT40/60 layer. Due to the lattice mismatch a high density of MDs can be observed at
the interface with the bottom electrode. Threading dislocations (TDs) emerge from many
of the MDs and propagate to the surface of the film, as the MDs are a preferred site for
half loop nucleation. A feature typical for tetragonal ferroelectrics is the formation of
a-domains, which are marked by white arrows in Fig. 4.6a. In contrast, the PZT20/80
layer shown in Fig. 4.6b exhibits a very low density of these defects. MDs, accompanied
by TDs, and a-domains occur only occasionally.

The slight difference between the in-plane lattice parameters of the used materials is
the determining factor. From this difference the misfit of the two layers being in contact
is calculated at growth temperature to estimate the extent of defect formation. As it is
shown above, in the SRO layer a much lower density of dislocations is formed during
growth, which justifies the assumption that this layer is coherent to the STO substrate and
completely adopts it’s lattice parameter. Therefore, the subsequent PZT layer experiences
the misfit with the lattice parameter of STO. This gives fGT = −3.01% for a PZT40/60
film and fGT = −1.84% for a PZT20/80 film with fGT the misfit at growth temperature.
Concluding from the MATTHEWS-BLAKESLEE criterion the critical thickness hC for the
introduction of MDs can be calculated as given in Eq. 2.6. This results in hC ≈ 10nm
for PZT40/60 and hC ≈ 20nm for PZT20/80. However, attention has to be paid to the
boundary conditions of this structures. Since there is no covering layer, the strain cannot
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Figure 4.7: Lattice parameters of STO and PZT40/60 in dependence on temperature. The dashed
line designates the pseudocubic lattice parameter apc of PZT40/60 extrapolated from the para-
electric phase. At elevated temperatures the PZT40/60 film is exposed to compressive strain, as
indicated by arrow (1). At room temperature tensile strain acts on the ferroelectric film, indicated
by arrow (2).

be shared and there is only one interface to form MDs. Therefore, the critical thickness
is given by Eq. 2.7 [58]. Analysing the TEM pictures in Fig. 4.6 reveals a high MD
density at the PZT40/60 / SRO interface, but in spite of the also low critical thickness
obviously a larger spacing of the MDs for the PZT20/80 film and consequently only local
relaxation takes place in the latter case. Several reasons might be responsible for this
observation [60]. First, the lattice relaxation is very sluggish. Since the film deposition
takes only a finite time and PLD is known to result in a non-equilibrium film growth
[78], the experimentally determined critical thickness would be higher and the observed
density of MDs would be lower than theoretically expected. Due to the difference in
the critical thickness, which is for PZT20/80 twice as large as for PZT40/60, this effect is
able to effectively impede the formation of MDs in PZT20/80, whereas the kinetic barriers
are overcome and a high density of dislocations occurs in PZT40/60. Second, the TEM
investigations just cover a small part of the sample and therefore no statistics can be made
on the real density of MDs. At a low density of MDs it might be estimated lower than the
true value.

Another feature observed in connection with the dislocations is the establishing of an
a/c-domain structure. Although PZT40/60 might be expected to be exposed to compres-
sive strain due to the smaller in-plane lattice constant of the STO, the a-domains indicate
tensile strain. This may result from the formation of MDs during growth. At growth
temperature, indeed, compressive strain acts on the PZT40/60 film (arrow (1) in Fig. 4.7).
Therefore, the film elastically relaxes when exceeding the critical thickness (see Fig. 2.8).
In the ideal case, the film would relax completely and experience no more strain. After
deposition the film is cooled down. Below TC the cubic lattice parameter ac splits into two
different tetragonal lattice parameters a and c with a being smaller than the extrapolated
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Figure 4.8: Typical hysteresis curve of a) PZT40/60 and b) PZT20/80 films. The black line de-
notes the polarisation the switching of which is accompanied by a switching current, displayed in
red. Both hysteresis curves show a complete switching as confirmed by the current curve. The
polarisation values of the PZT20/80 film are enhanced with respect to the bulk values mostly due
to the compressive in-plane strain.

ac (dashed line in Fig. 4.7) which corresponds to apc (see Eqs. 4.1 and 4.2). At apc the
film is relaxed. Therefore, a tensile strain would act on the a-axis of a purely c-oriented
PZT40/60 film (arrow (2) in Fig. 4.7). At temperatures below TC, which are low com-
pared to the ones used at the growth, the formation of additional or removal of redundant
MDs is no longer possible. Therefore, in some parts of the film 90° domains form, i.e.
the c-axis is turned in-plane to create an average lattice parameter xa + (1− x)c (with
0 < x < 1) which is closer to the substrate’s lattice parameter (as shown schematically
in Fig. 2.9a and experimentally in Fig. 4.6a). This means the formation of a-domains re-
duces the elastic energy. The a-domains interact with the dislocations which are suspected
to change the domain wall mobility and could even occasionally pin the a-domains [13].
In the case of PZT20/80 films only marginal relaxation takes place which leads to a still
compressive stress at room temperature, even subsequently to the tetragonal splitting of
the lattice parameters. Consequently a-domains are observed only in the vicinity of TDs.
Judging from these considerations the formation of a-domains in these heterostructures is
not possible without the preceding relaxation process.

Electrical properties: All these structural features should manifest themselves in
the electrical properties of the film. Measurements of the P-E hysteresis curve allow
quickly to estimate the properties of the investigated ferroelectric material. Typical hys-
teresis curves of single crystalline epitaxial PZT40/60 and PZT20/80 films are shown in
Figs. 4.8a and b. The P-E hysteresis curves show a remanent polarisation of Pr ≈ 50 µC

cm2

and Pr ≈ 100 µC
cm2 for PZT40/60 and PZT20/80 films, respectively. The switching current

shows peaks around the coercive field for both positive and negative voltage. Outside
this region the measured current values go down to nearly zero; the leakage current is
quite low compared to the switching current. A further important quantity describing the
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Figure 4.9: Voltage dependent dielectric constant of a) PZT40/60 and b) PZT20/80 from C-V mea-
surements assuming the plan-parallel capacitor model. The influence of the asymmetric electrode
alignment is clearly visible in the different peak shapes of the PZT20/80. Outside the switching
peaks the effective dielectric permittivity is not constant but decreases as the voltage increases.

properties of ferroelectrics is the dielectric constant. Its voltage dependence for the films
shown in Fig. 4.8 can be seen in Fig. 4.9. The dielectric constant at zero field amounts to
εr ≈ 310 for the PZT40/60 and εr ≈ 80 for the PZT20/80 films.

Obviously, the electrical properties of PZT20/80 and PZT40/60 films are different,
partly reflecting the nature of the observed microstructures. Concerning the PZT20/80
film the compressive strain on the a-axes leads to an increase of the c-axis lattice parame-
ter which is given by the POISSON ratio. The increased tetragonality should have a direct
impact on the remanent polarisation Pr by enhancing it [62]. The polarisation is not ex-
pected to increase proportionally to the tetragonality but the increase can still be notable
[63, 64, 65]. Indeed, fabricated samples exhibit square-shaped P-E hysteresis loops with
a measured value of the remanent polarisation of about 100 µC

cm2 , considerably larger than
the theoretical bulk value of 70 µC

cm2 [111]. In the case of PZT40/60, parts of the film con-
sist of a-domains, which means an effective loss of the remanent out-of-plane polarisation
for this volume fraction, since the direction of polarisation is in-plane. This reduces the
measured remanent polarisation.

In contrast to the influence of the tensile strain on the remanent polarisation, the di-
electric constant is enhanced. In bulk PZT the dielectric constant perpendicular to the
polarisation axis is higher than along the c-axis. This causes higher values of the effective
dielectric constant of the PZT40/60 film due to the contribution of the a-domains [110].
An even higher influence has the presence of the domain walls. These are able to respond
to the applied electric field, leading to a significant increase of the effective dielectric
constant.

A general feature exhibited by the voltage dependent dielectric constant of ferroelectrics
are two maxima caused by the polarisation switching. In order to understand the origin of
these peaks it has to be recalled that the measured quantity is not the dielectric constant
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but the derivative of the dielectric displacement dD
dE . Starting from the general formula

D = ε0E +P (4.3)

P can be specified for ferroelectric materials as [110, 112]

P = χE +PS

= ε0 (εr−1)E +PS.
(4.4)

This leads to the relation
D = ε0εrE +PS. (4.5)

The quantities denoted in these equations are the dielectric displacement D, the vacuum
permittivity ε0, the electric field E, the polarisation P, the dielectric susceptibility χ , the
spontaneous polarisation PS and the relative dielectric constant εr. From Eq. 4.5 it follows
the derivative

dD
dE

= ε0εr +
dPS

dE
. (4.6)

In the case of a constant polarisation, such as at very high fields, this would be equal to
the linear dielectric constant, but in case of the switching process the polarisation changes
abruptly. Therefore the polarisation’s derivative around EC significantly contributes to dD

dE
and is responsible for the peaks of εr. This can be depicted by the fact, that at EC the
maximum number of domain walls exist in the sample whose reversible movement give a
very high dielectric response [113]. Since the applied voltage changes much slower than
in the hysteresis measurements, the coercive voltage determined from these peak positions
is lower and approximately equal to the coercive voltage of a P-E hysteresis measured at
a very low frequency.

The shape of the peaks of the dielectric constant around the coercive voltage varies
with changing PZT composition: The dielectric constant of the PZT40/60 film reveals
symmetric peaks whereas these peaks are asymmetric in case of PZT20/80. Various ef-
fects originating from an asymmetric switching of the film or from the different electrodes
and interfaces could contribute to this difference. The bottom electrode is made of SRO
which is epitaxially connected as well with the STO substrate and with the subsequent
PZT layer. In contrast the top electrode is made of Pt and sputtered at room temperature.
Therefore, the interface at the top electrode is prone to structural and electronic defects
and exhibits different electrical properties for different samples.

The contact of the PZT with the metal electrode leads to the formation of a SCHOTTKY

contact [114, 115] associated with a band bending at the interface when the FERMI levels
EF of the PZT and EFm of the metal electrode line up (Fig. 4.10a). The band bending
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Figure 4.10: a) Energy band diagram of a contact between a metal electrode and an n-type semi-
conductor under a reverse bias V . At V = 0 the Fermi energy EF of the semiconductor lines up
with the Fermi energy EFm of the metal electrode. qΦV

B denotes the potential barrier which has to
be overcome by the charge carriers to enter the semiconductor. Vbi is the built-in voltage resulting
from the band bending. b) Model representation and equivalent circuit of a ferroelectric material
with semiconducting character sandwiched between two metal electrodes. The interfaces between
film and electrodes as well as the ferroelectric film change their electrical properties in dependence
on an applied voltage.

leads to a depletion layer in the PZT. Two back-to-back SCHOTTKY diodes are formed
by the interfaces between the ferroelectric layer and the two electrode layers (Fig. 4.10b).
Depending on the sign of the applied voltage, the depletion layer vanishes at one of the
interfaces. The depletion region strongly contributes to the film’s capacitance which is
used to calculate the dielectric constant. Since the depletion region always includes the
interface, it is very susceptible to any modifications of the electrical properties of the in-
terface. Depending on the sign of the applied voltage, the depletion region containing
either the top or the bottom interface plays the major role in establishing the polarisation
value. This leads to different peak shapes for different sweeping directions. The ’polar-
isation down’ state seems to be preferred since the switching towards this state proceeds
in a much closer voltage range as indicated by the narrower peak in Fig. 4.9b. This is
also visible in Fig. 4.8b though less pronounced: at positive coercive field the slope of
the P-E hysteresis is steeper and the peak of the switching current is higher and narrower.
However, even in the ideal case of crystallographically perfect interfaces the electrode
materials would still cause a slight asymmetry due to the smaller work functions of SRO
compared to Pt which leads to a difference of ∆Φ0

B = 0.75eV [116]. This causes a dif-
ferent shift of the FERMI level accompanied by the respective band bending and thus the
depletion regions are of different width, which in turn leads to an internal electric field
pointing towards the bottom electrode. This might be one reason for the often observed
polarisation down state in the as-grown samples. Contrary to the PZT20/80 film, in the
case of PZT40/60 a high density of MDs forms already at the SRO electrode. In this way
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4.1 Properties of single composition films

Figure 4.11: Current density in dependence on the electric field of PZT20/80 (red symbols)
and PZT40/60 (black symbols) calculated from I-V measurements. The leakage current in the
dislocation-free PZT20/80 film is smaller than in the defective PZT40/60 film.

both interfaces become similar in terms of defects and this leads to more symmetric C-V
characteristics (Fig. 4.9). Additionally, the domain walls play a larger role in the dielectric
constant, reducing the influence of the depletion region.

A further feature of the voltage dependence of the dielectric constant is that it does not
stay at a constant value outside the switching peaks (as it should be according to Eq. 4.6)
but decreases continuously. Again, the Schottky behaviour of the interfaces has to be
stressed to explain this decrease. The thickness of the depletion layer, and therefore also
the capacitance, depends on the applied voltage. The dependence of the capacitance C on
the applied voltage V , caused by the broadening of the depletion layer, can be described
by [117]

C ∝
1√
V

. (4.7)

If the SCHOTTKY model is applied, information about the electronic properties of the PZT
films can be deduced from capacitance-voltage (C-V) and current-voltage (I-V) measure-
ments. The latter are presented as J(E) curve in Fig. 4.11. During C-V measurements,
only the mobile charges are able to follow the high frequency of the probing field, thus
their density n can be determined by [117, 118]:

n =
2

qε0εrA2

(
1

d (1/C2)/dV

)
(4.8)

were q is the electron charge, ε0 the dielectric constant of the free space, εr the static
dielectric constant, A the electrode area, C the capacitance and V the voltage applied on
the investigated sample. The carrier density n which is determined by Eq. 4.8, correlates
with the doping density as long as all impurities are ionised at room temperature and the
contribution of deep traps is negligible.
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Regarding the leakage properties, thermionic emission over the potential barrier ΦV
B

is assumed as the injection mechanism of the charge carriers into PZT. Therefore, the
current density is given by

J = A∗T 2 exp

[
− q

kT

(
Φ

0
B−

√
qEm

4πε0εop

)]
. (4.9)

using RICHARDSON’s constant A∗, the temperature T BOLTZMANN’s constant k, the
SCHOTTKY barrier height at zero voltage Φ0

B, the optical dielectric constant εop, and the
maximum electric field at the interface Em. In order to account for the ferroelectric prop-
erties, the polarisation is considered as a sheet of charge near the surface.1 This causes a
change of the band bending and directly links the polarisation with the electronic prop-
erties [119]. For instance the influence of the semiconductor properties on the dielectric
properties can be described. In this way, if PZT is considered as a semiconductor, the
adapted SCHOTTKY model is able to describe the measured features. In addition, it offers
the possibility of determining the electronic properties of the investigated ferroelectric
material.

Using Eq. 4.8, the density of free charges n and the built-in voltage Vbi are evaluated.
This is done by plotting 1

C2 versus voltage. From the slope of the resulting graph outside
the switching region, n is calculated and the interception point at V = 0 gives an estimation
of Vbi. By applying a nonlinear regression of Eq. 4.9 to the curve of the current density,
using a least squares fit, the barrier height Φ0

B and the density of fixed space charges Ne f f

are determined. The results are summarised in Tab. 4.1. The values of Ne f f and Vbi are
subjected to high fluctuations which makes it useless to distinguish between the two PZT
compositions. Therefore only the order of magnitude is given.

As it can be seen from Fig. 4.11 the leakage current of the PZT20/80 film is lower
compared to that of the PZT40/60 film. Despite this fact the density of mobile charges
is lower in the PZT40/60 film (Tab. 4.1). This finding is consistent with the described
structural properties which show a high density of defects in this film. These act as traps
and scattering centres for the carriers and therefore reduce their density in the conduction
band [120]. However, the Schottky barrier in the PZT40/60 film is lower than in PZT20/80
which causes the observed higher leakage current.

1The maximum electric field Em at the interface can be calculated according to

Em =

√
2qNe f f (V +Vbi)

ε0εr
± PS

ε0εr
, (4.10)

with the apparent built-in voltage Vbi and the effective charge density in the depleted region Ne f f which
also includes charged traps.
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4.1 Properties of single composition films

PZT Pr εr ( f = 100kHz) n Φ0
B(

µC/cm2) (
1018 cm−3) (eV )

40/60 55 310 5.5±0.2 0.76±0.03
20/80 100 80 17.6±1.0 1.11±0.04

Ne f f
(
cm−3) ≈ 1020 . . .1021 for both PZT compositions

Vbi(V ) ≈ 10−1 for both PZT compositions

Table 4.1: Evaluated values of the remanent polarisation Pr, the dielectric constant εr, the density
of charge carriers (electrons) n and the potential barrier Φ0

B of PZT20/80 and PZT40/60 films. Due
to big fluctuations of the determined values of the effective space charge density in the depleted
region Ne f f and the apparent built-in voltage Vbi only the order of magnitude can be given.

Summary

The structural properties of the SRO layer and films of both PZT compositions were in-
vestigated both theoretically and experimentally. It was demonstrated that the growth
mode of the SRO can be controlled by varying the deposition conditions. A pseudo-
morphic growth of SRO on STO was achieved. PZT was grown heteroepitaxially and
(001)-oriented onto the SRO electrode. The higher misfit caused a much stronger relax-
ation of the PZT40/60 films accompanied by a high dislocation density compared to the
PZT20/80 films which in turn exhibited only a very small density of dislocations. Below
TC a-domains were formed to release the strain newly introduced during cooling down
the heterostructure from growth temperature to room temperature. Caused by the higher
dislocation density also the density of a-domains is much higher in the PZT40/60 film.

Investigations of the resulting ferroelectric and dielectric properties of the PZT films
revealed the impact of the microstructure on the macroscopic quantities. A higher dielec-
tric constant was observed in PZT40/60 films due to the contribution of the a-domains.
At the same time the remanent polarisation was decreased due to the relaxation of the
compressive strain.

The SCHOTTKY model was applied to deduce the electronic properties. It was found
that the PZT40/60 films exhibited a smaller density of free charge carriers and a strongly
reduced SCHOTTKY barrier height which results in a higher leakage current. No differ-
ence in the density of fixed space charges and the built-in voltage could be determined
within the accuracy of the investigations.

Both the choice of the substrate-film combination and the thickness of the film can be
utilised to modify the properties of the ferroelectric film. However, this provides not many
degrees of freedom to tune the properties. Therefore, an artificial interface is introduced
in the next chapter to more efficiently control the microstructure of the ferroelectric film.
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4.2 Modification by one additional interface

Having investigated the properties of ferroelectric films consisting of either PZT20/80 or
PZT40/60, this chapter is dedicated to the influence of modifications in the ferroelectric
film. This is done by combining these two PZT compositions in form of bilayers in
order to specifically create an artificial interface within the ferroelectric film. As shown in
Section 4.1, for a given film-substrate combination with a corresponding lattice misfit, the
dislocation content and domain formation in single composition thin films are determined
mainly by the film thickness and the growth conditions. A bilayer structure offers the
possibility to control the formation of both features via the presence of the additional
interface. Due to the different misfits between the layers and between the individual
layers and the substrate, various relaxation and elastic domain states are possible. In spite
of the relatively small lattice misfit of the used system, it is possible to introduce elastic a-
domains into the layers via changing their sequence where the relaxation state of one layer
alters the strain state of the other. It is one of the motivations to characterise the impact of
a-domains on the electrical properties of a bilayer by changing the growth parameters in a
controlled manner. Due to the pseudomorphic growth of the SRO onto STO (100) vicinal
crystals, the PZT layers directly experience the misfit with the thick STO substrate.

Structures of PZT20/80 / PZT40/60 bilayers: For PZT20/80 and PZT40/60 layers
well above the critical thickness for misfit dislocation formation, there are two main pos-
sibilities shown schematically in Fig. 4.12. (I) When the first grown layer is PZT20/80,
this is strained to the substrate with a low dislocation density due to its small misfit with
the SRO/STO of −1.8%; however, the subsequent PZT40/60 layer has a larger misfit of
about −3.0% and grows by forming misfit dislocations (MDs) at the PZT/PZT interface
accompanied by threading dislocations (TDs) propagating to the top surface. In addition,
the top PZT layer exhibits narrow a-domains which are also originating from this inter-
face. TEM pictures depicting this case are shown in Fig. 4.12a together with a schematic
drawing in Fig. 4.12b. (II) When PZT40/60 is used as the bottom layer, a high density
of MDs forms at the interface with the SRO electrode. From the MDs many TDs emerge
towards the free surface of the structure, crossing the entire PZT20/80 top layer. On the
other hand, the abrupt strain state change at the interface could also act as a barrier for
the TDs’ propagation [121, 122], and somewhat reduces the dislocation content in the top
layer with respect to the bottom one. Moreover, two different domain states are possible
in the case of this particular dislocation distribution: 1) the a/c-domains are confined to
the PZT20/80 layer and terminate at the interface, as shown in Figs. 4.12c and 4.12d; 2)
the domains are crossing the interface, extending through the entire film (Fig. 4.12e and
4.12f) in order to reduce the overall elastic energy of the structure, when the elastic energy
of the partially strained film is high enough (possible in thicker films).
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4.2 Modification by one additional interface

Figure 4.12: TEM cross-section micrographs (a, c, e) and according schemes (b, d, f) showing the
layer sequence, domain walls, misfit and threading dislocations of ferroelectric bilayers consisting
of PZT20/80 and PZT40/60 grown with a SRO bottom electrode on (001)-oriented STO, seen from
the [010] STO direction.

Effect on electrical properties: The voltage dependent polarisation and dielectric
constant of all films were measured. Typical results on heterostructures with two ferro-
electric layers of equal thickness are shown in Figs. 4.13 and 4.14. Both the bilayers with
a PZT40/60 (Fig. 4.13a) and with a PZT20/80 (Fig. 4.13b) bottom layer show saturated
hysteresis curves and low leakage. In spite of the qualitatively different microstructures
(Fig. 4.12a and 4.12c) the hysteresis curves show a similar shape. However, a larger value
of the remanent polarisation is observed if a PZT20/80 bottom layer is used. In contrast
the shape of the C-V curve exhibits clear differences.
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Figure 4.13: P-E Hysteresis curves with corresponding switching current of bilayers with a) a
dislocation-rich PZT40/60 bottom layer and b) a PZT20/80 bottom layer containing only a low
dislocation density. Both show a slanted P-E curve with a larger remanent polarisation in case of
the PZT20/80 bottom layer. The switching current curves show a clear switching peak demon-
strating a complete switching at the maximum applied electric field.

Figure 4.14: a) Voltage dependent dielectric constant of bilayers possessing a PZT40/60 bottom
layer which contains threading dislocations forming at the interface with the bottom electrode
(see Figs. 4.12c - 4.12f). b) If a PZT20/80 bottom layer is used, which has a very low density of
dislocations (see Figs. 4.12a - 4.12b), the dielectric constant is smaller and exhibits asymmetric
peaks at the coercive field.

As discernible from Fig. 4.14a the switching peaks of the dielectric constant of a film
with a PZT40/60 bottom layer show a steeper slope following the switching peak than
before it, with a slightly larger maximum for negative voltages. The peaks of films with
a PZT20/80 bottom layer though are asymmetric, both exhibiting the steeper slope at the
left edge as if just shifted along the abscissa.

The values at zero voltage are graphically summarised in Fig. 4.15, showing the depen-
dence of the remanent polarisation Pr and dielectric constant εr on the relative thickness
α = tPZT 40/60/tbilayer, with tbilayer = tPZT 40/60 + tPZT 20/80, of the structures. It can be seen
that the different microstructures significantly modify the values of measured Pr and εr.
Structures with a PZT20/80 bottom layer containing a rather low density of dislocations
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4.2 Modification by one additional interface

Figure 4.15: a) Remanent polarisation and b) dielectric constant of bilayers with a PZT20/80 (#)
and a PZT40/60 bottom layer ( ). The shaded areas designate the codomains of the measured
values caused by the different layer sequences.

Figure 4.16: Changing domain structure of tetragonal PZT20/80 at room temperature. a) Single
c-domain state of PZT20/80 at compressive misfit strain f < −1.5%. b) a/c-domain state of
PZT20/80 at moderate misfit strain −1.5% < f < +0.5%. c) a1/a2-domain state of PZT20/80 at
tensile misfit strain f > +0.5%.

(Fig. 4.12a and 4.12b and corresponding open circles in Fig. 4.15) exhibit mean values of
Pr ≈ 70 µC/cm2 and εr ≈ 145. In contrast to this picture, the films with a dislocation-rich
PZT40/60 bottom layer (Fig. 4.12c - 4.12f and corresponding full circles in Fig. 4.15)
show a smaller Pr of about 35 µC/cm2 and a much higher εr ≈ 435. The corresponding
cases of the two possible sequences in the bilayers are indicated by the shaded areas in
Fig. 4.15.

Modelling: Inside the marked regions the values show a large scattering. This be-
haviour is not comprehensible by descriptive approaches. To explain these experimental
observations, the LANDAU - GINZBURG - DEVONSHIRE (LGD) theory for ferroelectrics
was adopted in an attempt to understand the impact of possible influences such as misfit
of the layers and electrostatic coupling due to the polarisation jump at the interface on the
properties [123]. Certainly, the LGD theory theoretically describes an ideal system which
does not exist in reality, but the trend should be reproducible. Due to a varying misfit
strain, the domain structure of PZT might change from pure c-domain over a/c-domain to
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a1/a2-domain [124] (here subscript 1 and 2 imply the domain orientations in a layer) as
displayed in Fig. 4.16, if the strain becomes sufficiently high. The present approach in-
cludes appropriate modifications to the bulk LGD potential of the components taking into
account the misfit strain due to the film-substrate lattice mismatch, relaxation by disloca-
tions and a-domains as well as the electrostatic coupling of the two ferroelectric layers.
The deposited films exhibit a thickness of about 100nm. This thickness is well above the
usual thickness for similar systems where interface- and size-effect related phenomena
have been reported to play a major role, therefore such effects have been neglected. The
free energy density of a bilayer is defined as [125]

F = αF1 +(1−α)F2 +FC (4.11)

with α being the relative thickness of the layer 1 and Fi (i=1,2) being the LGD potential of
the individual layers that also contains the elastic energy due to misfit strain. An additional
contribution FC represents the energy due to the electrostatic coupling between the layers
as a result of the polarisation discontinuity at the interfaces. The free energy densities Fi

of each layer can be written in the form

Fi = F0 +aP2 +bP4 + cP6−EP (4.12)

where a and b are the strain-modified thermodynamic coefficients, c is the higher order di-
electric stiffness coefficient in bulk state of layer i, (α111 in Ref. [126]) P the polarisation
and E the external electric field parallel to the polarisation. Coefficients a and b include
the effect of the pseudocubic misfit and the clamping of the thin film to the substrate orig-
inating from the addition of elastic energy terms to the bulk free energy. In the presence
of different domain states, forms of the coefficients a and b are modified to reflect the
presence of domains with different elastic strain values due to the misfit f [124]. For the
case of a single film consisting of only c-domains,

a =
T −TC

2ε0C
+ f

2Q12

S11 +S12
; b = α11 +

Q2
12

S11 +S12
(4.13)

with TC being the CURIE temperature, C the CURIE constant, Si j the elastic compliances,
Qi j the electrostrictive coefficients and α11 the dielectric stiffness for the bulk. The coef-
ficients for a single-composition structure consisting of a/c- and a1/a2-domains are

a∗ =
T −TC

2ε0C
+ f

Q12

S11
; b∗ = α11 +

Q2
12

2S11
(4.14)

for the a/c structure and

a∗∗ =
T −TC

2ε0C
+ f

Q11 +Q12

S11 +S12
; b∗∗ = α11 +

(Q11 +Q12)
2

4(S11 +S12)
(4.15)
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for the a1/a2 structure, respectively. In order to find out which domain configuration
is stable for a given misfit strain, the free energy has to be implemented with the term
describing the purely elastic misfit strain energy, which excludes the self-strain energy.
This term is

f 2

S11 +S22
and

f 2

2S11
(4.16)

for the single c-domain state and the a1/a2-domain configuration, and for the a/c-domain
configuration, respectively. Equations 4.12 through 4.16 hold only for a single layer at
a particular strain state. The minimisation of the free energy with respect to polarisation
and a-domain fraction will give the stable domain configuration at a given temperature.

An important term in the free energy of the ferroelectric multilayer heterostructures is
the one describing the electrostatic coupling between the component layers. This term
should be expected to contribute significantly to the free energy of the system due to the
polarisation difference at the interface. It must also to be kept in mind that the formation
of a-domains is not related to any electrostatic interaction but is purely due to elastic misfit
strain. The fraction of these a-domains, however, can slightly shift with external applied
field that is one of the considerations in this study.

If sufficient elastic strain exists to stabilise c-domains in both layers, the electrostatic
coupling term due to the polarisation-induced bound charge at the bilayer interface reads

FC =
1

2ε0
α (1−α)(P1−P2)

2 (4.17)

with ε0 being the dielectric permittivity of vacuum, P1 the polarisation of the top layer
(layer 1) and P2 the polarisation of the bottom layer (layer 2). In case of an elastic strain
that favours a/c-domain configuration of the top layer, the fraction Φa of a-domains will
be determined by

Φa =
(S11−S12)

(
f −Q12P2

c1
)

S11 (Q11−Q12)P2
c1

(4.18)

where Pc1 is the polarisation of the c-domains in layer 1.The used approach assumes that
the a-domains have a small induced c-polarisation due to the presence of an uncompen-
sated charge at the interface between the layers. Thus, the single c-domain state of the
bottom layer induces a small c-component (out-of-plane) of the polarisation in a-domains
of the top layer and couples to the c-domain polarisation as in Eq. 4.17. This is due to
the susceptibility of the a-domains along the out-of-plane direction with respect to the
interface between the layers. Therefore the electrostatic coupling can be described as

FC =
1

2ε0
α (1−α)((1−Φa)Pc1 +ΦaPa1−P2)

2 . (4.19)

Here Pa1 is the induced out-of-plane polarisation in the a-domains of layer 1. Equa-
tion 4.19 simply dictates that the electrostatic coupling will occur between all layers with
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the contribution from the a-domains. For instance, had there been only an a1/a2-domain
configuration of the top layer, there would have been only induced polarisation in layer 1
and the coupling term would be written as

FC =
1

2ε0
α (1−α)(Pa1−P2)

2 . (4.20)

If both layers exhibit an a/c-domain structure, the coupling term becomes

FC =
1

2ε0
α (1−α)((1−Φa1)Pc1 +Φa1Pa1− (1−Φa2)Pc2−Φa2Pa2)

2 (4.21)

with Φa1 and Φa2 the fraction of a-domains in the first and the second layer, respectively.
It should be noted here that the used method does not take into account spatial variations
in polarisations neither in the vicinity of the a-domain/c-domain nor a-domain/a-domain
junctions of the two layers but only the sum of polarisation values of each layer. The
induced c-polarisation in the a-domains gives rise to an additional energy term that also
has to be taken into account [127]. This can be deduced for each layer where an a-domain
has an additional c-polarisation component, modifying the free energy of a-domains in a
layer i, Fa

i , in the form:

Fa
i (P,E = 0) = 2a∗∗P2

a +aP2
c +b1P4

a +bP4
c +b2P2

a P2
c +α111

(
2P6

a +P6
c

)
+α112

(
2P4

a
(
P2

a +P2
c
)
+2P2

a P4
c
)
+α123P4

a P2
c

(4.22)

containing the higher order dielectric stiffness coefficients αi jk and the modified coeffi-
cients

b1 = 2

(
α11 +

1
2

(
Q2

11 +Q2
12
)

S11−2Q11Q12S12

S2
11−S2

12

)

+

(
α12−

(
Q2

11 +Q2
12
)

S12−2Q11Q12S11

S2
11−S2

12
+

Q2
44

2S44

) (4.23)

and

b2 = 2
(

α12 +
Q12 (Q11 +Q12)

S11 +S12

)
. (4.24)

for a layer i.

Depending on the type of elastic strain states in the layers and the relaxation mecha-
nisms, the stable equilibrium domain configuration can be determined using the relations
4.11-4.24. F has to be minimised with respect to each polarisation component in order to
calculate the polarisations in each layer. It is important to remind here that the polarisa-
tion solutions of both layers, including the solutions for the a-domains are all connected
through the electrostatic coupling. Following the polarisation solutions, the small signal
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dielectric constant εr was also calculated which is basically the polarisation difference
arising in the structure when applying a small external electric field E0:

εr =
P(E = E0)−P(E = 0)

E0
. (4.25)

With the help of the described method any combination of ferroelectric materials with
arbitrary misfits can be described if the required coefficients are known. However, to stay
within a clear frame, the further consideration should refer only to the possible misfit
combinations of the used heterostructure. Additionally the possible cases will be limited
to the observed domain structures shown in Fig. 4.12.

The formation of misfit dislocations takes place at growth temperature. The result-
ing density of MDs determines the developing thermal strain in each layer upon cooling.
Thus, a-domain formation in any of the layers will result once the particular layer reaches
its TC and if the misfit strain favours an a/c domain pattern of the layer, determined by
comparing the free energies of possible domain states. Moreover, there could exist an
a1/a2 pattern of a layer with the other layer being in any of the a/c-, c- or a1/a2- domain
states depending on the individual strain states of the layers. The misfit strain after cooling
is the relevant misfit f used in the calculations. Therefore, the misfit has to be evaluated
at the growth temperature and afterwards the resulting misfit at room temperature can be
determined using the thermal expansion coefficients. The splitting of the lattice parame-
ters due to the tetragonal distortion below TC requires no additional attention because the
above equations refer to the pseudocubic misfit. To calculate the pseudocubic lattice pa-
rameter, it is necessary to extrapolate the cubic lattice parameter of the paraelectric phase
to below TC. If required, it is possible to determine the tetragonal lattice parameters at any
temperature from the pseudocubic lattice parameter as shown in Eqs. 4.1 and 4.2.

When estimating the range of misfit strains of the bottom layer, the highest possible
misfit strain develops in the PZT if it is fully strained to the STO at growth temperature.
Contrariwise, the lowest possible misfit strain arises if there is an extensive formation of
MDs which leads to a complete relaxation of the PZT. In contrast the strain state of the
top PZT layer refers no longer to the STO. It is limited solely by the grade of relaxation of
the bottom PZT layer. When describing the relationship between the misfits of the PZT
layers, the misfit of the bottom layer can be treated as the independent quantity whereas
the misfit of the top layer is the dependent one. Some selected misfit combinations of this
system including the bordering cases are listed in Tab. 4.2. Since the lattice parameter of
the PZT40/60 has a larger difference to the substrate’s lattice parameter, a wider range of
misfit combinations is possible if this composition is used as the bottom layer.

Even though misfit strain values for the same composition are the same in the middle
two columns of Tab. 4.2 this does not mean that the resulting structures exhibit the same
properties because they exhibit different a/c-domain structures. As already mentioned
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only few particular a/c-domain structures are observed shown in Fig. 4.12: either the a-
domains only form in the top layer (Figs. 4.12a - 4.12d) or they propagate through the
whole film (Figs. 4.12e and 4.12f). Other imaginable cases like an a/c-domain structure
limited to the bottom layer or a-domains consuming the whole thickness of a PZT40/60
on PZT20/80 film are not observed. To evaluate the maximum possible variation of Pr

and εr, the misfit of the bottom layer is varied continuously from fully strained to fully
relaxed. Concerning the top layer only both the extreme misfit cases are calculated with-
out determining the states lying in between. So it has to be distinguished between the two
cases of (a) a strained top layer and (b) a relaxed top layer for each of the three structural
variants listed in Fig. 4.12. The values of Pr and εr depend on both misfits and the relative
thickness α .

To determine the stability of the a-domain structure two conditions have to be fulfilled:
First the fraction of a-domains has to be between zero and one, otherwise the result would
make no physical sense. Second the free energy has to be lower than of the competing
states. For bilayers with a PZT20/80 bottom layer in case (a) (strained top layer) the com-
pressive strain acting on the PZT40/60 top layer stabilises the c-domain structure. In case
(b) (relaxed top layer) there is only a small amount of residual strain originating from the
thermal expansion and therefore, the a/c-domain structure is stable (both cases not shown
as a graph). If PZT40/60 is used as the bottom layer there are two observed domain states.
Therefore the formation of a-domains in the bottom layer can be allowed or forbidden by

f (PZT20/80 bottom layer)
−1.93

(fullystrained)
−0.08

(fully relaxed) -

f (PZT40/60 top layer)
fullystrained
fullyrelaxed

−3.10
−0.08

−1.27
−0.08 -

f (PZT40/60 bottom layer)
−3.10

(fullystrained)
−1.27

(partially relaxed)
−0.08

(fully relaxed)

f (PZT20/80 top layer)
fullystrained
fullyrelaxed

−1.93
−0.08

−0.08
−0.08

+1.12
−0.08

Table 4.2: Misfit strain combinations of PZT20/80 and PZT40/60 on STO. The range of possible
misfit strain of the top layer depends on the relaxation state of the bottom layer.
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the applied model to match the observed cases (Figs. 4.12c - 4.12d or Figs. 4.12e - 4.12f).
When the a-domains are forbidden, in case (b) the top layer forms an a/c-domain struc-
ture in the whole calculated range. Interestingly, in case (a) the conditions change with
the misfit of the bottom layer:

Fig. 4.17 shows the difference of the free energies ∆F = Fc−domain −Fa/c−domain of
the pure c-domain and the a/c-domain phase. When calculating the difference like this,
a positive value of ∆F means that Fa/c−domain is smaller than Fc−domain and therefore
the a/c-domain structure is energetically more favourable. This applies for the whole
investigated range. Now it has to be taken care that in the dark shaded area the calculated
fraction of a-domains is negative and therefore the a/c-domain structure only develops in
the remaining part. If the a-domains are forbidden in the bottom layer, in case (a) the a-
domains form only if fPZT 40/60 ≥ −2.34% (Fig. 4.17a) Case (b) was already mentioned
above. In case of a-domains propagating through both layers, the region of a stable c-
domain state is increased to fPZT 40/60 <−0.93%. If the strain becomes less compressive,
a-domains will start to form. The strain state of the PZT20/80 top layer has no impact
on the formation of a-domains. This happens both for coherent and relaxed PZT20/80
(Figs. 4.17b and 4.17c).

Figure 4.17: Difference of the free energies of the competing domain structures ∆F = Fc−domain−
Fa/c−domain versus the misfits of the bottom layer and the relative thickness. The shaded area
designates the misfit states where negative a-domain fractions occur which are therefore not stable
in this area. a) Bilayer with a strained PZT20/80 top layer and the a-domains confined to this top
layer. b) Bilayer with a strained PZT20/80 top layer and the a-domains propagating through the
whole film. c) Bilayer with a relaxed PZT20/80 top layer and the a-domains propagating through
the whole film.

By taking into account these stability conditions, Pr and εr are calculated (Fig. 4.18).
The green plane represents the values of a bilayer containing a strained top layer whereas
the blue plane refers to bilayers with a relaxed top layer. Concerning bilayers with a
PZT20/80 bottom layer, Pr decreases if the compressive strain is released (Fig. 4.18a).
That applies in several ways: First if the misfit of the bottom layer becomes smaller and
second for the transition from the green to the blue plane. The third possibility concerns
only the blue plane depicting a relaxed PZT40/60 top layer. In this case for an increasing
α the fraction of the PZT20/80 decreases and therefore the impact of its strain on the
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Figure 4.18: Theoretical results of the LGD approach on the remanent polarisation (a, c, e) and the
dielectric constant (b, d, f). In a) and b) a PZT20/80 bottom layer is used. Values of bilayers with a
PZT40/60 bottom layer and the a-domains confined to the top layer are shown in c) and d) whereas
in e) and f) the a-domains are allowed to propagate through the whole film. The determined values
depend on the misfit of the bottom layer and the relative thickness. The green plane represents the
values of top layer coherent to the bottom layer whereas the blue plane represents the values of a
fully relaxed top layer. The yellow line designates the changeover in the domain structure from a
purely c-domain to an a/c-domain state. The grey planes mark the cross-section at a certain misfit
of the bottom layer and the resulting lines correspond to the ones in Fig. 4.19.

electric properties of the ferroelectric film as a whole becomes less. εr behaves vice versa
to Pr and increases under the described circumstances (Fig. 4.18b).

For the bilayers with a PZT40/60 bottom layer the behaviour is more fascinating and not
that easy to predict. One feature is the domain state which changes with the PZT40/60’s
misfit as described above. This has a distinct impact on εr which increases considerably
due to the introduction of the a-domains at a certain misfit of the bottom layer marked by
the yellow line. The effect of the a-domains is clearly visible in Fig. 4.18d for the case
of a coherent top layer (green plane) with domains constrained to it. Due to the transition
from the c-domain to the a/c-domain structure there is a steplike increase of εr. At high
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compressive misfits of the bottom layer, the blue plane exhibits higher values of εr because
in this case the a/c-domain structure is stable from the beginning. Figure 4.18f depicts the
case where the domains propagate through the whole bilayer. Again a steplike increase
of εr is observed, this time for both planes due to the simultaneous formation of the a/c-
domain structure in both layers. In contrast to the strong dependence of the dielectric
constant on the domain state Pr of bilayers neither with a-domains confined to the top
layer (Fig. 4.18c) nor with a-domains propagating through the whole film (Fig. 4.18e) are
affected much by this. Pr just changes due to the altering strain state and layer fractions.

Another characteristic of the quantities of this bilayer system is the fact that the corre-
sponding planes in Figs. 4.18c - 4.18f intersect. At this line there is only one possible mis-
fit for the PZT20/80 top layer. The PZT40/60 layer is partially relaxed to the point where
its lattice constant matches the value of the one belonging to relaxed PZT20/80. When
crossing this line by further relaxing the PZT40/60 layer the strain on the PZT20/80 layer
becomes tensile. This happens due to the advanced relaxation of the PZT40/60 layer. At
this particular strain level its lattice constant becomes larger than the not strained lattice
constant of PZT20/80. This must not be confused with the case described in Fig. 4.7. In
this picture the PZT40/60 relaxes and just due to the tetragonal distortion of the unit cell a
tensile in-plane strain arises and gives the explanation for the occurring a-domains even at
a slightly compressive pseudocubic misfit. Now, the pseudocubic strain f , which is used
for all calculations, becomes tensile. The tensile strain causes Pr to decrease below the
value of a film with a relaxed PZT20/80 top layer whereas εr is increased to even higher
values.

This methodology should now be applied to the cases that resemble the experimentally
observed data. For the structures shown in Figs. 4.12a - 4.12d the model is assumed to
include a single-domain bottom layer and a multi-domain top layer. In order to compare
the measured values (given by the dots in Fig. 4.15) with these obtained via the theoret-
ical description, the self strain-free pseudocubic strain states of the different layers must
be known including the domain fractions. Since these are quite difficult to determine
experimentally and vary from sample to sample, only the cases that are bordering the
experimental data and observed microstructures are considered in the calculations.

The first considered case is a bilayer with a fully strained PZT40/60 layer (misfit at
room temperature: fRT = −3.10%) on top of a fully strained PZT20/80 layer ( fRT =
−1.93%). The corresponding values for polarisation and dielectric constant are given in
Figs. 4.19a and 4.19b by the red dotted line No. 1. However, the TEM image in Fig. 4.12a
shows a lot of TDs in the top PZT40/60 layer suggesting a misfit dislocation driven re-
laxation of the layer. In the extreme case, this layer can be treated as fully relaxed at
growth temperature where thermal strains develop upon cooling resulting in small com-
pressive misfit at room temperature of fRT = −0.08%. The results are shown by line
No. 2 in Figs. 4.19a and 4.19b, where Pr is smaller and εr larger compared to line No. 1.
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These two lines correspond to a cross-section through the planes in Fig. 4.18a and 4.18b
parallel to the axis labelled with α at the given misfit value of the PZT20/80. In reality,
both layers will partially relax to some point, determined by the PLD growth conditions
which cannot be precisely controlled or exactly measured. It has to be assumed that
the measured values lie somewhere in the range between the two calculated red dotted
lines. Concerning the PZT20/80 on PZT40/60 bilayer with domains terminated at the in-
terface (Fig. 4.12c), the curves No. 3 and No. 4 (black lines) show the results of a relaxed
PZT20/80 ( fRT = −0.08%) on a relaxed PZT40/60 ( fRT = −0.08%) and of a strained
PZT20/80 ( fRT = +1.12%) on a relaxed PZT40/60 layer, respectively. In this case, the
film containing a strained PZT20/80 layer exhibits a smaller Pr and a larger εr. The blue
lines denoted as 3’ and 4’ cover the possibility of domains to propagate through both lay-
ers as shown in Fig. 4.12e. Again, these lines can be obtained by creating cross-sections
of Figs. 4.18c - 4.18f. It can be seen that the influence of the a/c-domain structure on Pr

is small while εr increases considerably.

Figure 4.19: a) Remanent polarisation and b) dielectric constant of bilayers with a PZT20/80 (#)
and a PZT40/60 bottom layer ( ). � and � designate single PZT layers consisting of strained
PZT20/80 (A), relaxed PZT20/80 (B) and relaxed PZT40/60 (C). The lines display the theoretical
results of the LGD approach for bilayers with a PZT20/80 bottom layer (red dotted line, 1, 2) and
a PZT40/60 bottom layer with (blue continuous line, 3’, 4’) and without a/c-domain walls (black
continuous line, 3, 4)

Discussion: Although the properties and lattice constants of the tetragonal PZT com-
positions PZT20/80 and PZT40/60 are similar, the combination of both in the form of
bilayers results in very different values for the remanent polarisation Pr and the dielectric
constant εr when the layer sequence with respect to the substrate is changed. The main
reasons for this behaviour are 1) the different lattice parameters of the two PZT compo-
sitions, and 2) the dependence of the misfit strain of the top layer on the relaxation state
of the bottom layer. During the growth on the STO (100) substrate, the lattice constant
of PZT20/80 is close enough to allow a coherent growth (reported for films thinner than
ca. 100 nm [13]), whereas PZT40/60 forms dislocations to relax the strain caused by
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its higher lattice mismatch with the substrate. Furthermore, the domain and polarisation
states of the two layers are not independent from each other due to strain and electrostatic
effects. The interface between the ferroelectric layers is the site of the mechanical and
electrostatic coupling and it can, therefore, act as a barrier or favour nucleation for the
formation of domains and dislocations, allowing different domain states and dislocation
densities in the two layers. Ferroelectric bilayers containing PZT20/80 as bottom layer,
hence with both layers subjected to compressive stress, show high polarisation values and
a low dielectric constant (curves No. 1 in Fig. 4.19). The consecutive relaxation of the
PZT40/60 (curves No. 2) and of the PZT20/80 layer (curves No. 3) leads to a decrease
in Pr and increase in εr due to the a-domains and the domain wall contribution [128]. If
PZT40/60 is grown as the bottom layer, tensile stresses can occur in the PZT20/80 layer.
In this case, Pr would further decrease and εr further increase (curves No. 4) compared to
states with less tensile stress. As it is shown in Fig. 4.12f, the domains might also cross the
interface. This causes a slight increase of Pr and a significant increase of εr (curves No. 3’
and 4’) due to the further relaxation and the contributions of the a/c-domain structure
compared with the films containing the untwinned PZT40/60 bottom layer.

For the case of α becoming zero or one, the structure entirely consists of either PZT20/80
or of PZT40/60, respectively. At α = 0 the values correspond to a PZT20/80 film under
compression without domains (curves No. 1 and 2), and twinned films under no stress
(curves No. 3 and 3’) and tension (curves No. 4 and 4’), respectively. On the other hand
at α = 1 the values for a PZT40/60 film subjected to compressive stress (curves No. 1)
and no stress with (curves No. 2, 3’, 4’) and without a-domains (curves No. 3 and 4) can
be read off. These results can be compared with measurement data obtained on single
layer films (� and � in Fig. 4.19). It turns out that the Pr value of a relaxed PZT20/80
(designated with B) is in very good accordance with the calculations, whereas the mea-
sured Pr value of a strained PZT20/80 layer (A) is much higher. The latter phenomenon
has already been observed and reported in a previous work [108]. The computed values
for a PZT40/60 layer (C) cover the measured result and indicate a highly but not fully
relaxed film. Regarding the values of εr there is a good agreement between simulation
and experiment for PZT20/80 and the calculated range includes the measured value for
PZT40/60.

Despite the good agreement between the results of the modified LGD approach and the
experiment in general, there are observable deviations of the computed values from the
experimental data. These occur because the model used is still quite macroscopic in com-
parison to the diversity of the features in the investigated system. The major influences
considered by the model are the global misfit strain and the overall electrostatic coupling
between the layers. For a complete model additional effects induced by the interface be-
tween the ferroelectric layers and by the interfaces with the metal electrodes should be
taken into account. Misfit dislocations that form at the interface are accompanied by local
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strains and possible internal fields originating from these microstresses affecting both Pr

and εr [8, 9, 10]. These misfit dislocations give rise to threading dislocations as a by-
product [67] which could smear out the distribution of Pr rather than observing a single
value [13, 129]. Moreover, pure electronic effects can also affect the properties. For in-
stance, charged traps can significantly contribute to εr [42]. The presence of the ’dead
layer’ at the interfaces may alter the ferroelectric properties [129, 130] in addition to the
possible existence of space charges, which can also change the properties of the bilayer
[131]. Overall, despite the simplicity of the approach, the variations of the experimental
observations can be elucidated and the effect of a-domains can be highlighted through the
adopted methodology.

Summary: Different dislocation densities and domain states were induced in PZT20/80
/ PZT40/60 bilayers grown on SRO-coated STO (100) by changing the growth sequence
and the thickness of the component layers. The macroscopic properties are quite dif-
ferent from those measured in films comprised of individual components. Clearly, such
a trend is determined by the extent of relaxation via dislocation formation and elastic
domain formation as well as the electrostatic interaction between the layers. A modi-
fied LGD approach was used to provide a semi-quantitive explanation for this behaviour
taking into account the misfit strains, the electrostatic coupling and the formation of an
a/c-domain structure. Considering the simplicity of the model the experimental data are
well described. The increase of the dielectric constant accompanied by a reduction of
the remanent polarisation can be attributed to the changeover from compressive to ten-
sile misfit strain that impacts the CURIE points of the layers. Especially, growing the
PZT40/60 as the bottom layer drives a rapid relaxation of this bottom layer, imposing a
tensile strain state in the upper layer. When the upper layer experiences a tensile strain
the formation of a-domains is triggered in this layer following relaxation via misfit dis-
locations. According to the computed results the occurrence of a-domains slows down
the decrease of the remanent polarisation in the investigated strain range with increas-
ing tensile misfit, while the domain walls give a significant contribution to the dielectric
constant. This study demonstrates that functional ferroelectric structures with controlled
microstructures can be fabricated via choosing the appropriate sequence of layers and
their appropriate thicknesses, allowing for the possibility to tune the strain state of the
system.

As discernible from Fig. 4.19 the used model fails to describe some of the experimen-
tally determined data. Among them are the large values of the remanent polarisation for
pure PZT20/80 films which even exceed the values of the theoretically described ideal
structure. Recent investigations pointed towards an unintentional doping by impurities
in these PZT films. These indications will be traced in the following chapter. Further
deviations of the experiment from the theoretical model are ascribed to interface effects.
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Therefore, the interface properties will be investigated in Section 4.4 by systematically
increasing the interface density.
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4.3 Chromium doping of PZT20/80

As shown, our epitaxial PZT20/80 films exhibit very high polarisation values of Pr ≈
100 µC

cm2 confirming previously published results [108]. Due to the compressive in-plane
strain acting on the coherent film, an enhancement of the tetragonality and implicitly
of the remanent polarisation compared to the bulk value is expected, but the observed
polarisation exceeds the values provided by theoretical calculations [111] and published
by other groups

(
70−85 µC

cm2

)
[65, 132].

As already reported, a small amount of foreign atoms, so-called dopants, is able to
modify the properties of ferroelectric materials. The probability for the different occu-
pancies of the various lattice sites is given by the size of the dopant ion together with the
Goldschmidt factor (Eq. 2.1) [133]. The impact of certain dopant ions are known: the
doping results in different piezoelectric behaviour of PZT, it can become either ’soft’ or
’hard’. In the soft PZT the electromechanical coupling factor is high and the mechanical
quality factor is low, whereas the hard PZT behaves vice versa.

A soft response is achieved by doping with donor ions (Nb5+or Ta5+ on B-sites, La3+

on A-sites). It is assumed that the soft behaviour results from a reduced tetragonality
[134]. An additional effect of the donor doping is a smaller leakage current because the
doping reduces the number of oxygen vacancies [135].

The doping with acceptor ions (Mg2+, Al3+, Cr3+ or Fe3+ on B-sites) causes a hard
behaviour due to additional oxygen vacancies [134]. The defects caused by negatively
charged acceptor ions do not exist separately but rather form a defect pair together with
the positively charged oxygen vacancy which gives rise to an electric dipole. Due to the
lattice deformation this electric dipole is accompanied by an elastic dipole. Therefore this
type of defect interacts both with 180° and 90° domain walls [136, 137]. The obstruction
of the domain wall movement can be described by the Rayleigh law [138]. In a tetragonal
ferroelectric material three qualitatively different positions for the oxygen vacancy are
possible. It can be arranged to direct the dipole parallel, antiparallel or perpendicular to
the spontaneous polarisation. The most probable state is the parallel direction, supporting
the spontaneous polarisation [139, 140]. Due to this preferential state the dipoles orient
with time in the direction of the polarisation developing an internal electric field which
can partially be undone by applying a high ac-field [136, 141]. At elevated temperatures
an applied external electric field facilitates the reorientation of the dipoles [142].

There are no systematical investigations on the switching time of the defect dipoles
but occasional observations strongly indicate a slow process which might not be able to
follow the high frequency external electric field used during the hysteresis measurements
[137, 139, 143]. However, their might be doping ions which allow faster switching and
increase the measured remanent polarisation.

The large impact of dopant atoms on the properties of ferroelectric materials gave rise
to the assumption of impurities being present in the grown films with very high polarisa-
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Figure 4.20: RBS spectrum of a very thin (about 15 nm) PZT20/80 film grown onto a (0001)-
oriented sapphire single crystal substrate at 575 °C (black dots), a simulation of the stoichiometric
film without any contaminations (white rectangles), and the simulation of a film with composition
Pb(ZrxTiyCrzMnz′)O3 (white dots). The microstructure of these films is may be worse and not
comparable to the films shown in Fig. 4.6 due to the high misfit.

tion values. In order to reveal the type of the unknown atoms, the source of the impuri-
ties has to be narrowed down systematically. EDX investigations of the ceramic targets
showed no other elements than Pb, Zr, Ti and O. Since no impurities were found in the
targets, the composition of the films was analysed. This was done using a more sensitive
method, RBS, because the small film thickness provides only a weak EDX signal. 15nm
thick PZT20/80 films were deposited on low-Z substrates namely amorphous carbon and
single-crystalline (0001)-oriented sapphire (Al2O3) to perform the RBS measurements.
The films were grown onto the substrates at 575 °C just as the films grown on STO. The
resulting RBS curve for film on the sapphire substrate is shown in Fig. 4.20. It shows
three peaks and two large steps which provide two kinds of information. On the one
hand the onset of the energy allows assigning the encountered element. On the other
hand the width of the observed feature contains the information about the distance of
the elements from the surface. Therefore, the peaks origin from the thin film whereas
the steps can be attributed to the much thicker sapphire substrate. A simulation of the
curve was done using the known elements Pb, Zr, Ti, O, and Al. This simulated curve
is shown in the enlarged detail in Fig. 4.20 containing the Ti and the Zr peak. A high
energy tail at the peak corresponding to the Ti signal is discernible which is not cov-
ered by the simulated curve. To achieve this feature in the simulation the presence of
0.6 at% of Cr and 0.2 at% of Mn has to be assumed, which results in a composition
of Pb(ZrxTiyCrzMnz′)O3. RBS spectra of other films grown at elevated temperature all
gave a Cr concentration of 0.5 . . .1at%. Cr3+ has a ionic radius of 61.5 pm which is
very close to Ti4+ (60.5 pm) and Zr4+ (72 pm) compared to Pb2+ (119 pm); therefore it is
most probably incorporated on the B-site. Comparative studies on different films showed
that these impurities are restricted to samples which were grown at elevated temperatures
whereas none are present in films deposited at room temperature. As a conclusion of these
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Figure 4.21: d) 240GHz EPR spectra of the SrTiO3 substrate as compared to e) unintentionally
and f) intentionally chromium-doped PZT20/80 thin films recorded at 5K. All resonances are
associated to corresponding allowed (∆mS = ±1) electron spin transitions (a, b, c). The largest
resonance peak contains both the Fe3+ and the Cr3+ signal; the asterisks in e) and f) designate the
non-interfering Fe3+ signal.

experiments we can state that there is an unintended doping of our films, most probably
originating from the stainless steel holder of the substrate heater. To confirm the results
and to figure out the impact of Cr doping on the surrounding PZT20/80 lattice, further
investigations were performed using EPR.

Intentionally doped PZT20/80 films containing x percent of Cr (PbZr0.2Ti0.8Crx/100O3,
PZT:Crx) are fabricated besides nominally pure PZT20/80 films to allow the identifi-
cation of the Cr signal by EPR. By ablating a pure PZT20/80 target alternately with a
Pb1.1Zr0.18Ti0.72Cr0.1O3 target doped films are deposited. The use of different ratios of
laser pulses easily allows to achieve a controlled Cr concentration in the resulting film.
More precisely this is done by sending 3 to 5 laser pulses on the PZT:Cr10 target every
100 pulses (which corresponds to a layer thickness of about 2 nm) sent on the PZT20/80
target under the conditions given in Tab. 3.1.

EPR: EPR studies were performed by varying the magnetic field from 8.2 to 9T at a mi-
crowave frequency of 240GHz and a temperature of 5K [144]. Preliminary to the investi-
gations on PZT20/80 films EPR measurements are performed on a bare STO substrate to
identify possible parasitic signals (Figs. 4.21a and 4.21d). The obtained resonance peaks
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Figure 4.22: Newman superposition model analysis for B0
2 of the chromium defect centre in

PZT 20/80 thin films. The dotted horizontal line represent the experimental mean value (B0
2 =

−0.63GHz). The black line represents the NSM calculations assuming a complete octahedron,
the coloured lines are for calculations with an associated oxygen vacancy with a dipole parallel
(red line) and antiparallel (green line). The displacement is defined according to a line connecting
O−2 and the B-site position, with the positive direction towards the O−2 position. The blue arrows
mark the possible positions of the Cr3+ ion.

can be described by an axially symmetric fine-structure tensor with a diagonal element
B0

2 = 0.50GHz and a g-factor of g = 2.002. These values correspond to Fe3+ centres in
octahedral coordination distorted along one of the pseudo-cubic axes [145]. The value of
the g-factor approximates ge because the outermost electron shell is half filled

(
[Ar] 3d5).

Since the g-factor of Cr3+ is smaller due to the less filled electron shell
(
[Ar] 3d3), the

Cr3+ signal appears at higher fields than the Fe3+ signal which therefore does not inter-
fere with the Cr3+ signal at high measuring frequencies. The EPR spectra obtained from
unintentionally and intentionally Cr-doped PZT20/80 films are shown in Figs. 4.21e and
4.21f, respectively. Two lines appear at 8.71T and 8.85T in addition to the Fe3+ signal.
These signals can be described by a single-site chromium centre of axial symmetry with
B0

2 = 0.63GHz and g = 1.968, which is characteristic for a trivalent charge state. In order
to determine the sign of B0

2, measurements below the ’polarisation temperature’ have to
be done. Below this temperature only the lowest energy level is occupied. It is defined by
the condition that the BOLTZMANN exponent equals one. At a frequency of 240 GHz this
temperature amounts to T = hν

kB
= 13K [146]. Investigations performed at 5 K showed an

increased intensity of the high field resonance identifying a negative sign of B0
2.

The determined value of B0
2 is used to model the local environment of the Cr3+ defect

centre with the help of the NSM. For comparison with the experiment two different cases
are simulated with and without an oxygen vacancy in the first coordination sphere. Cal-
culated values of B0

2 are shown in Fig. 4.22 in dependence on the distance of the vacancy
from the Cr3+ for a vacancy at the longest and the shortest Cr−O site. The experimental
results are plotted as a horizontal line together with the simulated values. Consistency can

71



4 Results

Figure 4.23: Schematic representation of the defect structure in PZT:Crx. The Cr3+ ion forms a
defect associate with an oxygen vacancy on the nearest O-site.

only be achieved by assuming a (Cr′Zr,Ti−V ••
O )• defect associate.

DFT calculations confirm these results and show that acceptor doping generates one
hole in the valence band which corresponds to a Cr

′
Ti configuration. Further calculations

on various (CrTi −VO) defect associates reveal a strong chemical driving force for the
association of Cr3+ with oxygen vacancies. In this configuration the O-vacancy is located
at the nearest O-site along the [001] axis which makes (Cr′Ti−V ••

O )•‖ the most stable charge
state (Fig. 4.23). Thus the DFT calculations confirm the formation of a defect dipole along
the c-axis. The orientation could be deduced both from the results of the DFT and from
the axiality of the FS interaction tensor. Within the sensitivity of the method a single-
site Cr3+ centre is observed with Cr3+ on the B-site associated with an oxygen vacancy
at the nearest O-site. This means that all defect dipoles are oriented in parallel to the
spontaneous polarisation.

Microstructure: Beyond the task to serve as a reference, PZT20/80 films with a vary-
ing Cr content allowed the systematic investigation of the influence of the Cr doping on
the electrical properties to expand the picture provided by the EPR measurements [147].
TEM investigations of PZT:Cr0.5 (Fig. 4.24) proved that epitaxial single crystalline films
can be grown in the way described above. In contrast to the pure PZT20/80 film many
a-domains and threading dislocations are discernible. This indicates a strong relaxation of
PZT:Crx. No trace of any individual PZT layers could be found in the TEM micrographs.
Most probably the amount of PZT:Cr10 ablated at each deposition step is too small to
form a complete atomic monolayer. HAADF investigations were performed in order to
check the local composition (Fig. 4.25a). The obtained micrographs show a regular and
periodic arrangement of spots representing the atom’s positions with no irregularities due
to the doping. Moreover, no Cr sites in the lattice could be found which could be distin-
guished by a brightness contrast deviating from the host lattice. To be much more sen-
sitive to differences in the atomic number of the atoms, local EDX measurements were

72



4.3 Chromium doping of PZT20/80

Figure 4.24: Cross-sectional TEM micrograph of PZT:Cr0.5 with a thickness of about 100nm
grown with a SRO bottom electrode on (001)-oriented STO, seen from the [010] STO direction.
In contrast to comparable films consisting of pure PZT20/80 as in Fig. 4.6b the film shown here
exhibits the characteristic signs of relaxation that is MDs, TDs and a-domains.

Figure 4.25: a) HAADF cross-section micrograph of a PZT:Cr0.5 film grown on (001)-oriented
STO, seen from the [010] STO direction. A well defined regular crystal lattice can be seen. The
white line designates the path of an EDX line scan whose result is shown in b). This EDX scan
proves the incorporation of Cr into the PZT lattice. It furthermore indicates a periodic arrangement
of Cr rich layers originating from the deposition process. No extended defects are discernible in
combination with the Cr rich layers as shown in a).

performed. The result of an EDX scan following the white line drawn in Fig. 4.25a is
displayed in Fig. 4.25b. It clearly shows the presence of Cr in the sample which proves a
successful doping of the PZT20/80. Since the concentration is close to the detection limit
of the used system the Cr profile is very rough and no quantitative determination of the
Cr concentration can be made. Irrespective of the small amplitude, the Cr signal indicates
a spatial dependence which points towards a periodic fluctuation of the Cr content with
a periodicity of 2nm which is consistent with the value predicted from the deposition
parameters. Furthermore it shows that the diffusion length of the Cr atoms in the PZT
lattice at the deposition temperature of T = 575◦C is too short to achieve a very good
homogeneity of the Cr distribution.
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Figure 4.26: a) P-E hysteresis loop of PZT:Cr0.5 (black) presented together with the accompa-
nying switching current (red). The appearance of the hysteresis is nearly square-shaped with only
slight slant when compared to the pure PZT20/80 films (see Fig. 4.8b). The current shows sharp
switching peaks which go down to about zero confirming complete switching and satisfactory low
leakage current. b) Field dependent dielectric constant of PZT:Cr0.5. The asymmetry which is
clearly pronounced in pure PZT20/80 (Fig. 4.9b) is still visible but already blurred by the defects
accompanying the relaxation process (see Fig. 4.24).

Figure 4.27: a) Remanent polarisation (black squares, solid line as guide for the eyes) and the
dielectric constant (red circles, dashed line as guide) of PZT:Cr films versus the Cr concentration.
With increasing Cr content the remanent polarisation decreases and the dielectric constant simul-
taneously increases due to the relaxation of compressive strain. b) Density of free charge carriers
(line as guide) of PZT:Cr versus the Cr concentration. The black symbols refer to the carrier
density before switching takes place. The red and the green symbols depict the measured values
after switching at positive and negative voltage, respectively. The density of free charge carriers is
determined from the voltage dependent capacitance. It decreases with increasing Cr content due
to trapping and scattering of the electrons.

Electrical properties: In order to investigate the Cr influence on epitaxial PZT films,
similar measurements as in the case of the pure PZT compositions comprising measure-
ments of the polarisation, the dielectric constant and the leakage current in dependence
on the applied voltage are performed. A typical P-E hysteresis curve of the highest doped
PZT film (PZT:Cr0.5) is displayed in Fig. 4.26a together with the respective switch-
ing current. Similar to measurements on pure PZT20/80 films, the P-E hysteresis has
a nearly rectangular shape and the peaks of the accompanying switching current are steep
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4.3 Chromium doping of PZT20/80

Figure 4.28: a) Current density of unintentionally doped PZT20/80 (black symbols) and inten-
tionally doped PZT:Cr0.5 (red symbols). b) Height of the SCHOTTKY barrier at the interface with
the electrode of PZT:Crx in dependence on the Cr content. Both quantities can be deduced from
voltage dependent measurements of the leakage current. The current density increases with dop-
ing due to the lower apparent height of the SCHOTTKY barrier reduced by interface states which
allow trap-assisted tunneling and recombination through the barrier.

and clearly distinguishable from the leakage current. However, the hysteresis is slightly
slanted and the remanent polarisation reaches a value of Pr ≈ 75 µC

cm2 which is smaller
compared to pure PZT20/80 films. The shape of the voltage dependent dielectric constant
(Fig. 4.26b) resembles the shape of the non-doped PZT20/80. The asymmetry is still vis-
ible but less pronounced than in Fig. 4.9b. At zero volt the dielectric constant reaches
εr ≈ 230. When the values of the remanent polarisation and of the dielectric constant
are displayed in dependence on the Cr content, a clear trend is discernible (Fig. 4.27a):
the remanent polarisation drops with increasing Cr content whereas the dielectric con-
stant increases. A decreasing remanent polarisation in conjunction with an increasing
dielectric constant is a typical indication for the relaxation of compressive strain. These
results therefore confirm the conclusion drawn from the structural investigations, where
the observed dislocations and a-domains suggested already the same.

Further investigations concerning the electronic properties were performed. The mea-
sured C-V curves are in-depth analysed using Eq. 4.8 to determine the density of free
charge carriers. The resulting dependence of the latter on the Cr content is displayed in
Fig. 4.27b. Either the part of the C-V curve before of after the switching peak may be
used to determine the carrier density. As visible from Fig. 4.27b the carrier density is
smaller directly after the switching. This effect may originate from the slow release of
electrons from deep traps which are affected by the changed extent of the depletion region
due to the polarisation switching. The time between the different sweep directions is long
enough to release the electrons, therefore the carrier density is higher for the new sweep.
This effect is less pronounced for a negative voltage. The distribution of the switching
process over a wider voltage range provides more time to release the electrons from the
deep traps. Irrespective on the used part of the curve, n decreases when the Cr content
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becomes higher. To learn whether the Cr doping affects the conduction mechanism as
observed in similar systems [148], the leakage current is measured. With increasing Cr
content the current density increases more rapidly with increasing voltage (Fig. 4.28a).

The measured I-V curves are analysed in terms of the SCHOTTKY model. Ne f f and
Φ0

B are estimated from the nonlinear regression to the J (E) curve using Eq. 4.9. The
SCHOTTKY barrier Φ0

B shows a significant decrease as Cr is introduced (Fig. 4.28). The
significant decrease of Φ0

B of about 0.1eV enables a higher leakage current in the Cr
doped PZT20/80 in spite of the lower density of mobile charge carriers whereas no dis-
tinct dependency on the Cr content can be observed for Ne f f which stays in the range of
1020 . . .1021 cm−3 (Tab. 4.1).

Discussion A picture of the defect structure of a Cr centre in ferroelectric PZT20/80
films could be derived by the combination of spectroscopical measurements with quantum
mechanical calculations. These show a strong chemical driving force for the formations
of defect dipoles with an oxygen vacancy on the nearest oxygen site oriented in paral-
lel to the spontaneous polarisation. The deduced configuration corresponds to the model
known for similar bulk materials [136]. As discernible from HRSTEM investigations
(Figs. 4.24 and 4.25a) it is possible to grow doped epitaxial thin films by alternating ab-
lation of two different targets. No observable lattice defects are formed by the Cr doping
whose presence is evidenced by EDX measurements (Fig. 4.25b). However, the forma-
tion of MDs and TDs in the doped PZT film shown in Fig. 4.24 indicates a relaxation of
the compressive strain. Due to the tetragonal splitting of the lattice parameters of the PZT
below the Curie temperature tensile in-plane strain arises which leads to the formation of
a-domains. In case of the pure PZT20/80 film the low dislocation density was explained
amongst other things by the long time scale of the relaxation process. Reasons are the nu-
cleation time of dislocations and the PEIERLS force which impedes the movement of the
MDs [60]. During film growth the periodical high dopant concentration of 10 % Cr could
cause perturbations in the lattice which enable the film to relax. These perturbations might
act as nucleation sites or reduce the PEIERLS force. Therefore the addition of Cr initiates
the relaxation of the doped PZT film at a smaller thickness compared to the pure PZT
film. The possibility to modify the crystal growth by doping is well known and applied
on ceramics and other polycrystalline materials [149, 150, 151, 152] but in this context
it is a not intentionally generated side effect. A decreasing remanent polarisation con-
current with an increasing dielectric constant accompanies the relaxation process. Thus,
it was not possible to definitely decide whether the Cr impurities enhance the remanent
polarisation or not.

The impact of the doping on the electronic properties is a decrease of both the density
of free carriers and the SCHOTTKY barrier height. These two effects have an opposing im-
pact on the leakage current. Altogether, the lowering of the SCHOTTKY barrier dominates

76



4.3 Chromium doping of PZT20/80

and the leakage current increases as shown in Fig. 4.28a. To understand the electronic
properties it has to be considered that the values of n and Φ0

B are governed by different ar-
eas of the film. While the density of charge carriers refers to the properties in the ’bulk’ of
the film, the SCHOTTKY barrier directly refers to the interface between film and electrode.

Cr on B-sites acts as an acceptor. If PZT is considered as a n-type conductor this
contributes to the reduced density of charge carriers. This effect is enhanced by MDs and
TDs accompanying the relaxation process and lattice deformations in the vicinity of the
dopant ions which all can act as traps or scattering centres.

At the same time certain defects at the interface lower the apparent SCHOTTKY barrier
height. Interface traps are formed due to the interruption of the periodic lattice structure
[117]. These enable trap-assisted tunneling through the barrier or act as recombination
centres allowing the charge carriers to cross the barrier and therefore apparently reduce it
[118]. In the case of doped PZT20/80 the density of such interface states might be higher
due to induced irregularities at the interface. Previous investigations revealed a decrease
of the leakage current for PZT films with a fixed composition and an increasing number
of defects which is reasoned by the higher density of scattering centres in the film [120].
A decrease of the SCHOTTKY barrier height was not reported which seems to be a feature
specifically accompanying the described doping process. Cr is not expected to directly
cause a lowering, since the barrier height is rather insensitive to doping [117]. However,
since acceptor ions are responsible for the creation of additional oxygen vacancies, these
could agglomerate at the Pt top electrode and reduce the barrier height. An additional ef-
fect can arise if the traps are distributed in energy. This would lead to a voltage dependent
density of ionised traps which cause a more rapid increase of the current in dependence on
the voltage [153]. Further contributions to the leakage current possibly arise from the TDs
which partially compensate oxygen vacancies and might provide a current path due to a
higher Pb concentration [13]. As discussed, the generation of defects has to be accounted
for the altered properties. In this context defects denote all changes of the original lattice
including replaced ions, lattice deformations, vacancies, MDs and TDs. However, the
type of defects which is primarily responsible can not be exactly determined since several
types might contribute simultaneously.

In spite of the observation by other groups where the formation of dipoles impedes
the domain wall motion which usually leads to a higher coercive field EC [138, 154], the
investigated films behave in just the opposite manner and EC is reduced. Probably the
features present in the doped film act as nucleation sites for 180° domain walls during
switching which therefore takes place at lower fields.

Summary

Epitaxial Cr-doped PbZr0.2Ti0.8O3 films were successfully grown by PLD. The presence
of Cr in the PZT20/80 films exhibiting the high polarisation values could be proved with
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the help of RBS analysis on fabricated reference films. The overall electric polarisation
of these materials is the sum of dipoles formed by displacements of charged ions inside
the crystal unit cell [29] and (Cr′Zr,Ti−V••

O )•‖ defect dipoles. If the switching process of
Cr proceeds fast enough, this may explain the very high polarisation values obtained.
From systematically doped PZT20/80 films it is apparent that the addition of highly Cr-
doped regions strongly influences the growth of PZT films. This results in an enhanced
relaxation which in turn leads to an increase of the dielectric constant and a decrease of
the remanent polarisation.

The electronic properties are modified by the Cr addition in two ways; viz. both due
to the direct influence of the Cr in terms of acting as an acceptor and creating local de-
formations of the lattice and due to the indirect effect where defects and dislocations are
caused by the relaxation process induced by the inhomogeneous Cr doping. Dependent
on the location of the defects they might act as scattering centres within the film or assist
in passing the SCHOTTKY barrier at the interface. This results in a reduced density of
free charge carriers in the film and a lower SCHOTTKY barrier. Since the latter effect
dominates, the leakage current is increased.

No reduced mobility of domain walls is indicated but the coercive field is decreased in
Cr doped PZT films. In order to clarify the effect of the Cr doping excluding the impact
of the relaxation process and defect formation, a series of several PZT:Cr targets with
varying Cr content would be necessary to grow homogeneously doped films.
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4.4 Impact of increased density of interfaces

In Section 4.2 it was shown that the introduction of just one artificial interface into a
PZT film gives rise to a dramatic change of the ferroelectric properties. This was not
caused by the features of the interface but evolved due to the influence of the interface
on the relaxation states of the different layers. Theoretical calculations using the LGD
theory gave a good approximation of the measured values and therefore confirmed the
assumed relaxational effect. However, as it can be seen from Fig. 4.19 there are still
some deviations from the model used. Possible explanations given in Section 4.2 mainly
referred to effects caused by a deviating structural quality of the region surrounding the
interface in some films. In an attempt to separate the interface effects from the relaxational
impact and to make them accessible to electrical measurements, in this chapter the density
of interfaces in PZT20/80 / PZT40/60 multilayers is systematically increased [155]. The
number of interfaces per nanometre Ni/t, with Ni the number of interfaces and t the film
thickness, is introduced as a measure for the interface density as shown in Fig. 4.29. Both

Figure 4.29: a) PZT20/80 / PZT40/60 bilayer as discussed in Section 4.2 and b) a multilayer
structure consisting of 5 layers. At a hypothetical thickness t = 100nm the interface density would
be Ni/t = 0.01nm−1 for the bilayer and Ni/t = 0.04nm−1 for the drawn multilayer.

the top and the bottom layer of the multilayers consist of the same PZT composition to
assure a symmetric structure and therefore avoid additional effects from non-symmetry.
Multilayers with Ni/t ranging from 0.05nm−1 to 0.63nm−1 were manufactured.

Detailed investigations were performed on four films which cover a large range of in-
terface densities

(
Ni/t = 0.05, 0.17, 0.48, 0.63nm−1). The corresponding P-E hysteresis

curves and the respective switching current are displayed in Fig. 4.30. All hystere-
sis curves show saturation and a similar low leakage current. The P-E hysteresis of the
sample with Ni/t = 0.05nm−1 (Fig. 4.30a) is slightly slanted whereas the other ones ex-
hibit a nearly square shape. Also the curves of the voltage dependent dielectric con-
stant (Fig. 4.31) show a similar shape for all investigated samples besides the one with
Ni/t = 0.05nm−1 which exhibits a broader peak of the dielectric constant accompanying
the ferroelectric switching.
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Figure 4.30: P-E hysteresis curves and respective switching current of PZT20/80 / PZT40/60
multilayer structures. a) At Ni/t = 0.05nm−1 the P-E curve is slanted. In case of higher interface
densities (b, c, d) the P-E curve is nearly rectangular and shows a higher remanent polarisation
compared to a. The pronounced peaks of the switching current in all figures demonstrate a com-
plete ferroelectric switching in the investigated range.

Figure 4.31: Dielectric constant in dependence on the applied electric field of PZT20/80 /
PZT40/60 multilayer structures. a) In case of Ni/t = 0.05nm−1 broad maxima at the coercive
field are discernible. The dielectric constant exhibits narrow peaks for higher interface densities
(b, c, d) and a decreasing trend of the value at zero field.
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The remanent polarisation Pr and the dielectric constant εr are measured perpendicular
to the film surface on all manufactured samples. The results are summarised in Fig. 4.32a
and 4.32b. The samples which are in depth investigated are marked by red circles. As it
can be easily observed, the experimental values are strongly scattered. This might stem
from a variation of the relaxation state. As shown in Section 4.2, a relaxation of compres-
sive strain will result in lower values of Pr and in higher values of εr. This scattering can
be drastically reduced by plotting the product Pr · εr , considered as a figure of merit for
the ferroelectric properties (Fig. 4.33). In the simple case of a single c-domain oriented
film, this product is proportional to the piezoelectric coefficients d31 and d33 [110]:

Pr · εr ≡ P3 · ε33 =
d31

2Q331
=

d33

2Q333
. (4.26)

Figure 4.32: a) Remanent polarisation and b) dielectric constant in dependence on the interface
density of PZT20/80 / PZT40/60 multilayers. Both show a maximum around Ni/t ≈ 0.2nm−1. At
Ni/t < 0.2nm−1 the remanent polarisation show a strong increase whereas the dielectric constant
only slightly increases. The decrease at Ni/t > 0.2nm−1 is steep in case of the dielectric constant
and gradual in case of the remanent polarisation. The red circles mark the samples which are
discussed in detail.

Figure 4.33: Pr · εr of PZT20/80 / PZT40/60 multilayers in dependence on the interface density.
This product reduces the scattering observed in Fig. 4.32 and serves as a figure of merit due to
its proportionality to the piezoelectric coefficients. It clearly brings out the maximum at Ni/t =
0.2nm−1 . The red circles mark the samples which are discussed in detail. The red line is just a
guide for the eye.
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In the above equation the electrostrictive coefficients Q331 and Q333 of both PZT20/80
and PZT40/60 contribute to the measured values, therefore we may define Pr · εr as an
equivalent piezoelectric coefficient. From Fig. 4.33 a marked dependence of Pr · εr on
the interface density is noticeable. The product Pr · εr increases with the interface density
till Ni/t ≈ 0.2nm−1 where it exhibits a maximum before decreasing till the end of the
investigated range. In order to check for any thickness dependency, Pr · εr is displayed
in Fig. 4.34a together with the coercive field EC in Fig. 4.34b. Obviously there is no

Figure 4.34: a) Pr · εr and b) coercive field plotted versus the film thickness. No distinct depen-
dence can be observed in case of Pr · εr. The interface density does not impact the clearly dis-
cernible 1/t behaviour of the coercive field. The red circles mark the samples which are discussed
in detail.

pronounced thickness dependence of Pr · εr whereas the coercive field scales with

EC ∝
1
t
. (4.27)

In the attempt to understand the origin of these results, structural investigations of the
selected samples were performed. Through reciprocal space mapping (RSM) the in- and
out-of-plane lattice constants can be determined simultaneously and thus reveal the aver-
age strain state of the layers. Additionally, RSM is potentially giving information about
the fraction of a-domains [156]. In order to determine the lattice parameters by RSM, a
certain diffraction peak has to be chosen. The main condition is that this peak should not
be perpendicular to any of the unit cell axes, otherwise the lattice constant of this axis
could not be determined. Since PZT exhibits a tetragonal structure, two axes are equal,
therefore, the beam can be perpendicular to one of them without any loss of information.
In this study RSM investigations using the diffraction peaks of the (204) plane were per-
formed. From the ω and θ angles the inverse coordinates Qx and Qy can be determined
using the relations[97]

Qx =
cosω − cos(2θ −ω)

2
(4.28)

and
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Qy =
sinω + sin(2θ −ω)

2
. (4.29)

The in- and out-of-plane lattice parameters are calculated from these inverse coordinates
using the wavelength λ of the X-rays and the MILLER indices h and l of the investigated
plane [157]:

a =
λh
2Qx

(4.30)

and
c =

λ l
2Qy

. (4.31)

First the samples showing the increase of Pr · εr are in focus of the analysis. Figure 4.35
shows the maps of the diffraction peaks in real space for two heterostructures. The double

Figure 4.35: Determination of in- and out-of-plane lattice parameters of PZT20/80 / PZT40/60
multilayers with an interface density of a) Ni = 0.05nm−1 and b) Ni = 0.17nm−1 grown on STO
using a SRO bottom electrode by RSM around the (204) reflection of the STO substrate. The
circles mark the peaks of the substrate (1, 1a), the electrode (2) and the PZT (3, 3a, 3b, 4, 5). Each
of both figures consist of two measurements. The black line designates the intersection.

peak exhibiting the highest intensity (peak 1) is attributed to the STO substrate with
contributions of both CuKα1 and CuKα2 radiations. The residual CuKβ radiation causes a
further substrate peak at lower ω and θ diffraction angles (corresponding to both higher
c and a lattice parameters after applying equations 4.28 - 4.31, see peak 1a) due to its
shorter wavelength. Very close to the substrate’s peak the reflection from the SRO bottom
electrode is visible (peak 2). Finally, the investigated peaks of the PZT are labelled as peak
3, peak 4 and peak 5. Peak 3 corresponds to the contribution of the c-domain fraction
of the film that has an out-of-plane polarisation. Two additional reflections occur for
Ni/t = 0.17nm−1 (peaks 3a and 3b) which are superlattice reflections. Peak 4 belongs
to a part of the film whose in-plane lattice parameter is smaller and whose out-of plane
lattice parameter is larger compared to peak 3. In case of peak 5 the proportions of the
lattice parameters are interchanged with respect to the direction of the incoming X-ray
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Figure 4.36: TEM cross-section micrographs and respective diffraction patterns of PZT20/80 /
PZT40/60 multilayers with Ni/t = 0.05nm−1 (a, b) and Ni/t = 0.17nm−1 (c, d) seen from the
[010] STO direction. A change in the domain pattern is observable from a to c. The diffraction
peaks seen in Fig. 4.35 are also roughly visible in b and d.

beam identifying the a-domain part of the film.

Further on, the microstructures of these samples and respective diffraction patterns are
shown in cross-sectional TEM pictures displayed in Fig. 4.36. A changeover in the 90°
a-c domain structure is visible. In case of Ni/t = 0.05nm−1 (Fig. 4.36a) various domain
types, ranging from a-domains confined to single layers to a-domains propagating through
several layers or even the whole film, are formed, resulting in a rather complicated domain
pattern. As visible from Figs. 4.36a and 4.37, the individual a-domains preferentially
form in the PZT20/80 layers. The very first PZT20/80 layer represents an exception, it is
coherently grown to the substrate, no domains and dislocations can be observed therein
(Fig. 4.36). TEM (Fig. 4.36c) as well as HRTEM (Fig. 4.38) show that at a reduced layer
thickness the a-domains are not terminated at the interfaces but propagate through the
whole film.The features observed in RSM are also visible in TEM diffraction patterns
though with a lower resolution and concerning only a small part of the film which has
been subjected to a rather rough mechanical treatment during the preparation of the cross-
section TEM samples. The spot splitting due to the formation of a-domains can be seen in
both diffraction patterns in Fig. 4.36 whereas the satellite spots (superlattice reflections)
occur only in the pattern shown in Fig. 4.36d.

Again it can be noted that no dislocations are observed in the TEM micrographs of the
SRO electrode layer, and the RSM measurements show the same in-plane lattice parameter
of SRO like the STO substrate which confirms our assumption that the PZT is exposed to
the same misfit as grown directly on STO.
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Figure 4.37: HRTEM cross-section micrographs of a film with Ni/t = 0.05nm−1 seen from the
[010] STO direction. The a-domains form exclusively in the PZT20/80 layers as designated by the
white arrows.

From the RSM in Fig. 4.35 it can be seen that the intensity of peak 5 (a-domains)
is much smaller than peak 3 (c-domains). This indicates a lower volume fraction of
a-domains. To make a quantitative statement about the domain fractions, it is neces-
sary to investigate the diffraction peaks perpendicular to the surface [156]. Figure 4.39
shows the reciprocal space maps around the (400) diffraction peak of the multilayers with
Ni/t = 0.05nm−1 and Ni/t = 0.17nm−1, respectively. Since we have previously observed
a contribution of the a-domains as two peaks at Qx =±0.01 . . .0.02 in a similar PZT40/60
/ PZT60/40 multilayer [17], and there are no visible peaks, it might be concluded that the
density of the a-domains is too small to give an intensity measurable by the setup used.

Now the structural properties concerning the decreasing part of the curve given in
Fig. 4.33 are investigated. The results of the RSM investigation of the two corresponding
multilayer structures are shown in Fig. 4.40. In the map related to Ni/t = 0.48nm−1 the
superlattice peaks disappeared (Fig. 4.40a). If the interface density is further increased
to Ni/t = 0.63nm−1 (Fig. 4.40b) peaks 3a and 3b are again visible and in spite of the
much thinner layers there is no qualitative difference compared to Fig. 4.35b. The same
holds for the structure visible by TEM (Fig. 4.41b). Even at this high interface density
of Ni/t = 0.63nm−1, which corresponds to a layer thickness of about 1.5nm, the layers
are visible and a-domains which propagate through the entire film thickness are present.
Concerning the multilayer with Ni/t = 0.48nm−1 a more careful look is necessary to un-
derstand the disappearing of the superlattice peaks. Figures. 4.41a and 4.42a show differ-
ent parts of the film under the same two-beam conditions (approximately by a ’symmetric
row’ of reflections) which would allow to see the layers parallel to the substrate’s surface
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Figure 4.38: HRTEM cross-section micrograph of a film with Ni/t = 0.17nm−1 seen from the
[010] STO direction. The a-domains propagate through layers of both compositions. The domain
walls are marked by the white arrows.

(Fig. 4.42b). Despite the correct imaging conditions the individual layers in Fig. 4.42a
are hardly visible. This leads to the conclusion that in this case the interface roughness
is too high for the visualisation of the layers. This might also explain the disappearing of
the satellite peaks corresponding to the superlattice structure. However, when comparing
Pr · εr of this structure with the trend of the other ones no abnormal behaviour is observ-
able; in this investigated system the observed variation of the interface roughness seems
not to play a major role for the macroscopic properties.

Besides RSM, another possibility to compare the fraction of a-domains (Φa) of differ-
ent films is provided by PFM. In PFM amplitude maps of the surface, a-domains show a
lower response signal to the applied probing field compared to the c-oriented surrounding
PZT matrix. Since only the domains which reach the top surface can be probed by PFM,
this method is exclusively used on the multilayers with Ni/t ≥ 0.17nm−1. Representative
amplitude maps of the PFM signal are shown in Fig. 4.43. In order to avoid interfering
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Figure 4.39: RSM around the (400) diffraction peak of STO showing the inverse lattice parameters
of films with a) Ni/t = 0.05nm−1 and b) Ni/t = 0.17nm−1. No peaks of the a-domains are visible
in this kind of measurement.

Figure 4.40: In- and out-of-plane lattice parameters of PZT20/80 / PZT40/60 multilayers with an
interface density of a) Ni = 0.48nm−1 and b) Ni = 0.63nm−1 grown on STO using a SRO bottom
electrode determined from a RSM around the (204) reflection of the STO substrate. No superlattice
peaks are observed for Ni = 0.48nm−1 but they reappear for Ni = 0.63nm−1.

contributions of 180° domain walls the imaged area was poled preliminary to the imaging
scan by applying a constant voltage. The rectangularly arranged dark lines represent the
traces of the a-domains. The fraction of a-domains is estimated by measuring the dark
area of the images. In Fig. 4.43c three larger dark spots are observable which are artifacts
from the topography and therefore are excluded during the estimation of Φa. The results
are plotted in Fig. 4.44a, which clearly shows a decreasing domain fraction when Ni/t is
increased.

However, not only the fraction but also the mobility of the domain walls has a strong
influence on the macroscopic properties. To evaluate the mobility of domains the propa-
gation of 180° domain walls with increasing poling time and field is examined. First the
investigated area is uniformly poled. Afterwards the tip is placed on a certain position
inside this area and a voltage opposite to the polarisation is applied to pole this spot. Sub-
sequently the tip is moved to the next position which is then poled under slightly changed
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Figure 4.41: TEM cross-section micrographs of PZT20/80 / PZT40/60 multilayers with a) Ni/t =
0.48nm−1 and b) Ni/t = 0.63nm−1seen from the [010] STO direction. No qualitative alteration is
observable; the a-domains are propagating through the whole film and the layers are still visible.

Figure 4.42: a) TEM cross-section micrograph and b) symmetric-row diffraction condition of a
PZT20/80 / PZT40/60 multilayer with Ni/t = 0.48nm−1 seen from the [010] STO direction. In
spite of the same imaging conditions as in Fig. 4.41a the layers are hardly visible.

conditions. This procedure is continued until the maximum poling time or field is reached.
First the poling voltage was kept constant at V = 3V , which is well above the coercive

voltage, and the poling time is varied. Figure 4.45 shows the amplitude and the phase
of the PFM scan performed after the local polarisation switching. The poling time was
increased as shown in Fig. 4.45b. In the amplitude image (Fig. 4.45a) the 180° domain
walls are visible as dark rings around each poling point. Concerning the image of the
PFM phase (Fig. 4.45b) a bright area appears at the poling spots which corresponds to a
polarisation pointing upwards whereas the surrounding dark area corresponds to a polar-
isation pointing downwards. If the radius of the resulting area is plotted in dependence
on the time a logarithmic behaviour is observable. A linear fit on semi-logarithmic plots
reveals an increase of the radius which amounts to about 20 nm

log(s) irrespective of the inter-
face density. No differences in the velocity of the domain walls could be observed on the
investigated time scale. Possible influences of the interface density could not be detected
due to the fast propagation of the domain walls.

A similar experiment but with a constant poling time of t = 1s was performed. The pol-
ing voltage was increased exactly as the poling time, that is voltages of V = 0.1, 0.2, 0.4,
0.8, 1.6, 3.2, 6.4, and 10 V were used. The radius of the switched area increased linearly
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Figure 4.43: PFM amplitude maps of PZT20/80 / PZT40/60 multilayers with a) Ni/t = 0.17nm−1

b) Ni/t = 0.48nm−1 c) Ni/t = 0.63nm−1. The dark lines show the a-domains [158].

Figure 4.44: a) Fraction of a-domains and b) expansion rate of 180° domain walls in dependence
on the interface density as determined from PFM measurements. Both decrease with increasing
interface density.

with the applied electric field. A smaller area was switched as the interface density in-
creased (Fig. 4.44b). During PFM measurements also the coercive field was investigated.
As shown in Fig. 4.46, it increases with decreasing film thickness comparable to the co-
ercive voltage determined from macroscopic measurements on electrodes (Fig. 4.34b).
The increasing coercive field might explain the smaller radius of the switched area for a
high interface density. The electric field around the PFM tip is very inhomogeneous. It is
largest directly beneath the tip and gets weaker with increasing distance. It is possible to
switch c-domains by 180° as long as the applied electric field is above the coercive field.
Therefore, a larger area can be switched if the coercive field is lower.

Discussion: As shown above there is a distinct influence of the interface density on
the macroscopic properties of PZT20/80 / PZT40/60 multilayers. The film thickness can
be excluded as the origin of this behaviour for all properties besides the varying coercive
field. The dependence of the coercive field on the film thickness is usually ascribed to a
thin interface layer with a constant capacitance. That layer leads to an apparent increase
of the coercive field due to the decreasing field strength in the film if its thickness is
decreased [24]. For films with t < 100nm the displacement of the ions is reported to be
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Figure 4.45: Expansion rate of 180° domain walls seen in a) the amplitude image and b) the
phase image of PFM measurements. The imaged area was uniformly poled prior to the switching
which results in the visible circles. The poling field was kept constant whereas the poling time
was increased logarithmically from 0.1 . . .10s.

Figure 4.46: Decrease of the coercive field with increasing thickness as measured by PFM. The
inhomogeneous electric field around the PFM tip switched a smaller region for thinner films due
to the higher coercive field.

impeded by the epitaxial strain which could also contribute to a higher EC in this thickness
range [159].

It can be judged from both TEM and RSM investigations that there is a clear structural
difference between samples with Ni/t = 0.05nm−1 and Ni/t = 0.17nm−1. This leads to
the enhancement of the ferroelectric properties with increasing interface density in this
range (Fig. 4.33). At Ni/t = 0.05nm−1 the first layer consists of PZT20/80 and is free of
dislocations indicating it as fully strained to the substrate (Fig. 4.41a). This layer can be
attributed to peak 4 in Fig. 4.35a. Due to the compressive in-plane strain the out-of-plane
lattice parameter is increased. The lattice parameter of the subsequent PZT40/60 layer is
too large to allow a coherent growth, therefore the dislocation and domain formation starts
in this layer. At these low interface densities the individual layers are able to relax to their
original lattice parameter during growth. If the film is cooled down to room temperature
this leads to a tensile in-plane strain acting on the PZT20/80 layers (due to their smaller
tetragonal a-axis lattice parameter compared to the PZT40/60 layers) which causes the
formation of a-domains and has a detrimental impact on the remanent polarisation of these
layers. Since PZT20/80 has a higher spontaneous polarisation than PZT40/60 the loss
of the out-of-plane polarisation of the PZT20/80 layers leads to a considerable decrease
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of the remanent polarisation of the heterostructure. Through the electrostatic coupling
between the layers [125] the remanent polarisation of the PZT40/60 layers is also reduced.
The multiple strain and domain states are responsible for a broadening of peaks 3 and 5 in
Fig. 4.35a, because both peaks originate from various contributions of lattice parameters
distributed in the a- and c-direction. Threading dislocations, which are edge dislocations
in the case of PZT [13, 70, 73], are also known to broaden the RSM diffraction peaks
[97].

In case of Ni/t = 0.17nm−1 the strained first PZT20/80 layer is too thin to provide
enough intensity to become visible in the RSM. The reduced thickness also prevents the
individual relaxation of the layers. Therefore the layers adopt a common in-plane lattice
parameter. This avoids the strong tensile strain in the PZT20/80 layers and therefore leads
to a higher remanent polarisation. Due to the high coherency of the thin layers superlattice
peaks occur, which is not possible for the thicker layers at Ni/t = 0.05nm−1. However,
to enable the observed continuous domains also the out-of-plane lattice parameter of both
PZT compositions has to fit each other. The similar lattice parameters of all layers might
also reduce the obstruction of the domain wall movement which may contribute to an
enhanced dielectric constant. The enhancement of both the remanent polarisation and the
dielectric constant leads to the strong increase of Pr · εr.

The described changeover of the microstructure leaves its marks on all investigations.
Already in the most common macroscopic measurements a qualitative difference is ob-
vious. The hysteresis curve in Fig. 4.30a is more slanted and the peaks of the dielectric
constant in Fig. 4.31a are broader compared to the others. Possibly the inhomogeneous
domain pattern and relaxation state causes a rather non-uniform switching which is dis-
tributed over a range of electric field strengths and time.

In order to learn more on the crystallographic changes during the observed transition
the RSM measurements are further evaluated to determine the in-plane and out-of-plane
lattice constants of the multilayers. The lattice constants determined by RSM are not
exact, absolute values. However, the lattice constant of bulk STO is well known and
should not change due to the film deposition. Therefore the maps are normalised with
respect to the substrate’s lattice constant to determine the lattice parameters of the layers.
Thus, the misfit f is considered to be invariant under this coordinate transformation. If the
measured coordinate a

′
s of the STO peak is shifted to the literature value as = a

′
s−∆a and

the new coordinate a f of one of the film peaks shall be calculated, the misfit f in Eq. 2.2
becomes

f =
a
′
s−∆a−a f

a f
. (4.32)

From Eq. 4.32 follows for the corrected value for the film peak

a f =
a
′
s−∆a
f +1

. (4.33)

91



4 Results

Figure 4.47: a) Average lattice parameters of PZT20/80 / PZT40/60 multilayers. The c- and a-
domains are designated by black full squares (�) and blue open squares (�), respectively. For
comparison the nominal tabular values of the bulk crystals of STO (black line), PZT20/80 (green
lines) and PZT40/60 (red lines) are shown. The red circle (#) at Ni/t = 0.05nm−1 refers to
the strained part of the film whereas the blue circle (#) at Ni/t = 0.48nm−1 refers to the lattice
parameter of the a-domain determined from the TEM diffraction pattern shown in b).

In this way the absolute values of the film lattice parameters can be measured and their
shift with increasing interface density can be followed.

Figure 4.47a summarises the lattice parameters as determined from RSM. The lattice
parameters a and c of both the c-domains and the a-domains are plotted in dependence
on the interface density together with the ones of a pure PZT40/60 film (Ni/t = 0nm−1).
They are shown in comparison to the bulk values of STO, PZT20/80 and PZT40/60. The
error bars are estimated from the variation of the diffraction peak to be the radius of the
corresponding peak both in the c- and a-direction. This results in large error bars for the
large axis of the a-domains. In most other cases the resulting error is smaller than the
drawn symbol.

The values of both lattice parameters of the c-domain hardly change when increasing
the interface density. In case of lattice parameter a the determined value stays between
the bulk values of PZT20/80 and PZT40/60 due to the elastic coupling of both the layers
of two PZT compositions. This value is higher than the substrate’s lattice parameter;
the film is obviously not fully strained to the substrate. The whole ferroelectric structure
is partially relaxed because the critical thickness for the formation of MDs is exceeded.
The out-of-plane lattice parameter c determined from RSM is slightly smaller than the
bulk values. This might be facilitated by the expanded in-plane lattice parameter of the
PZT20/80 which would lead to a smaller out-of-plane lattice parameter. Furthermore the
thin film lattice parameters are compared with the bulk values which don’t necessarily
have to be in congruence. One exception from the relaxed state is shown as a red circle
(#) at Ni/t = 0.05nm−1 in Fig. 4.47a. It originates from peak 4 in Fig. 4.35a which was
attributed to the first PZT20/80 layer. This layer appears to be at least partially strained
with an in-plane lattice parameter close to the substrate. The disappearance of peak 4,
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when the interface density is increased, demonstrates the formation of the common strain
state in most of the multilayer.

Concerning the lattice parameters of the a-domains it is noticeable that due to the RSM
their out-of-plane lattice parameter a fits perfectly that of STO whereas the in-plane lattice
parameter c is increased considerably. To understand this, we recall that in case of the a-
domains two different in-plane lattice parameters exist. One of them (c) is parallel and
the other one (a) is perpendicular to the polarisation. The lattice parameter c is larger
than a due to the tetragonal distortion. Judging from the experimental results it has to be
assumed that the in-plane lattice parameter a is strained to that of the substrate. Due to
the tetragonality of the unit cell the out-of-plane lattice parameter a has to be identical to
the in-plane parameter a. Accompanying this reduction of both lattice parameters a, the
in-plane lattice parameter c increases. Remarkably is the much larger value of this lattice
parameter compared to the bulk values. TEM diffraction patterns (Fig. 4.47b) are utilised
to check the RSM results. Despite the higher error of this method the large lattice constant
of the a-domains can be verified (blue circle # at Ni/t = 0.48nm−1 in Fig. 4.47a).

In order to double-check the correctness of the large value of the lattice parameter c
of the a-domains, the POISSON ratio can be determined. Since always average values
for PZT20/80 and PZT40/60 are determined, the change of the lattice parameters will
be compared with the averaged bulk values of a = 0.3975nm and c = 4149nm. The
lattice parameter a of the a-domain changes only slightly to an average value of about
a = 0.39nm whereas the lattice parameter c significantly increases to about c = 0.442nm.
Therefore a tensile strain on the lattice parameter c must be assumed. In this way a
POISSON ratio of ν = 0.29 is calculated which is slightly smaller than the averaged value
of ceramics (νPZT 20/80 = 0.29, νPZT 40/60 = 0.34) [160]. The good agreement with these
tabulated values supports our assumptions.

As shown in Fig. 4.47a the elongation of the lattice parameter c of the a-domains does
not occur for a single composition film. Moreover, it increases with the interface density
up to Ni/t = 0.17nm−1. This behaviour follows the structural transition described above.
Possibly it is energetically favourable to strain the lattice parameter c of the existent a-
domains in the multilayers with Ni/t ≥ 0.17nm−1 rather than to introduce additional a-
domains. This process would be facilitated by the compressive stress acting on the in-
plane lattice parameter a induced by the substrate. If the in-plane lattice parameter a
matches the substrate lattice parameter a further compression is no longer supported and
consequently the formation of a new a-domain becomes favourable. No further change of
the lattice parameters is observed for Ni/t > 0.17nm−1; the described process seems to
be already finished at this interface density.

The polarisation of the a-domains should be increased due to the higher tetragonality
which could also increase the polarisation of the c-domains via the electrostatic coupling
at the domain walls to avoid charging [124].
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Although no microstructural changes are observed by TEM and RSM measurements,
Pr · εr decreases if the interface density is increased above about 0.2nm−1. PFM mea-
surements reveal a decreasing Φa with increased interface density. This points to a higher
residual compressive strain in the whole multilayer [124]. A more compressive strain
leads to a decrease of the dielectric constant. However, the difference is too small to be
observed by the other investigation methods, which indicates this effect to be not sufficient
to explain the drastic drop of Pr ·εr . No quantitive statements can be made concerning the
mobility of the domains walls. Their propagation seems to proceed faster to be observed
within the used poling times of t ≥ 0.1s. The varying area of the switched region might
result from the inhomogeneous field applied by the tip. With increasing distance from
the tip the electric field decreases. If the coercive field increases, the area around the tip
where this threshold field is reached is decreased.

The properties of the interfaces might be responsible for the deterioration of Pr · εr.
Although the interfaces are smooth they remain distinguishable in TEM which demon-
strates residual lattice distortions. If the interface density is increased above 0.2nm−1 the
higher volume fraction of features like interface defects and dislocations may result in a
deterioration of both Pr and εr by local strains and charge effects [10, 12]. These distor-
tions could reduce the mobility of the domains or pin them [13, 128] which would also
contribute to a smaller dielectric constant.

Summary In epitaxial multilayer structures a changeover to a common strain state of
all layers is observed, if the interface density is increased to a value of about 0.2nm−1.
This avoids the formation of tensile strain in the PZT20/80 layers as observed for smaller
interface densities. Therefore the remanent polarisation is increased. Furthermore the
tight coupling of both compositions smoothens the interfaces. This causes the a-domains
to propagate through the whole film and may also reduce the obstruction of the domain
wall movement causing an enhanced dielectric constant. If the interface density is in-
creased above 0.2nm−1, the relaxation of the compressive epitaxial strain introduced by
the substrate to the film can be somewhat further suppressed. However, the high vol-
ume fraction of the distorted interface regions leads to a drop of Pr · εr which might be
amplified by a reduced mobility of the domain walls.
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In this work the impact of artificially introduced modifications in the form of interfaces,
dislocations and doping on the microstructural and macroscopic properties of epitaxial
PZT40/60 and PZT20/80 thin films was elucidated. To achieve this goal, heterostructures
with a controlled dislocation and domain structure were fabricated by pulsed laser deposi-
tion. Comprehensive microstructural investigations and a careful analysis of the resulting
electric properties were performed. The experimental findings were theoretically eval-
uated by means of the SCHOTTKY model and the LANDAU-GINZBURG-DEVONSHIRE

theory.

In case of single composition layers the properties are determined by the in-plane lattice
constants of film and substrate. These allow a nearly coherent growth of PZT20/80 on
STO. A higher leakage current is observed for a PZT40/60 film. The larger in-plane
lattice parameter of the latter causes a high density of dislocations which strongly alter
the properties by the relaxation of compressive strain and also by the formation of 90° a-c
domain walls. These changes increase the dielectric constant and decrease the remanent
polarisation, compared to the PZT20/80 film.

PZT20/80 films were observed to exhibit extraordinarily high values of the remanent
polarisation. Motivated by the detection of Cr3+ ions in thin film heterostructures contain-
ing a ferroelectric PZT20/80 layer, the properties of PZT20/80 were tuned by systematic
Cr doping. It turned out that the utilised layer-wise doping facilitated the usually sluggish
dislocation formation which caused an advanced relaxation of the doped PZT20/80 films.
Moreover Cr is known to form defect associates with oxygen vacancies. This gives rise
to defect dipoles whose preferential orientation is parallel to the remanent polarisation of
the PZT20/80. The simultaneous generation of doping centres and dislocations prevents
the clear attribution of the altered properties. However, it can be assumed that the relax-
ation process increases the dielectric constant and decreases the remanent polarisation.
The latter would compensate for any enhancing effect of the doping on the remanent po-
larisation. Changes of the electronic properties, probably induced by the doping, cause a
higher leakage current. An increase of the coercive field, which has been reported to be
caused by the described defect dipoles [138, 154], was not observed.

In order to investigate the modifications caused by an additional interface within the
ferroelectric film, bilayers consisting of PZT20/80 and PZT40/60 were fabricated. This
released the direct coupling of the top layer to the substrate. The strain exposed to the
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top layer becomes exclusively determined by the relaxation state of the bottom layer.
Depending on the sequence of the PZT layers a clear gap in the values of the rema-
nent polarisation and the dielectric constant arises. A theoretical approach, using the
LANDAU-GINZBURG-DEVONSHIRE theory, was applied to understand the results. By a
combination and modification of previous models it was possible to describe the large dif-
ference in properties observed for different cases. In addition, the variation of the values
in dependence on the thickness ratio of the layers could be explained for most bilayers.
Both effects are caused by an interplay of the different dislocation and a-c domain states
as well as by the influence of both layers, weighted by the relative thickness, which are
connected via mechanical and electrostatic coupling.

A stronger impact of the interface properties together with a closer coupling of the PZT
layers was induced by increasing the density of interfaces. At low interface densities a
relaxation of the individual layers was observed which caused the formation of a-domains
in the PZT20/80 layers. This has a detrimental influence on the remanent polarisation of
the multilayer. The resulting dielectric constant is comparable to PZT40/60 films.

With increasing interface density the individual relaxation of the layers is increasingly
suppressed. This leads to a closer coupling of the layers which adopt common lattice
parameters. Consequently the dominating influence of the bottom layer observed in bi-
layers, which caused the described gap, is circumvented. No difference of the remanent
polarisation and the dielectric constant of multilayers with different bottom layer can be
found. Due to the matching lattice parameters the a-domains cross the entire film. Since
a-domains are no longer confined to small parts of the film they might more easily re-
spond to an electric field and the dielectric constant increases. As a further consequence
of the common strain state, the strong tensile strain on the PZT20/80 layers is reduced
which leads to a higher remanent polarisation.

A surprising feature is a largely increased c-axis lattice parameter of the a-domains in
multilayers with an interface density high enough to exhibit a common strain state. Due
to the high coherency of the layers it seems to be energetically favourable to further strain
the c-axis of the existent a-domains than to introduce additional a-domains. Compared
to single composition films and to bilayers, the remanent polarisation amounts to high
values but stays below the value of a pure PZT20/80 film. The dielectric constant is
still exceeded by those bilayers which also show domains that propagate through the
whole film. However, due to the simultaneous occurrence of high values of the remanent
polarisation as well as the dielectric constant, the product of both, which is proportional
to the piezoelectric coefficient, is much higher in multilayer films at a certain interface
density.

If the interface density is further increased after having reached a common state, this
has a deteriorating impact on the properties. It is assumed that the high volume fraction
of the distorted region around the interfaces is responsible for this behaviour.
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To shortly summarise, it has been shown that the number of interfaces controls the
relaxation state of the ferroelectric heterostructures. At small interface densities various
combinations of strained and relaxed layers can be realised to create films exhibiting ei-
ther a high remanent polarisation or a high dielectric constant. If the density of interfaces
is sufficiently large the heterostructure exhibits a common strain state. This allows high
piezoelectric coefficients due to the combination of the properties of different materials
without the dominating relaxational effect. Care has to be taken not to increase the inter-
face density too much since the distorted regions close to the interfaces deteriorates the
properties of the whole film.

The findings of this work may directly contribute to various modern research topics.
Multiferroics are at the moment in the focus of extensive investigations [161, 162, 163,
164, 165, 166, 167]. Since materials which intrinsically exhibit both ferroelectric and
ferromagnetic properties are rare [168], great attention is paid to the creation of super-
structures which combine ferroelectric and ferromagnetic properties through mechanical
and possibly electronic coupling. In order to effectively exploit the properties of the com-
bined materials a very close coupling is necessary [169]. The presented work clarifies the
impact of the relaxation processes in heterostructures and how to utilise them in order to
tune the resulting properties. Moreover the processes arising due to an intimate coupling
of the layers at a high interface density are revealed. These results may contribute to future
efforts to understand and systematically fabricate thin film multiferroic heterostructures.
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