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Interfaceeinfluss auf den Phasentibergang paraelektrisch-
ferroelektrisch bei epitaktischen BaSrTiOs; Dliinnschichtkondensatoren

Immer hohere Speicherdichten im Bereich des sog. Dynamic Random Access Memory (DRAM) fiihren
dazu, dass die Flache der verwendeten Speicherkondensatoren drastisch reduziert werden muss. Damit
einhergehend mdissen die Schichtdicken des Dielektrikums im gleichen Malie verringert werden. Bei den
derzeit verwendeten dielektrischen Materialien mit einer relativen Permittivitdt & von ca. 10-25 liegen die
hierfur erforderlichen Schichtdicken im Bereich weit unter 100 nm, was zu einer drastischen Zunahme der
Selbstentladung der Kondensatoren fiihrt. Alternative Materialien mit deutlich héherem & sind die
sogenannten Perowskite, die je nach Zusammensetzung eine theoretische Erhéhung der Speicherdichte
etwa um den Faktor 20-50 gegentber heute verwendeten Materialien zulassen. Bei dem am hdaufigsten in
diesem Zusammenhang untersuchten Material BaSrTiOz (BST) ist jedoch eine Verringerung von & bei
Dinnschichten (kleiner 200 nm) beobachtet worden, welche mit dem sogenannten ,,dead-layer Modell
erklart wird: Hier wird vereinfachend angenommen, dass im Bereich der Grenzschicht zwischen
Dielektrikum und Elektrode eine diinne Schicht mit verringerter Permittivitat existiert, welche die effektive

Permittivitat der Struktur verringert.

Ziel dieser Arbeit ist es, die fiir die Verringerung der Permittivitit verantwortlichen extrinsischen Einfliisse
zu identifizieren und eliminieren sowie weitere intrinsische Beitrdge zu untersuchen. Hierzu werden
Probekondensatoren hergestellt, die aufgrund ihres einkristallinen epitaktischen Schichtwachstums eine
nahezu defektfreie Kristallstruktur besitzen, und so direkte Ruckschlisse auf intrinsische Beitrdge zum
Phénomen der verringerten Permittivitdten zulassen. Anhand von temperaturabhdngigen Messungen von
Kapazitat und Polarisation lassen sich Informationen Uber den schichtdickenabhangigen ferroelektrischen
Phaseniibergang sowie die aus dem dead-layer Modell abgeleiteten GroRen ,,Interfacekapazitat” und
»Bulkpermittivitat“ gewinnen. Die experimentell ermittelten Werte werden im Rahmen einer theoretischen
Diskussion und durch Erweiterung der Landau-Ginzburg-Devonshire Theorie zum ferroelektrischen
Phaseniibergang diskutiert. Hierzu wird neben dem Einfluss der Gitterfehlanpassung und den daraus
resultierenden Verzerrungen auch der Beitrag des depolarisierenden Feldes diskutiert, so dass sowohl die
Verschiebung der ferroelektrischen Phasenubergangstemperatur als auch die Temperaturabhéngigkeit der

Interfacekapazitét besser verstanden werden kénnen.

Bei der Untersuchung von Kondensatoren mit SrRuO; (SRO) als oberer Elektrode kann eine exzellente
epitaktische Grenzflache zwischen Dielektrikum und Elektrode nachgewiesen werden. An diesen Proben
liegt eine starke Abhéangigkeit der gemessenen Permittivitat von der Amplitude des verwendeten
Kleinsignalanregungssignals vor, wohingegen Proben mit Pt als oberer Elektrode diese Abhéngigkeit nicht
aufweisen. Die Ursache fiir dieses Verhalten kann uber eine generelle Koexistenz von relaxor- und
ferroelektrischen Eigenschaften in den BST-Proben erklart werden, die im Fall der Pt-Proben jedoch

aufgrund der schlechteren Grenzflache zwischen Pt und BST kaum in Erscheinung tritt.



Impact of the interface on the paraelectric-to-ferroelectric phase
transition in epitaxial BaSrTiOs thin film capacitors

The ever increasing memory densities of the so called Dynamic Random Access Memory (DRAM) lead to
a drastic reduction of the area of the incorporated storage capacitors. As a consequence, the film thickness
of the used dielectrics has to be decreased in a similar way. When considering state-of-the-art dielectrics
showing a relative permittivity e, of around 10-25, the necessary thicknesses are well below 100 nm, which
leads to a drastic increase of the self-discharge in the capacitors. Alternative materials that display much
higher permittivity values are the so called perovskites, which depending on their composition allow a
theoretical increase of the memory density about a factor of 20-50, compared to standard materials.
Investigations on BaSrTiO; (BST) as the most intensively studied material in this context however
revealed, that the permittivity is strongly suppressed when dealing with thin films (below 200 nm). This
behavior is often tried to explain using the so called “dead-layer” model, which assumes a thin layer with
reduced permittivity at the electrode/dielectric interface, resulting in an overall decrease of the measurable

permittivity.

The goal of this thesis is to identify and eliminate the extrinsic influences responsible for the observed
decrease of the permittivity, as well as to examine additional intrinsic effects. For this purpose, capacitor
samples are fabricated, which due to their epitaxial single-crystalline film growth show a crystal structure
nearly free of any defects, thus allowing to gain further insight into the phenomenon of the reduced
permittivity. Electrical analysis from temperature dependent measurements of capacitance and polarization
give additional information about the thickness dependent ferroelectric phase transition as well as the
values of “interface capacitance” and “bulk permittivity” derived from the dead-layer model. The
experimentally achieved values are discussed theoretically using the approach of a modified Landau-
Ginzburg-Devonshire theory of the ferroelectric phase transition. In addition to the influence of the misfit
dislocation and its contribution to the strain in the films, also an impact of the depolarizing field will be
considered, such that the shift of the phase transition temperature as well as the temperature dependence of

the interface capacitance can explained more accurate.

Investigations of samples with an SrRuO; (SRO) upper electrode reveal excellent epitaxial interfaces
between dielectric and electrodes. However, these samples show a strong dependence of the permittivity on
the amplitude of the incorporated small signal excitation voltage, whereas this behavior cannot be found on
samples wit Pt upper electrode. The reason for this peculiarity might be explained with a general co-
existence of relaxor- and ferroelectric properties in the BST samples, which in case of Pt electrodes is

suppressed by the considerably deteriorated interface between BST and Pt.
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1 Introduction

1.1 Motivation

The use of ceramic thin films exhibiting ferroelectric, pyroelectric, piezoelectric, electro-opti-
cal and magneto-optical properties in combination with silicon technologies (e.g. CMOS)
allows for the development of a variety of novel functional devices in the fields of memory,
sensors, actuators and modulators [1-6]. Restricting on the memory sector, it is obvious that in
recent years the performance of mobile electronic devices such as digital cameras, PDAs, cell
phones, notebooks and even wearable electronics has been increased rapidly. As a conse-
quence, the need for low power-consuming non-volatile high-density memory technologies
compatible with the powerful processors of those devices has increased, too. On the other
hand, the efficiency of non-mobile electronic applications (e.g. desktop computers) has been
improved in a similar way: Here, the incorporated memory devices were mostly optimized to
achieve higher storage densities and faster data transfer rates, whereas the power consumption
plays only a secondary role. According to the above considerations, the application of electro-

ceramics in storage capacitors is promising in the following two cases:

* The development of novel, non-volatile ferroelectric semiconductor memories (FeRAM)
could be achieved by the implementation of ferroelectric ceramics such as lead zirconate-
titanate, Pb(Zr;_,Tiy)O3 or strontium bismuth tantalate, StBi;Ta,Oq. This type of memory
exhibits high switching cycles (typically > 10'%) as well as fast write access times (< 50 ns)
and therefore is a potential candidate for replacing EEPROMs as a widely used non-volatile

memory in mobile applications [7,8].

» As the current state of the art dielectrics in dynamic random access memory (DRAM),
Al,0O3, Ta,O4 as well HfO, were incorporated, which show maximum permittivity values &,
between 10 and 26. For a higher miniaturization level (higher memory density), the current
area of the storage capacitor has to be further reduced while at the same time the thickness
of the dielectric layer must be decreased substantially to maintain a sufficiently high capac-
itance level. This in term leads to unfavorable high tunneling currents through the dielectric,
which means a faster self-discharge of the capacitor and hence a possible dysfunction of the

memory device. As an alternative, the integration of thin film ceramic perovskites display-
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ing high permittivity values into DRAM storage capacitors offers storage densities 20 to 50
times higher than what can be achieved at present, while the dielectric thickness would not
be changed. These materials are thought to have the potential for replacing the currently
used dielectrics, according to the latest semiconductor roadmaps [9]. One of the most stud-
ied materials (thus the model material) in this context is Ba,Sr; ,TiO3 (BST), and here
especially its composition with x =0.7, showing dielectric permittivities &, as high as

15,000 [10-12].

However, several obstacles have been detected during the general implementation of perovs-
kite ceramics into memory applications: Amongst others, these include the adjustment of the
necessary deposition temperatures to levels compatible with the silicon technology and general
compatibility issues of the used materials. In the case of FERAM, failure mechanisms in ferro-
electrics such as fatigue, imprint and retention have to be considered, which partly could be
handled even though physical explanations have not always been found. In the DRAM case, a
reduction of the effective permittivity with decreasing thickness of the incorporated high per-

mittivity materials has been observed as the most restraining challenge.

Thus, the goal should be to minimize the difficulties that by now do not allow for a successful
implementation of ferroelectrics into memory devices considering a commercial point of view.
Therefore, it is indispensable to get a detailed knowledge of the variety of material properties
derived by exhaustive experimental characterizations as well as by theoretical predictions uti-
lizing the inherent physical mechanisms and theories. In this context, much of the work will be
spent on the electrode/dielectric interfaces as they are assumed to be accountable for the major-

ity of the hindering behavior.

1.2 State of the Art

A deterioration of ferroelectric properties can be observed when the dimensions of thin films
become more and more reduced, as it is mandatory for the ever-growing integration densities
in modern microelectronic applications [13]. At thicknesses in the region well below 50 nm,
the dielectrics approach length scales associated with characteristics of the ferroelectric mate-
rial and electrode interfaces themselves. It is also expected that reducing the lateral dimensions

of the structures could alter the response of the ferroelectric [14]. The influence of the size on



1.2 State of the Art 3

the properties of ferroelectrics is an important factor determining the way to implement these
materials in future generations of microelectronic structures. With respect to possible memory
applications, it has been found that by decreasing the thickness of capacitors with high permit-
tivity dielectrics such as BST, the measured permittivity &,. does not remain constant but rather
decreases significantly [15]. Hence, ¢. no longer appears to be a material constant but rather
seems to be an effective value that depends on the capacitor thickness. Additional to the gen-
eral permittivity decrease, it has also been found that the former pronounced ferroelectric to
paraelectric phase transition in high permittivity materials becomes strongly suppressed or
even hardly noticeable when dealing with thin films of the same composition [13]. Various
approaches have been used that attribute the observed phenomena to a so called interface
capacitance, hence a thin layer with reduced permittivity that acts electrically in series to the
actual high permittivity capacitor and therefore leads to a reduction of the overall capacitance.
Experimentally, the idea of this series connection has been confirmed according to the mea-
sured thickness dependent permittivity by a number of authors [13-18], whereas a physical evi-
dence of such a low permittivity layer (or ,,dead layer*) has never been found by means of any
microstructural investigation. Several different mechanisms have been discussed to be respon-
sible for the observed phenomenon, which include changes in the phonon spectrum at the
interface due to broken lattice periodicity [19,20] or crystal defects related to the interface [21-
23], chemically different reaction layers [24-26], electronic surface- or interface-states [27-
29], electric field penetration into the electrode material and corresponding screening length
issues [30-32], whereas the hardening of the soft phonon throughout the whole ferroelectric
film is a result of all intrinsic effects [33], and is strongly related to the existence of depolariz-
ing fields [34]. In general, the use of oxide electrode materials such as STRuO5 (SRO) instead
of Pt has an improving effect on the observed permittivity decrease with reduced thickness, as

reported from several authors [35-37].

Taking a look at the measured polarization in thin film ferroelectrics, it can be found that in
general the coercive field becomes increased, while the remanent polarization drops as the film
thickness is decreased [38,39]. This thickness dependence is generally attributed to a surface
layer and depends strongly on the properties of the ferroelectric/electrode interface. Such a sur-
face layer can appear as a consequence of non-stoichiometry near the film surface or damage

induced by the electroding process, but may also be caused by intrinsic factors. The different
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reported polarization behavior in general can be explained by the different preparation tech-
niques used, which may induce different properties in the ferroelectric close to the electrodes.
Investigations on BST as a ferroelectric model system easily allow the study of ferroelectric
properties such as the remanent polarization P,, the coercive field £, and the phase transition
temperature 7, which are all strongly influenced by the particular choice of the electrode/

dielectric interface.

In summary, it should be noted that there exists a variety of extrinsic as well as intrinsic influ-
ences that cause a suppression of the dielectric permittivity and a frustrated ferroelectric-to-
paraelectric phase transition. Among those, grain boundaries from polycrystalline films, ten-
sile strains from crystal lattice mismatch or deteriorated interfaces due to defects and interdif-

fusion as well as different screening properties of the electrodes have the most critical impact.

1.3 Objectives

From the previous paragraph it follows, that in order to investigate the pure intrinsic influences
it is especially mandatory to get rid of all extrinsic influences. This will be accomplished most
of all by choosing an epitaxial growth technique and a single crystalline substrate to prepare
high quality ferroelectric thin films free from grain boundaries and results in interfaces without
interdiffusion layers or defects. Thus, the extraction of intrinsic material properties can be
accomplished and a successful comparison between BST capacitors electroded with Pt and

SRO can be performed.

Besides a comprehensive introduction into the principles of ferroelectric materials and the
experimental methods for the fabrication and characterization of thin film capacitors, the fol-

lowing main tasks will be accomplished in this work:

+ Epitaxially grown thin film capacitors with dielectric layers of various BST thicknesses will
be fabricated. These capacitors show a high crystalline quality and allow an extensive anal-

ysis of their electrical properties.

+ Starting from capacitance and polarization measurements at room temperature, the electri-
cal analyzes will be carried out in a wide temperature range under systematic variations of

the applied voltage and frequency. This allows a thickness and temperature dependent anal-
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ysis of the key properties and will permit the evaluation of the phase transition temperature.

* The thus determined measurement results will be compared with those reported in the liter-
ature for comparable studies to evaluate the achieved quality of the experimental work. A
theoretical discussion in the light of a thermodynamic model based on the Landau-Gin-
zburg-Devonshire (LGD) theory of ferroelectric materials finally concludes the presented

studies.
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2 Ferroelectric Materials and their
Properties

This chapter deals with the basic properties of ferroelectric materials that will be relevant in
this work. For a detailed description of the fundamentals of ferroelectric phenomena, the

reader is advised to the standard text books [5,40-49] or review articles [50-52].

2.1 Crystallographic Considerations and Definition of a Ferroelectric

Among the classical 32 crystal classes (or point groups) describing all crystalline material, 11
classes have a center of symmetry and are therefore called centrosymmetric. Applying an elec-
tric field to such a centrosymmetric crystal will create a mechanical strain that does not change
its sign, regardless to the direction of field. The strain is proportional to the square of the ap-
plied field and this quadratic effect is called electrostriction. Electrostriction occurs in all sub-

stances, no matter if it is crystalline or amorphous, solid or fluid.

The remaining 21 classes do not have a center of symmetry, they are non-centric and show (ex-
cept for one) the piezoelectric effect: Piezoelectricity means that the crystal exhibits electric
polarity when exposed to strain. This effect is a /inear one, i.e. reversing the sign of the stress
will cause a reversed polarity. By applying an electric field to the crystal, it will be stretched or

compressed, corresponding to the polarity of the field. This is the converse piezoelectric effect.

32 classes
all crystalline material
electrostrictive

AN

11 classes 21 classes

centrosymmetric not centrosymmetric

AN

1 class 20 classes

not piezoelectric piezoelectric

RN

10 classes 10 classes
no unique polar axis unique polar axis
not pyroelectric pyroelectric

AN

no reversible spontaneous polarisation reversible spontaneous polarization
not ferroelectric ferroelectric

FIGURE 2.1:
Ferroelectric crystals and their position among the 32 general crystal classes.
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From those 20 classes, ten have a unique polar axis, i.e. an axis which shows different proper-
ties on the one end than on the other end. These crystals are called polar and exhibit a sponta-

neous polarization which is dependent on temperature. These are the pyroelectric crystals.

If the direction of the spontaneous polarization in such a pyroelectric crystal can be switched
between two stable states by applying an electric field, the crystal is called ferroelectric. For
ferroelectrics it is therefore a necessary attribute to belong to one of the ten pyroelectric crystal

classes as well as to have a reversible spontaneous polarization.

2.2 General Features of Ferroelectric Crystals

Ferroelectric Hysteresis

Measuring the relationship between the applied electric field and the electric polarization in a
ferroelectric material, a typical hysteresis curve results as displayed in Figure 2.2. The ideal
case of a single domain' crystal is shown in Figure 2.2 (a): Here, a variation of the electric
field E leads to a linear increase of the polarization P, while for fields exceeding the coercive
field E,., a jump of the polarization occurs. In the zero field case, the polarization remains ei-
ther at the positive or negative spontaneous polarization P,. Figure 2.2 (b) shows the hysteresis
curve of a polydomain sample: Starting at the virgin state (the polarization is pointing in an
equal portion of volume to the positive and negative direction), a part of the negatively ori-
ented domains will be switched over into the positive direction by increasing the electric field
(path 4B), and the polarization increases strongly until the saturation state is reached (path
BC). Here, the complete volume is aligned in the positive direction and the crystal consists
now of one single domain. Decreasing the field does not bring the net polarization in generally
back to zero but rather follows the path CD, which means that some of the domains will stay
positively oriented without applied field and the crystal exhibits a remanent polarization P,.
Extrapolating the saturation path BC back to the polarization axis, the intercept represents the
spontaneous polarization P,. To decrease the polarization then further to zero, it is necessary to
apply a negative electric field (portion DE). The electric field corresponding to this zero polar-
ization state is called the coercive field E,.. Additional decrease of the field will cause all di-

poles to align in the negative orientation (portion EF), after which the cycle can be completed

1. A domain describes a fraction of volume in which the polarization is oriented uniformly
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FIGURE 2.2:

Schematic drawing of a ferroelectric hysteresis loop
(a) Single domain
(b) Polydomain sample

by reversing the field once again (portion FGC).

One then finds a hysteresis loop (CDFGC) as the relation between P and E, which is the most
important electrical characteristic of a ferroelectric crystal. Actually, the y-axis from

Figure 2.2 should be denoted as the dielectric displacement

D = gE+P, 2.1)

where in general g)E denotes the vacuum contribution to the displacement D caused by an ex-
ternally applied field E, and P represents the electrical polarization of the material, indepen-
dent of its cause. Since in ferroelectric materials the polarization is by many orders of
magnitude larger than the vacuum term, the approximation D ~ P is justified. Additional to
the ferroelectric contributions, the polarization consists of dielectric contributions from the

susceptibility of the material (ionic and electronic polarization).

Dielectric Constant and Loss

The relative dielectric constant &, or &/ & is the ratio between the charge stored on an electroded
slab of material brought to a given voltage and the charge stored on a set of identical electrodes
separated by vacuum. It is often simply denoted as the dielectric constant and is the dimension-

less multiplier of the vacuum permittivity & (8.8542 - 10712 As/Vm). For general materials the
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value of &, 1is low, under 5 for organic materials and under 20 for most of the inorganic solids.
Ferroelectrics, however may possess a much higher dielectric constant, with values typically
about several hundred or even several thousand. When applying alternating voltages, the charge
stored on a dielectric has both real (in phase) as well as imaginary (out of phase) components,
which may be due to resistive leakage or dielectric absorption. The loss is then expressed by the
ratio of the out-of-phase component to the in-phase component, which is usually called the loss
tangent or tand. Considering ¢ and & as real and imaginary components of the complex per-

mittivity £= & - j&’’, the loss tangent can be calculated by tando= &"’/&’.

Connection between Hysteresis and Dielectric Constant

According to an electrostatic approach, the dielectric constant &= &,&, is defined as the deriva-
tive of the dielectric displacement D with respect to the field £. The dielectric susceptibility g,
is analogously defined as the derivative of the polarization P with respect to the field E, di-
vided by the vacuum permittivity &,. Applying this derivation on (2.1) and dividing by &, the

relative dielectric constant can be expressed as

e = 1+g,. (2.2)

This definition is valid only for normal /inear dielectrics, in which the relationship between D
and E is linear up to high values of E. In ferroelectric crystals however, the definition of &, be-
comes more complicated due to the non-linear relationship between D and E (Figure 2.2).

Here, the dielectric constant &, is defined as the slope of the D-E curve at the origin:

10D (2.3)

In the case of materials in their paraelectric phase, the spontaneous polarization disappeared

and the polarization is simply related to the electric field by

P = g,E. (2.4)
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Combining (2.1) together with (2.4), this leads to

D = g(1+x,)E = gy¢&.E, (2.5)

giving the linear relation between electric displacement and electric field. It has to be men-
tioned that the dielectric permittivity does not have to be constant and in certain circumstances

also depends on the applied field.

Temperature Dependence

In general, ferroelectric materials perform a phase transition from the (low temperature) ferro-
electric phase to the (high temperature) paraelectric phase (strong analogy with ferromag-
netism). The temperature at which this transition occurs is called the Curie temperature T,
above which no ferroelectricity is observable. The corresponding material condition is then
called the paraelectric phase. Also, the dielectric constant ¢, exhibits some kind of anomaly at
the transition temperature. In many ferroelectrics (including those that were investigated in this
work), the temperature dependence of the dielectric constant above the phase transition obeys

a quite simple law, the so-called Curie-Weiss law:

£ = (2.6)

Here, C means the Curie-Weiss constant and 7|, denotes the paraelectric Curie point (or extrap-
olated Curie point or Curie-Weiss temperature). It should be noted that 7~ and T}, generally do
not coincide, which is one of the most frequent errors in this subject. In a ferroelectric with a
second order phase transition (properties such as lattice constants, dielectric constant, polariza-
tion, etc., change rather continuously with temperature), these two temperatures may be effec-
tively the same. In the case of first order transitions, however (above mentioned properties
change rather discontinuously, i.e. exhibit “jumps”), the Curie temperature can be more than

10K lower than the Curie point.
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2.3 Material Systems

Most investigations in this work were performed on Barium-Strontium Titanate Ba, Sr;_, TiO;
(BST) thin films. Since this material is derived from the prototypic materials Barium Titanate
BaTiO5; (BTO) and Strontium Titanate SrTiO5 (STO), first an introduction to BTO and STO

will be given.

Barium Titanate

The ferroelectric solid solution system BTO is one of the most extensively studied ferroelectric
materials. Its anomalous dielectric properties were discovered on ceramic samples indepen-
dently from each other around 1943 by Wainer and Salomon in the USA, Ogawa in Japan and
Wul and Goldman in Russia. Its ferroelectric properties were reported 1945-1946 by von Hip-
pel et al. [53] and independently by Wul and Goldman [54].

Shown in Figure 2.3 (a) is the unit cell? of BTO, which is a typical specimen of the perovskite3
type crystals with the general formula 4BO5. One finds a nearly cubic cell structure where
Ba®" ions reside on the corners (4-sites), in the center lies the Ti*" ion (B-site) and in the face
centers are the O ions. At higher temperatures (above T~ = 120 °C), the crystal is in its
paraelectric phase and the structure is exactly cubic with a center of symmetry, lacking any pi-

ezoelectric or ferroelectric properties. Below T, a phase transition occurs that distorts the cu-

(a) ' ' (b)

P c=a, @ T"
)T , D & ———-a
J; ~ 0~ @ --—--° s Epm

________________

dg ' Q X
FIGURE 2.3:
(a) The cubic (paraelectric) unit cell of BaTiO5. Possible displacements of the sublattices for the tetrag-
onal distortion are indicated by arrows.

(b) Cross sectional view of the tetragonal distorted BTO unit cell. Shown are the two stable states of the
Ti*" ion and the potential energy E,,,; depending on its position [48].

2. The unit cell is a spatial arrangement of atoms which is tiled in three-dimensional space to describe the
crystal.

3. Perovskite is a name of the mineral CaTiO3 which itself belongs to the orthorhombic system. “Perovs-
kite type structure” means that a structure has an atomic arrangement such as Figure 2.3 (a).
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bic cell into a tetragonal shaped cell. Whereas one axis of the crystal becomes elongated (the
so called c-axis), the other two crystal axes become compressed (a-axes). As can be seen in
Figure 2.3 (b), the potential energy £, of the Ti*" ion now has two minima that mark the two
stable states of polarization. Using an external electric field, it is possible to switch between
those states, hence to reverse the polarization, so BaTiO; fulfills the essential requirement for
ferroelectric materials. Since the necessary energy to overcome the maximum in E,,,; and to
switch the Ti*" ion from one to another state is very low, also the field from surrounding di-

poles could be strong enough to polarize the crystal, resulting in a spontaneous polarization P..

Besides the already mentioned cubic and tetragonal phases, further crystal configurations of
BTO are possible. As can be seen in Figure 2.4 (a), there exist three different phase transitions
for BTO in the temperature range 150-400 K, connecting the four possible crystal phases.
Figure 2.4 (b) shows the dependence of the lattice constants of the BTO unit cell depending on
the temperature, hence the resulting phases at those temperatures. Below 180 K the crystal is in
its thombohedral phase with the polarization along the space diagonal. Up to 275 K, the
orthorhombic phase exists and the polarization is oriented in parallel to the face diagonal. Then
the crystal becomes tetragonal shaped with a polarization in the <001> direction, parallel to the
(longer) c-axis. The phase transition from tetragonal to cubic occurs at the Curie temperature
T~ which is at about 390K. Above this critical temperature no ferroelectric polarization re-
mains, the crystal has a symmetry center which is the central Ti*" fon. It can be seen that the
phase transitions occur with a certain temperature hysteresis, which means that depending on
the direction of the temperature change (cooling or heating) of the crystal the transition tem-
peratures may vary by about ten K. Since all but the cubic phase lack a center of symmetry,
there exists a switchable polarization in the crystal with different direction for each of these
phases (Figure 2.4 (¢)). The temperature dependence for the dielectric constant is given in
Figure 2.4 (d): Again, there are three phase transitions, indicated by the respective dielectric
anomalies. The permittivity &. reaches its highest value of about 12,000 at the phase transition

form the tetragonal to the cubic phase (ferroelectric to paraelectric phase).

Strontium Titanate

Strontium Titanate SrTiO5; (STO) has a similar shaped unit cell compared to BTO except that

here the Ba®" ions are replaced by Sr2" jons. Its electrical and structural properties, however,
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FIGURE 2.4:

Various properties of barium titanate as a function of temperature. [5]
(a) Structure

(b) Lattice constants

(c) Spontaneous polarization P

(d) Relative permittivity &, (also for fields in the direction of the c-axis)

differ from the BTO ones. In the temperature range from 0-300 K there is only one (structural)
phase transition at about 110 K from the tetragonal to the cubic phase [55]. Nevertheless, the
behavior of the dielectric permittivity &, (exactly said the dielectric susceptibility) in the corre-

sponding temperature range does not show any evidence of ferroelectricity since there cannot
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be found any decrease of ¢, below the structural phase transition temperature, as it is the case

for BTO [56].

Barium-Strontium Titanate

Ba,Sr;_, TiO5 (BST) has become attractive due to its promising properties, i.e. high dielectric
constant, for using it in high density dynamic random access memory (DRAM) [14,57,58] as

well as tunable microwave devices like filters and phase shifters [59-61].

The material is a solid solution of BaTiO5 and SrTiO3, while the Ba/Sr-ratio of x/(1-x) strongly
affects its physical properties. Its unit cell, again, has the typical perovskite shape, while on the
A-sites an alternating occupation of Ba?" and Sr’* atoms according to x can be found. Mc-
Quarrie [62] reported that the crystal phase at room-temperature is strongly affected by the
fraction x and identified a room-temperature phase transition at about 0.7, which means 70%
Ba®" and 30% Sr**. In Figure 2.5 (a), the corresponding graph for the susceptibility y, depend-
ing on the temperature with the Ba/Sr-ratio as a parameter confirms this observation: For this
certain ratio, ¥, (and also &) shows its highest values near room temperature, which makes this

composition most attractive for high dielectric constant applications.

Detailed studies for this BST composition (Bag 7Sr; 3TiO3) were performed by Hilton and

Ricketts [64], who determined a maximum dielectric constant exceeding 5000 and a phase
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FIGURE 2.5:

(a) Dependence of the susceptibility of Ba,Sr;_,TiO3 on temperature for different x-values [63].
(b) Small signal permittivity versus temperature for Bag, 7Sr, 3TiO3. Also shown are tan(J) and the Cu-
rie plot (1/¢,) [64].
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transition temperature 7= 310 K, as can be found in Figure 2.5 (b). Here, the difference be-

tween T~ and 7|, is about 20 K, indicating that bulk BST exhibits a first order phase transition.

Strontium Ruthenate as Electrode Material

For building a ferroelectric thin film capacitor, not only the used dielectrics BTO, STO and
BST, but also the choice of suitable electrode material must be considered. Besides the widely
used standard material Pt, here STRuO5 (SRO) has been chosen as an alternative electrode ma-
terial. Similar to STO, SRO is an 4BO; or perovskite-type material where the Ru*" ions lie on
the (central) B site. Its room temperature resistance (pgro = 340 pQem [65]) is rather high
compared to the standard material Pt (op, = 10.4 nf2cm [44]), nevertheless it is an excellent
electrode for the (epitaxial) growth of BTO or BST due to its (pseudo-cubic) lattice constant of
3.93 A, which is similar to BTO, STO or BST and results in low lattice mismatch [66,67]. Its
work function is lower compared to the one for Pt (5.3 eV [68]) and can be determined to 4.6 -

5.0 eV, depending on the state of SRO oxidation [69].

Strontium Titanate as Substrate Material

From the above mentioned parameters such as the lattice constants of the used materials, an
adequate substrate material can be derived. (100) STO single crystals that result in small lattice
mismatch (with respect to BST or SRO) are commercially available in excellent quality and

will be used in this work as sample substrates.

2.4 Mechanical Boundary Conditions

Instead of freestanding, thick layers, the samples used in this work incorporate rather thin films
which are mostly grown epitaxially on much thicker substrates. The materials under investiga-
tion are thus subjected to mechanical boundary conditions, whose impact will be discussed in

the following:

By interaction with the underlying substrate significant mechanical stresses can be generated
inside the films. At the time of the film deposition, growth stresses may appear while the mate-
rial is in its paraelectric phase. The specific amount of stress strongly depends on the parame-
ters of the particular deposition process, i.e. the choice of the involved materials. It is known

that in the growth process of thinner films (usually done in the paraelectric state) the deposited
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material stays in its pseudomorphic cubic phase, which is accompanied by epitaxial strain, as

shown in Figure 2.6 [70]. In the case of the deposition of thicker films, a significant stress re-
laxation occurs by the formation of misfit dislocations at the film/substrate boundary, as it is

outlined in Figure 2.7 [71].

The strain that is induced by the substrate may cause lattice constants in the epitaxial films that
differ strongly from those of the bulk material. To describe the substrate effects on the electri-
cal properties of the film, a misfit-strain has been introduced in the theory. Dealing with per-

ovskite films epitaxially grown on cubic substrates, a possible definition of this strain may be

S0 = : 2.7)

where b describes the lattice substrate parameter and a, denotes the cubic cell constant of a

free standing film [72]. Since this definition only holds for fully strained films, a modified

(a) (b)

Film

Substrate

FIGURE 2.7:

Strain relaxation by introducing misfit dislocations for the example of two initially cubic materials.

(a) Since the (upper) film has a larger lattice constant than the (lower) substrate, the forced matching at
the boundary results in a tetragonal distortion of the film.

(b) The strain from the distortion can be relaxed by introducing misfit dislocations so that the film re-
gains its former cubic structure.
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strain definition must be found. Due to the fact that above a critical thickness the incorporation
of misfit dislocations is energetically favorable, the lattice strain becomes dependent on the
film thickness [73]. When the density p of these dislocations is evaluated to p « 1, the actual

misfit strain can be expressed as

(2.8)

with b* = b(1 — p) as the effective lattice parameter of the substrate [71,74]. This reduced
substrate lattice constant can be explained in the following way: Once a misfit dislocation ar-
ray has developed at the film/substrate interface, the film no longer experiences the lattice pa-

rameter of the original substrate, but that of a substrate with an array of misfit dislocations.

Additional strains may arise from thermal stresses that develop inside the film due to different
expansion coefficients of substrate and film. Here, we can neglect these contributions due to
the fact that the used materials (BST, SRO and STO) all have similar thermal expansion coef-

ficients.

2.5 Thermodynamics of Ferroelectrics

The thermodynamics of ferroelectric phase transitions can be described using a mean field the-
ory: Here, the dipole as the thermodynamic entity is subject to the mean field of all other di-
poles. Landau [78] and Ginzburg [79] expanded the thermodynamic potential near the phase
transition temperature into a power series and introduced the polarization P as an order pa-
rameter, which for a second order phase transition diminishes continuously to zero at the
phase transition 7. This approach has been used by Devonshire to describe both ferroelectric
and non-ferroelectric phases so that he could characterize the phase transition of BaTiO5 (see

chapter 2.3) [80].

From the first law of thermodynamics it is known that a change of the internal energy U (per

unit volume) is given as

dU = dO+ dw, (2.9)
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where dQ means an infinitesimal portion of heat received by a unit volume of dielectric and
dW is the work done on this volume (by electrical and mechanical forces) during the resulting

quasi-static transformation. On the other hand it is known that d/ can be expressed by

dW = odx,+ E,dP, (2.10)

defining the total work dependent on infinitesimal changes of strain x; (to prevent confusion
with the entropy density S, the strain S; as defined in chapter 2.4 will be named x; here) and
electric polarization P; in the presence of uniform stress o; and electric field E; [40,43]. The

second law of thermodynamics then gives

T-dS>do, (2.11)

with the absolute temperature 7 and the entropy density S. Besides, the equality sign in
Eq. (2.11) is valid for a reversible process, while the inequality holds for an irreversible pro-

cess. Using Eq. (2.9) and (2.10), Eq. (2.11) can be written as

dU<T-dS+ odx,+ E,dP, (2.12)

where the inequality sign in Eq. (2.12) again becomes an equality sign in the case of a revers-

ible process. One obtains from Eq. (2.12)

1

T = (3U/S), p o, = (8U/0x))g , E; = (8U/0P)g | 2.13)

This means that when a system is described by independent variables S, x; and P;, the other
variables can be found by first derivatives of the internal energy U. There are eight ways for
describing a system by independent variables, chosen from the pairs (7, S), (o; x) and (E, P)

and therefore eight possible thermodynamic functions.
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Mean Field Theory

One of the thermodynamic functions is the free energy /' (Helmholtz Free Energy), which can
be written near the phase transition temperature as a function of the order parameter P up to the

sixth order:

1 2 1 4 1 6
F(P, T) = EgZP +4_1g4P +6g6P — PE (2.14)

Here, the odd-powers of P do not occur in this expansion because of symmetry reasons. The
coefficients g,, g4 and g generally depend on the temperature, but as simple examples of first-
and second-order ferroelectric phase transitions showed, g4 and g¢ can be assumed to be tem-
perature independent [40]. In particular, around the Curie-Weiss temperature 7)), the coeffi-

cient g, can be approximated to

g = C (T-T,) (2.15)

(cmp. above sub-chapter about the general temperature dependence).

In the following, the thermodynamic stable states will be determined in the case of zero electri-

cal field (£ = 0). Using the minima of the free energy, one yields

oF 2 4

P = P(g, tg,P +gsP) =0, (2.16)
62F 1 2 4
— = y = g, +3g,P +5g,P >0 (2.17)
oP

Equations (2.16) and (2.17) can be solved by P =0 and g, > 0, which represents the paraelec-

tric phase. There exist further solutions with P = P_# 0, describing the ferroelectric phase.

Paraelectric Phase

In the paraelectric phase (7> T})) P becomes zero, and by inserting Eq. (2.15) into Eq. (2.17),

the susceptibility y can be expressed according to a Curie-Weiss law with a critical exponent
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y=1:

2T = «(T-Ty) "5 y=1 (2.18)

(T-T,)

Ferroelectric Phases: First Order Transition

Materials of this type of phase transition are characterized by the appearance of metastable
phases, since a new phase has to nucleate out of an old one. Further characteristics of first or-
der transitions are the sudden changes in the structure and volume of the material under inves-

tigation.

Considering the first derivative of the free energy (Eq. (2.16)) for g4 <0 and g > 0, the ther-

modynamic stable states are given by P =0 or

2 -1
P2 A «/g4—4c (T—-T4)g (2.19)
N 2g6

In Figure 2.8 (a) the free energy as a function of polarization is depicted for different tempera-
tures in case of a material with a first order phase transition. As it was already mentioned, the
Curie-Weiss temperature 7 is not equal to the phase transition temperature 7~. The following

temperature regimes can be distinguished:

» T» T: stable paraelectric phase (P = 0)

T> T: stable paraelectric phase, metastable ferroelectric phase (+P, # 0)

» T=T¢: coexistence of paraelectric and ferroelectric phase

Ty <T < T stable ferroelectric phase and metastable paraelectric phase

T < T: stable ferroelectric phase

Somewhere during cooling from the regime where the stable ferroelectric phase coexists with
the metastable paraelectric phase (7() <7 < T>), the first order phase transition will occur with a
corresponding jump of the spontaneous polarization from zero to a finite value. Additional dis-
continuous changes in susceptibility y and entropy S will be achieved using the known thermo-

dynamic relations.
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Ferroelectric Phases: Second Order Transition

Materials undergoing such a kind of phase transition are characterized by a continuos change
in their structure and volume. Here, it will be sufficient to consider the polynomial expansion
of the free energy (Eq. (2.14)) up to the fourth order and choosing g, > 0. From the derivative
of Eq. (2.14)

oF -1 2
P P(C (T-Ty) +g,P) (2.20)
the solutions P, = 0 and
T-T,
P 0 2.21)
g4C

can be found. At 7' < T, a spontaneous polarization exists. Here, the phase transition tempera-
ture 7 and the Curie-Weiss temperature 7, are identical for the second order phase transition,

while the critical exponent £ for the order parameter is 1/2:

1 12 B
PS{—C——} (T-T) >~ (T-Tn; B = (2.22)

84

N —

Figure 2.8 (b) shows the free energy close to the second order phase transition as a function of
the spontaneous polarization for different temperatures. At temperatures greater than or equal
to the phase transition temperature (7= 7-), a stable minimum can be found at Pg = 0, while

decreasing the temperature below 7~ will result in two minima of finite polarization value.

By inserting Eq. (2.15) and Eq. (2.22) into Eq. (2.17) (again neglecting the 6" order polariza-
tion term), the temperature dependence of the susceptibility below the phase transition temper-
ature can be found as

ey = 22, (223)
T<T. C .
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FIGURE 2.8:

Schematic presentation of the free energy as a function of polarization for ferroelectrics with (a) first
order and (b) second order phase transition

It is remarkable that compared to Eq. (2.18), the pre-factor of the susceptibility changes at a

phase transition by a factor of two.

Thermodynamics of epitaxial ferroelectrics

The Gibbs free energy G, as an additional thermodynamic potential is described by:

G = U-TS-X,0,—E,P, (2.24)

Pertsev et al. [75,76,81] developed a nonlinear thermodynamic theory to connect the Gibbs
free energy with the mechanical boundary conditions and the electrical polarization and field,

as described in the following:

In the case of a thin film grown epitaxially on a thick substrate, there will be no traction on the
surface of the film such that o3, 04 and o5 must be zero (using the Voigt matrix notation). The
in-plane lattice strains S}, S, and Sg (now using the old naming convention introduced in chap-
ter 2.4, since no confusion with the entropy will occur anymore) of the film at the film/sub-
strate interface are totally controlled by the substrate, which is assumed to be sufficiently thick.
Since the minima of the standard elastic Gibbs function G (with polarization and stress used as

independent variables) do not correspond to the equilibrium thermodynamic states (they are
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associated with the equilibrium thermodynamic states at fixed stresses), the necessary thermo-

dynamic potential is given by the following Legendre transformation of G:

G =G+S,0,+8,0,+S,0, (2.25)

While this is a general expression for the thermodynamic potential of a thin ferroelectric film
on a thick substrate, the here considered case of a (001) ferroelectric thin film epitaxially
grown in a cubic paraelectric phase on a cubic (001) substrate results in S} =S5, =S, (S, ac-

cording to Eq. (2.8)) and Sz = 0.

Using the Landau-Ginsburg-Devonshire formalism from chapter 2.5, the modified Gibbs free
energy G was expanded into a power series of the polarization, with simplifications according
to Ref. 82. Instead of a huge mathematical term expanding over several lines or more that in-
cludes all possible cases of polarization states and crystallographic orientations as it is shown

in Ref. 83, here the result simply is

2

G = —" 4 a'P2+ayPy+a, P - PyE,. (2.26)
St S

In Eq. (2.26), simplifications have been included due to the fact that here only the particular
case of thin films grown on compressive substrates will be considered. In this case, the film
stabilizes below 7 in the out-of-plane polarization state (P, = P, = 0, P;#0), while the

renormalized coefficients (as defined in this 2D-clamping case) are

* * 2
ay = a;—28,0,/(s;; T51,) and azy3 = a;; + 0,/ (s +51,). (2.27)

The parameters a;, ay; and a;;; are the dielectric stiffness and higher order stiffness coefti-
cients at constant stress (a; is also known as the reciprocal dielectric susceptibility of the unpo-
larized crystal), s;, are the film elastic compliances at constant polarization and Q,, are the

electrostrictive constants in polarization notation.

The phase transition temperature as a function of the lattice mismatch strain can be found by
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setting a3 = 0 and with

T-T,
a, = 0 (2.28)
2C¢,
(see Ref. 75) as
201,
I(=Ty) = Ty+S,C-2¢, . (2.29)
S117 512

The dependence of the dielectric susceptibility on the lattice strains has been extensively stud-
ied by Pertsev et al. [75-77]. They considered a thin film grown on a thicker substrate and
found the reciprocal dielectric susceptibility 1/y,; (perpendicular to the film/substrate inter-

face) to be linearly dependent on the misfit strain:

N
1 2a,(T)- nQ12

Xel st

(2.30)

Here, s, are the film elastic compliances at constant polarization, Q,, are the electrostrictive
constants in polarization notation and a; is the dielectric stiffness of a bulk crystal linearly de-
pendent on the temperature 7. For describing the dielectric permittivity ¢ (which is almost the

susceptibility) depending on the misfit strain, Eq. (2.30) leads to

gOKs

2.31)

One realizes, that the dependence of the permittivity on the lattice strain in the film obeys a
Curie-Weiss type law. Eq. (2.31) describes the conditions of a tetragonal thin film grown on a
compressive substrate S, <0) and is valid only at S, >S.

K, = —(sy; +5,)/(45,0,,) >0 represents a material parameter equivalent to the Curie
constant C and describes the sensitivity of the permittivity on the strain (in analogy to the sen-
sitivity of  the permittivity on the temperature from Eq. (2.18)).
S*(T) = a,(T)(sy; +5,)/(20,,) displays a critical misfit strain at which the paraelectric

phase loses its stability against the appearance of the out of plane polarization P5 (in analogy to
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the critical temperature 7, from Eq. (2.18) above which the ferroelectricity disappears).
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3 Thickness Dependence of Dielectric
Properties in Ferroelectrics

Several authors reported a strong decrease of the dielectric constant with decreasing thickness
of the BST thin films under investigation [13-18,84-92]. Figure 3.1 (a) shows a comparison
between the temperature dependence of the dielectric constant of a ceramic BST sample and a
100 nm BST thin film: Whereas the dielectric value for ceramic samples shows a distinct peak
(hence phase transition) at 310 K with a maximum value of approx. 20,000, the picture looks
very different for the 100 nm BST thin film. Here, the maximum dielectric value is decreased
to approx. 400, while the phase transition is strongly smeared with a hardly noticeable transi-
tion temperature T~ 180 K. The plot of the reciprocal dielectric constant 1/¢,
(Figure 3.1 (b)) shows that both samples obey the Curie-Weiss law above their phase transition
with identical slopes, e.g. identical Curie constants. A more detailed analysis is given by Bas-
ceri et al. [15], where they analyzed the dielectric properties dependent of the film thickness,
electric field and temperature. The analysis of the reciprocal capacitance density (@ zero bias)
for different thicknesses reveals a linear dependence (Figure 3.2), as it was also reported by

other groups [14-18,89-92]. This general behavior is often described by the so-called “dead-

100000 y——r—— : : :
Q7005 110, 0.005 A

. @ (b)

S 0.004 1 -

B Thin Film

2 10000 & Ceramic 3

8 ﬁ w 0.003 A

o <

3 0.002 |

S 1000

a 0.001

N Fiim
100 t=100 nm 0.000 . . . . . .
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Temperature (K) Temperature (K)

FIGURE 3.1:

Comparison of the temperature dependence of the dielectric properties of a BST ceramic and a thin film
of the same composition [13]

(a) Dielectric constant, showing a more or less clear phase transition

(b) Reciprocal dielectric constant, obeying the Curie-Weiss law
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layer-model”, which is schematically depicted in Figure 3.4: Here, an additional parasitic “in-
terfacial capacitance” in the plate capacitor was introduced that hypothetically has a lower di-
electric constant than the dielectric material under investigation. This small capacitive
component acts electrically in series with the rest of the film, suppressing the dielectric con-
stant in the whole system. Since a series connection of capacitive elements follows the rule
1/C = Z 1/C;, the influence of the interfacial capacitance is maximized at the phase transi-
tion temperlature, and less influential far away from 7, thus automatically causing a peak-sup-
pressing effect. The total thickness of the bulk dielectric layer with the permittivity g, is
denoted by ¢ and the thicknesses of the (two) dead layers with lowered permittivity &;; and &
are t;; and t,5. Multiplied by the total capacitor area A4, it can be expressed most easily by its re-

ciprocal capacitance density 1/c¢ off:

G = s += (3.1)
Ceff ¢ ff oéi 0 ci, total  €b

A 1 L 1L 1 1
e
Here, the two dead layers are combined into one single layer with thickness #; and permittivity
&, resulting in the total interface capacitance density 1/c; . In general, it can be assumed
that 7 » #;, so that a linear equation in ¢ results with a y-axis intercept 1/c; ;,,,; and a slope equal
to 1/(&y&p). From plots similar to Figure 3.2, one may now directly conclude to the quality of
the electrode-dielectric-interface and also the dielectric constant of the pure (undisturbed) fer-
roelectric layer by means of the interface capacitance and the bulk-epsilon value. It should be

mentioned that this dead layer has never been found yet physically by any means of micro-
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scopic investigations or chemical analyses. Nevertheless, it is a fairly good model to describe
phenomenologically the permittivity decrease in ferroelectric thin film capacitors with de-

creasing thickness.

Figure 3.3 shows, how the authors of Ref. 89 attribute several possible influences on the de-
crease of the permittivity &, (shown here is the reciprocal permittivity 1/, as a function of tem-
perature 7). In addition to the more precise terms of strain and non-stoichiometry (here: excess
Ti), also a rather diffuse interface effect is mentioned, which seems to have a strong contribu-

tion on the permittivity decrease.

The whole issue has been very early discussed by Kénzig [93], who supposed that a surface
layer of 10 — 100 nm close to the bulk of BaTiOj5 crystals exists. He attributes the resulting sur-
face strain to anionic or electronic space charge layers while in later investigations the thick-
ness of this layer has been approximated to values between 10 and 1,000 nm ([94] and
references therein). It is important to mention here that by measurements of thickness series as
shown in Figure 3.4 it is only possible to determine the quotient of the thickness and the per-
mittivity of the surface layer, #/¢. (corresponding to the reciprocal capacitance density,
A/ C o). The separation of these strongly linked parameters is only possible under the as-
sumption of a defined value of the dielectric constant of the layer. In early stages of the inves-
tigations thickness ranges of 1 pm for an assumed &, =200, and 100 nm for an assumed ¢.= 5

were reported. By reaching higher degrees of technical development, the deposition of films in
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the range of the assumed thickness of the surface layer could be realized, while these speci-
mens still had high dielectric constants, so the value of #/¢, was changed, but in general the idea

of a surface layer remains valid.

The interface capacitance density has been investigated in the case of BST deposited using the
method of chemical solution deposition (CSD) on platinized Si wafers by Ellerkmann et al.
[95]. Using a modified approach of the LGD-theory, it was found that the interface capacitance
does not show any dependence on the applied bias voltage. Together with the fact of a thick-
ness independent permittivity at high applied electric fields, this allowed to explain the strong
suppression of the tunability for thin BST films. As a result, the thickness and permittivity of
the assumed interface layer had been estimated as ¢, = 20 nm and &; = 100. While these values
have to be discussed extremely carefully (especially the very thick interface layer, ¢,), it must
be stressed that in the conclusion some simplifications could be done that will not hold in ev-
ery case. These include the absence of a spontaneous polarization at room temperature and a

non-epitaxial nature of the films under investigation.

Accompanied by the decrease of the permittivity, several authors reported a shift of the phase
transition temperature 7~ depending on the thickness of the ferroelectric layer in the capacitor
[17,92,96,97]. In general, T~ seems to deviate from the bulk values when dealing with thin
films in the thickness range below 600 nm. While in some publications a decrease of the phase
transition temperature with decreasing thickness of the dielectric has been reported [17,96],
others found that the phase transition temperature increases with decreasing film thickness
[97]. Depending on the involved electrode material, both of the above mentioned cases have

been found in very similar BST capacitors [92].

In the following, possible physical explanations for the dielectric deterioration in thin ferro-
electric films will be listed according to a classification in the two groups “intrinsic” and “ex-

trinsic” influences.

3.1 Extrinsic Influences

Crystalline Imperfections

There exists a variety of crystal defects that may cause thickness dependences in the ferroelec-
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Simplified sketch of the “dead layer” model.

tric properties as mentioned above [98,99]. A major cause for the formation of dislocations in
ferroelectric thin films and hence the decrease of the ferroelectric properties can be found in
the misfit across the interface between an epitaxial film and its underlying substrate
[58,71,73,99]. As long as this misfit is small enough, it will be accommodated by uniform elas-
tic strain until a critical film thickness is reached. Films above this critical thickness (in the or-
der of 5 — 15 nm) relax from their strain by introducing dislocations that will deteriorate their

functionality.

It is also well known that grain boundaries and grain sizes have a strong impact on the permit-
tivity in ferroelectric thin films. Waser collected reports which showed for BTO with decreas-
ing grain sizes an increase of the permittivity up to a maximum at around 700 nm [88]. Below

this grain size, the permittivity decreased again.

To eliminate grain-size effects, several groups have investigated single-crystalline BST films
[21,36,37,100,101]. The highest measured dielectric constant of these films is around 1,000
[100]. Depending on the film quality, BST films may show the paraelectric to ferroelectric
phase transition, but much broader than that in a bulk material. A more consequential way to
get rid of all defect- and grain boundary — based phenomena was chosen by Saad et al. [102]
who prepared “free-standing” single crystal BTO capacitors with the focused ion beam (FIB)
technique down to thicknesses of 75 nm. They observed maximum dielectric constants exceed-

ing 25,000 and a ferroelectric phase transition at about 395 K as well as a Curie-Weiss-temper-
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ature of about 377 K that usually can be seen only in single crystal bulk ceramics. These
findings were regarded as a full recovery of bulk-like functional behavior for ferroelectrics in

the sub-100 nm thickness regime, as no one has seen before.

Local Diffusion of Electrode Material into the Ferroelectric Film

The dependence of ionic interdiffusion on the ferroelectric properties of thin BST films was in-
vestigated by several groups. Tsai et al. found that BST thin films on Ru bottom electrodes
showed a decreased dielectric constant from 548 down to 325 after annealing in O, at 700 °C,
while the same films on Ru/RuO, bottom electrodes had an increased dielectric constant from
322 to 433 after a similar annealing treatment [103]. They assume that the BST films on Ru/
RuO, behave more stable while on Ru, a possible thin interfacial layer like (Ba, Sr)(Ru, Ti1)O;
might have been formed by the interdiffusion of ions after annealing, caused by the similarity
of the ionic radii of Ru and Ti. The approach of Choi et al. was to use (Ba, Sr)RuO; (BSR) as
the electrode material, where they found a strong dependence of the dielectric constant on the
(Ba, Sr)/Ru ratio in the BSR electrodes with the highest values at about 550 for a stoichiomet-
ric ratio of 1.0 and lower values at 470 and 350 for ratios of 1.3 and 0.7 respectively [23]. They
assume a diffusion of the shared elements Ba and Sr in either direction between stoichiometric
BST and Ru-rich or Ru-deficient BSR, leading to the formation of a low dielectric interface
layer. This diffusion may be suppressed in the case of stoichiometric BSR due to equal driving

forces.

3.2 Intrinsic Influences

Built-In Electric Fields

The temperature dependence of the permittivity in BST has been investigated by Vendik et al.
[104]. They consider perfect single crystals of BST (no defects) which are free of built-in elec-
tric fields and internal mechanical strains, where the position of the maximum permittivity co-
incides with the phase transition temperature. Since such a perfect crystal is not available when
dealing with thin film capacitors, one has always to account for built-in fields from work-func-
tion differences of the used electrode materials, which following their calculations cause a shift
of the maximum permittivity towards higher temperatures and a decrease of the permittivity in

general. Other sources for internal built-in fields are mentioned by Tagantsev et. al., who iden-
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tified depletion layers at the electrodes to be the reason for a reduction of the effective dielec-

tric permittivity of the film [105].

Lattice Strains

The mechanical boundary conditions at the electrode/ferroelectric interface, as introduced in
chapter 2.4, not only have an extrinsic effect when they lead to the generation of misfit disloca-
tions (cmp. chapter 3.1), but also affect intrinsic size effects. In fact, the lattice strain can also
affect the stability of the ferroelectric phase and impact the equilibrium domain structures. In
Ref. 91, using a thermodynamic theory the decrease of the permittivity has been explained by
the thickness dependent strain relaxation in epitaxial ferroelectric thin films, which leads to a

thickness dependence of the reciprocal capacitance density in analogy to Eq. 3.1.

Finite Screening Abilities of the Electrode Material

The reduction of the applied field inside the ferroelectric film due to a finite screening length
of the electrodes was first mentioned 1961 by Mead [106]. He reported measurements of the
reciprocal capacitance density vs. film thickness for Ta-TaO, capacitors that resulted in plots
similar to those in Figure 3.2 and attributed this thickness dependence to electric field penetra-
tion into the (metal) electrode, while he assumed the penetration depth to be approx. 1 A. The-
oretical studies from Ku and Ullman showed a good agreement with Mead’s investigation

[30]. By using the Debye-length L, defined by

1/L* = 2nye’/ £, 6E (3.2)

with specific parameters of the electrode material such as its Fermi energy E its dielectric
constant ¢,, and its free electron density 7 they found a description of the reciprocal capaci-
tance density similar to that given by Eq. (3.1):

Tt 4,3 L (3.3)
c &E, E0p,

Again, the reciprocal capacitance density consists of one thickness dependent part from the
pure dielectric behavior plus one thickness independent part (intercept) governed by the char-

acteristic length L multiplied by 2.3. The characteristic penetration length L has been corrected
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later by Simmons to 7,
ro = 2L/ A3 (3.4)

who found an analytical expression rather than the numerical values from Ku and Ullman

[107].

Finally, an application of the electric field penetration towards high-dielectric constant perovs-
kites was performed by Black and Welser [31]. They considered an exponential distribution of
the screening charges inside the electrodes rather than a screening charge plane of zero thick-

ness, as it is assumed in the conventional case of linear capacitors (Figure 3.5). They calculated
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the characteristic screening length / by means of the Thomas-Fermi method as follows:

P = ggoEF _ .72
- gm3 Lo = nlrr (3.5)

Here, one finds again Fermi energy Er and dielectric constant g, of the electrode material,
while p, denotes the induced charge density at position x = 0 and /7 is typically defined as the

Thomas-Fermi screening length. Now the resulting reciprocal capacitance density can be cal-

culated as
21/
S N ls v 1,1 (3:6)
Coff 0| &r @ Cdielectric ~ Cinterface

Again, this results in an equation describing 1/c.linear dependent on t with a y-axis intercept
resulting from the interface capacitance. Hence, one can now calculate maximum values of the
interface capacitance when /7 and ¢, are known. It should be noted that these values, depend-
ing on the accuracy of the used electrode parameters, seem to display limits of the interface ca-
pacitance density regardless of the used dielectric material or thickness of the dielectric layer.
The value of the electrode permittivity ¢, in the case of SRO is under controversial discussion
in the literature: While Black and Welser suggest a speculative value of ~100, Kim et al. have
calculated the SRO permittivity by means of optical measurements to a more realistic value of
~8.45 [108]. In contrast, Dawber et al. neglect the SRO permittivity by simply setting this
value to 1 [32,109].

From publications of Batra et al. an influence of the so called depolarizing field £, on the
phase transition temperature in ferroelectric thin films can be observed [110-112]. This field
may occur when the polarization charges p = —divP are not perfectly compensated by free
charges. Such compensation charges can reside either internally (in the ferroelectric) or exter-
nally (in the electrodes). Since the conductivity of the ferroelectric is generally rather low (sev-
eral orders of magnitude smaller) compared to the electrode material, one assumes that for
most cases of interest the polarization will be compensated externally. In thin films however,
such a charge compensation cannot be done completely, resulting in a residual field that may

modify the phase stability of ferroelectric films with sufficiently low thickness. With these ob-
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servations, a decreasing phase transition temperature with decreasing film thickness could be

found.

To determine the magnitude of the depolarizing field, the considerations of Mehta et al. can be
used [113]. They found a strong dependence of the retention behavior in
Pb 92B1 g7Lag ¢1(Feg 405Nbg 32521 27)O3 on the film thickness and attribute this to depolar-
izing fields existing inside the ferroelectric. Assuming a charge distribution similar to what has
been found by Black and Welser [31], and by solving Poisson’s equation, the depolarizing

field E,, was calculated to

Edep -

P |: 2¢./1 } 3.7)

&€ l2¢/ 1+ ¢,/

where they use the dielectric constant of the electrode ¢, again, while /; means the screening
length in the electrodes and P, / and &, denote the polarization, thickness and dielectric con-
stant of the ferroelectric layer. By applying voltage pulses on the capacitor, they measured the
time dependence on the retention loss and found that different polarities of the applied pulses
result in different polarization retention decay. They attributed this to contact potential differ-
ences and could improve the retention behavior by applying additional external voltages com-

pensating these differences.

GroBmann has shown a way to connect the interface capacitance with the polarization and the
depolarizing field by using the model of a short-circuited capacitor with the two possible dead
layers combined into one single interface layer, as shown in Figure 3.6 [114]. With Maxwells

equation

SEEdE =0 (3.8)

and the continuity condition at the ferroelectric/electrode interface D; = D, as well as the ex-

plicit expression of the screening in the ferroelectric (£, = -E, ep)

Dy = P+ gygE, (3.9
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the resulting depolarizing field can be evaluated to

1
ci+cb

1
Egep = P ’ (3.10)

Here, c; and ¢, are the interface and bulk capacitance densities. Since the thickness of the inter-
face layer #; can be assumed to be much smaller than the total thickness of the capacitor ¢, the
second part of the denominator in Eq. 3.10 is often neglected [39], so that E;,, may be ex-

pressed as

£

Cl.t

Edepz (3.11)

Both Eq. 3.10 and Eq. 3.11 show a linear dependence of the depolarizing field £, on the

electrical polarization P

A method for direct measurements of the depolarizing field incorporating the voltage pulses
introduced in Ref. 113 was suggested by Kim et al. [108]. They used SRO/BTO/SRO capaci-
tors on STO substrates and observed a slow-down of the polarization retention loss, which they
attributed to a (complete) compensation of the depolarizing fields. The values for £, derived

in this procedure were shown to be in a similar range as those calculated with Eq. (3.7) using
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dielectric values calculated by optical spectroscopy of the SRO electrodes. In a publication of
Bratkovsky and Levanyuk, however, it is strongly questioned wether this applied bias is re-

lated to the depolarizing field at all [115].

Ab-initio calculations of SRO/BTO/SRO capacitors epitaxially grown on STO were performed
by Junquera and Ghosez [34]. They discussed the system depicted in Figure 3.7 under short
circuit conditions. The basic unit, periodically repeated in space, corresponds to the general
formula [SrO-(RuO,-Sr0O),/Ti0,-(Ba0O-TiO,),,] with n =35 and m ranging from two to ten,
thus controlling the thickness of the electrodes and dielectric layer. From first principle consid-
erations of the internal energy and electrostatic arguments the existence of the depolarizing
field in thin ferroelectric films could be validated, which, as will become clear later in this
work, have a direct influence on the phase transition temperature of the investigated thin film

capacitors.

Soft Mode Hardening

Changes of the lattice dynamical properties of perovskites have been studied extensively by Si-
renko et al. [19]. They attribute the reduction of the dielectric constant in SrTiOj5 thin films to
the hardening of the lowest optical phonon mode, which is also named the soft mode. They

measured the effective dielectric constant as real and imaginary parts as a function of the
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wavenumber (cm™') at various temperatures. From these measurements, the eigenfrequencies
of the soft mode optical phonons were evaluated. As it is known from Ref. 116, this eigenfre-
quency, measured at bulk ceramics, should decrease with decreasing temperatures until it
reaches approx. zero at a critical temperature. The experiments in Ref. 19 however showed a
reduced softening of the soft mode depending on the temperature, e.g. the frequency of the soft
mode phonon does not reach zero but saturates at finite frequency values. In contrast, the
eigenfrequencies of all other longitudinal and transversal optical phonon modes will be only
slightly affected by variations of the temperature and do not differ from those of the bulk STO.
The comparison of the inverse of the static dielectric constant and the soft mode as a function
of temperature showed a good agreement, as it was previously predicted by theoretical values

of the Lyddane-Sachs-Teller (LST) relation.

In a Ref. 33, a correlation between the dead layer and the hardening of the SrTiO5 soft mode
could be established. With first principles calculations for SRO/STO/SRO heterostructures a
macroscopically averaged local permittivity profile has been achieved. From the correspond-
ing electrostatic potential, a direct conclusion on the depolarizing field E;,, was made, which
the authors think is the main cause of both the interfacial dead layer and the soft-mode harden-
ing. They found from their analysis that excellent screening properties at the interface are im-
portant, since even one or two sub-polarized atomic monolayers would seriously affect the

properties of micrometer-thick devices (and of course thinner film thickness).

To summarize this chapter, the following should be noted: The simplest model assuming low
permittivity layers at the electrodes/ferroelectric interfaces reveals a widely accepted equation
for the calculation of the reciprocal capacitance density linearly dependent on the film thick-
ness (Eq. 3.1). As will be shown later, some of the intrinsic and extrinsic effects lead to similar
representations of the capacitance density with a variation of the basic equation due to the par-
ticular physical effect, so that additional terms are added that include the dependence of me-

chanical strains or depolarizing field.
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4 Experimental Methods

The first part of this chapter gives the details about the preparation of the ferroelectric capaci-
tors used in the investigations of this work. In the second part, the different methods and tech-

niques of electrical characterization are described.

4.1 Sample Preparation

Numerous methods for the deposition of ceramic thin films have been developed in the last de-
cades. Choosing the right method is not easy and always depends on the specific material to be
grown on a certain substrate to fulfill a certain purpose. The deposition techniques can be clas-
sified into either physical or chemical deposition methods [5,117,118]. The physical methods
are characterized by a well defined particle source (target) and generally a free flight (in vac-
uum) to the substrate. In chemical methods, so-called precursor solutions containing the de-

sired materials dissociate at the hot substrate surface and release the atoms of interest.

Since in this work solely physical deposition methods were used, a detailed description of the

chemical methods will be omitted.

In the following, a description of the deposition techniques used in this work will be given.
The BST and SRO thin films were deposited by pulsed laser deposition while the Pt electrodes

were fabricated by sputtering.

Pulsed Laser Deposition of perovskite thin films

A comprehensive description of all details of the pulsed laser deposition (PLD) technique can
be found in Ref. 120, therefore this introduction will be rather brief to explain only the essen-
tial parts of this method. The working principle of the PLD technique is displayed in
Figure 4.1 (a). A short pulsed laser beam from an excimer laser” is focused on a rotating target
containing the materials to be deposited in a stoichiometric composition. In the deposition
chamber an ambient gas pressure (usually O,) of 0.3 to 1 mbar is maintained, so that these
pulses with an energy of typically 2 — 5 J/pulse lead to the immediate formation of a plasma at

the target surface, containing energetic neutral atoms, ions and molecules. This so-called

4. Here, a KrF excimer laser with a wavelength of 248 nm and a repetition rate between 5 and 10 Hz was
used
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Working principle of the pulsed laser deposition (PLD) [5]

(a) Simplified setup of a PLD system for the deposition of oxide thin films

(b) Time evolution of the plasma plume that develops at the surface of the target

“plume” reaches the substrate surface with a broad energy distribution of 0.1 to > 10eV. A

chronological resolution of the evolution of the plume can be found in Figure 4.1 (b).

Using PLD, numerous different material systems could be successfully deposited, amongst
others also thin films of perovskite ceramics such as BTO and STO [119], BST [121] or SRO
[122]. In the course of this work, the involved parameters had to be optimized to achieve the
successful deposition of high-quality single crystalline thin films. The parameters used for the

deposition of the films investigated here can be summarized as follows:

* Po, = 0.25 mbar (oxygen partial pressure)

* Ty =700° C (growth Temperature at the STO substrate)

» oxygen flow rate: 144.5 mln/min

* laser repetition rate: 5 — 10 Hz
» Laser energy density: 5 J/em?

* deposition rate: 10 — 20 nm/min.

For substrate purposes, commercially available STO single crystals ((100) orientation, manu-

facturer: Crystec GmbH) with an area of 1 x 1 cm? and a thickness of about 1 mm were used.
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In an in-situ’ process, first the bottom electrodes were deposited, resulting in SRO layers of
about 100 nm thickness. Prior to this deposition, the substrate was heated up to the desired pro-
cess temperature, after which the ambient O, pressure has been adjusted to a constant pressure.
To get a “clean” atmosphere in the process chamber, the pump exhausted the “used” oxygen,
while fresh oxygen has been let in, thus resulting in stable flow-rates and oxygen pressures.
After setting up the chamber parameters according to the desired values, the laser has been
switched on with a suitable repetition frequency. For the next layer to be deposited, the SRO
target has been replaced by turning the target carousel and positioning the BST target into the
laser beam without breaking the low vacuum, thus allowing an in-situ deposition of the thin
films of interest. The film thicknesses deposited in this second step range from about 10 nm up
to about 300 nm. Depending on the certain concept, a third deposition step has been per-
formed. Here, top electrodes with thickness of about 30 nm were deposited in a subsequent in-
situ deposition step after changing the target back to SRO at the same temperature and pressure

as the BST films before.

Top Electrode Structuring

Besides the aforementioned deposition of the perovskite materials via PLD, additional samples
were prepared with top electrodes of Pt deposited ex-sifu in a dc-sputtering system. The Pt as
well as the SRO top electrodes had to be structured to finally form a plate capacitor configura-
tion with a suitable geometry ratio. In principle, this structuring could be done using a /ift-off
process [5] or by means of a dry etching step. For the Pt case, it has been experimentally ob-
served that a treatment of the BST surface with chemicals such as the developer and photore-
sist in the lift-off process prior to the deposition of Pt leads to a significant deterioration of the
dielectric properties of the thin film capacitors. In case of SRO top electrodes, the photoresist
would not withstand the high temperatures necessary for the PLD process. Therefore, a dry
etching process had been used for defining both the Pt and SRO top contacts, which by the way

makes it easier to compare the two different material systems.

Here, photoresist (AZ5214) has been spun on the top electrode layer and has been prebaked,

thus establishing a so called positive tone process. The thus prepared photoresist was then ex-

5. Different processing steps are performed in series without changing the reaction chamber (here: PLD
chamber) and without breaking the process atmosphere (vacuum)
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posed by means of a photolithographic mask and UV-light. A succeeding developer bath re-
moved the photoresist which had been exposed to the UV-light, while the unexposed area
defining the top electrode contacts remained on the top layer. In a final processing step, the
thus pre-structured samples have been dry-etched in an Ar-plasma RIBE (reactive ion beam
etching; Oxford Instruments Ionfab 300). Using this process, top electrode contacts with
5x5 pmz up to 200 x 200 },Lm2 could be achieved, which together with BST thicknesses of

max. 200 nm result in stray-field-free capacitors.

In the following, the system SrRuO;/Ba ;Sr( 3TiO3/SrRuO5 will be termed as SRO samples
and correspondingly the system SrRuO5/Ba 7S, 3Ti105/Pt as Pt samples.

4.2 Electrical Characterization Methods

In this sub-chapter, the methods for electrical characterization of the ferroelectric thin film ca-
pacitors will be described. A measurement setup was available which allowed the samples to
be investigated at different temperatures. This system (Cascade Microtech thermal probe sta-
tion 9600) comes along with an available temperature range from -65 °C up to 200 °C, using a
compressor stage and methanol as the cooling medium in a closed circuit. The system is
equipped with two micro-manipulators controlling the needles to contact the device under test
and a microscope to magnify the contact area. It is possible to make the necessary electrical

connections using the provided BNC connectors to ensure proper shielding of the signals.
The measurement of the different electrical properties was done using equipment such as:
* Impedance analyzer (HP 4194A)

» aixACCT TF analyzer 2000

These instruments are partly equipped with IEEE488 interfaces, so a computer controlled pro-
gramming of the measurements could be performed using National Instruments LabVIEW as

the programming tool.

4.2.1 Small Signal Measurements

One key characterization parameter of ferroelectric materials is their permittivity &, In the

early years, it was enough information to know the permittivity for the case of zero field,
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E =0, since most applications for ferroelectric materials used only their small signal proper-
ties. Nowadays, more and more large signal applications (such as tunable filters etc.) became
interesting, so that the polarization dependence of the permittivity had to be investigated. This
is most easily characterized by a so-called “capacitance-voltage curve” (C-V curve). The ca-
pacitance, which yields the permittivity as can be seen from the well known plate capacitor

formula

A
C = gogr? 4.1)

was measured using an impedance analyzer.

Therefore, one applies an alternating voltage on the device under test and measures the result-
ing current as well as the phase shift between current and voltage. With these values, the (com-
plex) impedance can be determined, which can be easily transformed into capacitance and loss
tangent or whatever parameter one is interested in. The impedance analyzer used here allows
to apply alternating voltages with a measurement frequency f,. from 100 Hz up to 15 MHz,
while the amplitude of the small signal voltage V', can be varied from 10 mV up to 1 V. An
additional DC voltage bias can be superimposed on the small signal measuring signal, where
Vpc ranges from -40 V up to 40 V [123]. This allows the measuring of the permittivity at dif-
ferent polarization states, corresponding to different points on the hysteresis loop. The instru-

ment can automatically perform complete dc-voltage sweeps, resulting in C-V curves with

H L R

DUt —" N
MO0 O
v r v

Auto balancing bridge method: Currents flowing through the DUT also flow through resistor R. The
potential at the “L” (low) point is maintained at zero volts (thus called “virtual ground”), because the
current through R balances with the DUT current by operation of the /-V converter amplifier. The DUT
impedance is calculated using voltage measurements at the “H” point (high) and across R (from [124]).
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FIGURE 4.3:
A Connection diagram of a four terminal pair (4TP)
Lc | } i ) :
configuration of the measurement cables [124].

predefined start- and stop bias values and a user-defined bias-voltage step. The resulting large
signal frequency is quite low, depending on the signal enhancement methods (averaging, inte-
gration) one achieves rates of ~100 mHz. A very simplified functional diagram of the used
type of impedance analyzer is given in Figure 4.2. For accurate measurements of a device im-
pedance, it is important to know the influence of any cabling or contact needle issue. Most in-
struments are equipped with integrated compensation functions that allow to reduce these
disturbances. Proper use of the short and open compensation modes in advance to the actual
impedance measurement together with a four terminal pair configuration of the connecting ca-

bles according to Figure 4.3 lead to a significant improvement in measuring accuracy [ 124].

4.2.2 Hysteresis Measurements

Measuring the polarization in ferroelectric materials is always connected with some kind of
hysteresis curve. In these measurements however, one applies large signals to the device under
test with a frequency of up to 2000 Hz (or even higher). With these measurements it is possible
to determine certain parameters of the ferroelectric such as remanent polarization P, or coer-
cive voltage V,. (or field E.). The basic principle of such a measurement is presented in
Figure 4.4 (a). Here, a signal generator with its internal resistance R; is connected in series with
the ferroelectric device under test and a current amplifier. The “amplifier” can be a simple

shunt resistor or a defined capacitor (Sawyer-Tower method [125]).

Virtual Ground Method

A more sophisticated method for measuring polarization loops is the virtual ground operational
amplifier technique [126] which allows better measurements of slow transient responses. Its
principle circuit is shown in Figure 4.4 (b). Here, the bottom electrode of the capacitor under

investigation is connected to the virtual ground potential from the operational amplifier. De-
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FIGURE 4.4:

(a) Schematic hysteresis measurement setup: Waveform generator, device under test and amplifier.
(b) Virtual ground operational amplifier circuit.

pending on the choice of the circuit element in the feedback loop, the amplifier acts as a cur-
rent amplifier (Resistor R,) or a current integrator (Capacitor Cg) and provides a signal
proportional to the current or proportional to the charge (which is the integrated current). The
hysteresis curves presented in this work were recorded with an aixACCT TF analyzer 2000

[127].
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S Results

In this chapter, the achieved experimental results from microstructure characterization and

electrical characterizations are presented.

5.1 Physical Characterization: X-Ray Diffraction

The samples have been analyzed by X-Ray diffraction (XRD) [128,129] concerning their
phase purity and crystallographic texture using a Philips X’PERT diffractometer with a CuK,,
cathode. Measurements have been performed using the Bragg-Brentano geometry (- 26), in
which the counter records lattice planes parallel to the film surface. A comparison of the re-
sults with those of powder diffractometer databases® gives insight into the preferential crystal-

lographic orientation of the films.

Figure 5.1 shows the results of XRD measurements on the two sample series with different
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FIGURE 5.1:

XRD measurement of STO/SRO/BST heterostructures with different BST thicknesses
(a) Samples with DC-sputtered Pt top electrodes
(b) Samples with epitaxial SRO top electrodes deposited by PLD

BST thicknesses. Whereas the left figure (Figure 5.1 (a)) shows measurements on samples
with Pt top-electrodes, the right figure (Figure 5.1 (b)) displays the results from similar sam-
ples with SRO top electrodes. As can be seen, both series show peaks in the range of ~45°,

which is about the angle to be expected for the (002) orientation in powder samples of this

6. e.g. database of the International Center of Diffraction Data (ICCD)
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BST composition (45.4° — 45.6°). The peak at ~46° can be attributed to the (002) orientation of
SRO, which would be expected at exactly 46.2° according to the diffraction database. In gen-
eral, it is remarkable that the BST peak is shifted to lower angles with decreasing film thick-
ness, which gives a hint on the dependence of the out-of-plane lattice constants on the film
thickness. These have been calculated using the X-ray diffraction calculation program Powder-
Cell [130] and can be found in Figure 5.2. The samples show nearly identical lattice constants,
regardless of the used electrode material, which means that their strain state does not differ at
the particular film thickness (cmp. chapter 2.4) and does not depend on the top electrode. It can
be seen that the STO substrate imposes compressive stress on the BST thin-film, in a way that
the out-of-plane lattice constant becomes strongly elongated for the thinnest films. With in-
creasing film thickness the out-of-plane lattice constant more and more decreases and ap-
proaches a final lattice constant, since above a critical thickness 7. misfit dislocations will be
introduced due to energetic reasons which cause a thickness dependent strain relaxation. This

final value is clearly higher than the bulk BST lattice constant (3.977 A according to [62]).

The complete microstructure analysis of the involved samples has been carried out in Ref. 131,
where the high-quality cube-on-cube epitaxial relationship between BST, SRO, and STO was
proved by XRD ¢-scan measurements ([303]SRO//[303]BST//[303]SRO//[303]STO indexed
referring to the pseudocubic SRO unit cell). Rocking curves with a full width of 0.05° at half-
maximum of the BST (002) peak were measured for both Pt/BST/SRO and SRO/BST/SRO
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FIGURE 5.3:
HRTEM images of the SRO/BST/SRO system. Thickness of the BST layers are 10 nm (left) and 17 nm

(right). The images show sharp BST/SRO interfaces with no misfit dislocations in the thinner and some
misfit dislocations in the thicker sample.

stacks, which indicates that crystalline quality and strain state are independent on the top-elec-

trode material.

To find out the critical thickness 7., above which the generation of misfit dislocations is ener-
getically favorable, high resolution transmission electron microscopy (HRTEM) images have
been analyzed.7 Using this method, atomic distances in crystals can be resolved, allowing here

a direct conclusion on possible misfit dislocations. Additional information about the mecha-

nisms of (HR)TEM can be found in Ref. 5.

7. HRTEM images were kindly prepared by J. Q. He and C. L. Jia (IFF, FZ Jiilich).
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Examples of such images are shown in Figure 5.3: On the left, a sample with SRO top and bot-
tom electrode is presented, while the thickness of the BST layer could be determined to 10 nm.
The right image shows a similar sample with a BST thickness of 17 nm. The BST/SRO inter-
faces in both cases are very sharp and do not display secondary (mixed) phases. Remarkably,
there is no evidence of misfit dislocations in the thinner sample, while some misfit dislocations
can be found in the thicker sample (marked by arrows, see magnification included in the right

image). From these observations, the critical thickness can be approximated to

t.~ 10 nm. (5.1)

5.2 Electrical Characterization: Small Signal Response

Measurements of the small signal capacitance yield informations about the dielectric constant
of the ferroelectric material at various conditions. In principle, one finds the contributions of
the reversible polarization of the material under investigation, as has been investigated by Bol-
ten [132]. In order to measure the pure capacitance (that gives the permittivity), one has to
make sure that no polarization switching occurs which would falsify the measurements due to
switching currents. Thus, the amplitude of the excitation voltage has to be kept below the value
that allows for the polarization to be switched, or in other words: Small amplitudes of the exci-
tation field will only result in small reversible displacements of the domain walls inside the
material and reducing the amplitude of the excitation field results in a suppression of the irre-

versible displacements. The reversible capacitance according to Bolten is then defined as

Cron(E) = lim C(E, E,c). (5.2)

ac™>

where E ;- denotes the amplitude of the oscillating small signal excitation that is used to deter-
mine the capacitance, and E depicts the applied bias field. Indeed, this is the best (theoretical)
method to determine the capacitance value of a device under test, but practically cannot be ap-
plied in real experiments: Since the measuring equipment as introduced in chapter 4.2.1 uses a
non-vanishing amplitude of the excitation voltage, the task will be to determine the small sig-

nal capacitance with sufficient precision even in the case of non-zero excitation levels.
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In the course of this work, capacitance measurements at /;~= 10 mV (for better matching the
zero excitation voltage need) and V,~= 100 mV (for achieving a better signal-to-noise ratio

SNR) excitation voltage level were performed.

The dielectric loss tangent tan (J) (cmp. chapter 2.2) has been recorded simultaneously with
the small signal capacitance and serves as a measure of the capacitor quality. For the measure-
ment, a model circuit had to be chosen which would be the best approximation to the real ca-
pacitor. In this work, all small signal capacitance measurements were performed with a

simplified C,,-D setup, which means a capacitor in parallel to a lossy element.

5.2.1 Voltage Dependence of the Small Signal Capacitance

Applying an electric field on a ferroelectric crystal either in its ferroelectric or paraelectric
phase leads to a displacement of the atoms in the lattice against each other. The restoring force
in the case of a real ionic lattice, such as a perovskite material arises from the local fields gen-
erated by the neighboring atoms and leads to a non-linear contra-force. The consequence of
this is that the linear dependence between the dielectric displacement D and the electric field £
(see Eq. (2.5)) no longer holds. Instead, the introduction of a field-dependent permittivity &E)
is necessary. The effect of this non-linearity becomes significant at high electric fields. Hence,
the effect is more frequently observed in thin films than in bulk dielectrics because high elec-
tric fields are more easily reached in thin films at only moderate voltages. A high permittivity
corresponds to a smaller restoring force between the ions of the lattice and a large atomic dis-

placement at a given field.

In the following, examples of the field dependent permittivity of the Pt and SRO samples will
be illustrated. These graphs are often referred to as capacitance-voltage-curves (CV-curves),
although usually the dielectric constant &, will be plotted so that the curves are independent of
any geometry and can be easily compared with each other. It should be mentioned that all CV-
curves presented in this work were measured with one DC-bias sweep from negative voltages
up to positive voltages followed by one sweep from positive voltages down to negative volt-
ages. The applied frequency for the CV-curves has been fixed at 10 kHz, while the bias voltage
was assumed to be positive when the potential at the top electrode was higher than that of the

bottom electrode. In particular cases, this results in two cone-shaped curves, each shifted for a
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certain amount of voltage up or down, relative to one central voltage value (0 V or very close

to 0 V for the SRO samples), while in others these two curves do not differ from each other.

Pt samples
Figure 5.4 shows a C-F-measurement performed at room temperature (RT) with an excitation
level of V,-=100mV for a 130 nm Pt-sample (squares). The permittivity in the capacitor

reaches a maximum value of ¢, ~ 2130, which is by a factor of around 2/3 lower

max,Pt 100 mV
than the value reported in Ref. 64 for bulk ceramics at that particular temperature
(&p,;: = 3000). Additionally, the CV-curve exhibits a shift towards negative voltages

(Vs ift = 0.8 V) with a slightly asymmetrical shape.

The same measurement was done at a lower excitation voltage level of V;~=10mV and is

plotted in Figure 5.4 (circles). Here, the amplitude &, ~ 1900 of the CV-curve

max,Pt

> 110 mV
measured at V;~=10mV is slightly lower compared to the 2130 for the case of
V4c =100 mV. Besides this, no serious differences between these two curves could be ob-

served.

Measurements on several samples with different BST thickness at the same temperature and
excitation levels as mentioned above were performed. Figure 5.5 (a) shows the resulting CV-
curves from measurements at V,~= 100 mV. In general, a decrease of the permittivity with
decreasing film thickness can be observed, similar to what has been reported earlier in the

framework of the “dead-layer” model (chapter 3). The amplitudes of the dielectric constants
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CV-curves of Pt samples with different BST thickness, again measured at RT
(a) VAC: 100 mV
(b) Vjc=10mV

Erm ax,Pt|100 v can be determined to 2130 (measured at the 130 nm BST capacitors), 1790
(90 nm BST), 1270 (60 nm BST), and 780 (30 nm BST). There is a noticeable shift towards
negative voltages for all curves by around -0.8 to -0.5 V with slightly different shaped partial
curves depending on the direction of the voltage sweep (up or down). This shift can be attrib-
uted to an internal electric field caused by different electrode work functions (4.6 — 4.8 eV for
SRO [69] and 5.3 eV for Pt [68]). Again, these measurements were repeated on the same sam-
ples at a reduced excitation voltage level of 10 mV. The resulting CV-curves can be found in

Figure 5.5 (b), while their amplitudes ¢ are in general slightly lower compared to

e,
the results from the measurements at V;~= 100 mV. For the 130 nm sample, the value can be
determined to 1900 (2130 at V4~ = 100 mV), the 90 nm sample yields a maximum permittivity
of 1590 (1790 at V=100 mV), 1150 is the peak value for the 60 nm sample (1270 at
V4c =100 mV) and the 30 nm sample gives a maximum permittivity of 690 (compared to the
780 for the measurement at ;=100 mV). Again, the overall differences between both mea-

surements are not very serious, nevertheless one should keep in mind that in order to get the

pure dielectric capacitance it is advisable to account for the lowest possible excitation level.

The analysis of the reciprocal capacitance density 4/C off = c;1f as a function of the BST
thickness for samples under investigation is depicted in Figure 5.6. Here, the capacitance val-

ues at the maximum of the CV-curves have been utilized. As can be seen, a linear dependence
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of c;}f (squared and round data markers in the graph) on the BST thickness t is valid for the Pt
samples, regardless of the used excitation voltage level. From a linear fit on these data points
one can find the core parameters &, and c; ;,,,; according to Eq. (3.1). While &, describes the
permittivity of a Pt sample with an infinitely thick BST layer (denoted here as the bulk permit-
tivity), ¢; ;0141 €an be regarded as the total capacitance density of the low permittivity interface
layer that has the same value in each sample irrespective of its actual BST thickness. Here, the
determined values for the permittivity are quite identical with &, pt‘ 00y S 4690 and
&, Pt‘ omy ™ 4560, both exceeding the value ¢, ~ 3000 found in Ref. 64 which was measured
on bulk ceramic samples. It is important to mention that due to a possible shift of the phase
transition (cmp. next sub-chapters), a comparison of permittivity values at constant tempera-
tures may result in a comparison of materials with different state, e.g. the material may be in its
FE state in one sample, whereas it may be in its PE state for another sample at the same tem-
perature. For the interface capacitance density, values of ¢; ./ py — 0.27 F/m” and

5 100 mV
Ci total. Pt = 0.23 F/m"~ could be determined.
> > 10 mV

SRO Samples

Similar as for the Pt samples, measurements of CV-curves were also performed at the SRO
samples. An example of such a measurement is given in Figure 5.7. Here, the CV-curve from a
125 nm BST capacitor with epitaxial SRO top electrodes is shown, whereas the whole mea-
surement was performed at room temperature using an oscillation voltage level of

Vic=100mV (squares). The maximum value of the measured permittivity curve can be
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found as high as &, ~ 5010 . Here, the curve is almost exactly centered at 0 V, while

’"‘”‘ 100 mV
the two partial curves do not really differ from each other. The sample exhibits a high tunabil-

ity, i.e. applying a small DC-bias voltage results in a huge decrease of the capacitance.

The same type of measurement was performed on this sample with ;~= 10 mV and has also
been plotted into Figure 5.7 (circles). It is obvious that the two determined curves strongly dif-
fer in their maximum permittivity values: While the measurement at V;~= 100 mV yields a

maximum value of ¢ ~ 5010, the measurement using an excitation voltage of

””‘”“ 100 mV
V4c=10mV results in a lower value of ¢ ~ 2800, which is only slightly more than

rmax 10 mV
half of the value at V;~= 100 mV.

Performing the same measurements on additional SRO samples with different thicknesses, a
series of CV-curves resulted that can be found in Figure 5.8 (a) (for V,~= 100 mV). Again,
the permittivity decreases with decreasing BST thickness as mentioned before in the dead-

layer framework. Here, the amplitudes ¢, of the CV-curves can be determined

max, SRO ‘ 100 mV
to 5010 (125 nm BST thickness), 3420 (70 nm), 2980 (50 nm) and 1470 (15 nm).

The same analysis with a reduced excitation level of V;~= 10 mV is shown in Figure 5.8 (b).

The graph looks quite similar to that recorded with V,~= 100 mV, but in detail differs when

comparing the maximum permittivity &,, .. sro with &, <ro for each thick-
> 10 mV > 100 mV

ness: For the thickest film (125 nm), the measured permittivity is only about 2800 (compared

to the 5010 at ;= 100 mV), the permittivity of the 70 nm sample could be measured to 2260
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CV-curves of SRO samples with different BST thickness, measured at RT
(@) V4 =100 mV at RT
(b) VAC =10mV at RT

(3420 in the case of V=100 mV), the value of the 50 nm sample could be determined to
1910 (2980 at V=100 mV) and the permittivity maximum of the 15 nm sample decreased
to 1010 (instead of 1470 for V=100 mV).

Finally, the analysis of the reciprocal capacitance density according to Eq. (3.1) was per-

formed, as can be seen in Figure 5.9. The “bulk” permittivity of the SRO samples could be cal-

culated to &, SRO‘ ~ 7510 and ¢, SRO| ~ 3740, while the interface capacitance
’ 100 m : 10 mV

. . 2
density was determined to Ci,total, SRO gy - 0.93 F/m and
’ ’ m

c — 0.78 F/m". Obviously, there is a striking difference in the measured bulk
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permittivity when the excitation level V- is varied: The value becomes more than twice as

high for the higher excitation amplitude, while the interface capacitance density only slightly

changes.

Hence, the calculated bulk permittivity and reciprocal interface capacitance of the Pt and SRO
sample series at room temperature range in a similar order of magnitude when choosing the

lower excitation voltage level V= 10 mV, but strongly differ in the case of V;~= 100 mV.

5.2.2 Temperature dependence
From the considerations in chapter 2.2 a general temperature dependence of the permittivity in
ferroelectrics can be expected. Measurements of the capacitance in a wide temperature range

will be discussed in the following.

Pt samples

Figure 5.10 (a) shows the dependence of the permittivity measured on a 130 nm BST capacitor
with Pt top electrode at three different temperatures when using an excitation voltage level of
V4c =100 mV. As expected, the permittivity amplitude of the curves increases with increasing
temperatures up to ~300 K and then decreases with further increasing the temperature. Again,
the same measurements were performed at the lower V;~= 10 mV. Figure 5.10 (b) shows the

resulting CV-curves that look quite similar to those shown in Figure 5.10 (a).
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FIGURE 5.10:

CV-curves from a Pt sample with 130 nm BST thickness, measured at three different temperatures
(@) V4 =100 mV
(b) Vyc=10mV
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To get a better overview on the temperature dependence of the maximum permittivity values,
Figure 5.11 shows the development of the permittivity over a temperature range from 210 K
up to 470K on the same 130 nm Pt sample, measured with an excitation level of
V4c=100mV (squares). The resulting &, vs. T curve shows a distinct, but somehow broad-

ened peak with a maximum permittivity of &, ~ 2130. In contrast to other publi-

max, Pt g oy
cations dealing with (polycrystalline) thin films [15,89], a pronounced peak in the &. vs. T
curve can be observed at a phase transition temperature 7' Pt|100 . 290 K , marked with a
circle in the graph. This value is slightly lower compared to the 310 K found in Ref. 64. From
measurements at J,~= 10 mV, the temperature dependent permittivity values were also ex-
tracted and have also been plotted into Figure 5.11 (circles). The resulting phase transition can
be determined to T p - 310 K, which is about 20 K higher than measured with

V4c=100mV, while the permittivity ¢,

Fmax. Pt‘lO U 1980 at that temperature is slightly

lower than with 100 mV.

It becomes obvious, that a lower excitation voltage level yields an apparently higher phase
transition temperature, which is an important result. For the Pt sample under investigation
here, the T-shift AT = 20 K is quite moderate, but nevertheless one has to keep in mind
that the choice of high excitation voltage levels result in an apparently lower phase transition
temperature. The difference in the amplitudes of both &, vs. T will be discussed in detail in the
next chapter. Finally, Figure 5.11 shows that at temperatures above the phase transition (7" >

340 K) the used V- does not influence the resulting permittivity values.
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Temperature dependent measurements of the CV-curves were performed for various samples
with different thicknesses in the Pt series. Figure 5.12 (a) shows the resulting ¢, vs T-curves
that were found when measuring with V;~= 100 mV. Obviously, the phase transition temper-
ature varies with the BST film thickness: By decreasing the BST thickness of the capacitors,
the phase transition temperature increases from starting values of ~ 290 K for the 130 nm sam-

ple up to 360 K for the 30 nm sample. The maximum permittivity values & of

rmax, Pt g0 oy
the samples behave as expected when decreasing from 2130 (130 nm BST thickness) to 1790
(90 nm) down to 1270 (60 nm) and finally reach a value of 830 (30 nm). With decreasing BST-
thickness, the resulting &, vs T-curves become broader so that the ferroelectric phase transition
is less pronounced and even show a smeared phase transition in the case of the thinnest

(30 nm) samples.

Similar investigations on the Pt samples were performed in the complete temperature range us-
ing V,;c=10mV and yield the &, vs T-curves shown in Figure 5.12 (b). On the first view,
there is no significant difference between the analyses for 10 and 100 mV. The phase transition
temperatures are shifted for about 20 K upwards, while the permittivities at the phase transition
become slightly diminished compared to the measurements at ;~= 100 mV: For the 130 nm

sample, one can find a permittivity amplitude of & ~ 1980 (compared to the 2130

rmax, Pt‘ 10 mV

at V=100 mV), the value for the 90 nm sample drops down to 1640 (from 1790), at 60 nm
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FIGURE 5.12:

Temperature dependence of the permittivity of Pt samples at all available BST thicknesses as well as
the calculated bulk permittivity values (stars).

(a) VAC: 100 mV

(b) VAC =10mV
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the permittivity maximum can be determined to 1180 (instead of 1270) and the 30 nm sample

yields a maximum permittivity value of about 760 (compared to 830 found before).

Those values determined at the lower V.~ value might not be the absolute true permittivity
values, but should be close to what is expected to be the “pure” permittivity without a signifi-

cant influence of the polarization switching.

An analysis of the reciprocal capacitance density (cmp. Figure 5.6) has been performed for the
complete temperature range, so that the temperature dependence of the bulk permittivity as
well as that for the interface capacitance could be achieved. The resulting graph of the ex-
tracted bulk permittivity has been plotted into Figure 5.12. For both chosen excitation voltages,
the phase transition temperature of the bulk permittivity follows the trend from the samples
with values of T c. bulk|100 . ~290K and T c. bulk|10 . ~ 310 K (same as what has been
found for the 130 nm sample). The corresponding amplitudes of the bulk permittivities can be

~ 4760 as well as Sb’max|10 ~4570.

determined to &, ,, ax‘ 100 .

mV
For comparison reasons, Figure 5.13 (a) shows the bulk permittivities determined for the two
V¢ levels. Similar to what has been observed for the measured permittivity of the “real” sam-
ples, the calculated bulk permittivity from the thickness series also shows a shift of the phase

transition temperature for about 20 K as well as a nearly identical behavior for both V- levels
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(a) Comparison of the bulk permittivity values measured with two different excitation voltage levels.
(b) Temperature dependence of the reciprocal interface capacitance density derived from the Pt sample
series using two different V- voltages.
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in the temperature region above the phase transition. The reciprocal interface capacitance den-
sity c;lt otal, pt» derived from the second parameter of the analysis according to Eq. (3.1), has
been plotted in Figure 5.13 (b). Here, the values determined above the phase transition for the
two different excitation voltages do not match as perfect as it was the case for the bulk permit-
tivity, but they nevertheless show a very similar trend with values in the same order of magni-
tude. The thus determined interface capacitance shows a strong temperature dependence in the
observed temperature region. The interface values cz +01a/(T) decrease by increasing the tem-
perature from a more or less stable plateau at temperatures between 230 and 300 K (around

4 mz/F) down to a zero-interface at around 450 K and become even negative at higher temper-

atures.

SRO samples

CV-curves at different temperatures were also determined for SRO samples, as can be seen in
the resulting graphs in Figure 5.14 (a). Here, a similar temperature dependence can be ob-
served as seen before at the Pt samples. Also noticeable is the shape of the curves: They are all
well centered around 0 V, while for the lowest temperatures the two partial curves are slightly
shifted to either side of the 0 V, indicating the ferroelectric phase which at higher temperatures
disappears. Measurements with V;~=10 mV show a similar but in detail different view, as

can be found in Figure 5.14 (b). Here, the ferroelectricity can be detected better due to the
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FIGURE 5.14:
CV-curves measured on one SRO sample with 125 nm BST thickness, performed at three different
temperatures

(@) V4o =100 mV
(b) VAC: 10 mV
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larger shift of the partial curves in the low temperature measurement. Also noteworthy is the

reduced permittivity amplitude, that has already been mentioned in the RT comparison of the

measured CV curves at that sample.

Again, the complete temperature dependence of the permittivity for such a sample has been in-
vestigated over a larger temperature range, as can be seen in Figure 5.15. The resulting &, vs T
curve performed at V=100 mV (squares) shows a bulk-like behavior with a maximum

value of &, ~ 5390, which is even slightly higher than the value of ~5200 found

max, SRO ‘ 100 mV
for the ceramic samples [64]. The corresponding phase transition temperature (marked with a
circle) can be found at T gp~ 320 K, a value that is slightly higher compared to the 310 K
found at the ceramic samples. Using an excitation voltage of V,~= 10 mV, the temperature
dependence of the 125 nm SRO sample has been plotted into the same Figure 5.15 (circles).
Again, a sharp ferroelectric phase transition can be detected, while the phase transition temper-
ature has been shifted up to 7' g~ 360 K (compared to the 320 K at V=100 mV). The

permittivity at this temperature can be determined to the value of ~ 3780,

‘9rmax, SRO | 10 mV
which is much lower than the 5390 found with V,~= 100 mV. As expected, the temperature
dependence of the permittivity becomes independent of the used V- when measuring at tem-

peratures above the phase transition.

The same type of measurements has been performed at all available SRO samples.

Figure 5.16 (a) shows the resulting graphs for measurements at V-~ = 100 mV, which reveal
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Temperature dependence of the permittivity of SRO samples at all available BST thicknesses as well as
the calculated bulk permittivity values (stars)

(a) V4o =100 mV

(b) VAC 10 mV

more or less stable values of the phase transition temperature in this measurement series of
around T¢ gro 100 my 320+ 10 K. The maximum permittivity values &, SRO|100 . of
the samples follow the trend of decreasing permittivities with decreasing film thickness. In de-
tail, they decrease from 5390 (125 nm) down to 3470 (70 nm) and 3000 (50 nm) and finally
reach the value of 1500 (15 nm). Especially at the thinnest samples the phase transition be-
comes strongly smeared with a permittivity plateau, thus making it difficult to definitely find

the real phase transition, which could be somewhere between 300 and 380 K.

From measurements at ;= 10 mV, the plots in Figure 5.16 (b) result for the temperature de-
pendent permittivity of the SRO samples. The graph is very different to what has been found in
the case of V=100 mV (Figure 5.16 (a)), which manifests mostly in the dependence of the
phase transition temperature 7' SRO‘IO . on the BST thickness: Here, similar to what has
been found for the Pt samples, the values increase with decreasing film thickness from 360 K
at 125 nm over 370 for the 70 nm sample up to 380 K at 50 nm and finally reach a T~value of
420 K for the thinnest 15 nm sample. The corresponding maximum permittivity values
r
to 3780 for the 125 nm sample (compared to the 5390 for V;~= 100 mV), 2910 for the 70 nm
sample (3470 for V=100 mV), 2290 for the 50 nm sample (3000 at V4= 100 mV) and

Ermax SRO|10 L are all much lower than in the case of V;~= 100 mV and can be determined

1300 for 15 nm (1500 at V,;~= 100 mV). Again, the phase transition for the thinnest sample
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(15 nm) becomes rather smeared with a plateau-like maximum so that the actual phase transi-

tion temperature could lie somewhere between 400 and 440 K.

An analysis of the reciprocal capacitance density has been performed for the SRO samples in
the whole temperature region according to Eq. (3.1). The calculated bulk permittivity &, is also
shown in Figure 5.16. For the measurements at V;~= 100 mV (Figure 5.16 (a)), a maximum

bulk permittivity can be determined to & ,, . ~ 8470 . The corresponding phase transi-

tion temperature 7 bUIk‘IOO v also stays lerOeo Icl)lrV less in the region of the phase transition
temperatures of the single samples (~320 K) and can be determined to 330 K. The results of
the analysis for the measurements at V;~= 10 mV has been plotted in Figure 5.16 (b), where a
maximum bulk permittivity of &, , ax|10 R 5580 could be determined. This value is only
about 66% of the amount that could be determined for V,~= 100 mV, while the phase transi-

tion follows the trend of increasing phase transition temperatures with increasing film thick-

ness (supposed is an infinite film thickness for the calculated bulk permittivity).

For comparison reasons, both derived bulk permittivities as a function of temperature were
plotted in Figure 5.17 (a). It is obvious that in the lower temperature region the determined val-
ues strongly differ, while a better agreement can be observed at higher temperatures (above the

phase transition temperature).

From the same analysis, the temperature dependence of the total reciprocal interface capaci-
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FIGURE 5.17:

(a) Temperature dependence of the bulk permittivity of the SRO samples, measured at V=10 mV
and 100 mV
(b) Temperature dependence of the total interface capacitance density for the SRO samples
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tance density cl_lt otal. SRo could be derived, which has been plotted in Figure 5.17 (b). Here,
the two different V- values result in a similar trend of the measured capacitance density, while

the overall interface seems to be better in the case of V=100 mV. Compared to the Pt sam-

ple, the values behave more or less similar, while the absolute values of ¢ ; are lower in

i, tota

the temperature region below ~430 K, which means a better interface in the case of BST/SRO

than BST/Pt.

The analysis of the temperature dependence of the reciprocal capacitance density, as shown for
Pt in Figure 5.13 (b) and for SRO in Figure 5.17 (b) reveals the total interface capacitance den-
sity for both interfaces in the thin film BST capacitor. From Figure 3.1, a more precise model
considering two independent interfaces can be derived, which in analogy to Eq. (3.1) may be

described by

1 1 1,1
—_ = — =+ —, (5.3)
Cer  Ci1 Cp Ci2

Considering the SRO samples, both interfaces may be expected to be equal, so that the individ-

ual (reciprocal) SRO interface capacitance density can be expressed simply as
cZISRO = c;lmml sro” 2 . For the separation of the interfaces of the Pt samples, the Pt interface
-1

-1 .
i, total Pt — Ci.sRo Uusing the SRO values deter-

: : o 1
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5 T T T T T T
4{Wpm m Pt .
] ......-- ® SRO
34 n .
ol |
o 21 “u -
> |
g Ny
~ 14 .
o {e® oooooooooooooog."... ]
0- '. 1 FIGURE 5.18:
l 1 Temperature dependence of the sepa-
-1 R rated reciprogal interface capacitance
T - T - T - T - . — densities ¢, for the measurement
250 300 350 400 450 with V;-=10mV, performed on Pt

samples (squares) and SRO samples
Temperature (K) (circles)



68 5 Results

mined from the total SRO interface. This calculation has been done for 10 mV, and the results
can be found in Figure 5.18. It can be seen that the trend of the values in the Pt samples as well
as in the SRO samples does not differ significantly from that of the total interface. For the Pt
samples the absolute values of the single interface approximately are the same as found for the
total interface shown in Figure 5.13 (b), since in the series connection of two capacitors with
dissimilar capacitance the value of the smaller capacitor (here the Pt interface capacitance)
dominates. When considering SRO samples the values simply become half of their size com-

pared to Figure 5.17 (b).

5.2.3 Loss tangent

Figure 5.19 shows the temperature dependent loss tangent recorded at certain investigated
samples. In the case of a specimen with 90 nm BST thickness and Pt top electrodes,
Figure 5.19 (a) shows a slight decrease of tan(d) with increasing temperatures from 250 up to
400 K, while it increases again at temperatures between 400 and 470 K. The difference be-
tween measurements at /;~= 10 mV and V= 100 mV is rather negligible, while the smaller
SNR for the measurements at 10 mV leads to a higher amount of noise, which manifests in the
higher “roughness” of the tan(9) curve. The absolute values of the loss tangent can be observed

to be well below 0.1 up to the increase of tan(0) at higher temperatures (7> 450 K).

A similar measurement is displayed in Figure 5.19 (b) for the 125 nm SRO sample, which dif-
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Temperature dependent loss tangent of the investigated samples

(a) Pt sample with 90 nm BST thickness

(b) SRO sample with 125 nm BST thickness
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fers drastically in comparison to what was found for the Pt samples: While tan(o) at
V4o =10 mV does not exceed 0.1 in the whole temperature range and decreases monotonically
after its maximum of 0.08 at 280 K, the behavior for measurements at V= 100 mV looks
different. Here, tan(o) has its maximum of 0.38 at 250 K (or even higher at lower tempera-
tures) and decreases with increasing temperature until it reaches nearly identical values as the

at 10 mV for temperatures above 400 K.

In general, the value of tan(0) as the relationship between the imaginary and the real part of the
capacitance gives a measure for the amount of resistance in comparison to its reactance (R/X).
Since the measurements here were performed at non-zero frequencies, the dielectric loss is not
only influenced by the capacitor DC-resistance but also by (ferroelectric) polarization switch-

ing.

5.3 Electrical Characterization: Large Signal Hysteresis Measurements

In the following, polarization measurements of both sample series will be presented. The fre-
quency used in these measurements was chosen as 2 kHz (cmp. chapter 4.2.2), which resulted
in reduced leakage currents compared to lower measurement frequencies. As it was already
shown in recent publications, the choice of the frequency influences the coercive voltage V-
(and thus the coercive field E,.), but has a negligible impact on the remanent polarization P,

[126,132].

Pt samples

Figure 5.20 (a) shows a hysteresis measurement of a Pt sample with 130 nm BST thickness
that was recorded at room temperature. From this curve, the remanent polarization P, has been
achieved, which in the depicted case can be found as the zero voltage polarization value. In
general, the P-V curves may show an imprint (shifted to positive or negative voltages), so that
the polarization at 0 V does not coincide with the remanent polarization. Therefore, P, will be

calculated as

_ ‘P:-ﬁ- -
g 2

p - el P (5.4)

with P, as the real remanent polarization in the upper part of the hysteresis loop (cycled from
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positive to negative voltage) and P as the real remanent polarization in the lower part of the
hysteresis loop (cycled from negative to positive voltage), both determined at the corrected re-
manent voltage V, = (V. +V_)/2 . Here, V., and V__ are the values of the positive and

negative coercive voltage determined from a standard hysteresis measurement.

Similar measurements have been performed for the Pt samples with 90 and 60 nm BST thick-
ness, as shown in Figure 5.20 (b) and Figure 5.20 (c¢). For both samples an imprint of about
—400 mV has been determined, which in this case coincides with the resulting voltage shift

from the room temperature C-V curves presented in Figure 5.5 (a) and Figure 5.5 (b).
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FIGURE 5.20:

Hysteresis measurement, performed on Pt samples at RT

(a) 130 nm BST thickness

(b) 90 nm BST thickness

(c) 60 nm BST thickness

(d) The hysteresis loops of (a) - (c) shown as a function of the applied electrical field
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The presented hysteresis curves in Figure 5.20 (b) and Figure 5.20 (¢) result in an apparent re-
manent polarization value of P.~4.3 ..4.6 uC/cmz. However, from the P-V loop of the
60 nm sample in Figure 5.20 (c) it can be assumed that this value is falsified strongly by leak-
age currents, since the curves at the maximum (and minimum) bias voltage are not as tapered
as expected. In contrast, the loop in Figure 5.20 (b), determined from the 90 nm sample still
looks rather free from strong leakage currents, which makes this P, value more reliable.
Figure 5.20 (d) shows all three aforementioned hysteresis loops in one diagram as a function of
the applied electrical field. Notably, the coercive field increases with decreasing thickness of

the BST film, which has been already reported in previous publications [133].

The thinnest sample (30 nm) did not allow the measurement of meaningful hysteresis loops
due to its strong leakage currents which made it impossible to conclude on the ferroelectricity

of this sample.
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For the three thicker Pt samples (130, 90 & 60 nm BST thickness), hysteresis loops have been
recorded also at various temperatures. Figure 5.21 shows the achieved P-V curves, which yield
some remarkable results. For all samples under investigation, the maximum polarization value
decreases with increasing temperature, as marked by the arrows. For the 130 nm sample
(Figure 5.21 (a)), it can be seen that the coercive voltage did not change significantly with tem-
perature, while the remanent polarization at that sample gradually decreases. The curves be-
come more and more slanted by increasing the temperature and show broader ends, which

indicates an increase of the leakage currents in the sample.

The temperature dependence of the hysteresis curves of the 90 and 60 nm samples is slightly
different to what has been found for the 130 nm sample (Figure 5.21 (b) and (c)). Here, the
curves show a shift of their coercive voltage by increasing the temperature due to their larger
imprint, while the remanent polarization decreases as seen from the 130 nm sample. These
curves also become slanted, while the leakage current seems to increase stronger than in the

case of the 130 nm sample.

In general, it seems that the samples (partly) keep their ferroelectric state even at temperatures
above their phase transition, determined from the temperature dependent small signal capaci-

tance measurements of chapter 5.2.2.
SRO samples

Measurements of the ferroelectric hysteresis were also performed for the SRO samples and are
presented in Figure 5.22. The remanent polarization values P, decrease with decreasing BST
thickness from 9.9 ;VLC/crn2 for the 125 nm sample over 9.24 ;VLC/crn2 for the 70 nm sample
down to 7.76 uC/cm2 measured at the 50 nm sample. This trend is opposite to what has been
found for the Pt samples. The quality of the hysteresis loops seems to be satisfying, but one has
to keep in mind that there was no chance to apply higher voltages on the thinner samples (70 &
50 nm) without generating large leakage currents. Thus, the curves appear to be slightly
opened in the negative voltage region. Figure 5.22 (d) shows the hysteresis loops of the three
samples all plotted in one diagram as a function of the applied electrical field. As it could be
seen for Pt (Figure 5.20 (d)), again an increase of the coercive field with decreasing BST thick-

ness is observable.
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Large leakage currents made it impossible to achieve reliable P-V loops for the thinnest sample

(15 nm), as it was also observed for the thinnest Pt sample.

As in the case of the Pt samples, the SRO samples were also characterized by means of their
ferroelectricity in the available temperature region, thus resulting in the temperature depen-
dence of their hysteresis loops as displayed in Figure 5.23. As can be seen, the coercive voltage
for the 125 and 70 nm samples is more or less constant for the investigated temperatures, while
it slightly shifts in the case of the 50 nm sample. All samples show a decrease in the maximum
polarization by increasing the temperature (marked by arrows), as it could be observed for the

Pt samples before. The hysteresis curves all become slanted with higher temperatures, thus in-
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Hysteresis loops measured on SRO samples at RT
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dicating an increase of the leakage currents that occur in the polarization measurements.

5.4 Summary of the Experimental Results

To summarize this chapter, the following findings can be reported (here, only the values deter-

mined from the measurements with V=10 mV will be discussed):

» With the PLD technique it was possible to fabricate high quality epitaxial BST thin film ca-
pacitors with room temperature dielectric constants by far exceeding the values reported
from earlier works. The achieved values for the thickest samples (~130 nm) are 2800 for
SRO samples and 1900 for Pt, whereas the values reported from Refs. 12-18 and 84-90 re-

veal only low RT permittivities not exceeding 300.

* Analyses of the capacitor thickness series with Pt and epitaxial SRO top electrodes display
a drastic difference in their RT interfacial capacitance density. Whereas a capacitance den-

sity of 1.55 F/m? has been determined for the SRO samples, the corresponding value for Pt
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Hysteresis loops, recorded at various temperatures:
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ranges at only 0.28 F/m? (see Figure 5.18). From the literature (Refs. 12-18 and 84-90), the

highest values reported at similar conditions are 0.2 F/m?2.

* The RT bulk permittivity from the thickness series (cmp. Figure 5.6 and Figure 5.9) can be
evaluated as 3740 for SRO and 4560 for the Pt samples. This seems surprising, since a
higher permittivity would have been expected for SRO than for Pt, but can be explained by
the difference in the phase transition temperature of the Pt and SRO samples. The corre-
sponding values from the literature (Refs. 12-18 and 84-90) do not exceed a RT bulk per-
mittivity of 1000.

* The phase transition temperature becomes thickness dependent in both sample series with
an increase of 7 for decreasing film thickness. For Pt, the bulk permittivity and also that of
the thickest sample (130 nm) can be determined to 310 K, which is the same as determined
in Ref. 64 for bulk crystals. For the SRO sample, a slightly higher phase transition tempera-
ture (compared to the bulk crystals) of 7~ = 350 K can be found. In general, the temperature
dependence of the permittivity reveals distinctive ferroelectric-to-paraelectric phase transi-

tions for the thickest samples in both series.

» The loss tangent for both sample series can be observed in a wide temperature range to be
well below 0.1, while for the Pt samples the value finally increases with increasing temper-

atures, similar as it was displayed in Ref. 17.

* From polarization-voltage loops a clear evidence of ferroelectricity at RT and temperatures
above can be found for the thicker samples in both series, which so far has not been reported
before. The RT values of the remanent polarization can be determined as 10 ;VLC/cm2
(125 nm BST) for the SRO samples and 3 uC/cm2 (130 nm BST) for the Pt samples. The
polarization values of the SRO show the trend to increase with increasing thickness,
whereas the Pt samples display an inverted thickness dependence. Both series show a sec-
ond order phase transition, e.g. no exact transition temperature can be determined from the

temperature dependence of the remanent polarization.

* In general, the system SRO/BST/SRO on STO results in higher overall permittivity values
compared to SRO/BST/Pt (~ 2 times higher) at comparable thicknesses, while the dielectric

loss can be determined to approximately the same low (< 0.1) values. Also, the paraelectric
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to ferroelectric phase transition in the SRO samples is shifted to higher temperatures com-
pared to the Pt samples. The interface capacitance values around RT found for the SRO
samples are by a factor of ~4-6 higher in comparison to Pt. Finally, the ferroelectric hyster-
esis loops show that the SRO samples show higher polarization values and a smaller

amount of leakage current compared to Pt samples at the same temperature.

From the validation of the experimental results it follows, that although both sample series
show dielectric properties mostly exceeding what has been reported for comparable systems up
to now, the samples with SRO top electrode still show a superior behavior compared to the

(likewise excellent) samples with Pt top electrodes.
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6 Discussion

In this chapter, the following main observations will be discussed:

* Measured permittivity and phase transition temperature depending on the excitation volt-

age.

» Phase transition temperature and their different trends in SRO and Pt samples depending on

the film thickness

* General differences of the permittivity between SRO and Pt samples

6.1 Influences from the Measurement Voltage Level

The analysis in chapter 5.2.1 exhibits that there is a strong influence of the excitation voltage
amplitude 7, on the small signal capacitance for measurements at the SRO samples, while its
influence is less critical for the Pt samples. An extensive analysis of the impact of the chosen
excitation voltage amplitude on the resulting (measured) capacitance is displayed in
Figure 6.1. Here, the so called “permittivity gain” &/¢|,, ., of a 130nm Pt sample
(Figure 6.1 (a)) and a 125 nm SRO sample (Figure 6.1 (b)) is presented with the temperature
as an additional parameter. It can be noticed that the ratio between the measured capacitance

with higher and that with lower (10 mV) excitation voltage of the Pt sample does not exceed

14 . . . (b) ] - . .

Permittivity Gain e/&f | = &

Permittivity Gain & |

0 50 100 15 200 0 50 100 150 200
Oscillation Voltage (mV) Oscillation Voltage (mV)

FIGURE 6.1:

Dependence of the permittivity @10 kHz on the applied excitation voltage level for different tempera-
tures, normalized to the particular 10 mV permittivity

(a) Pt sample with 130 nm BST

(b) SRO sample with 125 nm BST
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1.4 in the case of the lowest temperature and decreases further with higher temperature. In con-
trast, this ratio reaches values as high as 2.6 (and probably even higher) in the case of the SRO
samples at the lowest temperatures, meaning that the (apparent) permittivity shows a pro-
nounced increase with increasing oscillation voltage levels. Again, this ratio decreases when
the temperature is raised, but is found to be significantly > 1 even at elevated temperatures as
high as 350 K. From plots similar to those presented in Figure 6.1, the temperature dependence
of the permittivity with the amplitude of the excitation field (instead of the voltage) as an addi-
tional parameter can be derived. These permittivity values for the 130 nm Pt sample and the
125 nm SRO sample are shown in Figure 6.2 (a) and Figure 6.2 (b). Both plots show an in-
crease of the permittivity with increasing AC field as well as a decrease of the temperature of

the maximum permittivity 7,, with increasing £ . The evolution of 7, as a function of the ex-
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citation field (and voltage) can be found in the insets of each plot. In general, the SRO sample
displays a more pronounced increase of the permittivity and a stronger shift of the maximum

temperature with increasing V- level in comparison to the Pt sample.

The general dependence of the permittivity on the amplitude of the alternating field £, can be
fitted to simple polynomials (first and second order), as it was reported for BST thin film ca-
pacitors by Tyunina et al. [134]. For normal ferroelectrics, the linear dependence is dominated
by the contribution from the domain wall motion [135] and can be described as
&, = &, akE . In certain cases, however, a square dependence can be expected [136], so

that the permittivity can be found as ¢, = gpt B(E C)z. This i.e. has been observed for re-

laxor ferroelectrics, which are discussed in detail in Ref. 137-139 (and references therein).

Figure 6.3 shows the permittivity depending on the excitation field £, measured at 230 K for
the Pt and SRO sample (open symbols) as well as the corresponding polynomial fits (solid
lines). The initial part of the g(E ) curve resulting for the Pt sample can be best fitted linearly,
resulting in fit parameters of ¢, = 1439 and o= 4.8:10* m/V. In the case of SRO samples, an
even better fit can be achieved using a second order polynomial with f= 1564 and

£p= 1.08:10° m?/v2,

A change of the top electrode would not convert a normal ferroelectric material into a relaxor
type or vice versa. Instead, an investigation of the applied and effective field according to
Ref. 140 will help to understand the differences. Therefore, the simple sketch of a capacitor as

shown in Figure 6.4, divided in its particular elements should be examined. Here, the voltage

- 4000

_ 2000 13500 w*
o 2
Z =
= 43000 E
g Pt sample 192500 &
- o
2 =
-5 <
3 1500+ 42000 5
e FIGURE 6.3:

Field dependent permittivity measured
at 230 K and 10 kHz (open symbols)
0.0 C O s000k oM 15M and the corresponding polynomial fits
(15t and 2" order, solid lines).
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V; (which corresponds to a field E,) is applied across the total capacitance C, with its permittiv-
ity &. This capacitance can be divided into the bulk capacitance C;, with its bulk permittivity &,
and the interface capacitance C; with its interface permittivity ;. The corresponding partial
voltages are V', and V;, resulting in fields £, and E;. Simple equations have been deduced that
relate the permittivities and the involved fields. For the total permittivity, one finds

1 1
r—+—, 6.1
€ Gin ( )

=

where ¢, = ¢t/t; = c;t/ &, describes the interface contribution to & with the interface per-
mittivity, thickness and capacitance density &, #; and c; as well as the total thickness ¢. The ef-

fective field across the bulk capacitance can be evaluated as

E,~ Et[l - ﬁ}. (6.2)

gi n

With these two equations, the effective bulk permittivity can be plotted as a function of the ef-
fective field across the bulk. As it is known from chapter 5.2.1, the value derived for ¢; is de-
pendent on the applied AC voltage mostly in the lower temperature region. However, for
simplicity reasons the calculations here were done with fixed values of c; that have been deter-
mined for the 10 mV case, i.e. ¢; p, = 0.22 F/m” and ¢ sro = 115 F/m” fora temperature
of 230 K. For the 130 nm Pt sample as shown in Figure 6.5 (a), this reveals a few remarkable
findings: The effective field across the bulk capacitance is drastically lowered compared to the
applied field on the total sample. This is understandable when considering Figure 6.4 as a ca-
pacitive voltage divider with a low interface capacitance C; compared to the higher bulk capac-
itance Cj. Moreover, the uncovered bulk permittivity now becomes highly dependent on the

real applied field £, with values starting at ~2700 at about 40 kV/m reaching high values of

Schematic of the total capacitor with
the applied field and voltage and the

| ¢ V,-, E,- FIGURE 6.4:

| Ci’ 8,-
V., E, C, & * idealized splitting into interface and
| Cb, & — | V.. E. bulk capacitor with the corresponding
b7 =P fields and voltages
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~5200 at about 590 kV/m. In general, the g, vs. E}, curve has a slight concave shape that may
hint on the recovered relaxor properties of the true bulk material, although a square fit would
not be perfectly suitable. As can be found in Figure 6.5 (b), the higher interface capacitance of
SRO leads to a higher voltage drop across the bulk capacitor, which means higher effective
fields than for the Pt samples. The shape of the g, vs. £}, curve for the SRO sample becomes
more concave, so that a squared fit would be suitable. Interestingly, the achieved maximum
permittivity is approximately the same as determined for the Pt sample, while the necessary
amplitude of the effective field is more than twice that of the Pt value. In principle, this can be
understood when taking a look on the general temperature dependence of the bulk permittivi-
ties of the Pt and SRO samples (Figure 5.13 (a) and Figure 5.17 (a)): Due to the different phase
transition temperatures of the bulk (7 p, =310 K vs. T gpp =350 K) and the more pro-
nounced peak of the &, gpp vs. T curve, the bulk permittivity determined for Pt samples shows

higher values at lower temperatures compared to the SRO samples.

The general idea of relaxor properties in the BST thin films seems to be confirmed in both
sample series, even if a full recovery of the relaxorlike behavior of the bulk permittivity in the
case of the Pt samples is not possible. The suppression of the permittivity gain as seen from the
measurements of the Pt samples is understandable when considering the low interface permit-

tivity that leads to a strong voltage drop across the interface capacitance. From these consider-
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5000 1 /’ ] 5000+ total permittivity ¢, )/ T
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bulk field £, (V/m) bulk field £, (V/m)
FIGURE 6.5:

Measured total permittivity and calculated effective bulk permittivity with the corresponding applied
and effective fields

(a) 130 nm Pt sample

(b) 125 nm SRO sample
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ations it becomes obvious that the amount of the true effective field that is applied on the true

bulk permittivity strongly depends on the value of the interface capacitance.

To determine the frequency dependence of the permittivity (and thus to further examine the
samples under the light of relaxors), corresponding measurements have also been performed
for the samples investigated in this work, while the resulting &, vs. f plots can be found in
Figure 6.6: For the 130 nm Pt sample only a moderate dependence of the permittivity on the
used measurement frequency for all temperatures (Figure 6.6 (a)) can be seen, whereas the dis-
persion in the case of the SRO sample is more pronounced (Figure 6.6 (b)). The stronger de-
crease of the permittivity of the Pt-sample at frequencies above 100 kHz may result from the
higher capacitance of the investigated capacitor (~1.2 nF for a contact pad with 10,000 umz) in
contrast to the used SRO capacitor (~0.2 nF for a contact pad with 900 umz), which results in a

higher RC time constant and a lower cut-off frequency.

From the plots shown in Figure 6.6 the temperature dependent permittivity has been plotted
into Figure 6.7 with the measurement frequency as an additional parameter. It is obvious that
for both investigated samples the permittivity becomes frequency independent in the high tem-
perature region (above 350 K for the Pt sample and above 400 K for the SRO sample). In the
lower temperature region a frequency dispersion can be found, which is more pronounced in

the SRO and less visible for the Pt sample. In general, the temperature of the maximum permit-
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FIGURE 6.6:
Frequency dependence of the permittivity with the temperature as an additional parameter, measured at
Vic=10mV

(a) Pt sample with 130 nm BST
(b) SRO sample with 125 nm BST
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Dependence of the permittivity @10 mV on the temperature, for varying measurement frequencies.
(a) Pt sample with 130 nm BST
(b) SRO sample with 125 nm BST

tivity 7,, does not shift strongly for either sample and can be determined for Pt to 310 K
(1-10kHz) and 320 K (50 - 500 kHz) and for SRO to 340 K (1 - 50 kHz) and 350 K (100 and
500 kHz). From the observed frequency dependence of the permittivity it seems to be justified
to attribute certain properties of the BST samples investigated in this work to relaxor phenom-
ena. This behavior is more pronounced in the case of SRO samples and becomes obscured for
the Pt samples due to their lower interface capacitance values which also may be caused by ex-

trinsic influences such as interface amorphization.

The above considerations as well as the results of the polarization loops and capacitance — volt-
age curves (with the corresponding dielectric loss) indeed support the assumption of a coexist-
ence of ferroelectric and relaxor properties also in the samples in this work. In detail, the

following has been found:

» The samples here do not show polarization loops of square shape, as one would expect for
ferroelectrics, but rather display so-called slim loops with a slanted gradient in the region

near the coercive field typically for relaxor ferroelectrics (see Figure 5.20 & Figure 5.22).

* The temperature dependent remanent polarization P, measured for both sample series, as
shown in Figure 6.8, does not vanish at the corresponding phase transition temperature 7,
as one would expect from ferroelectrics. Instead, it decreases smoothly through the dynamic

transition temperature 7, due to the fact that polar nanodomains (caused by inhomogeneous
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Temperature dependence of the remanent polarization P, from samples with different thicknesses, ex-
tracted from the measured polarization hysteresis loops.

(a) Pt samples

(b) SRO samples

distributions of the Sr and Ba atoms in the BST lattice) persist even at the highest tempera-

ture, which is typically for relaxors.

* The dielectric permittivity does not show a sharp and narrow peak at 7.
(FWHM = 10 - 20 K) independent of the measurement frequency (in the audio range), but
rather exhibits a very broad peak and a strong frequency dispersion in their absolute value

and (small but noticeable) their maximum position (7),,) (see Figure 6.7).

» The dissipation factor tan(0) is rather high (~10%) compared to what could be expected for

“good” ferroelectrics (<1%)

The origin of the strong dependence of the permittivity on the excitation voltage level V,~ can
be related to the BST relaxorlike properties, which are strongly suppressed for the Pt samples,
as shown above. The different trends of the thickness dependent phase transition temperature
in the two different sample series at varying excitation levels will be discussed in the follow-
ing: Figure 6.9 shows the permittivity as a function of the applied electrical field E - for the
samples measured at 230 K and 10 kHz. Here, markers have been added to identify the values
of equal excitation voltage (10, 50, 100, 150, and 200 mV). As one can see, the absolute devia-
tion of the applied field at equal driving voltage becomes larger for larger fields, so that a com-

parison of the permittivity of samples with different thickness for higher excitation levels
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should be done at the same field, not the same voltage, as it was done in Figure 6.10. Here,
similar to what is shown in Figure 6.2, for each sample (125, 70, and 50 nm BST thickness) the
shift of 7,,, with increasing excitation field has been determined within the given measurement
accuracy as approx. 20 — 30 K and can thus be regarded as thickness independent. In detail, the
analyses have been performed at E 4 levels of 200 kV/m, 1 MV/m, and 1.6 MV/m, which re-
quire driving voltages of 25, 125, and 200 mV for the 125 nm sample, 14, 70, and 112 mV for
the 70 nm sample and finally 10, 50 and 80 mV for the 50 nm sample. This result means that in
contrast to what has been shown in Figure 5.16 (a), one can now conclude that applying higher
AC fields on the samples will lead to uniform shifts of the phase transition by the same amount
of temperature for each thickness and does not invert the general trend of decreasing tempera-
tures of the maximum permittivity with increasing BST thickness. Considering Pt samples, the
use of constant excitation fields instead of constant excitation voltages should not make a seri-
ous difference as the constant trend of 7, in Figure 5.12 predicts. This can be explained with

the fact that in these samples the relaxorlike properties are suppressed because of the lower in-

terface capacitance values.
Concluding this subchapter, the following should be noted:

The phase transition temperature as a thickness independent material parameter becomes

thickness dependent in thinner BST films with increasing 7~ values for decreasing BST thick-
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ness. Mechanisms responsible for this behavior will be explained in the following sub-chap-
ters. By choosing equal excitation voltage levels when measuring the permittivity of a
thickness series of thin film capacitors with relaxorlike properties (such as the SRO samples in
this work), an additional, now counteracting apparent thickness dependence may cancel the
overall temperature dependence of the phase transition. When applying equal excitation fields
instead of equal voltages, this apparent counteracting thickness dependence disappears and the
overall trend of T, (or 7) remains independent of the level of E . There exist publications,
where a decrease of the phase transition with decreasing film thickness has been reported
[17,96]. In Ref. 17, the excitation field has been kept constant at 650kV/m, which can be re-
garded as a suitable measurement parameter. Nevertheless, there must be additional influences
from mechanisms that result in an apparent decrease of the phase transition temperature with
decreasing film thickness, which will be explained in the next sub-chapters. The authors of

Ref. 15 performed an initial comparison of the CV-curves for excitation voltage levels of 0.01,
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0.05, and 0.1 V, where they did not find any difference in the temperature range from RT up to
473 K. This is understandable, since their samples are paraelectric in that temperature region
and a possible relaxorlike behavior will not show up. In Ref. 96, no information about the used
measurement parameters is given, so it is only speculative whether constant AC voltages could

be responsible for the observed trend of the phase transition.

Finally, for any further interpretation only the achieved values and parameters of the measure-

ments at low excitation voltage levels will be considered.

6.2 Strain Effects

From the considerations in chapter 2.4 it is obvious that the misfit strain inside heteroepitaxial
films can be controlled by the choice of the underlying substrate material. Additionally, by
variations of the film thickness the internal strain state can be altered by the introduction of
misfit dislocations at the growth temperature 7. It is widely accepted that the generation of
misfit dislocations in perovskite films occurs only at 7, because the dislocation glide must be
suppressed at 7'« T, ~ 700° C due to relatively high Peierls® barriers. From Ref. 73, the thick-

ness dependent dislocation density p can be calculated as

p(8) = nSp(TH(1—1,/1), (6.3)

with ¢, as the critical thickness below which no misfit dislocations will be generated and 77 as a
factor which makes it possible that the equilibrium dislocation density is not reached due to ki-
netic reasons (77< 1). Eq. (2.8) together with Eq. (6.3) leads to

b(1-p)-a, b

. b 0
S (T, 1) = T a a—()—lJfa—OﬂSm(Tg)(l—tc/t), (6.4)

8. To maintain the motion of a dislocation through a periodical potential (such as a crystal lattice), a force
called the Peierls force is required [141].
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which can be easily converted to

0 Z>C
Su(T0) = S3(D)+ nS,(T), (6.5)

describing the temperature and thickness dependent strain in the films. Here,
S;(T ) = S?n(D -nS, (T, g) represents the in-plane strains S; and S, in a very thick film
(t» 1), which would be fully relaxed at 7, under equilibrium conditions (7= 1). The temper-

ature dependence of S;(T ) may be described in a first approximation by a linear relation

So(T) = (1= )So(T,) + (a— ag)(T—T,), 6.6)

where ¢, and ¢ are the thermal expansion coefficients of the substrate and the paraelectric

film, respectively.

Eq. (2.24) allows the evaluation of the out-of-plane lattice strain according to Ref. 81 as

a 0oy s; sy

c—a 25,8 2s
S, = 0 0G _ “512°m +[ . 12Q12} 2

P
S +sp, 3> (6.7)

with the material parameters as explained in chapter 2.4. With Eq. (6.7), the calculation of the
strain-dependent out-of-plane lattice constant ¢ = a(S; + 1) can be done, using the follow-

ing values and definitions:

¢ S(T,=973K)~-15-10", S,(T=300K)~~12-10"" (strains were calculated using
the data of lattice constants and thermal expansion coefficients of BaTiO3, SrTiO5, and

SRO, cmp. Ref. 142)

* 17=0.7, determined using the experimental value of S,, = (a — ay)/ag = -2 - 1073, which was
evaluated from the measured in-plane lattice constant a = 0.397 nm of a 200-nm BST film

and the estimated prototypic-cell size ag(7 =300 K) = 0.3977 nm

. Pg = —a;/(2as;) results from oG/ dP, = 0 (using the P* approximation in Eq. (2.26))
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* * 2
© a3 = a;=25,00/(s11 ts1), a3 = a0/ (s Tspp)
* a;=23.83-10% Vm/As (evaluated from the data given in Ref. 64), a;; = 1.767 - 108 m*/C?F
© 511=59-10"2 m?N, s;,=-1.9- 1072 m*N

« 0y, =0.10 m*/C?, 0, =—-0.0346 m*/C? (these values were calculated by linear interpola-
tion of the BaTiO5 and SrTiO5 parameters given in Refs. 75 and 143)

With all of the above equations and values the resulting thickness dependence c(¢) of the out-
of-plane lattice constant could be calculated, which has been plotted in Figure 6.11 together
with the values measured by XRD. It can be seen that the curve found in this way is in a good

agreement with the experimentally determined values, which supports the validity of Eq. (6.5).

Paraelectric State

Eq. (6.5) can be substituted into the Curie-Weiss-type law of the permittivity depending on

strain, which in the paraelectric regime has been introduced in Eq. (2.31) as,

gOKs

&= ——.
Sm_Sm

(6.8)
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This leads to the following relation for the reciprocal permittivity of a paraelectric film:

0
lo_ 1, nSm(Tg)t_c
(T, 1) goo(n 80Ks t

(6.9)

Here,& (T) = eoK /(Sy(T) - S;(T )) describes the permittivity of a very thick strained BST
film (¢ » z.), while Eq. (6.9) itself shows that the intrinsic reciprocal permittivity is linear de-
pendent on the reciprocal film thickness 1. It can be seen that depending on the sign of
SSH(T g), the permittivity of the paraelectric film either increases or decreases with increasing

thickness. From Eq. (6.9) the reciprocal capacitance density (at # > ¢,.) can be evaluated as

0

6.10
Cof € 50Ks ( )

From the extrapolation of c(;]%v to zero thickness, a nonzero intercept results which is caused by
the strain relaxation. This intercept can be negative (for compressive in-plane film strains,
S?n(T g) < 0) or positive (for tensile in-plane film strains, S?n(T g) > (), which should be kept in

mind as a noteworthy result.

Ferroelectric Regime

Considering epitaxial films in their ferroelectric state, a tetragonal c-phase with the out-of-
plane spontaneous polarization (P} =P, =0, P;#0) can be found. The dependence of the
permittivity &on the misfit strain in the ferroelectric case can be described again using a Curie-

Weiss type law as

&= 50, (6.11)

since near the second-order phase transition the r approximation is valid [91]. In contrast to
the paraelectric case (Eq. (6.8)), here the lattice strains must be S, < S and the parameter de-
scribing the sensitivity of the permittivity on the strain can be found as K .= K/2, which

shows analogy to what has been found in Eq. (2.18) and Eq. (2.23) for the pre-factor above and
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below the phase transition temperature.

Eq. (6.5), which has been validated according to Figure 6.11, can now be substituted into
Eq. (2.31), leading to an equation describing the intrinsic reciprocal permittivity dependent on

thickness and temperature (in analogy to the above discussed paraelectric case):

0
S nSm(Tg)t_c
S(T, t) EOO(T) gOKsc t

(6.12)

Accordingly, & (T) = &K, ./ (S (T)- Sz(ﬂ) describes the permittivity of a very thick
strained BST film (7 » ¢,), while the thickness dependent term in Eq. (6.12) differs from that in
Eq. (6.9) by the negative sign and the two times larger amplitude. In analogy to the paraelectric
case in the previous sub-chapter, the thickness dependent reciprocal capacitance can be de-
rived from Eq. (6.12) as
SO(T )t
1 _ 4 m\"g/’c
p— 77 .

6.13
ceff goo( T) 8OKSC ( )

In analogy to Eq. (6.10), Eq. (6.13) again appears as a linear equation in #, with the difference

in the negative sign and a two times smaller pre-factor K. (compared to K)

Summary of the Strain Effects

Eq. (6.10) and Eq. (6.13) as the key results reveal the following aspects which are valid in both
states (PE or FE):

* The slope of the dependence c;flf reflects the permittivity & of a thick strained film, which

does not correspond with the permittivity of the bulk material, &,

» The extrapolation of the measured thickness dependence of the inverse capacitance to =0
may give a considerable nonzero intercept even when the interface effect is negligible

(c;' >0).

Substitution of the numerical values for the involved parameters as given above into Eq. (6.10)

and Eq. (6.13) results in apparent reciprocal interface capacitances of ¢! = 0.9688 m’/F in
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the ferroelectric case and ¢;! = —0.4844 m’/F in the paraelectric case. These values can be
regarded as the theoretical limits of the intercept, solely defined by effects of the strain relax-
ation when no extrinsic influences have to be considered. It can be seen that the room tempera-
ture interface capacitance density determined in chapter 5.2.1 for SRO samples
(c;}SRO = 1.282m°/ F) is very close to that theoretical minimum for the ferroelectric case,
while the value for Pt (c;; b, =4.348 m’/ F) is clearly higher. As shown above, depending on
the state of the material (ferro- or paraelectric) the strain contribution of the interface capaci-
tance may have a negative sign. This in combination with additional contributions to the inter-

face capacitance can lead to a reduction of the total interface capacitance density, as will be

shown in the following chapters.

To conclude this sub-chapter, it must be stressed that the increase of 7\~ (compared to the bulk
ceramics) measured with the “correct” excitation voltage of 7, = 10 mV, can be explained by

the strain effect as well. Indeed, the thermodynamic considerations from chapter 2.5 predict

Q12

T.= Ty+S 4eC—at—
C 0 m* €0 (S11+S12)’

(6.14)

with 7y and C as the Curie-Weiss temperature and constant of the bulk material, respectively.
Taking Ty=290 K, C=1.18 - 10° K (Ref. 64), O,5, sy; and s, as mentioned above and by
calculating S,, = (a - ap)/ay via the thickness dependence of the in-plane lattice constant
a = W , a thickness dependent phase transition temperature results as shown in
Figure 6.12 (solid line)9. The squared and round symbols in Figure 6.12 display the experi-
mentally determined phase transition temperatures for the Pt and SRO samples (cmp. chapter
5.2.2) and show in principle a good agreement to the trend of the calculated phase transition
temperature. It will be shown in the next chapter what might be responsible for the difference

between the measured phase transition and that calculated using Eq. (6.14).

9. assuming a constant volume ag of the BST cell, with a; =0.3977 A as the estimated prototypic cell

size
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6.3 Depolarizing Fields and their Competition with Strain Effects

From the thickness dependence of the film out-of-plane lattice parameter ¢, determined by
XRD, which fits to the same theoretical curve c(f) for both SRO and Pt samples (cmp.
Figure 6.11), the conclusion follows that the BST strain state is insensitive to the material used
for the top electrode. Therefore, the difference in the dielectric analysis between SRO and Pt

cannot be attributed to the strain contribution described in the previous sub-chapter.

Another contribution to the thickness dependence results from the reduction of the applied
electric field inside the film due to a finite screening length of the electrodes, as described in
chapter 3. The room temperature single interface capacitance densities
Ci pt = 0.277 F/m2 and ¢ SRO‘IO v = 1.55 F/mz, as determined from Figure 5.18,
rotal, | = 0139 F/m” for a PYBST/

Ptsystem and ¢; ;. SRO|10 T 0.775 F/m” for the SRO/BST/SRO system. In Ref. 31, the

10 mV
result in values of the total capacitance density of ¢

total capacitance density values have been evaluated using Eq. (3.5) and Eq. (3.6) as 0.25 F/m?
for samples with Pt electrode and 0.9 F/m? for SRO samples as a theoretical limit for a finite
interface capacitance that arises only from screening contributions. Whereas here the permit-
tivity of the SRO electrode has been assumed as &gz, = 100, it has been measured in Ref. 108
using optical methods and was determined to be &gz, ~ 8.45. With this value, the maximum
achievable capacitance density (considering only screening properties of the electrode) reduces
to 0.257 F/m?, so that only a small difference between SRO and Pt should be observable. As a

result follows that the experimentally determined 0.775 F/m” are closer to the 0.9 F/m? than
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the 0.257 F/m?, which either means that the parameters for calculating the screening length of
the SRO electrodes (permittivity, electron density, etc.) are chosen incorrectly (cmp. 3.2), or
that a negative extrinsic contribution leads to a modified interface capacitance (as will be dis-
cussed later). From Ref. 33 however, the interface capacitance of the “intrinsic dead layer” has
been determined to ¢; = 0, 615 F/m” which now fits considerably better with respect to the

experimental 0.775 F/m?2.

Using a simple phenomenological model, the properties of strained ferroelectric capacitors
have been analyzed. In contrast to the previous calculations [31], here it was taken into account
that the electrode screening ability also affects the temperature 7~ of the ferroelectric phase
transition, which modifies the thickness dependence of the dielectric response additionally.
The thermodynamic considerations now allow a better understanding of the differences found

between Pt and SRO samples.

The interface between the ferroelectric film and the electrode can be characterized by assum-
ing thin low permittivity layers (of intrinsic or extrinsic origins) with characteristics indepen-
dent of the thickness of the film ¢ In chapter 3.2 it was shown how the electric fields of the
ferroelectric film and these interfacial layers can be evaluated, resulting in a depolarizing field

Egep= —P/(c; .t) that exists inside the ferroelectric (see Eq. (3.11)). Here, P is the out-of-

int
plane polarization of the film, whereas all interface contributions (intrinsic as well as extrinsic
influences) are summarized as: c,,, = (1/2)gy,¢,/d. If variations of the ferroelectric polar-
ization near the film surfaces are negligible, d = /¢, - [ « t is the thickness of the interface

layer with a low permittivity ¢; = ¢,,, where /7 and ¢, are the Thomas-Fermi screening length

and the lattice dielectric constant of the electrode material, respectively [31].

In a recent publication of Pertsev et al., the influence of the depolarizing field has been dis-
cussed using a P8 approximation [144]. The differentiation of the (then gth order) film thermo-

dynamic potential (cmp. Eq. (2.26)) leads to

2a§P+4a§3P3+6a111P5+8a1mP7+ .. =E. (6.15)

With the continuity condition for the electric displacement D = g,E + P and the electrostatic
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potential at the interfaces, Eq. (6.15) can be rewritten as

. 1 * 3 5 7 Cint
2|:a +—:|P+4a P +6a,,,P +8a P +...=—-— V. 6.16
e | G U UL o+ Cont) (616

Here, V' is the voltage applied to the electrodes whereas E represents the total field inside the
ferroelectric film, which is the algebraic sum of the applied field and the depolarizing field
E4¢,- Now, the total capacitance density ¢, = 0D(V)/0V can be evaluated as

Cint € Cint

¢ = -+ — | 6.17
(Gt 1+(80+Cint't))(1 ( )

where the inverse susceptibility of the ferroelectric film is represented by

7 = 0E/OP = 2a}+12al5P" +30a,,,P* +56a,,,,P"+ ...

From the P* approximation the spontaneous polarization can be found as
P2~—[a; +1/(2¢;t)]/(2a3;) and the reciprocal susceptibility may be evaluated as

-1 . . . .
¥ ~—4a;—3/(c;t). Now, the inverse of the total capacitance density can be written as

4
— =~ f+— = — _ =
Xott— = oo (6.18)

N
S
3

M
S
3

where & is the permittivity of a thick strained film, as mentioned in the above sections. As a
remarkable result, Eq. (6.18) shows that the extrapolation of the inverse total capacitance 1/c,
to zero film thickness has a negative intercept. This is only valid for films in the ferroelectric

state, while for paraelectric materials the standard result ¢;1(+ - 0) = 1/¢;,, follows.

int
In the P° and higher order approximations, the reciprocal total capacitance ¢;! becomes non-

linear, but it can be seen that the nonlinearity is usually negligible when plotting ¢;!(7) in the
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<t<t

limited thickness range ¢, ;, < max - This makes it possible to approximate the reciprocal

capacitance density as

—r———, (6.19)

in analogy to Eq. (6.18) but with two fitting parameters &,5-and k. Remarkably, the extrapola-

tion to zero thickness gives a negative intercept —x/c. ., which may significantly vary with

int?

temperature.

The influence of both strain and depolarizing field effects on the phase transition temperature

has been calculated in Ref. [144] as

3 4 Opten

T —T+4—g
c ™ 1o n

SO(T g)ﬁ, (6.20)

int S11 7512

where the thickness dependence of the misfit strain, given by Eq. (6.5), has been taken into ac-
count, while its weak temperature dependence described by Eq. (6.6) has been neglected. The
thickness dependence of 7~ can be thus determined by the difference between the two terms in
square brackets in Eq. (6.20). While the first term is positive, the second one must be negative
(8% <0 and Q;, <0), so that the variation of T is governed by the competition of the strain
relaxation and the depolarizing-field effect, as already mentioned in chapter 6.3. When the lat-
ter prevails, the critical temperature is expected to decrease in thinner films. On the other hand,
T~ will increase with decreasing thickness, if the dominant term in Eq. (6.20) is associated
with the relaxation of compressive misfit strain. In addition to the thickness dependence of T\~
solely from strain as shown in Figure 6.12, Figure 6.13 now shows the calculated thickness de-
pendence of T\~ when also the depolarizing field has been considered. It can be seen that these
calculated values now much better fit the experimentally determined phase transition tempera-
ture both for the SRO as well as the Pt samples. For the calculation, c;,, in Eq. (6.20) has been
chosen to 0.7 F/m? for SRO and 0.45 F/m? for the Pt samples. These values are comparable to
the theoretical value of ¢; = 0.615 F/m’ given in Ref. 33, hence this fitting parameter is con-

firmed by theory.
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A reduction of T~ in thinner films has been observed in Au/Ba 5Sr sTiO3/La 5Sr; ;C003
and Pt/Ba, 7Sr() 3 TiO5/Pt thin-film capacitors [17,96]. As reported in Ref. 17, the samples have
been fabricated as Si/Pt/BST, which does not lead to epitaxially grown films or an associated
misfit strain relief, so only the depolarizing field effect may be found, which agrees with the
trend of the thickness dependent phase transition temperature. At the same time, the dielectric-
peak position 7,, was found to shift to higher temperatures with decreasing thickness in Au/
Ba) 551 sTiO3/SrRuO5 and Pt/Ba, 7Sr( ;TiO3/SrRuO; capacitors [16,92], which can be attrib-
uted to the strain relaxation process in the epitaxial films. Both sample series investigated in

this work, however, show the latter behavior, as can be seen in chapter 5.

The thickness dependence of the polarization and permittivity in thin ferroelectric films with
t>t.1s also affected by the competition of strain and depolarizing field effects. In the p ap-

proximation, the reciprocal total capacitance density can be described by

t 1 Opatem
= = ——2[——4—SO(T )}- 6.21
& Cing  Sptsp ™8 6.21)

Eq. (6.21) demonstrates that the dependence ¢;!(#) remains linear, but the intercept is defined
now by the algebraic sum of two terms with opposite sign. Evidently, the intercept becomes
positive when the contribution due to strain relaxation is larger than the depolarizing-field con-
tribution. The situation becomes reversed in the paraelectric state with

e ' (t—>0)~c; ) —405t.m85(T,)/ (s +51,) . Remarkably, the intercept here becomes
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negative when the strain-related effect prevails over the depolarizing-field one.

6.4 Comparison with experimental Values

Whereas a change of the sign of the intercept has also been observed in the p approximation,
its temperature dependence could only be seen when using the P8 approximation. With the
above derived expressions for the reciprocal total capacitance density in the ferroelectric and
paraelectric state, the intercept ¢;!(z — 0) has been calculated for epitaxial BTO films, as
shown in Figure 6.14. Here, two different cases were considered: (a) A capacitor with elec-
trodes that show good screening properties, e.g. an assumed interface capacitance of ¢;,,;, = 1 F/
m? (Figure 6.14 (a)) and (b) a capacitor incorporating electrode material showing deteriorated
screening properties, displayed here by an interface capacitance density of c;,,=0.2 F/m?
(Figure 6.14 (b)). It can be observed that with both assumed interface capacitance values, a
change of sign of ¢;!(# — 0) occurs during the transition from the paraelectric to the ferro-
electric phase. In the case of electrodes with good screening properties (higher interface capac-
itance density), the strain effect dominates, thus the sign of ¢; (s — 0) changes from positive
in the ferroelectric phase to negative in the paraelectric phase. For the assumed electrodes with

degraded screening properties (lower interface capacitance density), the depolarizing field ef-

~
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FIGURE 6.14:

Temperature dependence of intercept c,‘1 (t—0) calculated for BaTiO5 thin-film capacitors with elec-
trodes of different screening abilities.

(a) ¢;y = 1 F/m?
(b) ¢;p = 0.2 F/m?
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fect overrides the influences of strain relaxation, resulting in a change of the sign of

c;1(t —> 0) from negative in the ferroelectric phase to positive in the paraelectric phase.

When the temperature dependence of the intercept, as shown in Figure 6.14 is compared to the
temperature dependent values resulting from measurements of the SRO and Pt samples in

chapter 5 (cmp. Figure 5.13 & Figure 5.17), the following becomes obvious:

* In principle, the temperature dependence of the Pt samples (Figure 5.13) shows a very good
agreement to the behavior of a capacitor with electrodes having good screening abilities

(Figure 6.14 (a)), thus the strain relaxation effects dominate the intercept ¢; ' (¢ — 0).

* For the SRO samples, this temperature dependence (Figure 5.17) does not show the same
good agreement as in the Pt case, but nevertheless can be regarded as qualitatively compara-

ble. Hence, also here the strain relaxation effects dominate the capacitance density.

It follows from this comparison that only the theoretical approach incorporating electrodes
with good screening properties can be confirmed by the experimental values. This is reason-
able, since both sample series show the same strain state, as discussed in chapter 6.2 and do not
differ much in the theoretical estimates of their interface capacitance density associated with
the screening space charge in the electrodes which can be calculated using the results of

Refs. 31 and 108.

6.5 Validation of the Theoretic Findings

To conclude this chapter, the results of the theoretical discussion about the experimentally

achieved values will be summarized:

* It has been shown that the different trends of the thickness dependence of the phase transi-
tion temperature evaluated for the SRO and Pt samples can be solely explained by the influ-
ence of the excitation voltage levels. Using equal excitation fields rather then equal
excitation voltages, no serious difference in the trend of the phase transition temperature for

each thickness can be observed.

* In general, the BST layers investigated here show a relaxorlike dependence of the permittiv-

ity on the excitation amplitude, which in case of the Pt samples is obscured by the low inter-
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face capacitance and the subsequently lower voltage drop across the bulk capacitor. From
recalculations of the real applied field assuming a capacitive voltage divider, the relaxor
properties in principle can be recovered. A microscopic interpretation concerning the re-
laxor properties in perovskites is given in Ref. 137 and Ref. 138. In the present case, an in-
homogeneous distribution of STO and BTO in the BST-matrix can be assumed, that leads to

nanodomains with long-range interaction.

* From the analysis of the out-of-plane lattice constant it can be found that both SRO and Pt
samples are in the same thickness dependent strain state. The experimentally determined
thickness dependence of the lattice constant can be evaluated theoretically by means of the

thermodynamic theory.

» A thickness and strain dependent apparent interface capacitance could be evaluated by
means of a Curie-Weiss type dependence of the permittivity on the lattice mismatch strain.
The experimentally determined values in general show a good agreement with the thus cal-
culated values. The shift of the phase transition temperature depending on the strain in the
BST layer has been evaluated and reveals a fair agreement to what has been found experi-

mentally.

» Additional effects from depolarizing fields compete with the strain effects, while their con-
tributions to the apparent interface capacitance and the phase transition temperature have
opposite signs. The measured values of the phase transition temperature agree much better
with the calculated values when both strain and depolarizing fields are considered. Depend-
ing on the dominating effect the resulting apparent interface capacitance may be higher or
lower and even can become negative. A comparison of the experimentally determined tem-
perature dependence of the interface capacitance with the theoretically determined one re-
vealed a good agreement with the case of electrodes with good screening abilities in both
the SRO and Pt samples. In general, the depolarizing field is thought to be strongly depen-
dent on the screening abilities of the used electrode, which seem to be better in the SRO

case compared to the Pt case.

* Since theoretically both the strain effects and the depolarizing field result in apparent inter-

face capacitance values of the same order of magnitude as observed experimentally, it
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seems to be difficult to distinguish between both influences. The strain state in the two com-
pared sample series was found to be identical, so that from the difference in the screening

abilities of the electrode material a separation may be accomplished.
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7 Conclusion

7.1 Summary

In the course of this work, high quality epitaxial Bag 7Sr ;TiO5 (BST) thin films with STRuO;
(SRO) bottom electrodes have been fabricated on SrTiO; (STO) single crystalline substrates
using the pulsed laser deposition (PLD) technology. SRO (epitaxial via PLD) as well as Pt (by
sputter deposition) have been deposited on these bilayers to finally form BST thin film capaci-

tors. These samples have been termed accordingly SRO samples and Pt samples.

Physical analyses approved the BST films to be single crystalline with smooth, defect-free in-
terfaces to the electrode layers. From electrical analyses, small signal capacitance values as
well as ferroelectric polarization loops of the samples have been determined at a variety of
temperatures, voltages and frequencies. The interpretation of these measurements revealed val-
ues of the room temperature interface capacitance density as high as 1.55 F/m? in the SRO
samples, which is at the order of magnitude as expected when having solely intrinsic influ-
ences and clearly outnumbers the values from previously reported studies. The polarization-
voltage loops show that ferroelectricity can be found even at temperatures high above RT,
which otherwise has not been reported yet. RT remanent polarization values of ~10 uC/cm2 for
the SRO sample and ~3 uC/cm2 for the Pt sample (both ~130 nm) have been found, while in

general the polarization loops are rather strongly slanted slim-loops.

» The analysis of the out-of-plane lattice constant revealed that both sample series are in the
same thickness dependent strain state. The experimentally determined thickness depen-
dence of the lattice constant agrees very well to a theoretically calculated one using a ther-
modynamic theory. From a Curie-Weiss type dependence of the permittivity on the lattice
mismatch strain a thickness and strain dependent apparent interface capacitance has been
evaluated as well as an estimate of the strain dependent shift of the phase transition temper-
ature. The experimentally values for ¢; and T~ agree fairly well with these theoretical esti-

mates.

» Additional contributions from a depolarizing field to the apparent interface capacitance and

the shift of the phase transition temperature have been discussed. Theoretical calculations
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reveal that these contributions in the case of the intercept have a different sign compared to
the strain influence, but can be roughly estimated to be in the same order of magnitude.
Since the strain contribution has been shown to be the same in both series, a separation of
the apparent interface capacitance into its components due to the assumed different depolar-
izing field contributions for Pt and SRO might be possible. Considering the influence of the
depolarizing field on the phase transition temperature explains and corrects the inaccuracy
that remains when comparing the observed thickness dependent phase transition tempera-

tures with the calculated ones that were derived allowing solely strain contributions.

Those theoretical considerations have shown that the term ,,interface capacitance® has to be
used carefully. This parameter in general involves apparent contributions caused by the thick-
ness dependence of the intrinsic film permittivity, and may also become negative in special
cases. In the present case, the influences from the depolarizing fields as well those from the lat-
tice mismatch strain are in the same order of magnitude and therefore may counteract each
other. In general, the consideration of both mechanisms allows for a better understanding of

the observed differences in the behavior of the two sample series.

The maximum permittivity values for the thickest BST films (~130 nm) have been determined
as 3800 (SRO) and 2100 (Pt) and correspond to phase transition temperatures 7~ of 360 K
(SRO) and 310 K (Pt). In general, the BST thin film capacitors investigated here show a relax-
orlike dependence of the permittivity on the applied excitation voltage amplitude, which can
lead to an overestimation of the determined permittivity at higher excitation levels. In the case
of the Pt samples this behavior is strongly obscured by the low interface capacitance and the
correspondingly lower effective field at the bulk capacitor. By correcting the real effective
field and the real bulk permittivity, a partial recovery of the relaxorlike properties of the Pt
samples has been shown. Thus, relaxor properties in BST thin films are more pronounced
when dealing with better (thus defect free) interfaces but in most cases have not been reported
due to deteriorated electrode/film interfaces. In general, an inhomogeneous distribution of
STO and BTO in the BST-matrix that leads to the formation of polar nanodomains may be re-

sponsible for the observed relaxor phenomenon.

In summary, the experimental findings result in dielectric properties by far exceeding what has

been reported for comparable systems up to now. After all, the samples with oxide electrodes
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(SRO) show a superior behavior compared to the Pt samples. Using the effects of misfit strain
relaxation and depolarizing fields together with the nonlinear thermodynamic theory of ferro-
electrics the experimentally observed thickness dependent shift of the phase transition temper-
ature and the occurrence of a non-zero intercept in the linear fit of the reciprocal capacitance
density can be understood. The partial suppression of the relaxor properties of BST thin films
with Pt electrodes can be qualitatively explained by the less perfect film/electrode interface in

these samples compared to the SRO samples.

7.2 Outlook

Further evaluation of Pt and SRO with respect to their suitability as electrode material in thin
film BST capacitors should be considered. While the SRO layers can be regarded as high-qual-
ity single crystalline films, the Pt electrodes suffer from a poor interface to the BST: In addi-
tion to their non-epitaxial growth, contamination and amorphization of the interface is likely
due to the incorporated ex-situ deposition process. Additional studies with epitaxial Pt elec-
trodes and better interface characteristics are necessary to finally judge about any of the two’s

applicability in an actual memory device.

With the awareness of the relaxor properties in the BST samples, some more investigations
would be necessary to further understand its origins. One of the major questions in this context
must be to asses the inhomogeneities on the nano-scale, comparable to the correlation length 7,
of the dipole nanoclusters as mentioned in [137]. A variation of the material composition in a
way that both epitaxial STO as well as BaTiO; (BTO) samples could be investigated would
give a further insight into this issue: Since here no inhomogeneous distribution of any clusters

is expected, also no relaxor behavior should occur.

As a major goal for future work, the elimination of the inhomogeneities in thin BST films (and
thus the source of the relaxor-like properties) must be regarded. Having accomplished this
task, it would seem possible to regain the real bulk properties of BST even in thin films of a
few nm thickness. A similar recovery of bulk properties has been successfully achieved by
Saad et al. in the case of BTO lamellae [102], where they eliminated the deleterious influence

from defects in the thin films.
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