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1. Introduction

Interest in pulsed laser deposition (PLD) as a versatile technique to deposit
thin films of complex materials is growing rapidly. The success PLD has had
in the deposition of a wide variety of materials has spurred activities world
wide. The reasons for this increase of research activity is, that virtually any
material from pure elements to multi-component materials can be deposited.
The major breakthrough of PLD was triggered by the successful growth of
high-T. superconducting films in 1987 [Bed 87], which literally lifted the PLD
method off the ground [Dij 87, Wu 90]. The ease, with which oxide ceramic
materials can be grown as high quality thin films nowadays makes PLD an
important research tool in physics, materials science and the development of
next generation electronics.

The basis for the application of ceramic oxides in electronic circuits was
built in the 1950's, 60°s and 70"s, when high purity materials became avail-
able. It has been the driving force for many scientists to explore the multifac-
eted physical properties of this group of materials. An exceptional example of
complex oxidic ceramics is the high-T. superconductor YBa;Cu3zOyr.s, which is
presently being used for the fabrication of sophisticated multi-layered cir-
cuits. Passive devices in high frequency technology or active devices, such as
superconducting quantum interference devices (SQUID) for ultra precise de-
tection of magnetic field are assumed to have a technological relevance in the
future. Ferroelectric ceramics such as BaTiOs, Pb(Zri«Tix)Os and SrBi>TazOq
are currently employed into state-of-the-art devices for non-volatile memory
with improved cycling and fatigue properties. Moreover, the combination of
both classes of materials into superconductor-ferroelectric hybrid devices is a
challenging subject, currently reported in a variety of publications [Gri 97,
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Cer 96, Sch 98]. Another actual application of ceramic oxides is the observed
colossal magneto resistance effect, which makes the class of manganates
(La1-xCaxMnOQs.5, SroFeMOs and others) promising materials for magnetic
memory devices (MRAM) and magnetic field sensors for read heads of hard
disks.

In general, this small selection of a wide variety of ceramic oxide materials
and their applications, can be classified into the group of “functional layers”.
In contrast, the more simple but nevertheless essential ceramic oxides such as
CeO,, YSZ, and others, in some sense can be classified into the group of
“pbuffer layers”, however, without ignoring their physical properties. The ap-
plication of these materials in order to allow and to control the growth of
functional layers on technical substrates, is the main requirement for all the
previously mentioned technological applications of ceramic oxides.

Scope of the Thesis

This work will start describing practical and theoretical aspects of PLD.
Consequently, the aspects of epitaxy in complex heterostructures consisting of
simple ceramics playing the role as buffers layers and complex ceramics
playing the role of functional layers will be discussed. Finally, the last chap-
ters will focus on the use of buffer layers for the growth of functional
YBa;Cu3zO7.5 and SrBi2Ta;Oy thin films, being two important examples for
technologically relevant oxidic heterostructures.

The wide field of applications mentioned previously, encouraged us to
establish this thin film deposition technique in our group. Thus, chapter 2 pre-
sents the technological aspects of PLD that have been considered. The tech-
nological and historical development of PLD is comprehensively reported,
and the most essential design criteria and practical construction of a deposi-
tion system for the growth of oxidic materials is discussed. The requirements
for high quality multilayer devices are met by the development of (i) a multi-
functional high temperature substrate heater that guarantees a homogenous
substrate temperature and fast sample exchange, (ii) a sophisticated laser
beam scanning optics that ensures homogeneous laser energy density and
optimal ablation of the target material, and (iii) a sixfold target holder that
allows in-situ material selection.
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Apart from the technical advantages of PLD and the physical phenomena
of various materials that can be deposited by this technique, the PLD process
itself is an extremely complex as well as a theoretically challenging physical
phenomenon. Theoretical descriptions are multidisciplinary and combine
both equilibrium and non-equilibrium processes, thermodynamics and hy-
drodynamics, and a variety of models, suitable only for parts, but never able
to describe the whole PLD process. Hence, chapter 3 is dedicated to give a re-
view of the presently discussed theoretical approaches in PLD, focussing on
the relevant processes and structured according to the sequence of the PLD
process itself. However, the last part of chapter 3 might be the one, which at-
tracts the attention of those, who use PLD as a tool for thin film deposition.
Herein, the accent is on the influence of processing parameters on film nu-
cleation.

In general, a high crystalline quality and in most cases a specific crystallo-
graphic orientation of functional oxidic layers is an important requirement for
the investigation of their fundamental properties. Thus, in chapter 4, the em-
phasis is on the use and applicability of a selection of buffer materials in order
to allow and even to control the growth of functional layers by heterostruc-
tures. Here, PLD proves to be a high flexible tool in order to fabricate most
epitaxial heterostructures, consisting of different materials which serve cer-
tain purposes. After some general concepts of epitaxy and lattice mismatch
accommodation are reported, the focus is on lattice mismatch and resulting
epitaxial relations of the materials used in this work. Consecutively, some im-
portant material properties are described, and the general requirements to a
buffer layer are discussed. Because of its particular chemical and physical
properties, YSZ is so far the only buffer layer, which allows the deposition of
crystalline oxides on silicon. Therefore, a detailed investigation of deposition
methods and thin film properties is reported. Moreover, the ability to control
the growth of functional layers on technical substrates by the introduction of
additional buffer layers is emphasised by the example of the high-T. super-
conductor YBa;Cu3;O7.5 on (001)-oriented silicon substrates. Within those ex-
amples, the dielectric properties of the buffer layers are investigated.

Being the initial motivation for the design of this PLD system, the aspects
of lattice engineering for bi-epitaxial grain boundary Josephson junctions in
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high-T. superconductors (HTSC) are discussed in chapter 5. After a general
introduction into the physics of Josephson junctions [Jos 62] and a short re-
view of the technical approaches realised hitherto, the accent is on the idea of
continuous lattice match [Wu 92] in order to realise bi-epitaxial Josephson
junctions. The ability to manufacture such artificial junctions opens a wide
field of both technical applications as well as fundamental physics. On the
one hand, the optimisation of contact properties and the integration into so-
phisticated circuits leads to technologically relevant active and passive de-
vices, such as SQUIDs and ultra high frequency oscillators. Due to the
complexity of processing steps, these applications in some sense represent a
threshold between science and technology. On the other hand, a challenging
physical phenomenon is found in the investigation of vortex dynamics
(guided vortex motion) in one dimensional pinning potentials of JJ arrays,
based on bi-epitaxial grain boundary junctions. However, the basis for both
subjects is an adequate deposition and structuring technology for a single
junction. Thus, chapter 5 is dedicated to the introduction of BaZrO; into a new
layer sequence for bi-epitaxial grain boundary junctions, using the technique
of continuous lattice match. The epitaxy relations of this layer sequence are
clarified by means of X-ray diffraction measurements and the exceptional
transport properties of an in-situ deposited YBa,CusO7.5 layer are presented.
Moreover, some preliminary investigations are reported, which focus on the
embedding of an etching step into the preparation process of the layer se-
guence in order to generate a single grain boundary junction. Herein, the in-
teraction of an ion beam with a surface and its impact on the resulting surface
morphology of the superconductor is a main issue. Finally, first results on the
transport properties of such junctions are reported and the influence of the
grain boundary morphology is discussed by means of AFM measurements.

Until the mid-90’s, investigations of ferroelectric ceramics tending to their
application in memory device technology, were mainly concentrated on mate-
rials such as Pb(ZrixTix)Os, BisTisO12 and BaMgF, [Sco 88, Nak 94, Sin 91].
Several reasons, for instance the deterioration of ferroelectric properties with
decreasing film thickness, fatigue or interdiffusion with the electrode mate-
rial, hitherto circumvented the extensive industrial application of those mate-
rials. With SrBi,Ta;Og, a material that shows no fatigue behaviour up to
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1012 polarisation switching processes was rediscovered [Mit 69, Des 95]. This
fact gained interest of numerous memory manufacturers into this non-volatile
and radiation resistant memory material. Thus, as the fundamental memory
devices, the Metal-Ferroelectric-Semiconductor-Field-Effect-Transistor (MFS-
FET) and the Ferroelectric-Random-Access-Memory (FRAM) as well as some
basic principles of ferroelectricity are the starting point of chapter 6. Hereafter,
the possibility to use buffer layers for ferroelectric SrBi;Ta;Og on silicon in or-
der to control epitaxial c-axis growth of SrBi;Ta;Oy films by the use of the
materials introduced in chapter 4, is clearly shown. The third part of this
chapter reports on the investigation of dielectric and ferroelectric properties
of SrBi;Ta,O9 in MFS-diode- and capacitor-structures, corresponding to an
approach to the fundamental units of a memory device and describing the
macroscopic properties of the ferroelectric. Moreover, resulting from increas-
ing miniaturisation of device structures, ferroelectric domains are assumed to
have a crucial impact on those properties. Thus, the consecutive subchapter
concentrates is on microscopic investigations of the ferroelectric domain
structure by means of Atomic-Force-Microscopy (AFM) measurements in the
“piezo-response” mode. Moreover, “non-contact” AFM measurements have
been performed in order to estimate the local magnitude of remanent polari-
sation and the dielectric constant. Finally, in chapter 6.5 an attempt has been
made, to introduce SrZrO3 as an innovative buffer layer to force the growth of
SrBi»Ta;Og Wwith its a-axis aligned along the substrate normal, in order to take
full advantage of the ferroelectric properties of this material.






2. Technical Aspects of Pulsed Laser
Deposition

The fabrication of sequential heterostructures consisting of multi-
component individual layers requires a versatile technology that allows the
in-situ deposition of high quality thin films. Among the many existing depo-
sition techniques, pulsed laser deposition (PLD) is one of the few that allows
epitaxial growth of multi-component thin films from single targets. Com-
pared to other techniques like sputtering and molecular beam epitaxy (MBE),
PLD incorporates many benefits while overcoming most of their drawbacks.
In particular, a relatively simple vacuum system and the wide range of mate-
rials that can be deposited are worth mentioning.

In 1965, shortly after the first high-power ruby laser became available
(1963), Smith and Turner [Smi 65] demonstrated the possibility of thin film
deposition by the use of laser vaporisation. However, the first major break-
through came in the mid-1970"s when the electronic Q-switch was developed
to deliver short pulses with very high peak power density. But a second major
breakthrough was triggered by the successful growth of high-T. supercon-
ducting films in 1987 [Bed 86], that literally lifted the PLD method off the
ground [Dij 87, Wu 90]. A historical overview can be found in the appendix.

One of the main issues of this work was to establish this technique in our
group. Therefore, the following chapter will deal with the principle of PLD,
followed by a description of the system, which was built in Mainz.
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2.1 Principles of Pulsed Laser Deposition

Conceptually and experimentally, PLD is probably one of the simplest thin
film growth techniques. Figure 2.1 shows a schematic diagram of an experi-
mental set-up. Inside a vacuum chamber, a heated substrate holder is posi-
tioned opposite to a target holder within a distance of a few centimetres. A
high power laser is used as an external energy source. A short laser pulse
(t<20ns) is focused onto the target using a set of optical components placed
outside of the vacuum chamber. If the laser beam energy density exceeds the
ablation!-threshold?, congruent evaporation of all components of the material
will occur.

vacuum chamber

target

7

plasma plumé focussing lens aperture

substrate

substrate port
view port

Figure 2.1: Schematic illustration of the PLD chamber and principle of the PLD process.

1 Latin: take off. Moreover, ablation is used in the aviation industry and stands for the erosion of
material.

2 For most perovskites, this threshold is above 1 J/cm2. The exact physical definition of the abla-
tion threshold is rather difficult and will be discussed in chapter 3.
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Consequently, a plasma with a stoichiometry corresponding to that of the
target is formed and expands in a forward-directed manner away from the
target surface. Finally, the components of the plasma plume3 condensate on a
single crystalline substrate. In the case of properly chosen deposition pa-
rameters (substrate temperature, deposition pressure, etc.) and a lattice
matched substrate a grows epitaxially on the substrate. In this sense the con-
cept “deposition” describes the relevant process of film growth, while the
term “ablation” relates to the erosion of the target material.

One of the main advantages of this technique is the decoupling of the vac-
uum system and the evaporation power source (i.e. the laser)4 This fact is
crucial for the high flexibility of this technique, offering an easy adaptation to
different operation modes without the constraints imposed by the use of in-
ternally powered evaporation sources. Film growth can be carried out in a re-
active or in an inert environment containing any kind of gas. It can also be
operated in conjunction with plasma excitation or other types of evaporation
sources in a hybrid approach (e.g. lon Beam Assisted Deposition, IBAD). In
contrast to other techniques (e.g. DC-sputtering) the electrical properties of
the target material do not play decisive role in the plasma formation. Conse-
guently, this deposition method is applicable for conductors as well as insu-
lators. To attain a significant ablation rate and therefore a significant
deposition rate, sufficient optical absorption of the laser radiation> by the tar-
get material is crucial. This condition is met for all the perovskite-like materi-
als prepared in this work. Although these advantages led to a wide spread of
the PLD technique (mainly in research), two crucial disadvantages should be
mentioned: First, as a result of the forward-directed expansion of the plasma
plume (mainly along the target normal), the area of homogeneous film depo-
sition lies in the range of about 10x10 mm2, which hitherto circumvented the
enforcement of the PLD method in industry. The formation of droplets® is the

3 A term that is commonly used because of the plume like shape of the plasma.

4 Which additionally gives the possibility to operate several PLD systems with a single laser in
order to minimise the cost per system.

5 In this work, a wavelength of A =248 nm (KrF) is used exclusively.
6 um-sized particles on top of the film surface (see chapter 3).
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second problem, especially for applications, where extremely smooth surfaces
are required (e.g. high frequency devices and heterostructures).

2.2 Conception and Construction of a PLD-System

The previously mentioned flexibility of the PLD method and a high
degree of process automation are the requirements to investigate the growth
properties of a large number of different compounds and related heter-
ostructures. Therefore a new PLD system (Figure 2.2) has been built in order
to fulfil these requirements. The main considered issues are:

Deposition Chamber:

« A high vacuum system that allows reliable oxygen pressure control from
chamber base pressure (107 mbar) up to 100 mbar.

- A multi-target holder including target rotation and straight forward target
change and exchange.

- A substrate heater, which includes a water-cooled shield and enables ho-
mogenous deposition temperatures up to 1000°C. Fast substrate exchange
and exact positioning relative to the plasma plume (rotatable and tiltable)
Is ensured.

Laser-System:

« A KrF-Excimer Laser with a suitable gas supply and adequate
security features for laser radiation and laser gas (fluoride).

- An optical system to focus the laser beam onto the target and to scan the
beam over the target surface.

« An on-line energy measurement’ set-up to monitor the laser beam
energy density on the target surface.

7 Since the energy sensor is suited outside the deposition chamber, the attenuation factors of the
optical components (especially the laser window) have to be taken into account.
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2.2.1 The Deposition Chamber
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Figure 2.2: Picture of the PLD system. In the centre, the vacuum chamber is visible.
On the right side, the encapsulated optics and the laser are situated.

The high vacuum chamber allows thin film deposition in a reactive gas
environment in a pressure range from 10-7”mbar to several mbar in oxygen
flow. The oxygen pressure is one of the crucial deposition parameters for
complex oxides and must be reliably controlled. This is realised by a two
stage pumping system consisting of rotary pump and a turbo molecular
pump. The deposition pressure is adjusted manually by two dosing valves.
The first controls the oxygen inlet, while the latter stabilises the pumping
power. The pressure measurement is performed by a set of pressure gauges
adequate for a pressure range from 107 mbar to 100 mbar.

The disk-shaped targets® are mounted on a sixfold rotatable target holder,
which is designed as a carrousel that simultaneously enables the rotation of
the targets and the selection of a single target by rotation of the complete
holder by a rotational feed-through. The two independent rotations are

8 With a diameter of 25 mm and a thickness from 1 to 4 mm.
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realised by a planetary gear. An internal vacuum motor drives the target ro-
tation (fr=1/s). A shield (not shown) is mounted to avoid target cross con-
tamination. The simple design allows the targets to be easily accessible and
exchanged within a few minutes. This is especially useful for doping experi-
ments of new compounds, where quite a number of targets with different
compositions are needed. A further advantage of the design is, that target sur-
face must be sanded flat ex-situ at regular intervals in order to guarantee re-
producible film quality and ablation rate.

Figure 2.3: Schematic illustration of the sixfold rotatable target
holder. By the use of a planetary gear, simultaneous rotation of the
targets and target selection by rotation of the whole holder is possi-
ble.

In order to preserve stoichiometric ablation and uniform erosion of the
target, the laser beam is scanned over the whole target surface. This is realised
by the combination of target rotation and simultaneous horizontal scanning of
the laser beam along the radial direction of the target. Thus, laser irradiation
of the same target region is avoided, which would lead to strong surface
damage by local heating, followed by irregularities in the plasma plume com-
position and therefore incorrect stoichiometry of the film. This aspect will be
discussed in chapter 3.1, wherein the focus is on laser-target interaction.

As with most thin film deposition methods, the manner in which the sub-
strate is heated plays an important role. For many of the complex oxides
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deposited by PLD, substrate temperatures above of 800°C must be regulated
with stability better than +0.5°C in oxygen atmosphere. The target-substrate
distance is a crucial deposition parameter that has to be optimised for each
compound. The lateral position of the substrate relative to the plasma plume
must also be adjustable in a reliable way. This is accomplished by step motors
in the x-, y- and z-directions. Rotation axes along the y- and z-directions (refer
to Figure 2.5) enable off-axis PLD and the movement of the heater outside the
plasma during pre-ablation®.

Temperatures up to 1000°C can be reached by a contact-type heater de-
sign. As illustrated in Figure 2.4a, a corrosion-free Inconell” cylinder (orange)
is heated by a winded coaxial heating conductor (red) and thermally screened
by a water cooled copper shield (not shown). The substrate itself is glued or
clamped onto a small cone (blue) which is screwed into a corresponding de-
pression of the heated cylinder. In Figure 2.4b, a picture of the cylindrical
heater with mounted cone and glued substrate is shown. Moreover, the
mounting tool with four pins and the corresponding holes in the cone are
visible.

Cone Thread Coaxial Heater Spring Termocoupl

Figure 2.4: (a) Schematic drawing of the heater. (b) The heater and a substrate glued onto the
cone is shown. The tool, that is used to screw the cone into the corresponding depression without
touching the substrate is visible at the left side.

The cone shape ensures a homogenous thermal contact to the cylinder.
This newly developed design allows fast substrate mounting without re-
moving the whole heater construction out of the chamber. The substrate tem-
perature is measured with a thermocouple, which is fed through the cylinder
and pressed by a spring from the backside into a hole of the cone with a

9 Usually a certain number (=2000) of laser shots is used to clean the target surface in order to
avoid formation of droplets due to loose particles after target-sanding.
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distance of 0.5 mm from the cone surface. The temperature is regulated within
+0.5°C from 500-1000°C with an Eurotherm 2416 temperature controller.
Optimal temperature homogeneity over the whole substrate surface is ob-
tained by gluing it directly onto the cone with silver paint. In contrast,
clamping of the substrate onto the cone results in reduced temperature ho-
mogeneity, but ensures fast and secure removal of fragile substrates. Moreo-
ver, organic contamination on the substrate surface, originating from the use
of glue, is avoided.

2.2.2 The Laser System

In general, the useful range of laser wavelengths for PLD is between
200 nm and 400 nm. The most common materials exhibit strong absorption in
this spectral region. As one moves towards shorter wavelengths, the absorp-
tion coefficients tend to increase while the penetration depth into the target
and the ablation threshold decreases. Below 200 nm, strong absorption by
Schumann-Runge bands of molecular oxygen makes beam guidance in air
impossible and requires special optics. Solid-state Nd3*:YAG and pulsed ex-
cimer gas lasers are the most popular radiation sources in the UV range. In
order to achieve high laser energies at appropriate wavelength however, the
best choice is the KrF-excimer laser1% which directly emits UV radiation at
248 nm. Also commonly used Excimer laser wavelengths are 196nm (ArF) and
308 nm (XeF,). These systems achieve pulse repetition rates up to several
hundred hertz with energies above of 1J/pulse and a pulse duration T of 10 ns
to 20 ns.

One of the most complex and sensitive parts of a PLD system is the optics.
A uniform laser spot as well as a non-divergent beam are the requirements for
homogenous energy densities on the target and therefore high quality thin
film deposition. Due to the design and the orientation of the laser tube elec-
trodes in the used KrF-excimer laser, the beam energy distribution exhibits a
nearly gaussian-like profile along the horizontal axis, whereas along the verti-
cal axis the distribution is best described as nearly “top hat”. A first aperture

10 Detailed information on the principles of excimer lasers and the used model (Lambda Physik
Compex 301) can be found in [Lam 00].
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(25x12.5mm?2) is used to cut out the homogenous part of the original beam
(Figure 2.5). Using two mirrorstl, the beam is guided to a beamsplitter that
decouples about 7% of the intensity into an energy sensor with an adjustable
attenuation factor in order to display online the real energy focussed onto the
target. The energy density, i.e. the attenuation factor of the beamsplitter, can
be calculated if the effective spot size and the losses of the optical elements
are taken into account. A third mirror directs the beam into a spherical lens
(f:=50 mm) through a second exchangeable aperture (4x4 mm to 10x10 mm),
which reduces the spherical aberration. The beam enters the PLD chamber
through a laser window?2 after passing a fourth movable!3 mirror (Figure 2.5,
scanning mirror). Additionally a potential shield is mounted directly after the
chamber window to reduce the formation of a graphite layer due to laser in-
duced ionised hydro-carbonates which diffuse to the window that is polar-
ised by laser irradiation. For security reasons, the whole optical system is
encapsulated in a perspex box.

Laser Window
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Figure 2.5: Schematic drawing of the laser beam guidance.

By moving the last mirror, the laser beam may also be scanned horizon-
tally over the target surface to provide, in conjunction with the target rotation,
an uniform erosion of the material [Arn 99]. Beside this positive effect, the
main reason for this operation mode is to improve the thickness homogeneity

11 MgF2 with a high reflection coating optimised for 248nm.

12 Fused silica (Suprasil?); the outer side is anti-reflection coated (optimised for 248nm) to im-
prove transmission (T= 96%). For cleaning purposes, the inner side is uncoated.

13 Step motor driven and computer controlled.
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and the compositional uniformity of the film. Additionally, the formation of
particulates (droplets) on the substrate and film surface is reduced, since in-
tense irradiation of the same target area leads to surface roughening and
structure formation by material erosion, followed by decrease of ablation rate,
increase of particulates and instabilities of the plume alignment. By rotation
and translation of the focus these problems can be suppressed or even com-
pletely avoided [Bau 96, Dou 95].

In order to guarantee constant energy densities, the laser beam is scanned
by linear movement of the last mirror (Figure 2.5, scanning mirror). Conse-
guently, the change in the optical path length due to the movement of this
mirror is compensated by the reverse 45° arrangement of the target. Moving
the laser beam focus just by motor controlled obliquity of a mirror in the
beam line would lead to a change in the position of the lens focus relative to
the target. This would result in an undesired modification of the energy den-
sity on the target during scanning, and therefore inhomogeneous film prop-
erties. Furthermore, simultaneous movement of the optical elements within
the dotted rectangle in Figure 2.5 allows to adjust the lens focus relative to the
target in order to change the energy density at a given laser energy.

Furthermore, for technical applications this scanning mode can be used to
compensate the small deposition area of the plasma plume. The scanning of
the laser beam leads to a plume which moves horizontally relative to the sub-
strate heater, spatially fixed in the lateral plane. Combined with a vertical step
motor controlled movement of the heater, this in principle allows a homoge-
neous large area deposition in a line-by-line manner. However, this deposi-
tion technique is limited only by geometric factors such as the size of the
currently used heater and the target radius.



3. Theoretical Approaches in Pulsed
Laser Deposition

In contrast to the simplicity of the experimental hardware, the laser-target
interaction is an extremely complex physical phenomenon. Theoretical de-
scriptions are multidisciplinary and combine both equilibrium and non-
equilibrium processes. The mechanism that leads to light absorption depends
on laser characteristics, as well as optical, topological (surface morphology)
and thermodynamical properties of the target. When laser radiation is ab-
sorbed by a solid surface, electromagnetic energy is converted first into elec-
tronic excitation and then into thermal, chemical and even mechanical energy
to cause evaporation, ablation, excitation, plasma formation and exfoliation.
Material removed from the target form a “plume” consisting of a mixture of
energetic species including atoms, molecules, electrons, ions, clusters, micron-
sized solid particles and molten globules.

A short high energetic laser pulse leads to rapid local heating of the target
material. As a result, within nano-seconds the material reaches a temperature
that, under equilibrium conditions at a given pressure, would correspond to a
much lower density. Due to the large density gradient between target and
ambient pressure, the material then rapidly expands from the target surface.
This expansion can be treated similarly to that of a nozzle jet with hydrody-
namic flow characteristics. This process creates many advantages as well as
disadvantages. The advantages are flexibility, fast response, high energetic
species and congruent removal of the target components. The disadvantages
are the presence of micron-sized particulates and the forward-directed, nar-
row angular distribution of the plasma, that makes large-area deposition a
very difficult task.
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Based on the nature of interaction of the laser beam with the target and the
evaporated material, the PLD process can be classified into three separate re-
gimes: (i) interaction of the laser beam with the bulk target, (ii) plasma for-
mation, heating, and initial one dimensional isothermal expansion, and (iii)
anisotropic (3 dimensional) adiabatic expansion and finally nucleation onto
the substrate (illustrated in Figure 3.1). The first two regimes start with the la-
ser pulse and continue during the pulse duration, while the last regime starts
after the laser pulse terminates. The issues discussed in the subsequent theo-
retical chapters will be structured according to this process.

laser-target dense layer plasma-substrate
interaction near target interaction

"

freeflow —

laser beam substrate

Figure 3.1: Plasma formation, propagation and condensation.

(i) Laser-target interaction “Ablation”
(i) Plasma formation and initial expansion “Plume”

(iili) Expansion and plasma-substrate interaction “Nucleation”



3.1 Laser-Target Interaction - Ablation 19

In order to confirm the theoretical interpretation and models of these proc-
esses, a wide range of diagnostic methods is useful to efficiently correlate the
formation, propagation and properties of plasma plumes with thin film prop-
erties such as stoichiometry, morphology, uniformity and crystallinity. Some
of the important measurement techniques used to investigate the laser-target
interaction and the plasma plume are listed in Table 3.1.

Method Species/Properties of the plasma
time of flight mass Velocity distribution of the species;
spectroscopy (TOF) indirect: target surface temperature

Scanning electron microscopy
(SEM)
High speed photography

lon probe

Optical emission spectroscopy

Intensified CCD (ICCD)

Laser induced fluorescence
spectroscopy (LIF)

Sputtering mechanism of the target

Emissive species (temporal and spatial
evolution, not species specific)

Velocity and spatial distribution of
positive ions (not element specific, not
sensitive on emission or degree of ioni-
sation)

Species specific on emissive species
(velocities of ions, neutrals, molecules);
Plasma temperature (if LTE is assumed)
Hydrodynamics of the plume propaga-
tion and reactive scattering; plume
emission

Ground state atoms and molecules, de-
termining local vibrational and rota-
tional temperatures

Table 3.1: Measurement techniques for target properties and plasma diagnostics.

3.1 Laser-Target Interaction - Ablation

The bombardment of a target by ions, electrons or photons, and in the case
of PLD, by a pulsed photon beam, leads to particle emission through sput-
tering, also commonly termed ablation or desorption. In pulsed laser sput-
tering, it is necessary to distinguish between the underlying primary and
secondary mechanisms. The former include the well known thermal, colli-
sional, electronic and macroscopic (exfoliational) processes. The only
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substantially new process arising with PLD is termed hydrodynamic sput-
tering, which is equivalent to droplet emission. The secondary mechanisms
include various types of pulsed flow processes that can be described within
the laws of gas dynamics.

3.1.1 Primary Mechanisms

Thermal Sputtering

Considered in the sense of vaporisation from a transiently heated target,
thermal sputtering by PLD requires effective temperatures well above the
melting or boiling point of the target material. The thermal history (heating
rate, melting, evaporation) caused by the nanosecond laser-solid interaction
depends on the laser parameters (pulse energy density J, pulse duration T,
shape and wavelength) and on the time- and temperature-dependent optical
(reflectivity, absorption coefficient) and thermo-physical (heat capacity, den-
sity, thermal conductivity, binding energy, etc.) properties of the target mate-
rial'4. The fluid-solid interface of the melt will propagate into the target and
the direction will be inverted after the pulse (10-20ns). The material in the
molten zone will be evaporated and accelerated into a 1-dimensional move-
ment perpendicular to the target surface due to the predominant tempera-
ture- and pressure gradient. Herein, the evaporation threshold can be
understood by the increase of the vapor pressure with temperatures predicted
by the Clausius-Clapeyron equation.

The laser irradiation is absorbed by the target material in a depth of d=a 1,
which is approximately determined by the temperature- and wavelength de-
pendent absorption coefficient a. Being a condition for stoichiometric material
ablation (important especially for multi-component ceramic materials), the
heat has to be generated in a thin surface layer and the heat diffusion into the
bulk has to be slow. Consequently, the ablated layer thickness per pulse Ax;
has to be larger than the heat diffusion depth A = (2D71)* 15. In general, for

14 Dependencies, which are a priori not known for most of the target materials.

15 At large absorption, the heat is conducted into the target according to the heat diffusion equa-
tion with the thermal diffusion coefficient is D =k/pC..
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metals and small band-gap semiconductors the thermal diffusion depth A is
larger than the absorption depth of the laser beam in the target material
(d <A), so that the thermal conductivity of the material is an important factor.
However, if the relation d>A holds, the thermal conductivity does not play a
major role in the evaporation process. Therefore, the evaporated depth will
depend mainly on the absorption depth, which in turn is influenced by the la-
ser wavelength [Sin 90]. In particular, most of the perovskite materials
strongly absorb UV-radiation at a wave length of 248 nm (as used in this
work). Hence, the absorption length is big compared to the thermal diffusion
depth, which allows relatively low laser energy densities for stoichiometric
correct thin film deposition.

Based on the usual expression for the vaporising flux from a condensed
phase (equals the condensing flux) it is possible to estimate the thickness of
the ablated layer form the target per pulse due to thermal sputtering:

Ax =( pTY2r /MY2AH,)x1.53x1¢°nm (3.1)

where p is the ambient pressure, T the maximum surface temperatures, M is
the molecular weight of the vaporising species, AH, the heat of vaporisation
[eV] and Tt the laser pulse duration [Kel 94]. It is important to mention, that
because of the slowness of the vaporisation process, Kinetics has to be taken
into account. Expressions based exclusively on energetic considerations lead
to wrong results [Bat 73], i.e. to elevated deposition rates and temperatures?’.

Collisional Sputtering

Compared to electrons or ions the photon momentum transfer due to di-
rect beam-surface interaction is negligible. The total maximum energy trans-
fer of an incident photon (10eV) on aluminium can be estimated to roughly
8.0x109eV, in comparison to approximately 4.5eV for an incident He* ion on
Al [Kel 94]. However, indirect collisional effects with photons do exist due to
laser-plasma interaction. This leads to acceleration of plasma-ions up to 1 keV
and nearby surfaces are ion-bombarded [Akh 82, Gap 77]. An experimental

16 |deally determined experimentally.
17 TOF (time of flight) measurements indicate the real surface temperature.
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indication of this effect is cone formation of the bombarded target surface as
can be seen by SEM measurements of a YBa,Cu3Oy7.5 target in Figure 3.2.
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Figure 3.2: Cone formation due to collisional sputtering revealed by a
scanning electron microscope (SEM) picture of a YBa.CuzOv.; target used in
this work. Typical PLD parameters: po,=0.3mbar, J=2.5)/cm?, t=15ns,
A=248nm.

Electronic Sputtering

This term actually applies to a family of processes whose common feature
is the involve of some form of excitation or ionisation, such as ionic explo-
sions [Fle 65], “hole-pair “ mechanism [Ito 82, Hag 93], defect formation
[Nak 91] or surface plasmon excitation [Hel 89, Hoh 91]. It is normally con-
fined to dielectrics and wide band gap semiconductors, except when due to
surface plasmons. To consider a specific example, dense electron excitations
can be expected for sufficiently large laser pulse energies resulting in ex-
tremely high electrical fields. This is followed by an energy increase in the
range of a few eV for each atom, and thus by an increase of the vapor pres-
sure by orders of magnitude or even unbinding of the lattice due to strong
Coulomb interaction.
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A possible description is that a rapid non-adiabatic transition takes indi-
vidual ions directly into antibonding states, i.e. into a densely packed repul-
sive gas system, that expels particles energetically [J0s82, Kis87].
Furthermore, the time constants 7 of the processes are substantially smaller
than those of electron-phonon interaction. Thus, no heat is transferred to the
lattice, resulting in the absence of melting processes. The details of what con-
stitutes an electronic process are not straightforward, but some features can
be used as an indication: existence of a threshold energy density for emission;
kinetic energies of the order of a few eV; low internal energies; high degree of
directionality; non-thermodynamic yield of molecules and ions. In general
however, electronic processes due to high photon densities in the laser pulse
are assumed to be responsible for the possibility to ablate materials, which are
transparent for UV irradiation, such as MgO.

Exfoliational Sputtering

Owing to repeated thermal
shocks, material flakes are de-
tached from the target surface,
which results in an obvious and
characteristic topography, as il-
lustrated in Figure 3.3. This proc-
ess can be expected to occur at
relatively high energy densities
(>25J/cm?) and whenever the
system has a high linear thermal

Zlu'm «xra S A Mﬁm
expansion, a high Young’s Figure3.3: Exfoliational sputtering of polycrystal-
modulus, a high melting point line wolfram in vacuum (1=12ns, A=193nm,
' 1=2.5J/cmz, 2000 P) [Kel 85].

(e.g. W, Al,0Os), and when the la-

ser-induced temperature approaches but does not exceed the melting point
Tm. Consequently, thermal shocks occur repeatedly and lead to high stress.
Since these thermal shocks are not relieved by melting, they lead to cracking
[Kel 85].
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Hydrodynamic Sputtering

This process of formation and
repulsion of material droplets oc-
curs exclusively for PLD and is
known as a crucial problem of
this technique. Various solutions
have been suggested to minimise
this effect, which results in pm-
sized particles on top of the thin
film surface (e.g. mechanical ro- R A
tation filters). Among the differ- 2pm ; ,
ent descriptions, such as target Figure3.4: Hydrodynamic sputtering of gold in air
recoiling due to emitted particles (t=12ns,A=193 nm, J=2.5J/cmz, 4320 P) [Kel 85].
[Bat 73], differential etching [Nov 88], the one based on a thermal expansion
argument will be discussed. At laser pulse energies sufficiently large for
melting, asperities!8 of the target surface are accelerated away from the target
(Figure 3.4). This is due to the combination of volume change on melting,
followed by instantaneous thermal expansion of the liquid and the re-cooling
that begins at the bottom of the melted substrate.

3.1.2 Secondary Mechanisms

A high density of pulsed photons can lead to a sufficiently high density of
the emitted particles, so that they interact. The sequential flow processes will
cause the system to lose memory of the primary mechanisms, and the proc-
esses are therefore better described in terms of what can be called a secondary
mechanism?9. At least four of those are currently understood: outflow and effu-
sion either with reflection or recondensation of the backscattered particles, re-
spectively. In a simple model these mechanisms refer to a gas initially
confined to small dimensions that is suddenly allowed to expand into vac-
uum. This initial expansion is not affected by an ambient background gas
pressure. Outflow can be understood as a gas in a finite reservoir that expands

18 The asperity could arise from a variety of effects, including turbulence and differential etching.
19 Happens also with ions at extremely high yield [Urb 93, Kel 90, Wie 92].
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into vacuum when a confining wall is suddenly removed. On the other hand
effusion (which occurs with ordinary vaporisation) refers to a gas in a semi-
finite reservoir that effuses into vacuum when a wall becomes porous until
the wall is resealed again. From a mathematical point of view the movement
of the particles in these mechanisms can be described within the laws of gas
dynamics.

When the quantity of particles per unit time emitted from the target sur-
face exceeds a value of the order of 0.5 monolayers per nanosecond [Noo 87,
Noo 88] the ensuing collisions are sufficient to lead to quasi equilibrium
[Ytr 77, Cer 81, Kel 88a, b] in the so-called Knudsen-layer (KL). This results in
a small flow velocity ux and a forward peaking flux with a cos* 8 angular dis-
tribution. The gas-kinetic (thermal) wvelocity v; follows a Maxwell2-
distribution shifted by uy:

f(v,,v,,v,,t) OexpCF-m((v, -u)*+v,” +v,")/ 2k, T, O

(3.2)
uk = (y kBTK /rn)l/2 ! (-OO <Vx’vy'vz < 00)

The gas particles go into flight at the target surface with a velocity vy>0 2
and flow velocity u=0, while at the KL boundary the velocities are -co <vy <o
and u=u . After passing the KL boundary the particles go into free flight
(Figure 3.1) with constant velocities (under vacuum conditions)?2. In real sys-
tems, the role of gas dynamics ends at a critical gas density, collisions cease
abruptly and free flight sets in. This transition has been modelled with the
“sudden freeze” approximation [McC 79, Sae 81, Sae 91]. TOF measurements
in conjunction with the ratio Ty /T, out of the KL theory and M =u/a 2 might
be used to derive the target surface temperature T, [Der 87, Jod 93].

For still larger quantities of particles, an unsteady adiabatic expansion
(UAE, i.e. time-dependent) occurs, followed by a more marked forward
peaking in the flux. Consequently, under vacuum conditions the forward
peaking (i.e. the shape of the plume) can be separated in to three regimes,

20 \Which does not necessarily denote a primary thermal mechanism.

21 Where the x-direction corresponds to the direction along the target normal.

22 At ambient gas pressures a deceleration of the particles takes place (see chapter 3.2).
23 Where a is the sound of speed a=(ykgT/m)v/2.
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depending on the amount of material removed from the target: (i) cos 0 at low
particle densities (same as for thermal evaporation), (ii) cos* 8 when a KL is
formed, and (iii) up to cos®°8 when a UAE occurs [Sae 91].

It is the purpose of these pulsed flow models to describe the initial expan-
sion mechanisms of the plasma and to give predictions on the particle densi-
ties, velocity distributions and thus on the energy distribution of the species
in the plasma. However, under typical PLD conditions the ambient gas pres-
sure plays an important role and will change the properties drastically.

3.2 Plasma Formation and Propagation

lonisation and Heating - Energetic Properties of the Plasma Species

The dense layer of vapor near the target surface, discussed in the previous
chapter, interacts with the laser beam, leading to the formation of a high tem-
perature (HT) and high pressure (HP) gaseous plasma [Rea 71] that expands
as a result of the predominant pressure/density gradient. Due to the high
plasma expansion velocity, the particle density of the plasma decreases rap-
idly in time, which makes the plasma transparent beyond the edge of the
dense vapor layer and the interaction with the laser beam ceases?4. The frac-
tional ionisation of the dense layer, i.e. the flux of ions and electrons, is pre-
dicted by the Langmuir-Saha and Richardson equations?, respectively
[Che 74]. In these equations, the exponential dependence of the degree of
ionisation on the plasma temperature leads to a sudden rise of the ionisation
at a certain value, followed by plasma formation. Different mechanisms as (i)
impact ionisation, (ii) photo-ionisation, (iii) thermal ionisation of photon acti-
vated species, and (iv) electronic excitation may affect the concentration of the
excited species.

The further heating of the plasma due to absorption is generated mainly
by the inverse-Bremstrahlung process [Hug 75], where electron-ion collisions
lead to the absorption of a photon by a free electron. The absorption

24 [Rea 71] refers to IR radiation, resulting in much larger absorption. For 248nm, most of the ab-
sorption occurs in vicinity of the target and is less important at larger distances.
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coefficient ap is affected by the evaporation rate, average charge of the spe-
cies, plasma temperature and laser wavelength [Sin 90]. Resulting plasma
temperatures are in the range of 104K (= 1eV), depending on the laser power
density and frequency, although the surface evaporation temperature is much
lower [Ven 88]. However, apparent contradictions to the results predicted by
these mechanisms, show the need for hydrodynamic modelling of the plasma
[Sin 90].

Influence of the Background Gas

In vacuum the relatively weak plasma luminescence is only due to inter-
beam collisions. The highly forward directed spatial distribution of the plume
maintains its shape during propagation. However, the deposition of oxides
needs in most cases sufficient oxygen pressure. Hence, the interaction of the
plasma with the ambient gas will influence the dynamics, chemistry, ionisation
and thermalisation of the plasma [Kum 93], changing important film growth
parameters such as spatial distribution of the plume, deposition rate and ki-
netic energy distribution of the plasma species, which is still somewhat con-
troversial [Geo 92, Kim 89]. Furthermore, reactive scattering can result in the
formation of molecules or clusters which can aid in the incorporation of the
oxygen into the film [Lyn 89, Gir 89]. In general, raising the background pres-
sure results in the following effects: (i) an increase of fluorescence from all
species compared to vacuum, due to collisions at the expansion front and
subsequent inter-plume collisions; (ii) a sharpening of the plume boundary,
which is an indicative of a shock front; (ii) a slowing of the plume relative to
the propagation in vacuum, resulting in (iv) spatial confinement of the plume.

Propagation, Velocity and Stopping of the Plume

Under typical background gas conditions, during the first microsecond the
dense plasma expands in much the same manner as in vacuum, virtually un-
hindered by the gas. Thereafter, collisions at the expanding front slow down
the species of the plume and the gas atoms are swept up by the plasma plume
like a “snowplow”. Increased species density at the front of the plume and
species-gas reactions lead to increased fluorescence in this region. However,

25 For a gas in local thermal equilibrium (LTE).
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the slower moving bulk of the plume appears unaffected at this point. As the
plume continues to expand, the pressure in the plume continues to decrease,
the expansion front is slowed more noticeably, and the shielded slower com-
ponents propagate to coalescence with the material on the contact front.
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Figure 3.5: R(t) plots of the plasma expansion front boundary from
gated ICCD images [Chr 92].

The velocity of the shock front [Kel 91], propagating ahead of the plume,
may be measured by different diagnostic methods (see Table 3.1.) in order to
establish the hydrodynamic models of the plasma plume expansion. Figure
3.5 gives a R(t) plot of the leading edge of the plasma emission. In vacuum,
this leading edge maintains a constant velocity in the order of 1.0cm/us
(“free flow™), depending on the laser energy. At ambient gas pressures, the
progressive slow down can be fitted using two models, the *“shock model”
and the “drag model”, which will be briefly discussed below.

Based on the blast wave model [Zel 66] the propagation of a shock wave
through a background gas, caused by the sudden release of energy (explo-
sion), can be described by the following relation:

R=at" (n=0.4) (3.3)

This model strictly applies only when the mass of the ejected species is
small compared with the mass of the background gas which is swept up, a
situation that does not typically apply for PLD conditions. A plot of this



3.3 Plasma-Substrate Interaction - Film Nucleation 29

model, given in Figure 3.5, shows strong deviation from the measured data,
especially at early times. At higher background pressures the model fits the
data increasingly well [Dye 88].

A classic drag-force model shows better agreement at low pressures and
early times. The ejected pulse of ablation products is regarded as an ensemble
that experiences a viscous force proportional to its velocity through the back-
ground gas. The equation of motion a=-Rv gives:

R=x, (1-e*) (34

Here, R is the slowing coefficient (which depends on the ambient gas den-
sity) and xs=Vo/ R is the stopping distance of the plume [Geo 92].

For experimental purposes, it is of major interest to predict a real value of
a stopping distance of the plume, or even better a distance where the ablation
conditions are optimal. For practical applications, however, neither of the two
discussed models reflect the exact physical conditions practically existing for
PLD. Thus, experimental observations of PLD plumes are best described by a
composite of these two models. Furthermore, both models contain fitting pa-
rameters that are not readily measurable. Some more applicable models con-
sidering interaction between the ablated particles in the expanding plume
with the substrate [Nak 94] and the background gas [Str 98] are currently dis-
cussed in terms of the optimal deposition distance for thin film deposition.

3.3 Plasma-Substrate Interaction - Film Nucleation

It is the purpose of this chapter to review some fundamental mechanisms,
to discuss the aspects of pulsed deposition of material and to analyse the in-
fluence of deposition parameters on film nucleation.

3.3.1 Fundamental Growth Modes of Thin Films

The nucleation of a thin film involves several processes, as illustrated in
Figure 3.6: (i) Arrival and re-evaporation of species on (from) the bare sub-
strate; (ii) Arrival and re-evaporation of species on (from) pre-existing clusters
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or film atoms; (iii) Cluster nucleation and (iv) Diffusion and dislocation to (of)
the cluster.
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Figure 3.6: Schematic diagram of atomic processes in thin film nucleation [Hor 94].

The balance between growth and dissolution for a given cluster will be
governed by the total free energy of the cluster relative to an assembly of in-
dividual atoms. Using Green’s notation, the free energy is formed by the sum
of the interface energies ail'¢., + a2lsc — a2l sy (between cluster, substrate and
vapor, respectively), and the change in volume free energy up on condensa-
tion of the cluster AGy = -kT/Q In(C) 2. If the derivative of AGy is negative
(positive) the cluster is (not) stable and will grow (shrink) on average. De-
pending on the net interface energy, negative volume free energy AGy (i.e.
cluster growth) will lead to

- Vollmer-Weber nucleation and growth.
Provided that surface free energy terms will
be positive, three dimensional cluster growth
occurs (Figure 3.7). The total free energy for
cluster formation will increase with atom ad- Figure 3.7: Vollmer-Weber nu-
dition up to a maximum which is reached for  cleation and growth.

26 A simplified equation, that only takes the free condensation of a cluster into account but will
not affect the general conclusions. Q is the volume and C is the super saturation P/P, (pressure
of arriving atoms P and equilibrium vapor pressure P of film atoms). Alternatively, { can be
defined by (R/Re), with R corresponding to the deposition rate.
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a critical cluster size r*, followed by a decrease for clusters larger than r*. The
critical cluster size can be used to calculate a free energy barrier for nucleation
AG*,

- Frank-van der Merwe nucleation and growth.
If the net surface energy term is negative, it
will be energetically more favourable for the
film to form islands of monolayers (Figure
3.8). The growth to complete island coales-  Figyre3s: Frank-van der Mer-
cence (full monolayer) before significant clus- we nucleation and growth.

ters are developed on the next film layer corresponds to a situation with no
barrier to nucleation. Concerning film growth on similar substrates, this con-
dition is satisfied. For deposition on dissimilar substrates, this growth mode
will be promoted by (i) strong film-surface bonding, (ii) low film surface en-
ergy and (iii) high substrate surface energy.

- Stranski-Kratinov nucleation and growth.
Film atoms initially form monolayers on the
bare substrate and consecutively nucleate
three dimensional clusters on these layers

(Figure 3.9). This growth mode is driven by an Figure 3.9: Stanski-Kratinov
increase of stress due to film-substrate lattice ~ nucleation and growth.
mismatch with increasing layer thickness, changing the surface energy of the
initial layers typically after 3-5 monolayers. In cases for which three dimen-
sional nucleation occurs at layer thickness of one or two monolayers, strong
chemical bonding could also be involved.

The significance of the preceding mathematics is, that either a decrease of
the net surface/interface free energy or an increase of the negative volume free
energy AGy will produce (i) a decrease in the critical cluster size beyond a
cluster will be stable, (ii) a decrease in the total free-energy barrier for cluster
nucleation, and (iii) an increase in the cluster nucleation rate. In practice, for a
given film-substrate combination one has only little control over the sur-
face/interface energy terms. Being accessible and thermodynamically most
important deposition parameters however, the increase of the deposition rate
(i.e. increase of supersaturation {) or the decrease of the deposition tempera-
ture (i.e. decrease of the velocity of diffusion and crystallisation processes)
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will increase the magnitude of the negative volume free energy AGy, resulting
in the previously discussed impact on (i)-(iii). However, it will become clear
in the subsequent chapters that the mutual interrelation of a variety of PLD
parameters as well as material and substrate properties avoids a simple pic-
ture for the occurrence of growth modes. Therefore, only isolated aspects of
deposition parameters and related growth processes can be discussed.

3.3.2 Interrelation of Pulsed Material Deposition
and Processing Parameters

A crucial difference between PLD and conventional deposition methods
such as sputtering or molecular beam epitaxy (MBE) is the sudden (within
approximately 1 us) arrival of energetic species from a saturated or supersatu-
rated (105J/mole) plasma with a high degree of ionisation (= 50%) onto the
substrate [Met 89], separated by periods of no vapor flux (=10-1000 ms)?’. A
second feature that separates PLD from conventional methods are impinging
ions with energies in keV range, and neutral atoms with energies of several
eV. Furthermore at background pressures of several tenths of mbar, a high
flux of background gas particles virtually bombards the substrate surface
during deposition. However, it is difficult to separate the relative importance
of material-inherent mechanisms (i.e. phase stability, growth anisotropy, de-
fect formation) from those related to the growth mechanisms characteristic for
the PLD technique. In addition, interpretation is often complicated by the fact,
that variation of a single parameter may change several aspects of the ablation
and deposition process simultaneously.

Laser Pulse Frequency

Within a periodic deposition cycle, the first laser pulse will generate the
nucleation of a high density of clusters with a size, which is smaller than what
would be stable for a lower instantaneous deposition rate. Once the laser
pulse decays, these in-stable (sub-critical) clusters will tend to dissociate into
mobile species that nucleate new clusters on a different scale during the time
of no vapor arrival. The next pulse will initiate the same sequence, with some

27 Depending on the pulse repetition rate, usually 1-10 Hz, possible up to 100 Hz.
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of the mobile atoms being added to the clusters formed after the first pulse.
The effect of this cyclical nucleation and dissociation process can be evaluated
in three frequency regimes. If the period of PLD duty cycle is much shorter or
much longer than the time constants for all the relevant processes (diffusion,
agglomeration and dissociation phenomena?8), the pulsing is not expected to
have any effect on the final microstructure. However, if the pulse period ap-
proximately matches one ore more of the atomic process time constants, the
film formation path will be altered, similar to many resonance phenomena
[Spr 72, Hor 92].

By using RHEED at typical PLD deposition pressures (up to 0.15mbar),
Rogalla et. al. [Rij 97, Bla98-99] show, that pulsed deposition results in the re-
covery of RHEED intensity after one laser pulse is terminated. The exponen-
tial behaviour of the intensity indicates typical relaxation time constants of
7=0.1 to 0.5s. A clear tendency to increased relaxation times (71=0.8s) is ob-
served at higher oxygen pressures and lower deposition temperatures, corre-
sponding to decreased surface mobility. Thus, typical pulse repetition rates
from f=1 to 10 Hz indeed influence growth modes at thin film deposition by
PLD. However, since such diagnostic methods naturally require UHV condi-
tions, only little information about fundamental principles is available for
PLD at deposition conditions which are necessary for oxides.

Laser Wavelength

The laser wavelength A comes into play mainly in the effectiveness of the
absorption of the laser power in the target. For most metals, the absorption
coefficient a decreases with decreasing A. Hence, the laser penetration depth
is larger in the UV range than in the infrared (IR) range. For other materials,
the variation of absorption coefficient with wavelength is more complex since
various absorption mechanisms, such as lattice vibration, free carrier absorp-
tion, impurity centres, or bandgap transitions, can take place. Especially with
YBa;CusOr.s thin films it has been demonstrated, that the density and size of
particulates is much lower at UV wavelengths, resulting in smoother films
with fewer and smaller particulates [Kor 89, Mis 91]. A further fragmentation

28 Depending on temperature, the time constants are in the range of ms.
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of the particulates in the hotter plume due to absorption of the UV-laser irra-
diation is assumed to be the responsible mechanism [Kor 91].

However, the primary effect of the laser wavelength is most likely due to
the absorption coefficient of the target material. In particular for YBa;CusO1.5,
the absorption coefficient a increases with decreasing wavelength by nearly
two orders of magnitude between UV light and near IR [Kau 90], which is
somewhat reverse to the behaviour of metals. Scanning electron microscope
investigations of the laser irradiated targets reveal characteristic melting-
solidification processes and resulting grain structures which provide a coarse
measure for the maximum depth of light absorption and heat propagation. As
the wavelength increases, the depth and width of the grooves, generated on
the target surface, increases. The corresponding SEM micrographs of depos-
ited YBa;CusOrs films show a remarkable correlation between the ejected
particulate size and the depth and width of the grooves [Kau 90].

Laser Energy Density and Spot Size

The energy density influences mainly the laser-target interaction, dis-
cussed in chapter 3.1. As a consequence, a sufficient energy density is re-
guired in order to guarantee a congruent ablation of the constitutes of a multi-
component target material. Above this ablation threshold, the laser fluence af-
fects the instantaneous deposition rate (i.e. the particle size and density) and
the degree of supersaturation of the vapor. With respect to thin film growth
processes, a high laser fluence (>1J/cm?) results in a high degree of super-
saturation and as a consequence, a small critical nucleus (practically only a
few atoms). Under these conditions, two dimensional island nucleation of
monatomic height is proposed [Met 89]. At even higher fluences, additionally
a layer-by-layer growth mode on top of these islands is observed, which is not
totally unexpected since the deposited material is growing on an identical
surface.

Furthermore, the laser fluence can be varied by varying the laser power or
spot size. Assuming a constant total laser beam intensity, tightening the focus
results in an increase of particulate number density [Che 92] and an increase
of the average particulate size [Mis 91]. In general, there exists a material de-
pendent laser fluence threshold, below which particulates are barely
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observable (=1J/cm? for YBa;CusOrs, [Bla 92]). Moreover, being a striking
and consistently observed finding, the resulting film thickness profiles be-
come more peaked as the spot dimensions increase?®. With PLD, there is a
clear non-equivalence between a single large spot and a small spot scanned
over the target surface, the latter providing a much broader angular distribu-
tion, resulting in a more homogeneous film thickness [Mue 90]. This fact is
considered in the built system (see chapter 2.2). In addition, film-based stud-
ies on the angular distribution of the plasma plume frequently suggest that
the degree of forward peaking is intensively increasing with laser fluence
[Ven 88, Fog 90]

Target-to-Substrate Distance and Ambient Background Gas Pressure

The material flux changes drastically with distance L from the target. At a
characteristic distance L, the flux loses its unidirectional velocity, scatters with
the gas particles, and thermalises. It has been experimentally proven that this
situation provides the optimum deposition distance [Kim 92]. The specific ef-
fect of the distance L and the ambient gas pressure po are interrelated. Due to
increased collisions between the plume constituents and the background gas,
the plume dimension decreases as the background pressure increases. As a
role of thumb, at given gas pressures, the optimal distance is to be found
some few mm beyond the visible shape of the plasma plume. An upper limit
of the distance and pressure in order to achieve a significant deposition rate,
is given by the mean free path of the particles A=(v2no)1, where n is the
number density of gas particles (Cp) and o is the cross section. Alternative
theoretical approaches are currently discussed in order to optimise the proc-
essing parameters for a given material by modelling the scaling of L as a
function of the relevant parameters (temperature, pressure, energy density)
[Dye 90, Smi 92, Str 98].

Apart from the plume hydrodynamics, a background gas influences the
chemical composition of the species i.e. that of the deposited thin film. For ex-
ample, oxygen is used to compensate the tendency to oxygen loss or defi-
ciency of ceramics occurring in vacuum PLD. On the other side and in

29 Providing the laser spot dimensions are much smaller than the target-substrate distance.
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contrast to vacuum, with increasing background pressure, the vapour species
ejected from the target undergo enough collisions that nucleation and growth
can occur to form particulates before their arrival at the target. As a result, the
increasing residence time in the vapour controls the size of the particulates.
Additionally, it allows the enrichment of the specific elements of the gas (e.g.
O2, N2 or H,) into the particulates. Apart from the chemical reactions, the
molecular mass of the gas will strongly influence the scattering processes and
the resulting particle trajectories and angular distribution of the plume
[Geo 91, Chr 90, Mue 91].

Deposition Temperature

Among the various processing conditions, the substrate temperature is one
of the most important parameters governing the crystallisation process
[And 94, Mis 94]. Being a feature that separates PLD from conventional meth-
ods, a high kinetic energy of the species (up to 1keV) leads to a higher re-
sulting surface mobility and thus allows a lower deposition temperature
compared to other methods. In the film deposition case, the amount of atoms
arriving at the substrate is not affected by the deposition temperature. A de-
crease of temperature can, however, reduce the mobility of the species across
the substrate (i.e. the surface diffusion coefficient). Thus, the formation of an
equilibrium compound or crystal structure is slowed down so that a metasta-
ble microstructure is produced, affecting the final surface microstructure and
the film crystallinity. A common example of this phenomenon is the change
of crystalline to amorphous phases at low temperatures or the preferential
growth with another crystallographic orientation, such as a-axis growth of
YBa;Cu3zOr7.5.

Substrate Surface Microstructure

In contrast to the preceding descriptions, assuming homogeneous nuclea-
tion on random locations, substrate defects (e.g. atomic steps, point defects,
dislocation intersections) provide low energy sites at which nucleation prefer-
entially occurs. At sufficiently high supersaturation, the homogeneous nu-
cleation rate can overwhelm this heterogeneous rate. In practice, an important

30 Which in turn is reduced by collisions at relative high background pressures.
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fact to note is that differences in substrate preparation can dominate any dif-
ferences in kinetics. Polishing, annealing as well as chemical treatment of the
substrate can drastically change film nucleation process and the resulting film
morphology. Concerning epitaxial growth of complex oxide ceramics how-
ever, it will become clear in the subsequent chapters, that the formation of a
desired crystal structure of such compounds strongly depends on the lattice
match between growth base (i.e. the substrate) and the consecutively depos-
ited material.

Target Properties

Assuming a correct stoichiometry, both target surface roughness and bulk
density can have some effect on deposition and particulate generation rate.
Coinciding with observations made in this work, it is commonly believed,
that a polished target surface produces somewhat fewer particulates and
smoother film surfaces [Mis 91]. The major effect on film quality however, is
due to the target density. First, the particulate density is as well minimised by
working with dense targets. Above a target density in the range of 80%, ljssel-
stein et al. [ljs 92] reported only little observable effect on particulate genera-
tion. Secondly, the thermal conductivity will be changed significantly and
affects the ablation process. For dispersed pores in a solid it is known, that
thermal conductivity decreases nearly linearly with increasing porosity
[Che 92]. Moreover, at high temperatures radiation across pores contributes to
heat transfer, in addition to true conductivity. As a result, melting zones at the
target and subsequent particulate and droplet formation will deteriorate the
final film surface morphology. Furthermore, the change in target surface
morphology due to the ablation process (see chapter 3.1) can lead to enhanced
forward peaking due to a focussing effect of a crater and an in-stable align-
ment of the plume axis, a fact that is considered in the design of the PLD sys-
tem (see chapter 2.2.3).






4. Controlling Thin Film Growth by
Heterostructures

4.1 Epitaxy and Lattice Mismatch Accommodation

As discussed in the previous chapter, a variety of processing parameters
will influence the deposition of thin films. Assuming complete control on
stoichiometry by adequate deposition conditions, two main aspects remain:
First, the interplay between deposited material and material employed as un-
derlying template. And secondly, a small window of deposition parameters,
wherein the crystalline properties of the film are optimised.

Thus, this chapter will focus on the growth of epitaxial thin films on single
crystalline substrates or underlying films. Apart from this ideal case, films can
grow amorphous, polycrystalline, or textured3’. Even when two materials
have the same structure (here mostly ceramic oxides), their periodicity of at-
oms — being the template for epitaxy - is generally not identical, i.e. their lat-
tice parameters are different. If the film grows coherently3?, the difference in
lattice parameters gives rise to a residual strain in the film. The in-plane strain
in directions parallel to the film surface is either compressive or tensile, de-
pending on whether the lattice constant aw, is either greater or smaller than
anottom , respectively. In general, coherent films are rarely observed unless the
lattice mismatch is very small or the film is extremely thin. Instead, it is well

31 Oriented along one axis.
32 |.e. the periodicity of the film exactly reproduces the periodicity of the substrate.
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known, that a network of dislocations3? forms at or near the interface in order
to relax most of the strain and to allow the film to have its unconstrained lat-
tice parameters at very short distances away from the interface [Mat 75]. Be-
low a critical film thickness, no dislocations are observed, above this limit
however, the expansion of dislocation loops is driven by the residual strain
energy in the film, proportional to the film thickness [Bal 95]34.

Lattice Mismatch and In-plane Relations in General

For cubic materials, the lattice mismatch between a top layer with a lattice
constant ax, and an underlying bottom layer (or the substrate) with a lattice
constant apeiom IS calculated by:

Aa= 2(atop - abottom) /(a{op + abottom) (41)

Within the small parameter window, wherein crystalline properties of a
heterostructure can be optimised, the lattice mismatch is assumed to be the
crucial parameter, allowing highly oriented film growth, but enforcing a spe-
cific growth direction. In this sense, important deposition parameters such as
deposition temperature, pressure and laser energy density are playing a sec-
ondary role. However, there are situations, where the deposition temperature
can favour a certain growth orientation. For example, with YBa,CuszO-.5 on
SrTiO; substrates, a decrease of the deposition temperature is known to fa-
vour a-axis growth, whereas at elevated deposition temperatures
(Taep =750 °C) c-axis growth is obtained.

Considering a simple (001)-oriented sub-
strate or bottom layer material (c-axis aligned
parallel to the surface normal), some common
terminology is illustrated by the following
figures. In the case of approximately equal in-
plane lattice parameters, a “cube-to-cube”

|

growth may occur, which means parallel Figure 4.1: Schematic illustration of
aligned main axis of top and bottom layer as a cube-to-cube orientation.

3 Terminus for extra or missing lattice planes, depending on the sign of the interface strain.

34 Transmission electron microscopy (TEM) and high resolution electron microscopy (HRTEM),
are adequate methods in order to investigate interfaces.
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illustrated in Figure 4.1. Moreover, in literature, the term *“cube-to-cube” is

also used for tetragonal structures with in-plane aligned a-and b-axes?.

If the difference of the in-plane lattice pa-
rameters approximately matches a factor J2,a
45° in-plane rotation of the top layer in con-
junction with c-axis orientation can be fa-
voured. Many deviations from these two
epitaxial relations are known. For instance, a
lattice match factor of +/3/2 results in a 45° out-
of-plane rotation (001)°°t||(110)tpr, associated
with a +9° in-plane rotation. This growth be-
haviour is illustrated in Figure 4.3 and re-
ported for the growth of BaZrOs; on YSZ in
chapter 4.5.3. The film growth of such extraor-
dinary epitaxy relations requires a sufficient
small resulting lattice mismatch of the accord-
ing lattice directions and will always compete
with a polycrystalline growth. In that case, a
mixture of differently oriented grains and
polycrystalline fractions is often obtained.

Figure 4.2: Schematic illustration of
45° in-plane orientation.

Figure 4.3: Schematic illustration of
a 45° out-of-plane rotation.

Lattice Mismatch and In-plane Relations of Materials used in this Work

Using the simple equation 4.1, mutual mismatches of the materials inves-
tigated in this work are calculated in Table 4.1. The shadowed fields with bold
faced numbers correspond to material combinations investigated in this work.

This overview will be used in the following chapters, where the measure-

ments proving the orientations are presented within the particular application
of the materials. Apart from column SZOh, line SZO4d, and separately indi-
cated fields, the mismatches are calculated for cube-to-cube and (/) 45° rela-
tive in-plane rotation, assuming c-axis orientation of both top and bottom

layers.

35 This applies also for orthorhombic structures with approximately equal lattice constants a=h.



42 4. Controlling Thin Film Growth by Heterostructures
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Table 4.1: Lattice mismatch and observed in-plane relations between materials used in this work
and some additional results from literature (not separately indicated values are taken from
[Wu 92]). The shadowed fields with bold faced values correspond to results obtained in this
work. If nothing else is specified, c-axis orientation of both layers and a [001] in-plane orientation
of the bottom layer is supposed. Negative signs are used, when the lattice constant of the top
layer is smaller than that of the bottom layer, corresponding to a tensile force.

Notes on this work: (a) Results of this work show a clear cube-to-cube growth of YBa.CusO7.5 on
BaZrO:s. This likewise applies to the inverted layer sequence (chapter 4.5.2); (b) Thick (d >20 nm)
BaZrOs films on YSZ exhibit a 45° out-of-plane growth, associated with a £9° in-plane rotation.
Thin films (d =3 nm) are cube-to-cube oriented (chapter 4.5.3); (c) In contrast to [Boi 97], a 45° in-
plane rotation associated with 45° (011) out-of-plane orientation is observed (chapter 5.3) (d) For
the SrZrOs bottom layer, a-axis orientation is assumed (chapter 6.6); (e) no epitaxial growth ob-
served (chapter 6.3.2); (f) only observed after chemical treatment of the silicon substrate; (g) The
lattice mismatch of a-axis SrBi.Ta.Oy on a-axis SrZrOs is calculated with SBT[010] along SZO[010]
and SBT[001] along SZO[003], respectively. The epitaxial relation is a still an open question, some
evidence for a-axis growth has been found (chapter 6.6); (h) The lattice mismatch for a-axis
SrZrOs on the c-axis oriented cubic template is calculated with SZO[002] along template[300] and
SZO[010] along template[010], respectively; (i) Due to the large mismatch, indeed a-axis growth
is observed, but the in-plane relations are not trivial (chapter 6.6).

Notes from [Wu 92]: (1) A single crystal substrate is used; (2) Partially, 45° in-plane rotated
grains are present; (3) An additional 45° in-plane rotated component is observed; (4) Already at
low deposition temperatures; (5) no pure (001)-orientation; (6) 45° out-of-plane growth is ob-
served. Notes from other authors: (7) A mixed (001)- and (011)-orientation is observed by
[San 92]; (8) no pure (001)-orientation [For 91]; (9) [Tsh 90].
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First, due to a natural amorphous SiO; layer, epitaxial growth on silicon is
only observed, if this layer is removed prior to deposition by chemical treat-
ment (e.g. CeO, [Ued 90]) or the material deposited on top is able to reduce
the SiO; layer. To the authors knowledge, only YSZ shows this ability (details
in chapter 4.4). Without chemical treatment, the complex functional layers
YBa,Cu3O7.5 and SrBi,Ta,Og, as well as the buffer layers CeO; and SrZrO;
show only polycrystalline growth, although the lattice mismatch is small
compared to that of YSZ.

Being a striking result from the table, nearly similar growth behaviour of
MgO and BaZrOs is observed on a variety of materials, although their physi-
cal properties and deposition parameters significantly differ. This means, that
in most applications, MgO can be substituted by BaZrOs;. On the other hand,
the epitaxy relations of MgO and BaZrO; with CeO, and YSZ, respectively,
are an example for the fact, that the inversion of a layer sequence not neces-
sarily leads to the same in-plane relations. In particular, the deposition of
BaZrOs on top of CeO; or YSZ, is resulting in an (011)-orientation of the top
layer, observed in the Si/YSZ/BZO/YBCO heterostructures in chapter 4.5.3
and in the STO/(YSZ)/CeO2/YBCO heterostructures of chapter 5.3. In con-
trast, a YSZ layer on top of BaZrOj3 exhibits a clear cube-to-cube orientation.
This is remarkable, since the lattice mismatch for a 45° in-plane rotation is
significantly smaller. Moreover, the influence of film thickness is illustrated
by this layer sequence. Herein, a thin BaZrOs; layer adopts the lattice constant
of YSZ within certain limit, whereas a thicker layer tends to compensate in-
ternal lattice stress by forming grains with a (011)-orientation, as discussed in
chapter 4.5.3.

Moreover, the use of buffer layers for the growth of ferroelectric
SrBi>Ta;Og on silicon proves the possibility to enable epitaxial growth of a
complex ceramic on silicon and even to control its crystallographic orienta-
tion36. Here, c-axis orientation of the SrBi,Ta;Ogy layer achieved within the
layer sequence Si/YSZ/CeO,/SBT, whereas a-axis orientated growth is fa-
voured in a Si/YSZ/SZO/SBT heterostructure.

36 Detailed discussion in chapter 6.
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The Influence of Lattice Mismatch and PLD Conditions on Growth Modes

Due to a variety of processing parameters and material inherent proper-
ties, it is difficult to correlate growth behaviour and lattice mismatch in PLD.
In general, a small lattice mismatch between top and bottom layer will result
in a tendency to two dimensional layer by layer growth (especially observed
in metals) [Nix 89], whereas at large mismatches, a tendency to island growth
is assumed to occur [Pas 91]. Moreover, at certain conditions, the combination
of both, known as Stranski-Kratinov growth mode (chapter 3.3.1) is proposed.
However, thin film growth in a high background gas pressure, leads to re-
strictions of using standard diagnostics and monitoring methods.

Blank et. al [Rij 97, Bla 98,99] recently presented a technique of using in-
situ reflective high energy electron diffraction (RHEED?") in conjunction with
PLD at typical deposition pressures (up to 0.15 mbar). By this method, (i) two
dimensional layer-by-layer growth, (ii) three dimensional island growth, (iii)
a mixture of both, and (iv) step flow growth can be determined by the inves-
tigation of the RHEED pattern and the spot intensity. Thus, the growth
mechanisms (i) to (iv) are indicated by (i) spot intensity oscillations with
maxima corresponding to the completion of a monolayer, (ii) an overall de-
crease of the RHEED signal, (iii) damping of the signal oscillations, and (iv) a
constant RHEED diffraction pattern and spot intensity, since the surface mor-
phology remains unchanged. The analysis of homoepitaxial growth behav-
iour of SrTiO;3 (i.e. no mismatch) and the growth behaviour of YBa,Cu3zO7.5 on
SrTiO; (2.2% mismatch) shows, that in the first case, true 2D layer-by-layer
growth is observed, whereas at increased lattice mismatch in the second case,
a Stranski-Kratinov growth mode is observed. Apart from lattice mismatch
however, increased surface mobility by increased temperature and decreased
ambient pressure, strongly influences the tendency to a specific growth mode.

Although RHEED can give information on initial steps of film nucleation
and growth, it corresponds to a sequence of two dimensional snap shots of

37 Generally, electron diffraction or spectroscopy methods require ultra high vacuum (UHV) con-
ditions. In this system, a two stage differential pumping stage is employed. RHEED measure-
ments are performed with an electron beam at grazing incidence angle, making it surface
sensitive and yielding diffraction patterns on a phosphor screen, which can, in first approxima-
tion, be understood by the construction of a Ewald sphere.
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the process. In contrast, information on thin film orientation, crystallinity and
stress is obtained from X-ray measurements. However, a rough evidence on
the growth mode can also be extracted from this method, but only the integral
quality of the deposited films can be investigated ex-situ and thus, no predi-
cations about the early stages of film growth can be obtained. In particular, an
improvement of the crystallographic orientation is indicated by decreasing
FWHM of reflections in w-scans (rocking curve), whereas the FWHM of a film
reflection in 6/26-scans gives information about the coherence and size of
crystallites. A rough estimation of the average grain size D: of the grains
within the film is possible to calculate from the FWHM of the (00I)-reflections
by applying Scherrer’s and Warren’s formulas [Cul 78]. Moreover, a shift of a
(00I)-reflection in relation to theoretical values allows the calculation of real
c-axis lattice constants from (00l)-reflections using Bragg’s equation38 if vol-
ume conservation of the unit cell and accordingly changed in-plane lattice
constants are assumed. Such a peak shift may either result from stress within
the film due to lattice accommodation to the bottom layer or residual stresses,
for example owing to a thermal expansion mismatch, phase transformations,
defects, interdiffusion (see e.g. BaCeOs; at a YBa;Cu3O7.5/CeO; reported in
chapter 5.3) or a partial combination of those.

In general, from the investigations summarised in Table 4.1, a clear epitaxy
relation is only observed, if the lattice mismatch for a certain orientation does
not exceed a critical value of approximately 7-9%. If the mismatch lies within
this limit, the most likely growth orientation can be predicted. The only ex-
ception within these results is found in the layer sequence YSZ/BaZrOs;,
wherein the Zr sub-lattices of both materials are assumed to play an impor-
tant role. Moreover, no clear relation between lattice mismatch and crystalline
guality is observed. Such investigations are only possible by the comparison
of chemically approximately identical layer combinations, that show only a
small difference in corresponding lattice mismatches and no change in epi-
taxial relations to the template [Lan 98]. Thus, in the investigated layer com-
binations, different mismatches which change the epitaxial relations and

38 2d sin6=nA with A=0.1541838 nm (Sl international standard).
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interface chemistry (interdiffusion) avoid a simple picture of the relation be-
tween lattice mismatch and crystalline quality.

4.2 Material Properties

Before the results on the different heterostructures are discussed in detail,
some preliminary remarks about the material properties are mentioned.

Perovskites

The class of perovskites3® is char-
acterised by the structural formula
ABOg;, illustrated in Figure 4.4. Per
unit cell, two differently co-ordinated
cation sites (A, B) and three equiva-
lent bivalent anion sites (diamagnetic
oxygen) are available. The smaller B-
cation is co-ordinated in an oxygen
octahedron in the centre of the cube.
The simple cubic unit cell is formed by larger cations, placed at the A-sites in

Figure 4.4: Simple cubic lattice of a perovskite.

the corners. Chemically, the system is characterised by a variety of possible
cations, which can either occupy the corners or the centre of the cube.

On the other hand, the unit cell can be represented as cubic face centred
packed structure with large B-cations at the cube corners, oxygen-anions in
the centroid, and the small A-cation as additional ion in the centre of the cube.
From the ion radii, a prediction about the packing density can be derived. As
a result, the mobility of the A-cation in an ideally packed structure tends to
zero. Within such a sphere model, the perovskite structure is only stable, if
the ratio of the empirical ion-radii is within certain limits. In terms of Gold-
schmidt’s tolerance factort4? [Gol 58, Jin 94], this means a value of
0.89<t<1.02 [Rie 94], whereas the value t=1 corresponds to the ideal

3 The name of this material class is derived from the mineral perovskite (CaTiOs), discovered
firstly in a Russian city of the same name.

D= RIRAN2 = (1a+10) [(Ta +10)2 -
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perovskite structure. Modifications in the tolerance factor, induced by differ-
ent bivalent and trivalent metal-ion combinations results in a lattice distortion
and deformation of the oxygen octahedron. This influences the electronic and
magnetic properties of the system [Hwa 95, Fon 96]. In particular with doping
series, effects like ion radii misfits or oxygen deficiency can lead to co-
operative torsion, alternating obliquity, or strain of the octahedrons, resulting
in a variety of derivatives of the ideal cubic structure. This broad spectrum of
crystal symmetries (cubic, tetragonal, rhombohedral, orthorhombic, mono-
clinic) are related and mutual transformable and thus aggravate the analysis
of the crystal structure by standard X-ray measurements. In Table 4.2, the
crystal data, the thermal expansion coefficients, and the dielectric constants of
materials used in this work are given.

material SrTiOs Si BaZrOs; | YSZ CeO: SZ0 SBT YBCO
symmetry cubic cubic cubic cubic cubic | orthor. | orthor. | orthor.
Spacegroup | Pm3m Fd3m Pm3m | Fm3m | Fm3m Pbnm Fmm2 | Pmmm

a[nm] 0.3905 | 0.5431 | 0.41932 | 0.512(6) | 0.5411 0.581 0.5531 0.382

b [nm] - - - - - 0.579 0.5534 0.388

c[nm] - - - - - 0.8204 2.498 1.168

o [106 K1] 9.4 3.8 5.6° 11.4 10.6 0.298 13-16
£ =300e | =11.9d | 32-40° =4 =22 =25f | =180°¢

Table 4.2: Properties of the materials used in this work: Crystal structure, lattice constant a,
thermal expansion coefficient a, and dielectric constant € at T =300 K. Notes: Values are taken
from [Mau 98] or separately indicated by (a) [JCP 96], (b) [Lan 81], (c) [Wec 92], (d) [But 91], (e)
[Sch 99], () [deL 95].

BaZrOs

BaZrO; exhibits a cubic perovskite structure (Pm3m) with a lattice con-
stant of 0.4193nm [JCP96], and a thermal expansion coefficient of
0300k =5.6x106 K1 [Lan 81]. As illustrated in Figure 4.4, the Ba2*-ion corre-
sponds to the larger A-cation and the Zr4*-ion corresponds to the smaller B-
cation, respectively [Sch 96]. Being a possible reason for its inertness [Ger 97],
BaZrOs; shows an extraordinary high melting point of more than 2500°C. Re-
sulting from the extraordinary high temperatures and incorporated experi-
mental difficulties, the exact value is difficult to measure. From a melting
point diagram, a melting point of 2640 °C is obtained for the BaO-ZrO, system
with 44.6% percentage by weight of ZrO; (BaZrOs)[War 30]. Moreover,
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BaZrOs; is an ion conductor with a specific conductivity that follows the Ar-
rhenius-law with an activation energy of Ea=2.5eV and a specific resistance
of p=3.3x10°Qcm at 300 K [Taw 87]. Due to its structural relation to the fer-
roelectric ceramics BaTiOs; and PbTiO3; and a high dielectric constant of €=32
[Lan 81], BaZrOs is frequently associated to ferroelectrics, although no fer-
roelectric phase transition was ever observed [Lev 76]. BaZrOsz is mainly em-
ployed as inert crucible material for YBa,CusO7.5 single-crystal preparation.
Furthermore, BaZrOs; thin films are often applied as capacitor material or as
passivation layer for semiconductors [Gie 97]. However, there is only very
little information available on the dielectric properties of BaZrOgs thin films.
Therefore, dielectric measurements have been performed and will be a subject
of chapter 4.5.1.

Yttrium stabilised Zirconium

By addition of 9-40 mol % Y03, the monoclinic zirconium dioxide is stabi-
lised in the cubic phase corresponding to a fluorite structure analogous to
CeO,. The thermal expansion coefficient of Yttrium stabilised Zirconium
(YSZ) amounts 0300k =11.4x106 K-1 [Lan 81]. Depending on the Y,Os-content, a
lattice constant between a=0.512nm and 0.516 nm is obtained [Lev 75], re-
sulting in a lattice mismatch of 5.4% between Silicon and 9%-YSZ [Mat 95].
This value could be optimised by a higher concentration of Y,03. However,
the minimum concentration is chosen in order to obtain optimal isolation
properties, because ZrO, is an isolator in which by introduction of two
Y3+ -ions one free O2 -site is formed, leading to ion conduction. Furthermore,
the Y203 content influences the dielectric properties of YSZ. For 9%-YSZ, a di-
electric constant of =4 is observed [Ing 98]. In the field of HTSC thin films,
YSZ is known to be applied as an interdiffusion barrier for YBa,CuzO7.5 on
silicon, but due to chemical reaction, usually a second buffer layer is intro-
duced.

CeO,

Similarly to YSZ, CeO, shows a cubic fluorite structure with the space-
group Fm3m and a lattice constant of a=0.5411 nm. The thermal expansion
coefficient is a=10.6x10% K-1, and the dielectric constant is £=22 at 300K,
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respectively. As YSZ, CeO; is chemically not completely inert against
YBa.Cu3Oz.5, resulting in the formation of a BaCeOs layer at the interface.

SI’TiOg

The cubic perovskite SrTiO3z (STO) has a lattice constant of a=0.3905 nm.
Due to a small lattice mismatch of 2.2 %, it is used as a standard substrate for
c-axis oriented YBa,CuzO75. The dielectric constant however, amounts
€ (300 K) =300, which is particularly inconvenient for HF applications. At a
temperature of T=105K, an antiferro-deformative phase transition occurs,
wherein the oxygen octahedrons of adjacent unit cells rotate contrarily, re-
sulting in a tetragonal low temperature phase. By doping with Nb
(SrTi1yNbyOg), the crystallographically identical compound is conducting and
can be used as an electrode for dielectric measurements (see chapter 4.5.1).

SrZrOs

At room temperature, SrZrO3
(SZO) crystallises in a slightly
distorted orthorhombic perov-
skite structure. To the authors

knowledge, no investigations on
SrZrOs thin films as buffer layer
are published. Epitaxial deposi-
tion on MgO [Bec95] and on

v

-
SrTiOs [Ern 98] has been re- ‘ /

o

ported. Due to a small misfit to
the a-axis of SrBi,Ta,Og and its
orthorhombic structure, a-axis

oriented SrZrOs is a potential Figure4.5: The crystal structure of SrZrOs with lat-

candidate for a buffer Iayer mate- tice constants of a=0.5786nm, b=0.5815nm,
c=0.8196nm and the pseudo cubic spacegroup

rial for ferroelectric SrBi;Ta;Og Pbnm [Aht76]. The oxygen atoms are co-ordinated

thin films (see chapter 6.6) at the corners of the pyramids. The unit cell is indi-
) ~7" cated by black lines.
Moreover, SrZrOs; combines high

permittivity with low loss and a positive temperature coefficient of permit-
tivity. Presently, investigations of SrZrOs; are focussed on its well known
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properties as a high temperature proton conductor4! [Yug 97, Sat 97, Sat 98,
Esc 95]. Thus, as well as SrCeOs and BaCeOs [Iwa 81], this compound receives
increasing attention due to its application in fuel cells, gas (hydrogen) sensors,
and humidity sensors. Perovskite structures AMOs; (A =Ca, Sr, Ba and M =Zr,
Ce) become high temperature proton conducting by substituting trivalent
dopants (e.g. Y3*) for zirconium due to thermally activated proton hopping
processes. In conjunction with YSZ, junctions of this oxide ionic conductor
and the protonic conductor SrZrOs; have been used to manufacture devices in
order to detect hydrogen, oxygen, or water content of atmosphere [Shi 97].

Silicon

Being the standard substrate in semiconductor industry, the semicon-
ducting silicon crystallises in the diamond structure i.e. in a cubic face centred
space lattice (space group Fd-3m) with a lattice constant of a=0.543 nm. The
silicon atoms are co-ordinated tetrahedrally by four neighbours. The material
shows no plastic strain below 500°C, is free of hysteresis and ageing and is
available in extremely high purity (only one impurity per 101° atoms). De-
pending on the doping level, the specific resistance is between 50 Qcm and
2000 Qcm. With a value of a=2.4x10-¢ K-1 [Kuk 91], the thermal expansion co-
efficient is significantly smaller than those of the perovskite like materials
used in this work. As a well known problem this results in thermal stress and
in the worst case, even in cracks in the subsequent oxide layers, if a critical
thickness is exceeded [For 90]. If silicon is exposed to an oxygen atmosphere,
a natural SiO; layer with a typical thickness of approximately 4 nm is formed.
In semiconductor industry, this layer is used as an insulator. In thin film
deposition of epitaxial oxides however, this is a major problem, which re-
guires a special strategy, as discussed in chapter 4.4.

41 A large amount of protons (H*) can be introduced into crystal.
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The High Temperature Superconductor YBa;CuzO7-5

YBa,Cuz07.5 (YBCO) is the most
intensively investigated representa-
tive of the known high temperature
superconducting barium copper
oxides. As illustrated in Figure 4.6,
the orthorhombic unit cell is de-
rived from three perovskite unit
cells ABOs leading to YBaxCusOsq,
whereas two oxygen defects are re-
quired for the occurrence of super-
conductivity. The barium and the
yttrium ion are placed in the centre
of the perovskite cells. The copper
ions are co-ordinated at the corners
and the oxygen ions at the edges,
respectively. Merely six to seven of
possible nine oxygen positions are
occupied. Depending on the oxygen
content, different phases with dif-
ferent properties exist. The tetrago-
nal, antiferromagnetic and insu-
lating phase is observed for 4>0.6
[Che 87]. An oxygen content of
0.25<6<0.6 leads to the Ortho-lI
phase, showing already the desired
orthorhombic  crystal  structure.

Figure 4.6: The crystal structure of YBa;CuzO7-5
with lattice constants of a=0.382 nm, b =0.388 nm,
c=1168nm and the spacegroup P/mmm
[Jor 87]. The oxygen atoms are co-ordinated at
the corners of the pyramids. The unit cell is indi-
cated by black lines.

However, herein every second CuO-chain is absent and the superconducting
transition temperature is strongly lowered to T.=60 K. Within an oxygen pa-
rameter of 0< 9 <0.25, the superconducting Ortho-l phase*? with a T, of ap-
proximately 93 K is formed. In principle, superconductivity occurs quasi two
dimensional in the CuO; planes, since the coherence length é=0.4nm in

42 Which is meant in this work, if nothing else is specified.
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c-direction is smaller than the distance ¢ between the planes#. The CuO
chains progress along the b-axis and serve as charge carrier reservoir [Cav 88].
With respect to superconductivity, Yttrium is of secondary relevancy. This
atom is replaceable by most of rare earth metals without changing the transi-
tion temperature significantly [Tar 87], leading to REBa>CusO7.5 as chemical
formula. In order to achieve a crystalline growth of the Ortho-lI phase, the
deposition process is conducted within a certain pressure-temperature range.
First, the tetragonal phase is formed during the deposition process. Consecu-
tively, the incorporation of oxygen atoms during cool down leads to the or-
thorhombic phase [Jor 87], whereas the superconducting properties are
optimised by a annealing step at high oxygen pressures (105 Pa) and moderate
temperatures in the range of 550 °C44. Typically, thin films of this material ex-
hibit critical currents of several 10’ A/cm? at 4.5K (108 A/cm? at 77 K).

4.3 The Role of Buffer Layers in General

In thin film technology, a substrate as well as layer can serve as a growth
base for a functional layer. Consequently, deposited layers, giving a growth
base are called “bottom” or “buffer” layers. Within complex multi-layer sys-
tems, such a buffer layer has to fulfil several requirements:

(i) It has the function as an effective barrier for the diffusion of substrate
elements4s into the functional layers (e.g. a superconductor or a ferroelec-
tric). In turn, it provides a barrier for layer elements (preferentially metal-
lic elements) into the substratet. To ensure this, a minimum thickness,
depending on the material, is necessary.

43 The structural crystal anisotropy of YBCO is described by the parameter y= &,/ & =5to 10.

44 A detailed description of the tempering process can be found in the appendix. A phase diagram
of YBa2CuzO+.; combined with the appropriate pressure-temperature working range of different
deposition methods can be found in [Bor 89, Ham 98].

4 E.g. Si or Al, if sapphire and alternative Al compounds (LaAlOs) are used as substrates.

46 For silicon this followed by a change of its semiconducting properties, especially in doped re-
gions of the substrate. Example: Formation of Si/Cu compounds if silicon is used with Cu-
prate-superconductors.
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(i)

The buffer layer material has to be inert against substrate and functional
layers, especially at extreme deposition conditions necessary for the se-
guencing perovskite layers. Otherwise, chemical reactions at the interface
lead to the formation of inter-diffusion layers, which impede correct stoi-
chiometry and epitaxial growth of the next layer.

(iii) With respect to crystallinity of the functional layers, the buffer layer ma-

terial has to grow epitaxially by appropriate lattice parameters compara-
ble to those of the substrate. Additional buffer layers then can match up
to the lattice constants of the functional layer. In this context, the previ-
ously mentioned lattice mismatch is important.

(iv) Especially in conjunction with silicon substrates the difference in thermal

(V)

expansion coefficients a of the different materials has to be minimised.
The large temperature difference between deposition temperature (up to
1000°C) and device operation temperatures (down to 4K) can cause strain
and even cracks on the buffer- and functional layers. Values for a are
listed in Table 4.2 and a helpful plot of lattice constant versus thermal ex-
pansion coefficient can be found in the work of D.B. Chrisey et al.
[Chr 94].

For special applications dielectric properties, microwave losses and elec-
tric conductivity of the buffer layer can have a significant influence on the
properties of the functional layer. Since all these requirements are mostly
not fulfilled by a single material, additional buffer layers are usually in-
troduced.

4.4 Buffers for Functional Oxides on Silicon

Only the incorporation of novel functional layers with the established

semiconductor process technology will lead to the fabrication of economically
and technically relevant devices. However, the fabrication of epitaxial oxidic
thin films on silicon substrates is governed by a fundamental problem: Due to

the high reactivity of silicon with oxygen, as soon as the silicon wafer comes
into contact with atmospheric oxygen, a ca. 4 nm thick amorphous SiO, layer
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is formed4’ which impedes epitaxial growth of a consecutively deposited
layer. There are two possibilities to solve this problem. First, the SiO; layer
can be removed by etching with HF acid and the further formation of SiO; is
avoided by handling of the cleaned substrate in ambient inert gas atmos-
phere. Herein, the etching time turns out to be critical, since etching leads to
increased surface roughness of the substrate. The more elegant way is to re-
move the SiO; layer by chemical reaction while a buffer layer is deposited. In
the field of HTSC thin films, where crystalline quality is essential, a large ef-
fort was done in order to get an effective solution [Jae 94, Boi 95,
Mec 96, Sch 96]. From different studies it became clear, that Yttrium-stabilised
ZrO; (YSZ) is a suitable buffer layer material for this application [For 90]. A
consecutively deposited additional layer of e.g. BaZrOs;, CeO or SrZrO; can
be used in order to avoid inter-diffusion between YSZ and the functional
layer in order to increase the crystalline quality or to control the epitaxy of the
latter.

4.4.1 Deposition of YSZ as the first Buffer Layer on Silicon

Besides the previously mentioned tasks of a buffer layer, YSZ plays a par-
ticular role in conjunction with silicon. The natural SiO; is removed due to the
following chemical reactions [Aji 91, Beh 92, Jae 94, Boi 95, Mec 96]:

Zr+25i0, O ZrO,+2Si0; AG(ZrO,) =-26ki/mol
35i0,+2Y O Y,03+3Si0; AG(Y20s) =-30ki/mol (4.2)

Due to the higher bonding enthalpy of ZrO; and Y03 compared to SiO;
(AG =-21kJ/mol), YSZ is stable against silicon and even able to reduce the
natural SiO; layer. The formed SiO is not stable at temperatures above 800°C
[Spa 97] and pressures below 3.5x104mbar [NBS 75, For 92]. Thus it is re-
moved by natural sublimation8 from the interface at typical deposition tem-
peratures of 850°C. PLD is an appropriate technique to provide these
reactions due to several reasons. On the one hand, the possibility of thin film
deposition at low pressures (<5x10-¢mbar) enables the above mentioned

47 In semiconductor industries, this strong reaction is used to create isolating SiO: layers.
48 According to the Clausius Clapeyron law.



4.4 Buffers for Functional Oxides on Silicon 55

reactions and avoids formation of silicates (ZrSiO4, Y2SiOs) [Mat 95]. On the
other hand, a high laser fluence (J=3J/cm?) guarantees the dissociation of
ZrO; and Y203 at the target in order to provide the reactions in formula 4.1.

The additional role of YSZ as a reduction layer for SiO; requires a special
deposition strategy. As for all oxides, the deposition of YSZ needs a sufficient
oxygen pressure in contradiction to the low oxygen gas pressure, which is
necessary for the above mentioned reaction. Consequently, the deposition is
divided into two steps: First, a thin layer with a thickness up to several
nanometer of YSZ is deposited at base pressure (2x10-6mbar) in order to en-
sure the reduction of the complete natural SiO, layer. Being the second step,
the oxygen pressure is increased to a sufficient value of 5 x10-“mbar and the
second layer is deposited in order to obtain an over all thickness of 40 nm. The
choice of the YSZ buffer thickness underlies several restrictions:

(i) A sufficient thickness of 40-70nm to ensure its function as an inter-
diffusion barrier [Mau 93, Bel 97]4.

(i) A minimum thickness of 40-100 nm in order to obtain sufficient crystal-
line quality [Ing 98]. An exponential decay of the FWHM with increasing
thickness, saturating at a best values of 0.6° is observed, which coincides
with results of [Méc 96] and [Qia 95].

(iii) An upper limit of the thickness of (e.g. 70nm for YBa,CuzOy7.s [For 90,
Pru 92]), since different thermal expansion coefficients (see Table 4.2) of
substrate, YSZ and subsequent layers can lead to cracks within the func-
tional layer.

(iv) In the case of ferroelectric devices, the thickness of buffer layers with
smaller dielectric constants have to be minimised (see Chapter 6).

Since the deposition rate in PLD depends sensitively on deposition condi-
tions, especially on the ambient oxygen pressure, laser fluence and the target
density, thickness measurements by low angle X-ray diffraction (LXRD) are
performed at regular intervals. In Figure 4.7, typical measurements of YSZ on
silicon are shown. Shorter oscillations correspond to the YSZ layer, whereas

4 Investigated by Auger-Electron-Spectroscopy (AES) and Sputtered Neutral Mass Spectroscopy
(SNMS).
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longer oscillations due to a not removed 4.9 nm thick SiO; layer are visible in
Figure 4.7a.

At optimised deposition conditions of Tgp=2850°C, d=40mm, J=3J/cm?2,
p <5x10-6 mbar (1ststep) and p =5 x104 mbar (2"dstep), high quality YSZ films
with a FWHM of typically 1° and in best case 0.77° are obtained. The internal
stress of the Y-stabilised zirconium is known to avoid better c-axis orientation.
Particularly, high laser fluences (J=3J/cm?) and elevated substrate tempera-
tures (Tqp=850°C ) are crucial deposition parameters of YSZ in order to
minimise the polycrystalline YSZ(111) fraction. Moreover, also the ablation
rate (r=0.04 nm/pulse) is highly sensitive on the laser fluence.
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Figure 4.7: Low-angle X-ray diffraction patterns of YSZ on silicon. (a) Deposition pres-
sure constant at 5x104 mbar, the natural SiO. (5 nm) layer is not removed. FWHM of the
(002)-reflection of Si 2.5°-5°. (b) Due to the application of the 2-step deposition strategy,
no SiO: layer is visible, and the FWHM of the (002)-reflection of silicon exhibits values
below 1°.

Within the first deposition step, the reduction of the SiO; layer, described
by formula 4.1, takes place. After complete reaction, an oxygen deficient YSZ
is formed, which is assumed to be partially loaded with oxygen at an in-
creased pressure within the second deposition step as a result of the a high
oxygen mobility in YSZ. Optimisation series show, that with increasing



4.4 Buffers for Functional Oxides on Silicon

S7

thickness of the first layer (up to approximately 20 nm), the crystalline quality
is only slightly deteriorated, as illustrated in Figure 4.8a and b. By further in-
creasing the thickness, the formation of polycrystalline YSZ will be favoured,
leading to a worse crystallinity with a FWHM of the YSZ(002)-reflection in the
range of 2°-3° (Figure 4.8c). Above this limit however, only polycrystalline
YSZ is obtained, which is indicated by the exclusive occurrence of the

YSZ(111)-reflection in Figure 4.8d.
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Figure 4.8: XRD patterns in Bragg-Brentano geometry show the crystalline orientation of
YSZ on silicon obtained by one- and two-step deposition technique with changing layer
thickness. All films were deposited at T=850°C, d=40mm and J=3J/cm2. (a,b) Optimal
properties are observed at a thickness of approximately d; <20 nm, with a FWHM of the
YSZ(002)-reflection of 0.7° to 1.3° (c) Above a certain limit, polycrystalline YSZ is formed
and the FWHM of rocking curves of the YSZ(002)-reflection increases to values in the range
of 2°. (d) If no first layer at low pressures is deposited, only polycrystalline growth is ob-
served. Parasitic reflections of the X-ray tube due to impurities in the Cu anode are indi-

cated by (*).

4.4.2 Dielectric Properties of YSZ

However, although highly c-axis oriented YSZ films on silicon can be ob-
tained by this technique, the resulting dielectric properties are strongly influ-
enced by the growth processes (defects, oxygen deficient interface layers, etc.)
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occurring during the deposition. With respect to the fabrication of planar fer-
roelectric thin film devices, the dielectric properties of the buffer layers
should be known in order to ensure that the properties of a ferroelectric func-
tional layer are not superimposed by dielectric properties of the buffer layer.

In general, a deviation from an ideal C(V)-characteristic* is resulting from
dynamic or static processes, respectively. First, a hysteresis in C(V)-
measurements of dielectric layers can be observed, when charge trapping
sites or mobile ions are created within an oxygen deficient interface layer
between silicon and YSZ. These charge carriers will slowly migrate with some
characteristic time constant according to the applied voltage. Therefore, a re-
sulting internal field will temporarily shift the switching point from higher to
lower capacities depending on the direction of the applied DC-voltage, finally
leading to a hysteresis. Secondly, a shift of C(V)-curves to positive (negative)
voltages is observed, when negative (positive) surface charge carriers are con-
fined to the Si/YSZ interface [Ter 62, Gro 65]. These spatially located charge
carriers will generate a constant internal field at the interface, which will lead
to a fixed shift of the switching point from higher to lower capacities. Moreo-
ver, the charge carriers are possibly formed due to a chemical reaction be-
tween silicon and YSZ or a thin residual SiO; layer. From the magnitude of
voltage shift, a trapped charge density, i.e. the amount of charge that contrib-
utes to the average shift, can be calculated by ns=UCvsz/qo. Herein, the dif-
ference in workfunctions between silicon and gold-electrode can be neglected
at doping values for silicon of 1015cm-3.

In Figure 4.9, C(V)-characteristics of different YSZ films deposited on un-
treated silicon are shown. The PLD deposition temperature Tge=850°C, and
energy density J=3J/cm? was kept constant for all films. The number of
pulses and the pressure was varied. By means of LXRD measurements, the
thickness of the films was exactly calculated and the removal of the SiO; layer
was proven. However, the existence of a very thin SiO; layer in the range of
1 nm and below can not be excluded by means of low-angle XRD.

%0 A detailed description of a capacitance-voltage C(V) characteristic and the involved processes
can be found in chapter 6.4.1.
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Figure 4.9: C(V)-characteristics of YSZ films deposited on untreated silicon by different depo-
sition techniques and overall thickness. The PLD deposition temperature Tq, =850 °C and laser
energy density J=3J/cm?2 was the same for all films. The number of pulses n and the particular
pressure was varied. The thickness has been exactly determined by means of LXRD measure-
ments. (@) For a complete 60 nm (n =1500) thick YSZ layer, no hysteresis is observed. A capaci-
tance of C=0.49 nF and a shift of U;=0.22V is measured. (f=1MHz, Upc=0.2V). (b) For a YSZ
thickness of d;=0.8nm (n=20) and d,=39.5nm (n=980), a hysteresis of dU=0.17V a capaci-
tance of C=0.75nF is observed. (f=1MHz, Uac =0.2 V). (c) For a thickness of d; =1.65 nm (n =50)
and d,=31.3nm (n=950), an increased hysteresis of dU =0.27 V and an increased capacitance of
C=1.57nF is observed. In Addition, a shift to positive voltages of U;=0.6V is visible (f=1 MHz,
UAC =0.2 V)

In Figure 4.9a, a C(V)-characteristic of a YSZ layer using a single deposi-
tion step technique (60 nm at p =5 x10-5 mbar) is shown. These layers typically
exhibit a strong polycrystalline YSZ fraction, and a FWHM of the YSZ(002) re-
flection in the range of 2°. In contrast, the C(V)-characteristics in Figure 4.9b
and c both represent highly crystalline YSZ layers deposited by using the two
step technique. In these layers, no polycrystalline fraction is observed and the
FWHM typically shows values in the range of 0.7° to 1°. From a detailed
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LXRD analysis the overall thickness is determined to 40.3 nm and 33 nm, and
a slightly different first layer thickness of 0.8 nm and 1.65 nm was achieved by
varying the number of pulses for the layers in Figure 4.9b and c, respec-
tivelysi,

From the capacitance in the accumulation range of C,=0.49nF, C,=0.75nF
and C.=1.57 nF and the area of the gold electrode (r =625 um), the value of the
dielectric constant at room temperature is calculated to &=4.0£0.3,
&=2.6+0.3, &=4.7%0.3, respectively. Thus, the YSZ film in Figure 4.9a quan-
titatively matches the literature value [Ren 96] of e=4, whereas the YSZ layers
in Figure 4.9b and c exhibit an increased and decreased dielectric constant, re-
spectively. This deviation from literature values for highly oriented single
crystalline YSZ [Mau 98] is obviously related to the oxygen pressure used for
the deposition process. Thus, the effective dielectric constant of the YSZ layers
can be associated to the movement of oxygen vacancies [Fei 93]. Due to the
complexity of the deposition process however, it is not yet clear, to which ex-
tent the oxygen content in the thin interface layer and the second layer influ-
ence the resulting dielectric constant.

According to the previously mentioned reasons for hysteresis and shift,
some conclusions can be made. First, depending on the thickness of the first
layer in Figure 4.9b and c, an increased hysteresis from dU=0.17V
(d1=0.8nm) to dU =0.27V (d1 =1.65nm) is assumed to be originating from an
increased amount of mobile charge carriers in the oxygen deficient YSZ layer
due to low pressure deposition at p=5 x10-6 mbar. Moreover, an additional
shift of the C(V)-curve to positive voltages by U;= 0.6V in Figure 4.9c is as-
sumed to be caused by spatially confined negative charges leading to an in-
creased surface states density of 4.79x1011cm-2 at the silicon/YSZ interface®2,
However, from this measurement, the occurrence of charges is not yet clear,
since the C(V)-characteristic of a YSZ layer with a thinner first layer shows a
hysteresis, but no shift. Considering the measurement in Figure 4.9a, the
deposition of the complete layer at intermediate pressures of p=5x10-5mbar

51 The resulting thickness of the layers is calculated supposing constant deposition rates, which
are assumed not to change appreciably within this pressure range.

52 By applying the formula ns=AU Cysz /.
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leads to a complete disappearance of a hysteresis effect, due to the absence of
an oxygen deficient layer, which contains mobile charges. Nevertheless a
voltage shift of Us=0.22V, is observed, which in comparison to Figure 4.9b,
results from a smaller density of spatially confined surface states (trapped
charges) of 1.35x10cm2,

In conclusion, the complex processes occurring during the initial growth of
YSZ on silicon involving film nucleation and the previously mentioned
chemical reactions, avoids a simple picture of the resulting dielectric proper-
ties. However, further improvement of YSZ thin films concerning crystalline
as well as dielectric properties is expected from the use of the presented two
step deposition technique in combination with a further reduction of the first
layer thickness.

4.5 BaZrOs as a Buffer Layer for HTSC Applications

The investigation of BaZrOs as a buffer layer material is motivated by the
fact, that up to now the best high temperature superconducting YBa;CuzO7-5
single crystals are grown in BaZrO;3 crucibles [Erb 96]%3. Extremely low inter-
diffusion between both materials is the main reason for the high purity of the
HTSC (better than 99.995%). Due to this inertness BaZrOs is a promising ma-
terial for being used in high quality heterostructures involving YBa;CusOg.s
layers. Especially for the development of HTSC devices on appropriate sub-
strates, BaZrOs can either be used as an interdiffusion barrier or as an inter-
mediate layer to improve or to control the epitaxial growth of YBa,Cu3Oy7.5.

4.5.1 Dielectric Properties of BaZrO3

Hitherto, there is only little information available on the dielectric proper-
ties of BaZrOs thin films. However, in order to apply BaZrOs; as a buffer layer
for YBa,Cu3zOy7-5, the knowledge of its insulating and dielectric properties, es-
pecially as a buffer for low-dissipation substrates in HF applications, is neces-
sary. Consequently, frequency and temperature dependent measurements of

53 1t is as well used for the growth of mercury based HTSC compounds.
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the dielectric constant within Au/BaZrO3/Nb-SrTiO3; diodes have been per-
formed>4.

As indicated in Figure 4.10, below temperatures of 185K and above fre-
guencies of 1 kHz, an approximately constant capacity is observed. At lower
frequencies and higher temperatures, an increase of the capacity by maximal
25% in conjunction with an increasing dispersion effect occurs. According to
the Debye model®?, the maxima of the imaginary part coincide with the rever-
sal point of the real part of the dielectric constant for equal temperatures. De-
pending on temperature, the contribution of ionic and electronic polarisability
to the dielectric constant (compare Figure 6.3) amounts between &,=63-65,
whereas the dielectric relaxation lies between £(0) =4.2 and 4.5.

f[kHz] 4
Figure 4.10: (a) Real- £ (f) and imaginary- £(f) part of the dielectric constant of a 200 nm thick
BaZrOs film on Nb-doped SrTiOs. (b) Cole-Cole plot of the data in (a). For equally scaled £ and
£ axes, the semicircle intercepts the € axis at an angle of y=1/2m(a) = 70°, resulting in a coeffi-
cient a =0.77 of the Cole-Cole model.

In contrast to the theoretical Debye-width of the dispersion maximum
(1.14 decades), the dispersion maxima are broadened with decreasing tem-
perature up to 1.3 decades. This behaviour can be described by the Havriliak-
Negami relation &(c) = €.+ £(0)/(1+(iwn)®)?, which corresponds to the Debye
relation, modified by a width parameter a and an asymmetry parameter [3.
Since the dielectric loss tand shows a symmetric behaviour and no frequency

dependence of its peak position, (3 is equal to 1. Therefore, cole-cole behaviour

5 With a HP 4284 LCR Meter, technical details can be found in [Mau 98].
% Discussed in detail in chapter 6.2.
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is suggested (see also chapter 6.2). From a detailed analysis (Cole-Cole plot) in
Figure 4.10, the theoretically expected symmetric semicircle is visible for
equally scaled € and & axes. From an interception angle of y=1/2m(1-a) =70°
with the £ axis, the width parameter a, i.e. the magnitude of relaxation time
distribution is estimated to a=0.77. A fit of the data by the use of the
Havriliak-Negami relation results in a dielectric constant of €.,=65 due to
ionic and electronic polarisation and a dielectric constant £(0) = 4.5 due to di-
electric relaxation. This value for a lies within the range of single crystalline
(a=0.6, [Egu 39]) and amorphous SrTiOs (o =0.8, [Mor 95]).

4.5.2 BaZrOs as a Buffer Layer for YBa;CuzO7-5

Resulting from comparable lattice constants, the growth behaviour of
BaZrO; thin films in conjunction with other perovskites (e.g. YBa,CusOz7.5,
SrTiOg, etc.) is similar to that of MgO ([Wu 92], see Table 4.1). TEM, XRD and
GID56 measurements show a cube-to-cube growth of BaZrO; on SrTiO; with a
highly oriented c-axis. The in-plane lattice constant relaxes within 4 nm film
thickness by 1:14 dislocations corresponding to the lattice mismatch of 7.17%
[Cil 96].

The epitaxial relation of a YBCO/BZO/STO heterostructure has been in-
vestigated by Wu et. al. [Wu 92]. Here, additional 45° in-plane rotated
YBa,CusOy7.5 grains have been observed. However, the direct influence on the
superconducting properties of YBa,Cu3Oy7.5is only known from single crystal
growth [Erb 96]. Therefore we show first time, that it is possible, to manufac-
ture high quality YBa,Cu3zOyr.s thin films on BaZrOs buffer layers. As a starting
point, SrTiO3 has been used as substrate material in order to study the growth
behaviour of BaZrOs;. Consecutively, the use of BaZrOs; buffer layers has been
extended to heterostructures on silicon substrates, which will be reported in
chapter 4.5.3.

In Figure 4.11b, a X-ray diffraction pattern in Bragg-Brentano geometry

shows the crystalline properties of a 300 nm thick YBa,Cu3zO7.5 deposited on a
200 nm thick BaZrOs buffer layer. Only (00I) reflections of both layers are

% Grazing incidence X-ray diffraction, in order to estimate in-plane lattice parameters.
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observed without phase impurities or polycrystalline fractions. For single
buffer layers from 7 nm to 200 nm thickness, best values of the FWHM of 0.04°
approach resolution limit of the X-ray device. Within a bi-layer structure, as
shown in Figure 4.11, the crystalline quality of the buffer layer is slightly dete-
riorated to 0.2° FWHM. In spite of a lattice mismatch of 7.17% and 9.2% for
STO/BZO and BZO/YBCO, respectively, the two layer stack exhibits perfect
cube-to-cube in plane relation, coinciding with [Cil 96] and [Wu 92], as shown
in Figure 4.11a. Beside moderate deposition temperature (Tqp=750°C) and la-
ser fluence (J=25J/cm?), a change of the deposition pressure from
1x106 mbar to 0.3 mbar results in a shift in 260 of the BaZrOs3 (00I)-reflections to
smaller values [Mau 98]. This increase of the c-axis length originates from a
better lattice accommodation in the ab-plane5’, which is probably due to oxy-
gen deficiency in the film.
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Figure 4.11: A YBa:CusO~.s layer deposited on a 200 nm thick BaZrOs buffer layer (a) A perfect
cube-to-cube in-plane relation between substrate (STO), buffer (BZO), and HTSC (YBCO) is in-
dicated by a XRD ¢-scan. (b) A XRD pattern in Bragg-Brentano geometry shows a highly c-axis
oriented 2 layer stack with a FWHM of rocking curves of 0.2° for YBa2CusO7.5 and BaZrOs, re-
spectively. (*) and (*) indicate parasitic reflections of the X-ray tube.

57 Lattice constants have been estimated by four circle XRD. Volume conservation of the unit cell
and a smaller lattice constant of SrTiOs leads to increased c-axis length.
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Investigated by means of REM and AFM measurements, the deposited
BaZrOs films show extraordinary smooth surfaces with a roughness of 0.3nm
(rms) corresponding to one monolayer, leading to a very smooth YBa;Cu3zOz7.5
surface of 2nm (rms). lllustrated in Figure 4.12, resistive measurements show
a superconducting transition at T;=90K for both YBa,Cu3Or.s films deposited
on BZO-buffered SrTiOs; and bare SrTiO3z substrates if identical deposition
conditions are employed. Since interdiffusion between HTSC and buffer is not
expected [Erb 96], an increased defect density due to a necessary lattice ac-
commodation at the interface is assumed to lead to an increase of specific re-
sistance from p=60puQcm (YBCO/STO) to p=90puQcm (bi-layer system).
Moreover, at a temperature of T=77K, critical current densities of
1.3x106 A/cm? and 1.4x108 A/cm? are observed for YBCO/STO and the bi-
layer system, respectively.
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Figure 4.12: Comparison of resistivity measurements of 430 nm thick YBa:CuzO75 films de-
posited on bare SrTiOs and BZO-buffered SrTiOs substrates, respectively.

In conclusion, our investigations show, that crystallographic and electronic
properties of YBa,CusO7.s films deposited on a buffer layer are comparable to
those on SrTiOs. However, a substantial improvement of the surface mor-
phology was achieved for YBa,CusO7s films deposited on BZO-buffered
SrTiO; substrates, which exhibit a surface roughness of 2nm (rms). This
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opens various applications of BaZrOz; in HTSC heterostructures, especially
when smooth surfaces with a low surface resistance are required (e.g. HF de-
vices).

4.5.3 BaZrOs as a Buffer Layer for HTSC on Silicon

The use of YSZ as a first buffer layer on silicon (Chapter 4.4) principally
forms a growth base for oxide layer such as YBa,CusO7.5. However, as a fun-
damental problem, the direct deposition of YBa;CusO75 on YSZ leads to
strongly deteriorated crystalline and superconducting properties. At high
temperatures necessary for YBa,Cus;O7.5 deposition, an interdiffusion layer of
BaZrOg;is formed at the initial stage of the YBa,CusO7.5 growth due to reaction
with YSZ. Thus, the first monolayers of the HTSC are degraded, resulting in a
wrong stoichiometry (Ba-deficiency) [Cim 88, Tie 89]. TEM investigations of
this interdiffusion layer show a formation of 4-8 nm thick (011) out-of-plane
tilted BaZrOs; domains [Wen 93]. Consequently, the properties of YBa;CuzO7-5
are additionally deteriorated by differently oriented grains, which exhibit an
in-plane alignment of 0°, 45° and £9° relative to the underlying YSZ layer58
[For 90, For 95]. The origin of the £9° in-plane rotation has been clarified by
Schlom et al. [Sch 96] and Boikov et al. [Boi 94] and is assigned to an ex-
tremely small (0.1%) lattice mismatch between the BaZrOg3 [111] and YSZ [110]
crystal directions. In order to circumvent this problem, CeO;, has been investi-
gated as an additional buffer layer. Unfortunately, at deposition temperatures
above 800°C, the use of CeO; leads to the formation of a multitude of BaCeOs;
reaction islands with a large lattice mismatch to YBa,Cu3O7.5, leading to pin-
holes [Boi 97, Sko 93, Cop 93].

The use of a BaZrO; buffer layer — the reaction product itself — in order to
improve the superconducting properties of YBa,CuszO7.5 on silicon, is one of
the important issues of this work. On the one hand, high quality growth of
YBa:Cu3zO7.5 on BaZrOs; is already verified in the previous chapter. On the
other hand, the even higher mismatch between YSZ and BaZrOs; (14.2%) is
expected to be counterbalanced by the ability of extremely thin BaZrO; films

% Due to a competition between necessary surface mobility and lattice accommodation, the frac-
tion of the respective orientation depends on the deposition temperature.
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to accommodate its lattice constants in the range of 10% [Hwa 91]. Further-
more, the complete heterostructure should not be affected by the thermal ex-
pansion coefficient of BaZrO3%, if only a few monolayer thick buffer is

introduced.
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Figure 4.13: A XRD pattern in Bragg-Brentano geometry shows c-axis oriented YBa:CuzO7.5 and
YSZ layers without phase impurities. Here, a thicker (50 nm) BaZrOs buffer layer reveals c-axis
oriented (002) and 45° out-of-plane tilted ((011), (022)) grains. The resulting in-plane orientation
of such a BaZrOs layer is shown in the insert. This growth orientation is transmitted to the

YBa,CusO17; layer and deteriorates its properties.

In Figure 4.13, a typical 6/260 X-ray diffraction pattern of a heterostructure
YBCO(30 nm)/BZO(50 nm)/YSZ(70 nm) on silicon shows a c-axis oriented
YSZ layer with a nearly optimal FWHM of 1°. In spite of that, the second layer
within this heterostructure, BaZrOs, reveals differently oriented grains with c-
axis orientation and 45° out-of-plane orientation. This is indicated by the ap-
pearance of the (Oll)-reflections, with a FWHM worse than 1.8°. These results
are in good agreement with observations of other groups [Sch 96, Boi 94,
Sko 93]. A closer investigation of this tilted BaZrO; fraction has been per-
formed by four circle XRD x- and ¢-scans (insert in Figure 4.14), showing a
+9° in—-plane rotation of these grains analogue to the orientation of a
YSZ/YBCO interdiffusion layer, as mentioned by Schlomm et al. [Sch 96]. A

5 See Table 4.2 “Material Properties”.
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YBa;CusOr_s layer, deposited on top of such a mixed orientation nevertheless
reveals complete c-axis orientation with 2.5° FWHM of rocking curves. This
fact and the transmission of the mixed in-plane orientation results in strongly
deteriorated superconducting transition temperatures of approximately 85 K.
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Figure 4.14: Four circle XRD measurement of YBa.CusO7s deposited on silicon with a
BZO(3nm)/YSZ(40 nm) buffer layer combination. The YSZ layer grows cube-to-cube on silicon,
whereas the YBa:CusOr-5 layer is 45° in-plane rotated relative to substrate. The 3nm thick
BaZrOs buffer layer is not visible.

However, if only a few monolayers (3 nm) of BaZrOs are introduced at low
deposition pressures (1x10-6 mbar), the lattice in-plane constants (0.4193 nm)
are assumed to accommodate to the YSZ lattice constants (0.514 nm). Since
such a thin layer is not detectable with standard X-ray diffraction®?, its growth
behaviour and influence is interpreted by the resulting growth of the on top
deposited YBa,Cu3Or.5 layer. Shown in Figure 4.13a, the YBa,CusO7.5 layer
now shows a perfect 45° in-plane rotation and no +9° or 0° in-plane oriented
grains are observed on top of the BZO/YSZ buffer layer combination.
6/726-XRD patterns reveal an improved c-axis orientation of 1.3° FWHM,
which at this point is mainly limited by the crystalline properties of YSZ on
silicon (1.7° FWHM).

8 Usually HRTEM measurements are performed in this case.
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Generally, YBa,Cus;O7.5 films on top of buffered silicon substrates exhibit
smooth surfaces with a terrace-like island growth and a local roughness in the
range of one monolayer height (1.15 nm, Figure 4.15b). The superconducting
properties of the HTSC films have been characterised by performing induc-
tive and resistive measurements. The transition into the superconducting
state occurs at a temperature of 89.6 K, comparable to literature values for
YBa;CusOr.s films on silicon [Sei 98] but nevertheless drastically worse than
values that are achieved on lattice matched perovskite substrates such as
SrTiOs. The broadened transition width of AT=4.8 K and the increased spe-
cific resistance is assumed to be mainly caused by the crystalline quality of the
YSZ layer. On the other hand, partial lowering of the transition temperature
can be generated by oxygen deficiencies at the BaZrOs/YBa,CusO7.5 interface,
since the BaZrO; buffer is deposited at an extremely low pressure of
1x106 mbar. Furthermore, stress within the heterostructure due to different
thermal expansion coefficients can also lower the transition temperature.
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Figure 4.15:(a) A resistivity measurement of a YBa:CusO7.5 film on double buffered silicon
shows a superconducting transition temperature of 89.6 K (onset) with a broadened transition of
AT =4.8 K. (b) The surface morphology of this film reveals terrace-like island growth with steps
corresponding to one monolayer of YBa;CusO7.5 (1.15 nm).



70 4. Controlling Thin Film Growth by Heterostructures

This newly investigated buffer layer combination for YBa;CuzOzr.s thin
films on silicon substrates solves principal problems such as the formation of
interdiffusion layers and mixed in-plane orientations. Moreover, for compari-
son, the typically employed YBCO/CeO,/YSZ/Si heterostructure has been
deposited under identical deposition conditions for the YBa,Cu3O7.5 and YSZ
layer, resulting in a decreased superconducting transition temperature of
T.=87.5K and a transition width of AT.=6 K. Thus, a relative improvement of
the superconducting properties has been achieved by the use of a BaZrO;
buffer layer. Furthermore, the substitution of CeO; by BaZrOs is particularly
avoiding the formation of pin-holes in the superconducting YBa;Cu3zO7-5
layer, which is important for applications, where magnetic shielding is an is-
sue. In conclusion, since moderate crystalline properties of the YSZ layer are
held to be responsible for the observed transition temperatures and broad-
ened transition widths in both heterostructures, this buffer layer combination
has the potential for further improvement of the superconducting properties
of the YBa,CuszO7-5 layer.



5. Lattice Engineering for Artificial
Josephson Junctions

During the past years, a number of techniques have been developed for
the fabrication of high temperature superconductor Josephson junctions. Two
successful and extensively investigated examples are grain boundary junc-
tions on bi-crystalline substrates and ramp-type junctions. However, in spite
of their better transport properties, they can only be implemented in a limited
lateral geometry. Furthermore, the integration of Josephson junctions into su-
perconducting or even semiconducting devices requires a deposition tech-
nique, that allows the application of such a component within a complex
multilayer heterostructure. This encouraged us to investigate the growth be-
haviour of adequate material combinations in order to provide a basis for the
fabrication of bi-epitaxial Josephson junctions. Prior to those aspects however,
some remarks are made on the theoretical background and the known types
of Josephson junctions.

5.1 Preliminary Remarks on the Josephson Effect

The Josephson effect is one of the macroscopic quantum phenomena of
superconductivity, predicted by B.D. Josephson in 1962 [Jos 62] and firstly ex-
perimentally proofed by Anderson and Rowell [And 63]. Being a central con-
cept of the Ginzburg-Landau theory, a complex order parameter 4A; is
introduced in order to describe the macroscopic wave function of the super-
conducting electrons [Tin 96]. Two superconductors, which are separated by a
thin insulating barrier but are close enough to establish an overlap of the
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superconducting wave functions will show Josephson coupling, or in other
words, will form a weak link. A current, formed by tunnelling cooper pairs as
well as quasi particles flows through the junction and comprises an amount of
super-current that is independent of the voltage across the junction, but de-
pends solely on the phase difference y= xi-x2. Herein, x1 and x» are the phases
of the complex order parameters Aj = [N\Cexp (ixj) in electrode j=1 or 2. The
current phase relation is 21t periodic and follows in the simplest (or “classi-
cal”) case the 1st Josephson equation:

I, =1.siny, (5.1)

with I; being the maximum or critical current, which is mainly determined by
the properties of the barrier. The time evolution of the phase difference yis
connected to the voltage across the junction via the 2"d Josephson equation:

oy _ 2eV

ot # (5.2)

Both Josephson equations show a remarkable difference. The first Joseph-
son equation is an approximative description, whereas the second one is
solely derived from basic principles of quantum mechanics and comprises
only fundamental constants. In general, the whole electrodynamic properties
of Josephson junctions are divided into stationary (DC) and non stationary
(AC) processes, depending on whether the phase difference is constant in
time or not. In the first case, this results in a vanishing voltage across the
junction, according to the 1st Josephson equation. The junction supports a con-
stant super-current that is determined by the phase difference and confined
by the critical current. In the second case, non-stationary effects appear if a
time averaged voltage differencet! V is maintained across the junction. Ac-
cording to the 2nd Josephson equation, the super-current now will oscillate
with a frequency w,=2eV/h=V x483.6 MHz/uV.

61 To prevent breaking of the cooper pairs, this voltage has to be smaller than A/e.
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I(V)-Characteristics of Josephson Junctions

A real Josephson junction depicts additionally to the channel of Cooper
pairs one channel due to quasiparticles. This results in an additional resistive
transport channel 1=V/R(V,T), which is connected parallel to the Josephson
current I =1 siny. Furthermore, the intrinsic capacitance C between the elec-
trodes determines decisively the dynamics of the junction. This approach is
the basis of the *“Resistively and Capacitively Shunted Junction” (RSCJ)
model [McC 68, Ste 68]62. Considering the entire net current of such a junc-
tion, the substitution of the second Josephson equation for the time dependent
voltage yields a second order differential equation:

1 dy , d% 5.3)
B Smy+\/ﬁcd(r)+d2(r)2 (

with the plasma frequency « = (2el/#C)” within the dimensionless variable

7=yt and the McCumber (damping) parameter . = (ayRn C)? 3.

Generally, solutions of equation 5.5 are numerically attainable and every re-
sulting I(V)-characteristic should be between two opposite limiting cases: (i)
overdamped Josephson junctions with B:<1 and (ii) underdamped junctions with
B:>1, as shown in Figure 5.1a and b, respectively. First, in the limit of van-
ishing capacitance, the McCumber parameter S; will tend to zero and the dif-
ferential equation 5.5 is solvable in a closed form. Illustrated in Figure 5.1a, a
single valued curve is obtained with zero voltage across the junction for cur-
rents below I.. For currents 1>, the time averaged voltage follows the rela-
tion V=R, (1Z-12)* with an ohmic behaviour V =IR, for currents much larger
than the critical current. Secondly, in the case of underdamped Josephson
junctions, two stable solutions of equation 5.5 provide a hysteretic behaviour
in the I(V)-characteristic as can be seen in Figure 5.1b. This hysteresis will in-
crease with increasing S., whereby S: can be determined by the ratio of the
critical current to the return current I/l =4/13:* [Bar 82].

62 In the case of HTSC SNS contacts, the quasiparticle channel is often represented by an Ohmic
resistance, whereas in case of a tunneling characteristic it has to be substituted by a quasiparti-
cle characteristic.

8 An additional dissipative contribution li,:= U (Gix cOsy) due to interference of cooper pair and
quasi particle currents is neglected.
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Figure 5.1: (a) I(V)-characteristic of an overdamped Josephson junction with R, = const. (b) The
hysteretic behaviour of an underdamped junction is visible. The asymptotes are formed by the
ohmic characteristics of the quasiparticle- and normal conducting resistances. Increasing the
current from zero, the voltage across the junction remains at V=0 until a jump to a finite volt-
age occurs at |.. Decreasing the current again below I, the zero voltage state will be reached for
currents which have to be lower than the return current I, . The asymptotes are formed by the oh-
mic characteristics of the normal conducting resist&and the quasi particle resistariRg. V, corre-
sponds to the gap voltage.

In real Josephson junctions, the components of the RSCJ model are deter-
mined by the type of contact. Established Nb/AlOx/Nb contacts exhibit high
capacities and parallel resistances due to single electron tunnelling processes.
In contrast, grain boundary contacts and many other HTCS contact types re-
veal localised states in the barrier as well as short circuits, leading to low ca-
pacities and resistances. Moreover, considering thermal activated processes,
the characteristics have to be modified by adding a current in equation 5.5,
which describes the Josephson noise. Following the theory of Ambegaokar
and Halperin [Amb 69], in the case of overdamped contacts a finite resistance

is observed also below I, resulting from thermal activated phase slip (TAPS).

Despite being out of the scope of this thesis, some important features of Jo-
sephson contacts are nevertheless worth mentioning: First, if the width of the
junction is smaller than the Josephson penetration depth (b<A4j), a magnetic
flux that penetrates a Josephson Junction homogeneously induces a spatial
dependence of the phase difference, leading to a lateral modulation of the
current density. This critical current—magnetic flux relation is described by
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the well known Fraunhofer pattern. Josephson junctions with dimensions
larger than the Josephson penetration depth (b > 4;), will have an inhomoge-
neous current distribution inside the junction even if a magnetic field is ab-
sent due to self field effects produced by the current. This will cause the
formation of Josephson vortices inside the barrier, resulting in a voltage
across the junction even for currents smaller than I. and a reduction of the
Fraunhofer modulation. These vortices differ from typical Type-Il supercon-
ductor Abrikosov-vortices since they possess no normal conducting core and
thus no upper critical field He. Secondly, the critical current is determined by
the barrier properties and reveals a temperature dependence on the energy
gap A, which is described by the Ambegaokar-Baratoff relation [Amb 63] in
the case of classical superconductor-insulator-superconductor (SIS) junctions
with identical electrodes. Thirdly, under electromagnetic radiation with a fre-
qguency in the range of w=107-1012 Hz, the supra-current of a Josephson con-
tact shows equidistant steps at V,=n#w/2e, well known as Shapiro steps
[Sha 63]. Moreover, non-linear characteristics with additional steps due to a
guasiparticle tunnelling current [Tie 63] are the base of the operational mode
of HF-detectors and —mixers [Hu 90].

5.2 Types of Josephson Junctions

Generally, Josephson junctions are classified into different types, depend-
ing on whether the barrier is metallic (SNS-contact) or insulating (SIS-contact).
Typically, the effective thickness of the barrier is in the range of the cooper
pair coherence length é. Additionally, in microbridge contacts with an ex-
tremely small cross section b< A_, a Josephson effect is observed due to coher-
ent vortex motion in the bridge. An intrinsic Josephson effect along the c-axis
is observed between CuO-planes of HTSC with high anisotropy (e.g.
Bi,Sr,CaCu,0s.5) due to strong modulation of the order parameter along the
c-axis. In HTSC, grain boundary contacts play a major role because of the d-
wave character of the superconducting wave function. This contact type as
well as Josephson junctions, formed by artificial barrier layers represent the
most common contact types in the field of HTSC.
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5.2.1 Josephson Contacts with Artificial Barriers

SNS Step-Edge Contacts

The application of a typical SIS
sandwich structure, known from
LTSC® devices, is hampered by the
small coherence length of HTSC. For
example, in the easy growth c-
direction of YBa,CusO7.5, & is below

0.4 nm. This fact requires a control of ,QJ
interface with monolayer accuracy, J
which in practice means a high prob- Figure5.2: Schematic illustration of a step-
ability of short circuits at the inter- edge Josephson contact.

face. Therefore, instead of using insulating barriers, metallic barrier layers can
be employed. Following conventional proximity effect theory, the ratio be-
tween thickness and coherence length in the metal should be approximately 1
and thus favours noble metals as barrier material. Since epitaxial growth of
HTSC on these metals is not possible, the junction is realised by a step-edge
contact. Herein, a previously etched step in the substrate generates a complete
break of the HTSC film growth, which is consecutively filled by the noble
metal. Hitherto, this contact type exhibits high IR, products up to 10 mV at
4.2 K [Ros 93], but a worse reproducibility.

Ramp-Junction Contacts

Ramp-junctions make use of the longer coherence length for transport
along the ab-plane in a HTSC film, which is grown with the c-axis along the
substrate normal. The deposition of the base electrode and an insulating layer
is followed by lithographic patterning and ion milling to expose the edge®.
After that, the barrier layer and the HTSC top electrode is deposited.

6 Low Temperature Superconductors.

8 Alternatively, wet chemical etching or a shadow mask technique [Sto 95] can be employed in
order to manufacture such a ramp. Several attempts in order to improve the ramp junction
properties have been made, such as plasma oxidation of the ramp [Shi 88], and PLD patterning
[Kor 91].
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The main difficulties of this con-
tact type are represented by the
deposition of a smooth barrier layer
and the fabrication of a well defined
ramp. Furthermore, the etching proc-
ess influences the surface of the base
electrode, possibly resulting in a thin

HTSC
top electrode

~

ramp

. HTSC
damaged layer, which already de- bottom electrode

termines the contact properties. Un-

fortunately, the etching process Figure5.3: Schematic illustration of a ramp-
junction Josephson contact.

insulator

restricts the arrangement of Joseph-

son junctions on a chip, which is a drawback concerning the integration into
HTSC devices. On the other hand, the possibility of using different barrier
materials in conjunction with a variation of the contact area allows a limited
adjustment of the contact parameters. Up to now, this contact type shows the
lowest spread of contact properties (Ic, Rp) in the order of 10% and relatively
high IcR, products up to 8 mV at 4.2 K [Sto 95].

5.2.2 Grain Boundary Contacts

Depending on the technique by which the grain boundary is generated,
actually three types of junctions are currently in the focus of interest.

Bi-Crystal Grainboundary Junctions

In this junction type, the in-plane
weak-link behaviour of an epitaxially
grown HTSC film is induced via a
grain boundary in the substrate. It is
created by fusing two substrates to-

gether with a relative in-plane rota-
tion larger than 20°. The deposited
HTSC adopts the substrate orienta-
tion. In this way, a spatially control-

lable, single layer junction is pre- rigyres.4: Schematic illustration of a bi-crystal
pared. Generally, the observed be- Josephson contact.

\

substrate
grainboundary
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haviour can be described within the RSJ model (see chapter 5.1). Bi-crystal
contacts exhibit comparatively good properties, but the spread of the contact
parameter I and Ry lies in the range of 25 % [Alf 93]. The main advantage of
the method is that the misorientation angle can be chosen freely. Furthermore,
this contact type shows a good long-term stability and a high magnetic field
resolution. However, the fabrication of devices by this technique has a major
disadvantage. It cannot be readily extended for the manufacture of integrated
circuits, since the contact arrangement on a chip (substrate) is restricted to a
single line. Additionally, bi-crystal substrates are expensive and not available
in large quantities.

Step Edge Junctions

Similarly to the previously men-
tioned SNS step-edge contacts, an-
other possibility to generate a grain
boundary is to etch a step into the
substrate. In contrast, the angle of in-
clination and the height of the step is
chosen in a way, that the HTSC film
coats the whole step. As indicated in
Figure 5.5, the c-axis of the film in the

area of the step is tilted 90°, whereas Figure5.5: Schematic illustration of a step-
the c-axis of the film grown on the ©d9eJosephson contact,

substrate is oriented parallel to the substrate normal. This generates two grain
boundaries, whereby the one with the smaller critical current density domi-
nates the contact properties. Due to its flexible design and good contact prop-
erties, step-edge contacts represent a technological important contact type,
although the inadequate reproducibility is problematic.

Bi-Epitaxial Grainboundary Junctions

One way to overcome the limitations of the previously mentioned contacts
is to engineer the bi-crystal substrate by controlling the in-plane epitaxy of
deposited dielectric layers on the substrate prior to HTSC deposition. Again,
the versatility and ease of multilayer deposition via PLD is advantageous in
this field and was firstly demonstrated by Char et al. [Cha 91a]. In this tech-
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nique, the grain boundary is freely determined by photolithography prior to
the etching process. This allows a variable alignment of grain boundaries and
gives the possibility to construct complicated JJ-arrays. Additionally, this type
of contact is not restricted to special substrates and allows the integration into
multilayer systems in order to combine with other superconducting devices
or even the application in semiconductive technology. However, a main dis-
advantage is the restriction to a 45° misorientation angle, which allows only
small critical current densities in the order of typically 10* A/m? at 4.2 K. Up
to now, two main effects impede the technical application of this contact type:
First, the grain boundaries usually show a meander like structure with strong
disorder and a large number of inhomogeneities. Second, this technology re-
guires a large number of process steps.

grain boundary

[110] [001]

[001] Seed Layer

[001] Substrate [001]

Figure 5.6: Schematic illustration of a bi-epitaxial Joseph-
son contact.

A scheme of a bi-epitaxial junction is shown in Figure 5.6. The manufac-
turing method of these junctions contains several deposition steps of different
layer materials, which serve special purposes. Depending on the chosen sub-
strate, a first set of base layers is deposited in order to match the substrate lat-
tice constant to the subsequent seed- and buffer layers and to avoid possible
interdiffusion. For most of the layer sequences in this junction type, two facts
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are crucial. First, the combination of the HTSC (YBa,CuzO7.5, a=0.382 nm)
with a rotating buffer layer (CeO,, a=0.541 nm) results in a clear 45° in-plane
rotation between both materials due to a difference in the lattice constants of
approximately a factor v2. Secondly, a seed layer material with an intermedi-
ate lattice constant (e.g. MgO, a=0.42 nm) is deposited on the base layer in
order to avoid the in-plane rotation of the consecutively deposited buffer with
respect to the base layer. Thirdly, the seed layer is partially removed by a
photolithographical process, determining the position of the grain bounda-
ries. This provides a growth base for the buffer layers and eventually the
HTSC top electrode, resulting in two areas in-plane rotated against each
other.

Substrate Base layers Seed layers Buffer layers HTSC Publ.
r-Al2Os ~ B B MgO B B STO B YBCO [Cha 91b]
[1120] [100] [100}/[110] [100}/[110]
STO |MgO CeO; YBCO
Arb. Arb. Arb. [100] | [100] [100}/[110] [100}/[110] [Cha 91c]
LAO B B B STO BZO YSZ | CeO: _ YBCO [Wu 92]
[100] [100]  [100]  [100] | [100)[110] [100}/[110]
STO B B B MgO CeO: _ CeO> _ YBCO [Nic 95] =
[100] [100]  [100] [100)/[110] [100)/[110]
r-Al:0s | CeO; YBCO STO [MgO CeO: CeO; YBCO [Nic 96] b
[1120] [100] [100] [100] | [100]  [100] = | mooyri1o - [100}/[110]
r-Al2Os Si YSZ CeO: |MgO YBCO CeO: | YBCO [Boi 95] ¢
[1120] [100] [100] [100] | [100] - — | mooppt1o  [100)110] | [100)[110]
STO CeO; BZO STO YBCO | YBCO [Boi 97] @
[100] [010] [110] [100)/[110]
STO BZO YSZ  CeO: | YBCO this
[100] - - - [100] - — | mooppt1o  [100)110] | [100)[110] work

Table 5.1: Layer sequences for bi-epitaxial Josephson junctions. Depending on the chosen sub-
strate, a first set of layers is deposited in order to match the lattice constant of the substrate to the
seed layer. Consecutively, the seed layers are deposited and etched. Prior to HTSC deposition,
one ore more buffer layers can be introduced in order to improve the growth of the HTSC.

Notes: (a) Here, a second CeO: buffer layer is deposited homoepitaxially onto the etched
MgO/CeO: seed layer in order to improve the crystallinity of the HTSC; (b) A set of base layers
is introduced in order to avoid interdiffusion of Aluminium between the Al.Os substrate and
YBa.CusO1.5. (€) Being an important step in hybrid technology, a SOS (silicon on sapphire) sub-
strate is used. Furthermore, an additional double-buffer CeO2/YBCO improves the crystallinity
and stoichiometry of the grain boundary and yields an I, of 10’ A/cm? and an IR, product of
150V at 77K; (d) An additional STO(10 nm)/YBCO(10 nm) was introduced prior to the main
YBa:CusO1-5 layer in order to reduce deviations from correct stoichiometry in the region of the
grain boundary.
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This approach, introduced by Char et. al. [Char 91a, Char 91b], was
quickly extended in order to investigate a wider range of substrates and di-
electric layers. A few of the employed materials and suggested layer se-
guences are summarised in Table 5.1. A first fundamental investigation of the
growth of different materials and occurring relative crystallographic orienta-
tions (see Table 4.1) has been done by Wu et al. [Wu 92]. In this work, BaZrOs;
has been used first in order to substitute MgO. Due to approximately similar
lattice constants, the growth behaviour of both materials is identical. The ad-
vantages of BaZrOs in contrast to MgO are a higher chemical inertness due to
an extraordinary high melting point of 2600 °C. However, the main predica-
tion of this work is the idea of continuous lattice match. Herein, the single seed
layer with an intermediate lattice constant is substituted by a set of layers
with only slightly different lattice constants in order to avoid an out-of-plane
growth of grains, generated by lattice mismatch

5.3 Growth and Control of In-plane Orientation

Within the manufacture of bi-epitaxial Josephson junctions, or in general,
of complex multi-layer systems, the sequential deposition of different materi-
als underlies several restrictions, already discussed in chapter 4.3. The chemi-
cal inertness between the materials at predominant deposition conditions and
similar thermal expansion coefficients are important parameters that have to
be considered. However, following the idea of continuous lattice match, the in-
plane lattice constant is supposed to be the crucial parameter.

On the one hand, the HTSC layer YBa;Cu3O7.5 (2=0.384 nm) and the cho-
sen substrate SrTiO3; (a=0.39 nm) exhibit similar lattice constants with a lattice
mismatch of only 2.2 % (see also Table 4.1). On the other hand, CeO; plays the
role as rotating layer, since the lattice constant of a=0.541 nm fits to the [011]-
direction of SrTiO3; and YBa;CusO7.5 with a mismatch of only 2.1 % and 0.16 %,
respectivelys. As already mentioned, a set of buffer layers with intermediate
lattice constants (BaZrOs, a=0.419 nm and YSZ, a=0.514 nm) is introduced to
match the lattice constants continuously (for corresponding mismatches see

8 In-plane relation: STO[100] Il CeO-[110] Il YBCO[100], checked by four circle XRD measurements.
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Table 4.1) in order to avoid the rotation on one side of the contact. Now, the
question is, if the matching layers are introduced on top or below the CeO;
layer, as illustrated in Figure 5.7.

(b)

[110] BZO

[110] YSZ [100] YSZ
[100] BZO

[100] STO substrate [100] [100] STO substrate [100]

Figure 5.7: Schematic illustration of two possible layer sequences with a continuos lattice
match by BaZrOs and YSZ and expected in-plane relations. (a) Lattice match from the CeO:
layer to the YBa.CusO7.5 layer in order to avoid the rotation on the left side. On the right side,
the rotation of the CeO: layer on the substrate, and a second 45° rotation of the YBa.CusO7.5
layer corresponds to an effective 0°/90° rotation. Thus, whether the CeO: layer covers the
whole substrate or just the left side does not change the resulting in-plane relations between
both sides of the heterostructure. (b) Lattice match from the substrate to the CeO. layer by the
introduction of a YSZ and a BaZrOs layer, subsequent rotation of the YBa:CusOyr.5 layer (left),
and cube-to-cube growth of YBa.CusOz-5 on the right side.

Being a first approach according to Figure 5.7a, the growth of a
STO/Ce0,/BZ0O/YBCO heterostructure has been investigated. As can be
seen by a 6/26 -scan in Figure 5.8a, BaZrOs exhibits an out-of-plane growth
corresponding to the (011)-direction perpendicular to the substrate normal.
This result is in good agreement with Wu et al. [Wu 92] (see Table 4.1).
Proven by four-circle X-ray measurements, the BaZrOs buffer is additionally
45° in-plane rotated on CeO,. The YBa,CusO7.5 layer adopts the in-plane ori-
entation of the BaZrOs; layer, but exhibits a c-axis oriented growth, resulting in
an effective 45° in-plane rotation of YBa,Cu3O75 with respect to the CeO,
layer. This growth behaviour is also observed in a Si/YSZ/BZO/YBCO het-
erostructure (Figure 4.13). Hence, in contrast to the shown illustration and to
the results of Boikov et al. [Boi 97, Boi 97a], the BaZrOs layer does not avoid
the second rotation of the YBa,Cu3Oy7.5 layer on the left side in Figure 5.7a. In
other words, it does not match the CeO; lattice constant to the YBa,Cu3O7-5
lattice constant. Furthermore, a BaCeO3 (011)-peak arises at 28.9° as a result of
chemical reaction between CeO, and BaZrOs; at predominant deposition tem-
peratures. As said in chapter 4.5.3, this reaction product is known as reason
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for the formation of pin-holes due to a large lattice mismatch to YBa,CusOzr.s
[Boi 97, Sko 93, Cop 93].
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Figure 5.8: (a) 67260 -XRD pattern of a CeO2/BZ0O/YBCO heterostructure on SrTiOs. Although
the CeO»- and the YBa.CusO7-5 layer are c-axis oriented with a FWHM below 0.88°, the BaZrOs
layer shows 45° out-of-plane growth with a (011)-reflection at 30.14°. (b) 6/26-scan of a
Ce02/BZ0O/YSZ/ YBCO heterostructure on SrTiOs. Again, all layers are c-axis oriented, except
the BaZrOs layer. Parasitic substrate peaks are indicated by (*/+).

The introduction of YSZ with an intermediate lattice constant between
CeO; and BaZrOs into the previously discussed heterostructure now repre-
sents a layer sequence following the idea of continuous lattice match (Figure
5.7a). As expected, the YSZ layer grows cube-to-cube on top of CeO.. Illus-
trated in Figure 5.8b however, the BaZrO;3 layer again shows a (011) growth
direction, whereas the residual layers of the heterostructure are c-axis ori-
ented. Hence, the YBa,Cu3Oz7.5 layer shows similar in-plane relations both on
the areas with and without YSZ/BZO buffer layers.

In conclusion, the inauspicious growth behaviour of BaZrO; on top of YSZ
and CeO; avoids the lattice match from larger (CeO;) to smaller (YBa;Cu3O1.5)
lattice constants. Coinciding with the results of Wu et al. (see Table 4.1) how-
ever, the relative in-plane orientation between two materials depends on the
deposition sequence. Especially in the case of BaZrOs; and YSZ, the observed
orientations BZO(011) Il YSZ(001) and BZO[100] II'YSZ[100] are different from
the inverse deposition sequence, which results in the orientations
YSZ(001) I1BZO(001) and YSZ[100]11BZO[100]. Considering this fact, a layer



84 5. Lattice Engineering for Artificial Josephson Junctions

sequence STO/BZ0O/YSZ/CeO; according to Figure 5.7b was deposited. II-
lustrated in Figure 5.9, a 6/26-scan with exclusively (00l)-peaks proves an
epitaxial growth of the involved layer materials.
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Figure5.9: A 6/260-scan of a YBa:CusO75 film (480nm), deposited on a BaZrOs (20 nm)/
YSZ (100 nm)/CeO2 (200 nm) buffer layer on SrTiOs. Peaks corresponding to the (00l)-direction

are observed exclusively. The YBa,CusOz-5 reflections are indicated by (+), whereas the (004)-
and (006)-peaks are superimposed by the (002)-and (004)-SrTiOz reflection, respectively. Para-

sitic substrate peaks are indicated by (*/+).

The (00D)-reflections of the YBa,CusO+.5 layer are highly oriented with a
FWHM of 0.4°. This is surprising, since the underlying buffer layers exhibit a
worse alignment with a FWHM of 0.72° (CeO), 1.4° (YSZ) and 0.26° (BaZrOs3).
It is well known, that crystallinity increases with thickness up to a certain
value, which is strongly influenced by different thermal expansion coeffi-
cients of the employed materials. Therefore, the optimal thickness with refer-
ence to crystallinity was chosen in this heterostructure. Although an overall
thickness of 800 nm in this case could lead to high stress, no micro cracks have
been observed, even after cooling down to liquid helium temperature. The in-
plane relations of this layer sequence are shown Figure 5.10.
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Figure 5.10: ¢-scan of the layer sequence STO/BZ0O/YSZ/CeO./YBCO. The set of three buffer
layers exhibits a perfect cube-to-cube growth on the SrTiOs substrate with a FWHM below 3°.
The top layer YBaCusO7.5 shows the theoretically expected 45° in-plane rotation with respect to
the CeO: layer.

In contrast to the previously discussed layer sequences, the orientation of
the crystal axes in the substrate plane as well as parallel to the substrate nor-
mal of the complete heterostructure correspond to the theoretically expected
directions as illustrated in Figure 5.7a. The epitaxial relations between the
layers are confirmed by XRD ¢-scans:

c-axis:  STO(001) | BZO(001) | YSZ(001) | CeO,(001) | YBCO (001)
in-plane: STO[100] | BZO[100] || YSZ[100] || CeO[100] | YBCO[110]

5.3.1 Superconducting Properties of the YBaCuzOz7.5 Layer

In order to determine the properties of the YBa,CusOyr.5 top layer, a com-
plete set of layers including the HTSC layer is deposited in one process se-
guence. By this, without possible influences of introduced structuring steps,
the quality of the HTSC layer on top of three buffer layers verified. lllustrated
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in Figure 5.11, high quality superconducting YBa,CusO.5 films are achieved
on the set of three buffer layers with a transition onset of T;=91.7K and a
very small transition width below 0.15 K. These properties of the supercon-
ducting film are comparable to best results on SrTiOs;. The R(T)-
measurements have been performed by four-point method taking U(l)-curves
at different temperatures across 5pum bridges (30 um length), which had been
structured by standard photolithography and wet chemical (HNO3) etching.
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Figure 5.11: p(T)-curve of a 480 nm thick YBa,CuzOz.;layer, deposited in-situ on a BZO (20 nm)/
YSZ (100 nm)/CeO2 (200 nm) buffer layer set on SrTiOs. A superconducting transition is ob-
served at T,=91.72 K with a transition width of AT, <0.15K. The critical current density j. versus
temperature T is shown in the insert. A critical current density of j.= 1.5x10¢ A/cmz2 at 77 K is
observed and curve fitting yields a transition temperature of T,=91.5K. The measurement was
performed using a bridge with 5 um width and 30 um length.

In the normal conducting state, a resistivity of pn(T=300K)=0.27 mQcm is
observed. Moreover, a linear behaviour of R, at temperatures above T=130K
leads to an extrapolated resistivity of p(T=0K)=10.6 uQcm. Below a tem-
perature of T=130K, an increase of conductivity occurs, resulting from the
constitution of superconducting fluctuations [Tin 76]. Plotted in the insert of
Figure 5.11, a critical current density of j. (77 K) =1.5x10¢ A/cm? is observed,
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which is a value comparable to what is typically observed in literature for
YBa:Cu3O7.5 on a set of buffer layers [e.g. Li 94, Nic 96]. The temperature de-
pendence scales with 1. (T) O (1-T/T.)°. Curve fitting yields an exponent a=1.4
and a transition temperature of T, =91.5K. Moreover, MIB-measurements®’
show an extraordinary homogeneity of the YBa,CusO».5 layer, since the whole
sample is transferred into the superconducting state within a temperature
range of AT.=0.45K.

5.3.2 Structuring Steps for Bi-epitaxial Junctions

Although this chapter is mainly focussed on the epitaxial relations of a
new layer sequence for bi-epitaxial grain boundary junctions, some prelimi-
nary investigations have been performed concerning the realisation of such a
grain boundary. In this work, only single junctions are structured, being a
first approach to the extension to arbitrary structures, which is assumed to be
easily realised if the variety of processing steps are under control. The first as-
sumption, that this structuring (i.e. the partial removal of one ore more layers)
just means the insertion of additional process steps into the deposition se-
guence of a rather complex heterostructure, turns out to be to simple. The ex-
perimental difficulties and effects of etching processes on the growth of a
compound such as YBa,CusO7.; motivate a closer look on the different steps.
Thus, in Figure 5.12, four possible process sequences are illustrated in order to
emphasise the technical challenge and the complexity of processing that is in-
volved in the preparation of this junction type. In particular, the following
steps are executed:

Buffer layer deposition steps: (1) Substrate cleaning, mounting onto the heater
by an adequate glue, and subsequent heat treatment in vacuum. Being an im-
portant and often underestimated requirement, a substrate surface with re-
sidual organic contamination or a rough surface can impede the growth of
epitaxial high quality thin films at this initial stage. (2) Deposition of a seed
layer combination, as discussed in chapter 4.1 and 5.3. (3) Check of layer
crystallinity and thickness by XRD and LXRD, respectively.

67 Mutual Inductance Bridge: the superconducting screening current of the sample changes the
induced voltage of a copper coil (a reference coil and lock-in technique is used).
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Structuring steps: (4) Photolithography: Coating and pre-baking of the
photoresist, subsequent exposure through a mask by the use of a mask-
aligner and development of the photoresist. A post-baking process is em-
ployed in order to harden the photoresist for the etching step®. (5) lon beam
etching at U =400V and | =40 mA with typical etching rates of 1.2 nm/min. A
wet chemical etching technique is not applicable, since YSZ withstands to
most acids (even HF). (6) Removal of partially polymerised photoresist by an
oxygen plasma (30 min, 150-200 W, 1 mbar). In addition, a subsequent IBE
cleaning step can be introduced in order to obtain completely clean surfaces.
(7) Check of the resulting structure (step height and surface roughness) by
means of optical microscopy and AFM and therefore a cross check of the pre-
viously assumed etching rate.

HTSC deposition steps: (8) Treatment prior HTSC deposition by repetition of
step (1). Additionally, by annealing the sample at elevated temperatures
(740°C) and pressures (10 mbar O,), a re-crystallisation process can be per-
formed [Ver 97]. (9) Deposition of the second buffer layer and the HTSC, with
deposition parameters discussed in chapter 4.1 and 5.3. (10) Non-destructive
check of layer crystallinity and superconducting properties by means of XRD
and susceptibility measurements, respectively. (11) Structuring of the HTSC
film by repetition of steps (4) to (6) in order to prepare a four point measure-
ment. Cooling with LN; during the IB-etching process avoids oxygen loss in
the HTSC. Due to a different roughness of the YBa,Cus;O+.5 layer on the etched
substrate and the buffer layer side, a resulting different etching rate hinders
the application of a wet chemical etching technique. (12) Measurement of the
transport properties at variable temperatures.

Illustrated in Figure 5.12, different possible process sequences within the
previously investigated layer sequence have been carried out in this work.
The advantages and disadvantages of the particular sequences are shortly
discussed in order to determine the optimal process technology: The sequence
illustrated in Figure 5.12a corresponds to the complete deposition of a buffer
layer (“trilayer”) set in order to realise continuous lattice match. However, a

8 Coating: Photoresist MAP 275; Optimised parameters: spinning speed 6000 s, spinning time
30s; Pre-baking: 25min at 100 °C; Exposure: 60 s; Development: MAP 331 ca. 30s; Post-baking:
30 min at 110°C.
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good crystallinity is achieved only for an over-all thickness of approximately
70-100 nm. First of all, this means a high step and therefore a mixture of step
edge and bi-epitaxial contact properties. Moreover, an exact estimation of real
thickness by LXRD will only work up to approximately 100 nm. Even if os-
cillations are observed, the signal superimposition of three layers complicates
the analysis of the particular layer thickness. Therefore, only an indirect way
of thickness estimation is possible by performing LXRD measurements of sin-
gle layers and calculation of the particular ablations rates. The resulting
thickness of the trilayer then can be calculated assuming constant ablation
rates of the PLD process and similar deposition rates on different materials,
an assumption however, which is not necessarily correct. Furthermore, an
extended ion beam etching process due to an overall thickness of approxi-
mately 100 nm will result in a high surface damage of the substrate and a high
degree of polymerisation of the photoresist.

(@) (b) () (d)
i IBE Ar* ‘ V(7

5 | e

e $ $ ¢ l IBE Ar* IBE Ar*
B — VN VY
YSz YSz — —
BZO BZO BZO BZO
STO STO STO STO

Figure 5.12: Possible deposition and structuring sequences for the manufacture of a bi-
epitaxial junction applying the layer sequence STO/BZ0/(YSZ)/CeO2/YBCO. The light blue
layer indicates the photoresist.

The crystalline quality of the HTSC can be improved by the introduction
of an additional CeO; layer, which does not change the epitaxial relations of
the structure, since a double rotation in the layer sequence
STO[100] 11 CeO2[110] I'YBCO[100] on the right side in Figure 5.12a results in a
0°/90° rotation, whereas the CeO; layer grows homoepitaxially on the left
side.
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Shown in Figure 5.12b, a seed
layer combination BZO/YSZ (*“bi-
layer”) and a subsequent deposi-
tion of a CeO2/YBCO layer com-
bination contains the complete
sequence except the fact, that
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only two seed layers with an over-

all thickness of approximately Figure 5.13: Low-angle X-Ray_diffraction paFtern of
a BZO(18nm)/YSZ(75nm) bi-layer on SrTiOs. In-

40nm allows an exact thickness tensity oscillations for YSZ and BazrOs as well as

analysis by means of LXRD, as superimposed oscillations are visible. The thickness
. . is calculated using the Bragg relation.

shown in Figure 5.13. Further ar-

guments for this process sequence are the reduced step height and a mini-

mised etching time in order to reduce surface damage by ion beam etching.

Motivated by the intention to reduce the step height even further, a single
BaZrO; layer has been employed as seed layer. The theoretically expected
epitaxial relations (see Table 4.1) again should lead to a double rotation
STO[100]]11'YSZ[110]ICeO,[110] ' YBCO[100] on the right side in Figure
5.12c. However, it turns out, that the particular deposition conditions of YSZ
on SrTiOz and BaZrOs, are strongly different. Either epitaxial growth of YSZ
is observed on SrTiOsz or BaZrOs but never simultaneously on both sides. Fi-
nally, the layer sequence in Figure 5.12d corresponds to an approach without
a lattice matching YSZ layer. Herein, increased lattice mismatch results in
present fractions of 45° rotated CeO; grains on BaZrOs (see Table 4.1). This
growth behaviour has been checked by four circle X-ray measurements and is
in good agreement with investigations performed by Wu et. al. [Wu 92 ]. In
conclusion, only the process and layer sequences of Figure 5.12a and b seem
to meet the requirements of an epitaxial grain boundary junction. However,
due to the disadvantages previously mentioned for version (a), the bi-layer
concept of version (b) is the most promising one.
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Surface Damage by an incident lon Beam

Due to the absence of a direct etch
stop indication and a lack of certainty
with respect to the absolute layer thick-
ness and material dependent ion beam
etching rates®®, the process has to be exe-
cuted slightly longer as calculated in or-
der to ensure a complete removal of the
seed layers. Although the process time is
optimised, an interaction of ion beam
and substrate surface will always occur.
Even tough no obvious strong damage of
the surface was observed by optical mi-
croscopy and AFM, a consecutively de-
posited YBa,CusO.5 layer can be used to
reveal surface defects since film growth
and nucleation is strongly influenced by
the substrate morphology. Illustrated in
Figure 5.14, investigations by optical mi-
croscopy (dark field mode) exhibit an in-
creased particulate density at the
substrate side, especially along polishing
scratches and the grain boundary. Inten-

Figure 5.14:Surface of a YBa:CusO7;5 film
deposited on a structured seedlayer. Inves-
tigation by optical microscopy (dark field
mode) exhibits an increased particulate
density at the bare substrate side, especially
along scratches and grain boundary.

tionally, the YBa,CusO7.5 layer shown in Figure 5.14, was deposited at a rela-
tively high oxygen pressure (0.7 mbar), known to be a condition under which
the formation of CuO, outgrowths is favoured. The size? of the particulates
ranges from 0.3 to 0.6 um on both sides, being slightly smaller at the substrate

8 The etching rate strongly depends on material properties and a variety of IBE processing pa-
rameters. ldeally, an etch stop is defined by mass spectrometry indicating when Barium, the
last element corresponding definitely to the lowest layer, is completely removed. AFM (step
height, roughness), XPS (elements), optical microscopy (progression of the boundary), and XRD
(crystallinity) measurements are performed in order to calculate etching rates and to prove the

result of the etching process.

0 The observed particulates are no droplets, which are known to exhibit a round shape and typi-

cal size of roughly 1 um.
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side. The defect density however, differs strongly with a value of n=0.3/um?
on the buffer layer side and n=1.1/um? on the substrate side, respectively.

With respect to the supercon-

ducting properties, samples with 200l  TuT856K b cemmmmr=?
such morphologies have been in- ol [ ]
vestigated by means of MIB- 00l T, =80K ;‘_I ]
measurements, as shown in 3 00 L ' ]
Figure 5.15. The curve indicates = ool ;" ;
two superconducting areas: One, = w0l F 1
assumed to be the area on the oo L f ]
buffer layer side, typically exhibits ool — k

a sharp transition at temperatures PR Y E ST P W
. 60 70 80 90 100 110
in the range of 85K, followed by a T K]

break in the curve at str(?ngh_/ rej- Figure 5.15: Susceptibility (MIB) measurement of a
duced temperatures, which indi- YBaCus:Os film deposited on an etched heter-
cates the onset of a broadened ostructure with a strongly damaged surface.
transition of a second area, assumed to be the substrate side. In transport
measurements, however a superconducting transition was never observed on
the substrate side, resulting from the absence of a percolation path on the seed
layer area.

It is known from various investigations, especially in the field of semicon-
ductor process technology, that damage by incident ions is enhanced at al-
ready present defects of the surface, such as polishing scratches in the
substrate, as illustrated in Figure 5.14. On the other hand, an ion beam with a
lowered intensity can smooth a damaged surface. In Figure 5.16, scanning
electron microscopy results of a YBa,Cu3Oy7.s thin film are shown. Prior to the
HTSC deposition, different areas of a SrTiO3 substrate with a typical surface
roughness of 1nm (rms) were exposed to an intense Ar* ion beam (400V,
40 mA) for a certain time. Consecutively, selected areas were exposed to an
Ar+* ion beam with low intensity (200V, 20 mA). Although after this treatment
no apparent damage or increased defect density of the substrate surface was
observed by optical microscopy’, the consecutively deposited YBa;Cu3zOz7-5

L SEM measurement are not possible at insulating surfaces.
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layer reveals the effect of such a strategy. Even the areas, which have not been
exposed to an intense ion beam show an improvement of the YBa,Cu3zO7.5 sur-
face morphology with increasing time of “ion beam polishing”. Furthermore,
the area, which is exposed to intense radiation for 20 min, exhibits an extraor-
dinary high roughness, which is strongly reduced after 20 min of smoothing
by the low intensity ion beam.

Figure 5.16: Scanning electron microscopy (SEM) measurement of a YBa:CuzO7; film de-
posited on a SrTiOs substrate, whose surface was damaged by IBE (Ar*, 400V, 40 mA, time
scale on vertical axis) and subsequently smoothed by an ion beam with lower intensity (Ar+,
200V, 20 mA, time scale on horizontal axis).

Theoretically, this effect can be understood within the frame of micro-
scopic dynamics of surface roughness induced by IBE [Fas 99]. Incident Ar*
ions will induce a surface instability leading to a self-organisation process on
the surface. A competition between sputtering (roughening) and diffusion
(smoothening) of the surface will occur, depending on ion fluence and energy,
as well as substrate temperature. The sputter rate depends on the ratio of re-
moved surface atoms to incident ions, which, in turn, depends on the surface
curvature. Under certain conditions, the etching rate in holes or deepenings
such as polishing scratches is larger than on elevations. Furthermore, other
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effects such as formation of periodic structures or nano-dots due to interac-
tion of an incident ion beam with a surface have been observed.
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Figure 5.17:R(T)-curves of a 480nm thick YBa:CusO.5 layer, deposited on a structured
BaZrOs3 (10nm)/YSZ (65 nm) bi-layer using an additional CeO: (200 nm) buffer layer prior to
the HTSC deposition, according to Figure 5.12b. A superconducting transition is observed at
T.=81.4K (buffer layer) and T,=69.4 K (substrate), respectively. Across the grain boundary,
the transition temperature is lowered to T,=67.5K. (a) U(l)-characteristic of the grain
boundary junction. Weak RSJ-behaviour is observed with an I;R,-product of 3.4V and a
low critical current density of 1.0 A/cm2,

Using this technique, superconducting YBa,CusO;5 layers could be
achieved on both sides of the heterostructure. Figure 5.17 shows R(T)-
measurements performed both on substrate and buffer layer side as well as
across the grain boundary. As expected, the superconducting properties on
top of the buffer layer, which was not exposed to the ion beam are signifi-
cantly better than those on substrate side and grain boundary, respectively.
Superconducting transitions are observed at T,=81.4K on the buffer layer
and T,=69.4 K on the substrate side, respectively. Across the grain boundary,
the transition temperature is lowered to T,=67.5K, obviously dominated by
the properties of the substrate side. The transition width for both buffer and
substrate side amounts a rather high value of AT.=10K, whereas the grain
boundary shows an additionally increased transition width of AT,=15K.
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For the YBa,Cu3Or.s layer on the buffer layer and substrate side, a similar
normal conducting resistivity of pnpufer =2.7 MQcmM and pPnsubstr. = 3.0 MQcm is
observed at T =300 K, respectively. In contrast, the grain boundary bridge ex-
hibits a strongly increased value of p,cs=7.2mQcm, which is assumed to be
originating from oxygen loss in the grain boundary. At T = 4.2 K, the observed
residual resistivity pcs =390 uQcm of the grain boundary corresponds to the
asymptotic resistivity of the normal conducting state. It is resulting from an
extremely low critical current, which is exceeded by the measurement current.
In Figure 5.17a, the insert shows an U(l)-characteristic of the grain boundary
at a temperature of T=4.2 K. Due to a low noise measurement set-up, it is
possible to observe a voltage drop below 10 uV. The U(l)-characteristic indi-
cates RSJ-behaviour (see chapter 5.1) and data fitting yields an asymptotic re-
sistance of R,=48 Q (pes =387 pQcm) and a critical current of I;=78 nA. Thus,
an IR, -product of 3.4V and a critical current density of J;=1.1 A/cm? is ob-
tained at T=4.2 K. In comparison, bi-epitaxial Josephson junctions typically
show a critical current density in the range of J.(T=4.2 K)=104 A/cm? to
Jo (T=77K)<10A/cm2. IcR,—products are ranging from 102-103pV at
T=4.2Kdownto 10V at T=77 K[Yan 95, Nic 96, Boi 97].

Several facts may contribute to the degradation of the superconducting
properties of the junction and the film. First, the lowered transition tempera-
ture of T,=81.4 K on the buffer layer side compared to the measurements pre-
sented in chapter 5.3.1 (T,=91.5K), indicates a decrease of the
superconducting properties of the whole sample. This fact is assumed to be
originating from local heating of the sample by IBE and thereby induced oxy-
gen loss, which particularly occurs at the grain boundary. This is believed,
since the crystalline properties have been measured by means of XRD meas-
urements prior IBE etching, in which a FHWM of 0.37° for the YBCO(005)-
reflection was observed. Moreover, the lowered T, on the substrate side indi-
cates a not perfectly smoothened surface by the IBE technique previously
mentioned. In Figure 5.18a, AFM measurements of the grain boundary mor-
phology show, that the HTSC layer is not closed across the grain boundary
and the spread of growth island leads to a meandering structure of the grain
boundary. A continuous trench with a depth of approximately 250 nm and
width of 900 nm is observed in contrast to bi-crystal grain boundary contacts,
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which typically show a depth of 25nm and a width of 200 nm. Moreover,
AFM-measurements in the phase-contrast mode indicate soft material inside
this trench, possibly resulting from polymerised photoresist. The roughness
of the YBa,Cu3Oy7.s film amounts 13 nm (rms).

(b)

Figure 5.18:(a) AFM image of a grain boundary junction measured with a Digital Instruments
Nanoscope®. (b) Optical microscopy image of the structure, the triangle aims along the grain
boundary.

In conclusion, a new layer sequence for bi-epitaxial grain boundary Jo-
sephson junction has been found and its epitaxial relations have been inten-
sively studied. To the authors knowledge, with respect to crystallinity and
superconductivity, the properties of an in-situ deposited layer sequence be-
long to best results obtained hitherto in this field and are even comparable to
properties observed on lattice matched substrates without buffer layers. Pre-
liminary investigations have been performed in order to realise a bi-epitaxial
grain boundary junction by the use of this layer sequence. However, the
properties observed on the prepared junctions are not sufficient for techno-
logical applications. By detailed analysis of film surface morphologies at dif-
ferent stages of the inserted structuring steps, it is clearly shown that the
degradation of superconducting properties is a result of the variety of process
steps. Several approaches in order to improve this process have been investi-
gated. Especially the aspects of an incident ion beam on surfaces are dis-
cussed in detail. Thus, a basis for further investigations in the field of bi-
epitaxial grain boundary Josephson junctions is given.



6. Buffer Layers for Ferroelectric
SrBi;Ta;Og on Silicon

Among the various physical phenomena observed on perovskite-like
compounds, intensively studied examples are superconductivity (e.g.
YBa;Cus0y.5), ferromagnetism (e.g. LaxCai-xMnQOs), and ferroelectricity? (e.g.
PbZri.xTixO3). The latter is one of the most promising phenomena for near-
future industrial applications. Within a certain temperature range, these ma-
terials exhibit a spontaneous polarisation, arising from spontaneous mutual
alignment of dipoles. Therefore, the possibility to inverse the remanent po-
larisation by an electric field is a crucial feature of ferroelectrics in to order
store information. On the other hand, piezo-, pyroelectric-, and electro-optical
effects can be explored. A further step is to use this variety of properties in
highly integrated devices.

This chapter will start with an overview of some important devices, and a
motivation for the choice of the investigated materials will be given. Some ba-
sics on ferroelectricity, a microscopic model, and a classification of ferroelec-
tric materials will be discussed. Consecutively, the emphasis is on the growth
of SrBi,Ta;Oy and the necessity of buffer layers to allow epitaxial growth on
silicon substrates. Moreover, measurements of the electrical properties of this
material within diode structures and ferroelectric domains, investigated by
AFM, will be discussed. Eventually, the possibility to use SrZrO3z as a new
buffer layer material for ferroelectric SrBi,Ta>Og Will be reported.

72 First discovered in 1920 by Valasek in Rochelle salt [Val 20].
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Application of Ferroelectric Materials

There is nowadays a growing in-
terest on the development of non- 1TAC cell i
volatile memory cells. As illustrated FET
in Figure 6.1, within an array of Wordline 4|
1T/1C- memory cells in a FRAM, the
ferroelectric is used in the capacitor c
in order to store information in form Plate [
of remanent polarisation, whereas

. Bitline Wordline
the transistor serves as access con-

trol’? [Dor 94]. Beside the non- ! Y C m—
volatility, the high dielectric constant

of ferroelectric materials (e.g. “
BaixSrxTiO3, £=320 at 50 nm Figure 6.1: Circuit and cross section of Fer-
[Sch 99a]) is a crucial factor in order roelectric-Random-Access-Memory (FRAM).
to maximise the packing density by minimising structures (capacitor area) at
unchanging capacities of at least 30 fF. Additionally, FRAMSs exhibit a high

switching speed, allow a larger number of read/write accesses and show ra-
diation resistance.

In contrast, in a MFS-FET the ferroelectric is used as the gate insulator
material due to its remanent polarisation, as illustrated in Figure 6.2. At high
voltages the polarisation is fixed, leading to band bending in the semicon-
ductor, which causes a modulation of the channel conductivity depending on
the polarisation direction. This al-
lows a non-destructive readout but
requires a high modulation of the
channel conductivity, a fact that is

particularly  problematic because
Figure 6.2: Cross section of a Metal-Ferro- ... | ffor | il
electric-Semiconductor-Field-Effect-Transistor additional buffer ayers between sili-
(MFS-FET), as a special variant of a Metal- con and the ferroelectric are neces-
Insulator-Semiconductor- (MIS-) FET. .
sary. Furthermore, as all ferroelectric

Source Gate Drain

3 |In contrast to a Dynamic Random Access Memory (DRAM), wherein the information is stored
as electrical charge with a destructive read/write process (e.g. rewriting information).
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materials show pyroelectric, piezoelectric and electro-optical activity, a wide
field of applications are investigated nowadays, such as IR- and UV-sensors
[Bj6 95, Jin 98], actuators [Wat 95], force detectors [Ito 96], optical devices (opt.
memory, displays, waveguide) [Gop 96, Gil 97, Arm 96, Tay 96], and tuneable
microwave devices in conjunction with HTSCs [Tay 98].

Application of Ferroelectric SrBi.Ta,Og in Memory Technology

One of the most promising compounds for memory technology is
SrBi;Ta;Og (SBT). This material shows very small polarisation fatigue, low
imprint tendency, and low leakage current [Sco 88, Koi 96]. A crucial condi-
tion in the choice of the material in ferroelectric devices is its fatigue behav-
iour. This means the decrease of polarisation with increasing number of
switching cycles. The structure and composition of SrBi;Ta;Og seems to be re-
sponsible for the exceedingly good fatigue behaviour. No measurable de-
crease of polarisation could be observed in SrBi,Ta,Og within up to 102
alternations of the polarisation [Dat 95]. In contrast, Pb(ZrxTiix) exhibits
strong losses after 106 switching cycles [Du 98]. Being a possible reason for fa-
tigue, electrons are accumulated in trapping sites at domain boundaries,
leading to a stabilisation of the corresponding domains. This effect is ampli-
fied by defects in the proximity of the perovskite blocks, in which the polari-
sation is generated. However, since bismuth is the most volatile component in
SrBi»Ta;0qy, these defects occur mostly in the (Bi.O,)-layers (see Figure 6.4), in
contradiction to Pb(ZrxTiix)Os films, where the loss of the volatile component
Pb leads to defect formation directly inside the perovskite blocks.

6.1 Fundamentals of Ferroelectricity

Electric Polarisation of Crystals

A crystal in an electric field E exhibits a polarisation I5:)(£0I§:(£—])£0E.
Herein, the dielectric susceptibility x is a measure for the macroscopic re-
sponse of a material to an applied electrical field’4. In an atom, the

74 Generally, X is a tensor. For isotropic materials (e.g. a cubic crystal), a scalar is sufficient.
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polarisability a describes the induced dipole moment p=aE. by a local
electric field?. Therefore, the polarisation P can be calculated as an average
dipole moment per volume. Three different mechanisms contribute to the
polarisability of a dielectric material:

(1) Orientation polarisation: Permanent, but disordered dipoles in molecules
or in subgroups of the unit cell are aligned by an outer electrical field. For
high thermal energies the degree of alignment is given approximately by
the ratio of orienting electrostatic energy ( pE) and disorienting thermal
energy (3ksT ), which leads to a polarisation of P=Np [[pE/3k:T) with the
density of dipoles N. Since dipoles generally are not free in rotation, they
can only take an equilibrium position along the lattice directions and
have to overcome potential barriers due to lattice forces between different
orientation states. The system needs a relaxation time 7 to attain thermal
equilibrium, which increases, when the energy for reorientation exceeds
the thermal energy.

(if) lonic displacement polarisation: Applying an electrical field leads to dis-
placement of ions or whole lattice segments against each other. The tem-
perature dependence is weak compared to that of the orientation
polarisation.

(iii) Electronic displacement polarisation: Deformation and displacement of the
electron shell gives an additional contribution to a.

Since polarisation in alternating electric fields is always associated with a
relaxation process, the frequency behaviour of the complex dielectric constant
depends on the characteristic time constants of the previously mentioned
mechanisms. The “fast” processes (ionic, electronic) determine the optical
material properties and contribute as constant terms &, and P, in the dielectric
constant and in the polarisation, respectively?. However, the orientation

5 The local field Ej. results from the external macroscopic field E, the depolarisation field of the
sample surface, the dipole field of the remaining atoms and the Lorentz-field. For a cubic sys-
tem applies the Lorentz relation: Ej =E + P/3¢&. [Kit 46].

6 With time constants of 10-17-10-16s (electronic) and 10-4-10-3s (ionic), they do not play a role
within the accessible instrument range. Theoretically, the frequency dependency of these
mechanisms can be calculated within the Lorentz-Model, where the particles with a dipole
moment are treated as damped harmonic oscillators.
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polarisation plays a role in quasi-static time scales and is known as dielectric
relaxation with P(0) =P «) - P and dielectric constant ¢ (0).

In the Debye-model, the di-
electric relaxation describes a di- &£(0)

pole as a particle moving in a
double-well potential where ori-

entation processes are related to ’

thermal activated hopping be-
o Im (8)/\

tween the local minima. If an £ /

electric AC-field is applied to this —
. 1.14 dec. e
system, the Debye-relations de- -

scribe the frequency dependence 2 -1 Ig(?u)
T

of the complex dielectric constant
Figure 6.3: Frequency dependence of the dielectric

by &(w)=¢.+&(0)/(L+icwr) [BUr 85] constant eand the dielectric loss tan(3) according to

as illustrated in Figure 6.3. In this the Debye-model plus the constant contribution of
ionic and electronic polarisation. Generally, the re-

simple model, the temperature |ation of Re(g) and Im(e) is connected via the Kram-
dependence of the characteristic &rs-Kronig relations.

relaxation times 7 can be described by the Arrhenius law 1= vyexp (-Eg ZkgT),
if similar characteristic frequencies v, and energy barriers Eg for all dipoles
are assumed. The relaxation will lead to a positive phase shift d between elec-
trical field and polarisation, where the losses are defined by the dielectric loss
angle tan(d)=Im(¢g)/Re(¢), the ratio of dissipative and oscillating energies.

The assumption of constant relaxation times leads to deviations from real
systems, i.e. broadened or asymmetric dispersion curves’’. The implementa-
tion of a normalised probability distribution for relaxation times improves the
model, whereas in turn a Dirac delta distribution leads back to the Debye-
model. The three most popular concepts in order to describe dispersion
curves empirically, are combined in the Havriliak-Negami relation
(o) =€, +£(0)/A+(icwr))? . Different combinations of the width parameter a
and the asymmetry parameter 8 lead to (i) Cole-Cole (0<a<1, =1) [Col 41],
(i) Cole-Davidson (a=1, 0<pB<1) [Dav 51], and (iii) Havriliak-Negami-

7 Some experimental results, in particular for gases and fluids, coincide with the Debye-model.
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behaviour (0<a<1, 0<B<1)[Hav 66], whereas a = 3=1 represents the Debye-
model.

Classification of Real Systems and Microscopic Models

For the most materials, the polarisation decreases with temperature and
vanishes above the Curie-temperature T. due to thermal motion. Depending
on the transition from the para- into the ferroelectric phase, ferroelectric
crystals are classified into two groups: (i) order-disorder transitions and (ii)
displacement transitions. The first class includes materials, which contain hy-
drogen bridge bonds (e.g. KH,PO,). Herein, the ferroelectric properties are
related to the redistribution of single ions i.e. motion of H-protons in the hy-
drogen bridges. In a quantum-mechanical approach this process can be ex-
plained by a thermal activated movement of hydrogen atoms in double-well
potential in conjunction with mutual coupling of the dipoles [Str 97]. These
materials show a low Curie-temperature and low spontaneous polarisation
compared to the second class, mainly represented by perovskites. Generally,
within the same approach, a displacement transition can be explained, if the
mutual coupling is strong and atoms are moving effectively in a parabolic
potential [Str 97]. Obviously, a perovskite-like structure favours this type of
transition. Within the ABOs structure (see Figure 4.4), the B#*-cations are co-
ordinated in an oxygen octahedron that is surrounded by a cube of AZ*-
cations. At the transition into the ferroelectric phase, a dipole moment
emerges due to the displacement’® of the sub-lattice of the B-cations relative to
the O2z-octahedral.

Being an important fact for the development of ferroelectricity in perov-
skites, the O2 -ions are not placed on a lattice site with cubic structure. There-
fore —in contrast to a cubic system - the Lorentz-relation does not apply
[Kop86]. Under certain conditions [Sla 50], this is followed by a polarisation
catastrophe: The local electric field, induced by ion polarisation increases
faster than the linear part of the lattice restoring force, leading to an asymmet-
ric displacement of the ions. The ion displacement is limited to finite values

78 The displacement for SBT is 0.02 nm [Sch 99].
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by higher-order terms of the restoring force’. Using the Lyddane-Sachs-Teller
relation «f/af =£(0)/€,, , which gives the correlation between lattice vibration
frequencies and real part of the static dielectric constant, the Curie-Weiss law
follows: & OL/(T -Tc) .

The Landau theory of phase transitions describes the transition from the
paraelectric phase (low symmetry) into the ferroelectric phase (high symme-
try) using a power series expansion of the free energy in powers of the order
parameter [Str 97, Lin 96, Xu 74]. Within this theory, a discontinuous change
in the polarisation P and a discontinuity of the static dielectric constant € at T,
corresponds to a 1st order phase transition, shown by most of the ferroelectric
materials. Depending on the temperature, systems with 1st and 2"d order tran-
sitions [Wei 95] and a tricritical points® in KH,PO4 [Str 97] have been ob-
served.

6.2 Growth of SrBi,Ta;Og Thin Films on Silicon

The implementation of oxidic functional thin films into semiconductor
technologies requires the deposition on silicon as a substrate material [Des 98,
Fuj 98]. A large number of buffer layer materials such as Y,O3 [Lee 99],
SrTiOs, MgO [Kan 99], SisN4 [Lee 99a] and Al2Os [Jin 98, For 92] have been in-
vestigated in order to grow SrBi,Ta,Og on silicon substrates. However, the
spontaneous formation of an amorphous SiO; inter-diffusion layer in oxidic
environment can hardly be controlled by the use of these buffers. As dis-
cussed in chapter 4.3, YSZ as a first buffer layer solves this problem and al-
lows epitaxial growth of subsequent layers. YSZ is deposited with a typical
thickness of approximately 40nm, which is a value that is large enough to en-
sure its function as inter-diffusions! barrier and to obtain a high quality epi-
taxial bottom layer.

9 Within the “soft-mode” model the polarisation catastrophe is explained by a decrease of the
lowest transverse optical lattice mode with approach to the transition temperature, corre-
sponding to a decrease of restoring forces.

8 A continuous change of polarisation, but not a 2nd order transition, indicated by different tem-
perature behaviour of the heat capacity c,.

81 Which, in this case, would decrease the dielectric and ferroelectric properties of SBT.
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In order to improve the epitaxial growth of SrBi,Ta;O,, additional buffer
layers can be introduced. Here, CeO; (a=0.541 nm) is a commonly used mate-
rial that matches the lattice constants from YSZ (a=0.514nm) to SrBi;Ta,Oq
(a=0.5531nm, b=0.5534 nm), which leads to c-axis growth of SBT. Since the
polarisation plane of SrBi;Ta>Og lies in the crystallographic a-b-plane, it is de-
sirable to force the crystal to grow with this plane along the substrate normal
in order to obtain optimal ferroelectric properties in planar multilayer devices
(such as capacitors, MFS diodes). Here, SrZrOs; (SZO) is a new candidate that
is investigated for the first time in this work.

6.2.1 Properties of SrBi>Ta>Oq

Below the Curie-temperature,
SrBiTa;Og exists in an orthorhombic ® g g
Aurivillius-structure. Thus, it belongs @ & & 6 @ @0
to a subgroup of perovskites with the @ (] @ T
general structure (X202)2* (Ax-1BxO3x+1)?, Ta @ @
with X=Bi, A=Sr, B=Ta, and x=2. The  ™_
structure forms an alternating stacking - ’ L ? o
sequence along the c-axis of (BixO2)?*- é S ® o2
layers  and (SrTa,07)? -perovskite 0
blocks, as shown in Figure 6.4. Con- e & s % .
secutive (BiOj)?*—layers are displaced
along the a-axis by a/4. The TaOs- P a
octahedrons are tilted against the c-axis [ @ OBi
by an angle of 6.5° [Shi 99]. The layered © o
structure of SrBi;Ta;Og leads to the ori- ¢ o © o

entation of the spontaneous polarisa- @ @ B
] ] o B ternating (Bi2O2)-layers and perovskite

dlfference N the Ionic rad” between Sr blocks of Ta_ionS, which are co-ordinated by

(0.22nm) and Bi (0.15nm), a substitu- tilted oxygen octahedrons.

tion of Sr2+ by Bi3* is possible, where Sr2+ vacancies ensure charge neutrality.

As a result, the obliquity of the TaOs-octahedral increases with the remanent
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polarisationsz [Bha 98]. Besides the ferroelectric phase, a non-ferroelectric
fluorite-like cubic phase exists, which is transformed into the perovskite
phase above temperatures of 700°C [Hyu 98]. Bismuth deficiency due to the
high vapour pressure of Bi and resulting re-evaporation from the substrate is
a well know problem in thin film deposition techniques. As a result, a com-
mon defect in SrBi;Ta;Oq films is the lack of (Bi,Os) layers, which was investi-
gated by TEM measurements [Tay 98]. At temperatures above 800°C, where
the Bi-loss is extremely high, a more critical problem arises. Here, the Bi-
deficiency leads to the formation of a stable pyrochlore-phase (pc-SBT) with
the spacegroup Fd3m and a lattice constant of a=1.05nm [Rod 96]. Bi-
enriched targets have been used in order to compensate for the Bi loss during
film deposition [Bau 99]. Some important quantities of SrBi,Ta,Ogy single
crystals are listed in Table 6.1.

quantity unit value

spacegroup Fmm2 a=p=y=90°

lattice parameters a, b, ¢ [nm] 0.55306(5), 0.55344(5), 2.49839(24)
density [9/7cm?3] 75

Curie-temperature [°C] 310

dielectric constant (25°C) 180

spont. polarisation (25°C) [C/m2] 5.8 102

piezoelectric constant [m/V] 23101

Table 6.1: Properties of SrBi»Ta2Os single crystals [Rae 92].

6.2.2 Structural Characterisation

To emphasise the importance of a YSZ buffer, a 68/26-scan of a 300nm thick
SrBi»Ta;Oq film, deposited directly on a silicon substrate is shown in Figure
6.5. The (115)- and (200)/(020)-peaks®3 of SrBi;Ta,Ogy correspond to the most
intense peaks in a powder simulation. Rocking curves of the (115)-reflection
show a constant intensity within a range of 20°, which proves that only poly-
crystalline SrBi;Ta;Og is achieved on silicon. Additionally, the strongest poly-
crystalline (111)-reflection of the pyrochlore-phase is visible at 26 =14.5°. The

82 Resulting from compressive stress in the perovskite blocks due to the higher ionic radius of Sr2*
and higher distances between perovskite blocks and (Bi.Os)-layers.

8 Extinction conditions for a face centred lattice type allow either even or odd values for all Miller
indices.
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formation of this phase is favoured at deposition temperatures above 800°C
and deposition pressures below 0.8 mbar. From low-angle X-ray diffraction, a
remaining 4 nm thick SiO; layer is detected. Hence, without an appropriate
buffer epitaxial growth of SrBi,Ta,Og on silicon is impossible.
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Figure 6.5: X-ray diffraction pattern (6726 -scan) of SrBi»Ta-Oq film (300nm), deposited directly
on silicon. The SrBi>Ta:0¢- and the pyrochlore (111)-reflection is visible. Beside the main Si(004)
substrate reflection, the forbidden Si(002)-reflection is visible, due symmetry breaking at sub-
strate surface. Parasitic substrate peaks are indicated by (*/~).

Introduction of YSZ and YSZ/CeO2 Buffer Layers

Figure 6.6 shows a comparison between SrBi,Ta;Oq films deposited on sili-
con with a single YSZ buffer layer (a) and a YSZ/CeO, buffer layer combina-
tion (b), respectively. Although the YSZ layer is highly c-axis oriented with
1.2° FWHM of rocking curves, no SiO; was detected by LXRD, and identical
deposition parameters as for SrBi,Ta;Og on silicon have been used, the intro-
duction of a single YSZ layer leads only to a pure a-axis oriented pyrochlore
film.
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Figure 6.6: (a) X-ray diffraction pattern (6/26 -scan) of a pc-SBT film (50nm), deposited on a
40nm YSZ buffer layer on silicon. The pyrochlore (400)-reflection exhibits a FWHM of 1.5°,
whereas the YSZ (002)-peak shows a FWHM of 1.4°. The presence of the YSZ (111)-reflection
shows, that a small amount of randomly oriented YSZ crystallites is still present. (b) A
SrBi2Ta20¢ film grown on a buffer layer combination YSZ(40nm)/CeO2(20nm) exhibits a c-axis
oriented SrBi2Ta.0¢ with FWHM of 1.2°. The (400)- and (800)-reflections of the pyrochlore-phase
(P) are visible. The (002)-reflection of the CeO: layer, theoretically situated at 26=33.08, is su-
perimposed by the Si(002)-peak and leads to a broadening of this peak.

The visible peaks in Figure 6.6a at 260=34° and 26=71.5° with a FWHM of
1.4° are related to the (400)- and (800) reflections of the pyrochlore-phase8.
This is shown by four-circle X-ray measurements, which additionally show a
cube-to-cube in-plane relation of both layers (Figure 6.7). Within the accessi-
ble pressure and temperature range the growth of a c-axis oriented SrBi>Ta,Og
is not possible, which is consistent with work of Ishikawa [Ish 99], done on
YSZ substrates. Impurity phases of Bi,O3 or BizgoTao 200220, as reported in lit-
erature [Let 98], are not observed.

84 This 26-values could wrongly be identified as the (117)- and (2 2 14)-reflections of SrBi>TazOs .
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In contrast, if an additional CeO, layer (20 nm) is implemented, the
SrBi>Ta;Oq film exhibits a clear c-axis orientation with FWHM of 1.2° for the
(006)-reflection (Figure 6.6b). Within this 6/26-diffraction pattern, again a
small a-axis oriented (1.2° FWHM) pyrochlore amount is visible. The whole
stack of layers shows a good cube-to-cube in-plane orientation with respect to
the silicon substrate, which is proofed by four-circle X-ray measurements (¢-
scans) as shown in Figure 6.7b. In contrast, the use of a single YSZ as buffer
on silicon leads to a clear cube-to-cube growth of the pyrochlore phase in
Figure 6.7a.
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Figure 6.7: (a) In-plane orientation of SrBi.Ta.O¢ deposited on silicon under utilisation of a sin-
gle YSZ buffer layer. ¢-scans at the pyrochlore(022), YSZ(022) and the Si(022)-reflection show a
cube-to-cube growth of all layers and the formation of the pyrochlore-phase exclusively. (b) ¢-
scans at the SBT(111), YSZ(111), CeO2(024) and the Si(111)-reflection. As a result of the similar
lattice constants of silicon and CeO, the (111)-reflections of both materials are not dissolvable,
and thus the (024) peak of CeO. was used. Therefore, the 45°-shift of this peak means again a
cube-to-cube growth of the complete stack.

These X-ray results are supported by AFM studies with a commercial
Atomic Force Microscope (AFMB®5) [Mar 98, Auc 98]. Illustrated in Figure 6.8a,

8 Multimode, Digital Instruments, Santa Barbara, CA (USA).
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SrBi;Ta,Oq films deposited without buffer show a typical surface morphology
of polycrystalline films with an average surface roughness of 5.6 nm (rms). In
contrast, SrBi;Ta>Og films deposited using a YSZ/CeO, buffer layer combina-
tion, exhibit terraces which correspond to ¥ unit-cell steps along the c-axis
and a roughness of 4.4 nm (rms) as shown in Figure 6.8b. Small grains visible
on the top right in Figure 6.8b correspond to the pc-SBT phase.

3

Figure 6.8: AFM contact mode measurements. Topography of (a) a SrBi>Ta.O¢ (300nm) film
deposited directly on Si and (b) a buffered YSZ(40nm)/CeO2(20nm)/SBT(300nm) film on sili-
con, which shows terraces corresponding to unit-cell steps along the c-axis. The vertical scale for
both images is 20nm.

Relation of Oxygen Pressure, Phase Formation and Surface Morphology

Bismuth is the most volatile component in the SrBi,Ta;Og compound with
an extremely low vapor pressure, which additionally decreases in the oxi-
dised state. Therefore, the ambient deposition pressure and the target compo-
sition influences strongly the formation of the SrBi,Ta;Og- and the
pyrochlore-phase, respectively. If targets with integral stoichiometry (1:2:2)
are used, the Bi-deficient Pyrochlore-phase disappears at a deposition tem-
perature of 800 °C and a pressure of 0.8 mbar, whereas for targets with Bi-
excess (1:2.3:2) a pressure of 0.5mbar is sufficient to avoid the formation of
this phase. X-ray measurements show a decreasing pyrochlore content with
increasing oxygen pressure and vice versa an increasing SrBi>Ta;Ogq fraction.

This observation is supported by SEM measurements, shown in Figure 6.9,
which exhibit an increasing SrBi;Ta;Oy grain density with pressure. For
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targets with integral stoichiometry (1:2:2), the film surface is built by a closed
SrBi;Ta>,Og grain morphology if a deposition pressure of 0.8 mbar is exceeded.
This interpretation is supported by EDX measurements, where the Ta:Bi ratio
in the small grains amounts 1:0.45 corresponding to a theoretical value of
1:0.35 for pyrochlore, whereas in the big grains a ratio 1:1.01 nearly perfectly
meets the integral stoichiometry for SrBi>Ta;Oq.

p=0.5mbar p:O.Gmbar

50} Pyrochlor content
a0k P(111)
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Figure 6.9: SEM micrographs (6x6 pm) of SrBi.Ta2Os films deposited on silicon with oxygen
pressures of (a) 0.5 mbar, (b) 0.6 mbar and (c) 0.8 mbar, respectively. In figure (a) and (b), two
separated growth areas are visible: Big bright grains (400-800 nm size) correspond to the
SrBi:Ta.0Oq phase, while the pyrochlore-phase is represented by small dark grains with ap-
proximately 50 nm in size. In (c) the pyrochlore-phase vanishes at pressures above 0.8 mbar,
which is in agreement with X-ray measurements (d).
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6.3 Dielectric and Ferroelectric Properties of
SrBi2Taz09

As previously mentioned, FRAMs and MIS-FETs represent two important
applications of ferroelectric thin films. Therefore, gate structures (e.g. MFS-
diodes) and capacitor structures, being the basic modules of these devices,
have been manufactured in order to investigate the applicability of SrBi,Ta,Og
as an alternative ferroelectric material.

6.3.1 Preliminary Remarks on Diode Structures

Ideal MIS-Diodes
Within the treatment of an

idealts MIS-diode as a voltage 10 aceumulation inversion
dependent capacitor [Pfa59], a low frequencies
potential  difference  between éo‘g I |
metal and semiconductor®’ leads QE 06| l
to four different scenarios and a © depletion

typical C(V)-characteristic shown 04} .
in Figure 6.10. (i)U<0V: The

valence-band of the semiconduc- 2r izggﬁ:‘f;iroz high frequencies |
tor is bent up and approaches the . . . . .

. . 4 2 0 2 4
fermi-level Er, which does not UV]

change its position, since the iso- . . . .
9 ) P ’ Figure 6.10: Simulation of a C(V)-characteristic for
lator avoids current flow. The ex- an ideal MIS diode with 200 nm SiO; as insulator at

ponential dependence of the high and low frequencies (105cm-3 p-doped Si).

charge carrier density on the energy difference between band edge and Er
leads to an accumulation of majority charge carriers (holes). (ii) U=0V: Planar
band condition; the band of the semiconductor is not bent and the total volt-
age drops at the insulator. (iii) U>0V: The distance between valence-band
and fermi-level increases, while the conduction band approaches the latter.
The holes move into the interior, leaving uncompensated ionised acceptors,

8 Equal electrochemical potentials between metal- and semiconductor electrons.
87 To simplify, a p-doped semiconductor is considered; semiconductor grounded.
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which leads to depletion. (iv) U>>0V: further increase of the voltage leads to
the formation of an inversion layer, i.e. accumulation of minority carriers
(electrons) at the interface.

The total capacity consists of an in-series connection of insulator and semi-
conductor, where the latter is determined by the differentiation of the surface
charge density (charge concentration due to band bending) with respect to the
applied potential. This considerations only apply, if minority, as well as ma-
jority charge carriers can follow the spatial distribution that is imposed by the
applied AC-voltage (1 kHz-1 MHz). At high frequencies®®, surface charge car-
riers of the inversion layer do not contribute to the capacity (see Figure 6.10),
leading to a constant low capacity that depends on insulator capacity and
semiconductor doping.

Real MIS-Diodes

The accumulation of minority charge carriers can be impeded by the finite
conductivity of a real insulator [Sze 81] due to mechanisms, such as Schottky-
emission (at the interface), Pole-Frenkel-conductivity (in the bulk), ionic and
ohmic (thermal excited ions and electrons) conductivity, and tunnelling-
processes [Ash 76, Die 95]. In real MIS-diodes, some corrections have to be
considered: (i) A difference in the electronic work functions of metal and
semiconductor leads to a formation of an electric dipole, due to charges at the
metal/insulator interface and a space-charge region of the semiconductor,
followed by a shift of the C(V)-curve along the voltage axis. (ii) On the other
hand, different kinds of charge trapping sites influence the position as well as
the shape of the C(V)-curve. Especially with silicon, a not completely removed
SiO, layer will generate fixed oxygen charges. (iii) The interruption of the
semiconductor periodicity at its surface is governed by a high density of
charge trapping sites within the band gap [Gro 65], followed by an elongation
of the C(V)-curve, depending on the frequency.

MFS-Diodes

However, in the case of a MFS-diode a voltage dependent polarisation
changes the situation drastically. The applied voltage is now composed by the

88 For SiO; as insulator, this effect is observed above a frequency of 100Hz [Gro 65].
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band bending of the semiconductor, the voltage drop at the insulator, and the
part of the polarisation. Simulations [Mil 91, Mil 92] show, that the size of the
hysteresis depends only weakly on the remanent polarisation but increases
with the coercitive field. This fact is understandable, when the C(V)-curve is
changed from zero voltage to negative voltages and back again. A difference
in capacity results, because the semiconductor remains in the inversion state,
as long as the remanent polarisation is larger than a typical value of
0.1 uC/cmz, which is sufficient to change the semiconductor state from planar
band condition to inversion [Han 98]. The voltage, at which the transition
from inversion to depletion takes place, consequently depends linearly on the
coercitive field. Furthermore, a decreasing thickness of the film is governed
by a decreasing hysteresis, whereas deviations from this behaviour appear,
when the thickness is smaller than the domain size in the material [Ren 96].

6.3.2 Results on Diode Structures

In order to measure®® C(V)-characteristics of the samples, gold electrodes
with a typical area of 0.5x0.5 mm2 have been deposited onto the SrBi;Ta;Og
top-layer by standard vapor deposition [Sch 99].

Influence of the Buffer Layer

Since a hysteresis in C(V)-curves can be created by mobile ions or trapping
sites [Han 98], measurements of the single YSZ layers have been performed
(see chapter 4.3.2, Figure 4.9a). Here the complete removal of the SiO; due to
the reaction with YSZ layer simplifies the interpretation of the measurements.
Within Voltages of -4V and +4V no hysteresis is observable. From the capac-
ity in the accumulation region a dielectric constant of YSZ could be estimated
to £=4, which quantitatively matches literature values [Mau 98]. A shift of the
C(V)-curve of +0.22 V to positive voltages is related to negative surface
charges at the interface Si/YSZ [Ter 62, Gro 65]. From this shift, a trapped
charges density of n=1.35x 1011 1/cm? can be estimated. This value is equal or
smaller than for common MOS-diodes (2x10111/cm?) or CeO»-layers
(3x10111/cm?) [Nag 96].

8 Hewlett-Packard HP 4284A-LCR meter, details in [Sch 99].
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The size of the memory window mainly depends on the film thickness and
the coercitive field. Consequently, it is independent on the insulating buffer
between ferroelectric and substrate. On the other hand, a high dielectric con-
stant of the insulator is followed by a higher voltage drop at the ferroelectric
film. This leads to saturation of the polarisation at lower voltages, which af-
fects read/write voltages of devices. Furthermore, the capacity of the insula-
tor decreases with increasing thickness, resulting in a decrease of the electric
field in the ferroelectric. In order to attain sufficient hysteresis for a 300 nm
thick SrBi;Ta,Og film (Ec =30kV/cm, Vpc=16V), the buffer layer thickness is
limited to about 40 nm.

Measurements without Buffer Layer — Au/SBT/Si MFS Structures

Figure 6.11 shows the capacitance versus bias voltage of an Au/SBT/Si
heterostructure with a 300 nm thick SrBi,Ta,Og layer. The behaviour is very
similar to what is expected for a metal-ferroelectric-semiconductor (MFS) di-
ode measured at high frequencies.
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Figure 6.11: (a) A C(V)-curve of a 300nm SrBi.Ta:0s film on silicon measured at 100 kHz and an
AC-voltage of 0.1V shows a memory window of 0.3V, the maximal attainable value is 0.45V.

(b) Measurements at low frequencies (50Hz) show a stretched curve with a memory window of
0.44V and an increase of capacitance at high voltages due to inversion charges.
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Induced by the coercive field of SrBi,Ta;Og [Han 98], the ferroelectricity of
these polycrystalline SrBi,Ta;Oq films generates a typical memory window of
0.45V, which lies in the range of literature values from 0.3V and 1.4V
(Vpc=x8V, dsgr=300-350 nm) [Kan 99, Xio 99]. The capacity in the inversion
range amounts 6% of the accumulation value. The losses (tand, not shown) as
well as phase shift are maximal at planar band conditions, at which per defi-
nition the voltage drops completely at the insulator. The maximum of phase
shift results from charges, which can not follow the AC- signal since they are
confined to trapping sites at the interface. Measurements at lower frequencies
(50 Hz) in Figure 6.11b show an increase of the total capacity in the inversion
range. In contrast to the measurement in Figure 6.11a, the minority charge
carriers can now follow the applied AC-field. The same applies to interface
states at the silicon surface, which provoke a frequency dependence in the ca-
pacity and cause an elongation of the hysteresis. With variation of the AC-
voltage, the energy levels in the Si band gap move up and down followed by
a change of their charge state when the Fermi level is exceeded [Sze 81].

As illustrated in Figure 6.12, at

low frequencies (f<100kHz) the di- 60F ~ o ., .
electric constant is slightly decreas- wol \\\ / 108
ing from €=160 to 143, whereas the 120} \ 0.6
losses are slightly increasing from o 100 >< “2
tan6=0.012 to 0.17. Above a fre- g0l / 104 8
quency of 100 kHz, the losses and 60l J 10,2
the dielectric constant show an in- a0l _._H///// 00
crease to tand=0.83 and a decrease 17 0 17 10

to €=53.9, respectively. Since meas- f [kHz]

urements with capacitor structures
(see chapter 6.3.3) show only a weak
decrease in logarithmic scale, it is
obvious that the high losses are not
related to the SrBi;Ta,Og film.

Figure 6.12: Frequency dependence of the di-
electric constant and the loss of a 300 nm thick
SrBi;Ta2Og film on silicon. The dielectric con-
stant was estimated from the accumulation ca-
pacitance and an assumed 4 nm thick SiO: layer
with £ =4.

The comparison of C(V)-characteristics for samples deposited with differ-
ent deposition pressures (followed by a change in the surface morphology,
see chapter 6.2.2), shows an increasing memory window with oxygen
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pressure. On the one hand, a smaller pyrochlore content possibly causes a
larger hysteresis. On the other hand, the coercitive field should decrease with
grain size (see chapter 6.4), since below a critical size the grains correspond to
a single domain particle. This requires an essentially higher electrical field to
flip the polarisation [Ren 96]. The previously predicted influence of the film
thickness is clearly shown by measurements, done in films with thickness of
200, 250, and 300 nm which show memory windows of 0.14, 0.24, and 0.28 V,
respectively.

MFIS Structures with YSZ and CeO./YSZ Buffer Layers

As previously mentioned, a YSZ buffer layer forces the formation of the
pyrochlore phase. Figure 6.13a shows a C(V)-characteristic of a 50 nm thick
pc-SBT film, obtained on YSZ(40 nm)-buffered silicon. A memory window of
0.43V is observed. Charge trapping sites and mobile ions can be excluded as
origin of the hysteresis, since in this case the course of the hysteresis would
show a reversed direction and the size of the memory window should depend
on the turn speed [Han 98]. The dependence of the memory window size on
the film thickness (50nm/0.43V, 300nm/0.52V) is weak compared to
SrBi;Ta,Oq films deposited directly on silicon (200 nm/0.14 V, 300 nm/0.28 V).
However, compared to the latter, the characteristic is strongly elongated and
shifted to positive voltages. This behaviour is resulting from negative charges
in trapping sites at the interface, which lead to a decrease of the accumulation
capacity with AC-frequency. Moreover, the C(V)-curve is shifted to negative
voltages at high frequencies. This can be explained by trapped negative
charges or interface states at the silicon surface, which are no longer able to
follow the AC-signal.

In Figure 6.13b, a C(V)-characteristic of an Au/SBT(50 nm)/CeO,/YSZ/Si
heterostructure is shown. Here, the use of CeO; as an additional buffer gener-
ates c-axis oriented SrBi;Ta;O9 and increases the memory window to 0.87 V.
The remanent capacitance can be switched between £3V. This represents an
improvement compared to SBT(50 nm)/YSZ/Si (0.43V) and even to 300 nm
thick SrBi»Ta;Oq films deposited directly on silicon (0.6 V). As it was observed
by Han et al [Han 98] and predicted by Miller and McWorther [Mil 92], the
memory window is mainly related to the coercitive field and very little
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influenced by the amplitude of the remanent polarisation (for P,>0.1 C/cm?2),
Since the polarisation of SrBi,Ta;Og9 along the c-axis is very small and never-
theless a quite big memory window is observed, the coercitive field of c-axis
oriented film is assumed to be essentially larger than that of polycrystalline
SrBi»Ta;Og on silicon.
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Figure 6.13:(a) The C(V)-characteristic of pc-SBT(50nm) on YSZ(40nm)-buffered silicon shows a
memory window of 0.43V (f=250kHz, Vac=0.1V, Voc =£4V). (b) The measurement of a c-axis
oriented 50 nm thick SrBi>Ta:Og film on Si/YSZ(40 nm)/CeO2(20 nm) exhibits a memory win-
dow of 0.87 V (f =100 kHz, Vac =50 mV, Vbc =£5 V).

6.3.3 Results on Capacitor Structures

In order to manufacture capacitor structures, polycrystalline SrBi,Ta;Oq
has been deposited on Pt-buffered silicon substrates and gold pads have been
evaporated onto the heterostructure [Sch 99]. In Figure 6.14a, a measurement
of such a capacitor structure is shown. Within a butterfly-like shape of C(V)-
characteristic?, maximums correspond to the inflexion points in the hysteresis
curve e.g. the coercitive field. Since the maximums of the capacity are equal

% The characteristic can be understood by the differentiation of a hysteresis with respect to the
electric field: dP/dE=gx=&(&1)=& el &C.
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for positive and negative voltages, a non-ohmic contact due to interdiffusion
at the SBT/Pt and Au/SBT interface can be excluded [Lee 98]. The shift of the
curve centre to negative voltages mainly results from different work functions
of gold (Wa=5.1eV) and platinum (Wa=5.65eV). From the voltages of the
capacity maximums in Figure 6.14a, the coercitive field is estimated to
27 kV/cm and 60 kV/cm, respectively.
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Figure 6.14: (a) C(V)-characteristic of a Pt/SBT(300 nm)/Au ferroelectric capacitor measured at
f=1MHz and Uac =50 mV. (b) P(E)-hysteresis curve of the same capacitor. The coercitive field is
57 kV/cm (59 kV/cm), and the remanent polarisation amounts 2 pC/cm2,

In order to determine the polarisation from the hysteresis curve P(E), a
Sawyer-Tower circuit®! was used [Sch 99, Sch 99a, Saw 29]. The measurement
in Figure 6.14b shows a coercitive field of about 58 kV/cm and a remanent
polarisation of 2 uC/cmz2, comparable to values in the range of 1.7 uC/cmz2 ob-
served by other groups [Bha 98, Yan 97, Ras 99]. The small shift of the coerci-
tive field to negative values is presumed to result from internal fields due to
the different work functions of the electrodes. Furthermore, slow moving
trapped charges can be situated at the electrode surfaces. This explains the
larger shift in the C(V)-measurement in Figure 6.14a, since here the DC volt-
age was altered with a rate of 0.2 VV/s, compared to the Sawyer-Tower meas-
urement in Figure 6.14b, which was measured at 100Hz. Thus, a slow
variation of the voltage leads to the formation of space charge regions, which

9 In-series connection of the sample with a reference capacitor.
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contribute to the capacity, whereas at sufficient fast variation of the electric
field this contribution is decreased and the residual shift corresponds to
trapped charges, which are confined to the interface. Since the films show

polycrystalline growth and the polarisation is aligned mainly in the ab-plane,
only a small fraction of the polarisation is aligned perpendicular to the film
surface. This fact is assumed to cause the observed smaller remanent polari-
sation, compared to values for SrBi.Ta>Og single crystals (5.8 uC/cm). A size
effect [ Str 97] due to stray fields in the capacitor can be excluded, since the
ratio of film thickness and electrode diameter in the samples is 1:102.

Frequency dependent
surements of C(V)-characteristics

mea-

show an increase of capacity and a
constant shift to negative voltages.
As shown in Figure 6.15a and in
contrast to MFS diode structures
(see Figure 6.12), the resulting di-
electric constant & decreases line-
arly with logarithmic scaled
frequency from 133 to 95 at 1 kHz
and 1 MHz, respectively. This be-
haviour can be described by the
Rayleigh-theory®2. For materials
with randomly distributed pin-
ning centres, the application of
this theory to ferroelectrics de-
scribes the dielectric constant as a
sum €= ¢&nit+ aEo. Here, &nit IS re-
sulting from lattice displacement
and reversible domain wall
movement, whereas the contribu-
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Figure 6.15:(a) Frequency dependence of the di-
electric constant (Vpc=0.8V, Vac=50mV). (b) The
logarithmic dependence of the Rayleigh parameters

a and &pit on frequency.

92 Originally established for magnetic materials in weak fields (< H. res. E).
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tion aE, originates from irreversible domain wall movement between me-
tastable states, which is generated by the outer electric field Eg=Uac/d %
[Tay 97]. In order to prove, if the observed logarithmic decrease of the dielec-
tric constant in Figure 6.15a is originating from reversible or irreversible do-
main wall movement, the electric field Eo is (i.e. AC-amplitude®) can be
varied at constant frequencies. From an observed linear increase of € with AC-
voltage, the slope and the dielectric constant at zero voltage yields the Ray-
leigh-parameters a and &, respectively. As illustrated in Figure 6.15b, both
parameters exhibit a logarithmic dependence on frequency.

The fraction of the irreversible domain wall movement aEy/ &nir amounts
2% at 1kHz and E.=14kV/cm, which is comparable to a value of 3% for
BaTiO3 (300 nm) on YBa,Cu3Oy7.5 with a remanent polarisation of 1.25 uC/cmz2
[Sch 99a]. In contrast, Pb(ZrxTi1x)O3 films show an irreversible domain wall
fraction of 21% resulting from a larger remanent polarisation of 20 uC/cm?
[Tay 97]. The low remanent polarisation of SBT compared to PZT films is one
possible reason for the exceedingly good fatigue behaviour of SrBi;Ta;Og
[Ara 96]. Within this approach, an accumulation of charges at the domain
walls compensates the discontinuity of the polarisation. For a lower polarisa-
tion in SrBi>Ta20y, the charge density and consequently the pinning is weaker.
A second reason for the good fatigue behaviour is thought to be the high mo-
bility of Bi in SrBi»Ta2Os. Bi losses are compensated by oxygen vacancies ex-
clusively in the BiO-layers and thus defects are not situated in the perovskite
blocks. As a third reason, charges in trapping sites can be released easier in
SrBi;Taz0q, since the strength of the pinning depends on the one hand on the
defect type, but on the other it is strongly influenced by the potential progres-
sion in the domain walls, which in turn depends on the remanent polarisation
[Ash 76].

9 With the film thickness d.
% The applied AC-voltage of 500 mV (14 kVV/cm) is smaller than the estimated coercitive field.
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6.4 Ferroelectric Domains in SrBi,Ta;Og

The domain structure of a ferroelectric determines the macroscopic prop-
erties, such as dielectric constant and memory window. Therefore, a micro-
scopic understanding of the physical phenomena on the scale of ferroelectric
domains is necessary to investigate the interrelation between morphology and
dielectric as well as ferroelectric properties, respectively. This is motivated
especially by the progressing miniaturisation of electronic devices, where the
film morphology is of increasing importance.

Preliminary Remarks about Ferroelectric Domains

In contrast to an ideal ferroelectric crystal, where a homogeneous polari-
sation is the state of minimal energy, a real crystal exhibits domains of differ-
ent polarisation due to existing crystal surfaces and defects. Consequently, the
spatial variation of the polarisation is a source of a depolarisation field which
is compensated by the formation of a multi-domain state. The domain struc-
ture that is formed after the transition from the para- into the ferroelectric
phase without outer field, depends on crystal symmetry, sample geometry
and spontaneous polarisation. Since the transition region between different
domains deviates from the ideal crystal symmetry, domain walls deliver an
additional contribution to the energy, which is consisting of three contribu-
tions: (i) existing polarisation, (ii) dipole-dipole interaction, which accounts
for the change of the dipole momentum along the wall, and (iii) elastic en-
ergy, which describes the interaction between polarisation and deformation.

Within the frame of the Landau-
theory, the minimisation of the free
energy gives a tangent hyperbolic- H _ I | 1
like dependence of the polarisation | ‘I H ]
P =Pstanh/d) of a wall of 2d thick- _ _

. . Domain 1 P=Ptanh(x/d)| Domain 2
ness. Typical values for the domain < < .

wall thickness are in the range of a d 0 -d
few nanometer (e.g. 0.5-2nm in Figure 6.16: At the transition between two fer-

. . . roelectri mains, th larisation chan i
BaTiOs), depending on elastic con- o¢lectric domains, the polarisation changes its
size in contradiction to magnetlc pOIansatlon,

stants, the dielectric constant, where the vector is rotated [Zhi 59].
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temperature, polarisation in the domains, and corresponds to the correlation

radius in the Landau-theory [Wan 94, Kre 79]. Considering the depolarisation

field, the domain size D follows D O+/d, with d as film thickness [Zhi 59].
The existence of domains plays a S —

major role in the formation of a hystere- ]
sis in ferroelectrics. As illustrated in [ i

Figure 6.17, starting from an initial ran- [ P¢| P, .
dom multi-domain state, the increase of [ E. ]
an electric field results in reversible do- / _’
main wall displacement and a linear in- | E -

crease of polarisation. On the one hand, F
pinning of domain walls by crystal de- [
fects avoids saturation already at low [
fields. On the other hand, at sufficient
high fields, domains are inverted or can Figure6.17: Typical P(E)-hysteresis of a
overcome defect potential barriers. re- ferroelectric with saturation polarisation Ps,
P ! remanent polarisation Pr and coercitive
sulting in a fast increase of polarisation field Ec.
up to saturation and a slower further increase due to ionic and electronic po-
larisability. Already before field reversal, the polarisation decreases, due to
premature flop-over processes of domains. The interrelation of film morphol-

ogy (grain size, roughness) and dynamic domain properties (domain wall

movement, domain growth, initiation of flop-over processes, pinning) is a
fundamental question affecting the hysteresis of ferroelectric thin films.

AFM Measurements in the Piezo-Response Modus

Beside other techniques [Sch 99, Ren 96, Lin 96, Jaf 71, Sta 63], the use of an
AFM®% in the piezo-response modus allows non-destructive imaging of fer-
roelectric domains in sub-pu scale. Since the imaging by an AFM takes several
minutes, processes with time constants below this value can not be observed.
In order to uncover ferroelectric domains, an AC-voltage at 10 kHz% was ap-
plied between the conductive AFM tip and the backside of the sample

9% A Digital Nanoscope 1110 at the Institut fur Physikalische Chemie, Prof. Butt and Dr. Raiteri.
Detailed information about AFM can be found in [Sch 99, page 79] and elsewhere.

% Far below the resonance frequency of the cantilever (ca. 100 kHz).
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substrate during imaging in contact modus [Mar 98, Mar 99]. A voltage par-
allel to polarisation of the ferroelectric is governed by increased film thickness
due to the inverse piezoelectric effect and vice versa. This response to the ap-
plied field is probed by sub-nm oscillations of the tip, superimposed to the
static deflection kept by the AFM feedback loop. Depending on the polarisa-
tion direction, the vibrations of the sample are 0° or 180° phase shifted relative
to the excitation amplitude. Phase shift and amplitude of the cantilever can be
detected by a lock-in amplifier and recorded simultaneously with the sample
topography [Sch 99]. The amplitude of the oscillations Ad,=2qs33 & PV de-
pends on the longitudinal electrostriction coefficient gsss, the dielectric con-
stant, the polarisation P, and the applied AC-voltage [Jaf 71, Wei 95]. The
amplitude of the AC-voltage was chosen 15Vims, a value that is relatively
high, compared to other groups [Gru 99, Hu 99]. However, this is a reason-
able value, since for SrBi,Ta,Oy films on silicon without underlying metallic
electrode, only a fraction of the voltage drops at the film. For a samples with
Pt as bottom electrode, a voltage of 1.5V is sufficient to attain contrast be-
tween opposite polarised domains. In all cases the resulting field is well be-
low the coercitive field of 57 k\V/cm.

SrBi;Ta,O9 Domains on Silicon

In Figure 6.18, the topography (a), amplitude (b) and phase shift (c) of a
300 nm thick SrBi;Ta,Og film, measured in contact mode is shown. This film
was deposited at lower O; pressure (0.3 mbar) in order to investigate as well
the response of the pc-SBT phase, which already was observed in X-ray
measurements. In Figure 6.18a, small (50 nm) pc-SBT grains appearing be-
tween two SrBi;Ta;Og grains, show no evident piezoelectric response and no
fixed phase relation between applied voltage and surface oscillation. In the
amplitude image (Figure 6.18b), domain walls (dark regions) can be seen
between ferroelectric domains (bright regions). From the phase signal, it is
possible to identify ferroelectric domains with opposite dipole orientation of
0° and 180° inside the SrBi;Ta;,Og grains. In most cases, domain boundaries
coincide with grain boundaries. Cylindrical shaped domains, observed in Ba-
TiO3 [Tsu 97] do not appear. A dependence of the images on the scan direc-
tion due to a permanent polarisation of the tip, followed by a cantilever
torsion [Lut 93], is excluded.
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Figure 6.18: (a) Topography of SBT(300 nm) grown on silicon. SrBi.Ta.O¢- and pyrochlore-phase
are marked (height range is 50 nm). (b) Amplitude signal of the piezoelectric response, to an
AC-voltage (15 Vpp, 10 kHz). White areas correspond to maximal surface oscillation, full scale is
0.05nm. (c) Phase signal of the piezoelectric response. Bright areas correspond to a maximal
phase shift of 180°, whereas dark region correspond to 0° phase shift. Within high-noise areas in
(b) and (c) no surface oscillation and phase relation is observed, respectively.

Measurements of pc-SBT films deposited on YSZ-buffered silicon, show
only a weak (< 4% of the imaged surface) coupling of phase signal and excita-
tion frequency. Since in literature no data about the piezoelectric properties of
this phase is available, it can be assumed, that the effect is small or possibly
resulting from a small amount of SrBi,Ta;Oy. Grain boundaries and domain
boundaries do not always coincide. Also within single grains several domains
can be observed, which has been as well observed by other groups [LUt 93,
Gru 99]. Figure 6.19 shows a grain (a), where the amplitude signal of the sur-
face oscillations (b) in the middle of the grain tends to zero, corresponding to

an decrease of the polarisation within the domain wall.

The magnitude of the surface oscillations corresponds to a piezo electric
coefficient of 1x10-3 nm/V, whereas the literature value for single crystals
amounts 2.3x103 nm/V [Sho 39]. The different polarisation orientation of the
two domains is visible in Figure 6.19c. A line scan of the amplitude signal
across the domain wall (Figure 6.19d) is directly proportional to spontaneous
polarisation and follows a tanh-function, as previously mentioned. The fitting
of this function gives a wall width%” of 2d =14.72 £0.27 nm, comparable to lit-
erature values of 10 nm [Hu 99]. Although the transition in the phase signal
between 0° and 180° theoretically takes place discontinuously, a transition
width of 7nm is observed, giving an lower limit for resolution of domains

97 Which is defined as width between positive and negative maximal value of the polarisation.
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with this method. From the analysis of different samples, a minimum grain
size of 150 nm for the formation of multi-domain states in a single grain can
be given. Consequently, the grain size is assumed to exert essential influence

on properties, such as coercitive field and dielectric constant and losses
[Set 93].
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Figure 6.19: (a) 300 nm thick SrBi.Ta-Oy film on silicon. Topography of a grain with a di-

ameter of 500 nm (20 nm height range). (b) In the amplitude signal, the domain wall is

visible due to decreasing polarisation in the domain wall. (c) Two regions with different

polarisation are observed. (d) Fitting a line scan across the domain wall by a tanh-
function delivers a transition width of 14.72 £0.27 nm.

Switching of Domains in SrBi;TaxOg

Ferroelectric domains in SrBi;Ta;Og are switched by moving the conduct-
ing cantilever tip to the middle of the scan area and applying a DC-voltage of
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30V for about 10s. Figure 6.20a shows the topography of a SrBi;Ta,Og film
deposited on silicon. In the phase signal, shown in Figure 6.20b to d, the ini-
tial polarisation (b) is inverted by applying +30V (c) and restored by applying
=30V (d). Again, grain boundaries and domain boundaries are correlated.
Within a period of 3 h, the polarisation of the domains is stable, proofed by
repeated AFM scans at the same surface area. Measurements of heterostruc-
tures with Pt used as bottom electrode show, that a voltage of +10V is suffi-
cient to flip the polarisation, since in the case of Si/buffer/SBT
heterostructures only a fraction of the voltage drops at the ferroelectric.

L} Ao e
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Figure 6.20: Switching of domains in SrBi-Ta20s. (a) Topography (b) Initial phase signal
(c) Phase signal after inversion of the polarisation by applying +30 V. (d) Restored po-
larisation by applying -30 V.
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Another picture arises, if c-axis oriented SrBi,Ta;Og films deposited on a
YSZ/CeO; buffer layer combination are investigated. Measurements of the
surface oscillation (phase signal) exhibit practically no contrast, if only the
vertical amplitude of the cantilever is measured. A common AFM mode in
order to investigate surfaces more sensitively, is to record the torsion of the
cantilever. Here, only at the grain boundaries of c-axis oriented SrBi,Ta;Oq
grains a relevant torsion signal could be detected, whereas the centre of those
grains shows an extremely small signal. Being a possible reason, the electrical
field between tip and sample is changed in the proximity of a grain boundary,
resulting in increased field component parallel to the film surface. Thus the
higher piezoelectric constant in the crystallographic ab-plane of SrBi;Ta,Og
causes an increased amplitude of surface oscillations parallel to the sample
surface.

Measurements in the AFM Non-Contact Mode

AFM measurements in the non-contact mode (r«,=10-200nm) are gov-
erned by the problem of capillary forces due to a water adsorption layer on
the film surface, screening charges and a worse lateral resolution as a matter
of principle (50-80 nm, 10 nm at best, [Lt 93, Auc 98]). In spite of these disad-
vantages, it is a reasonable method in order to estimate the local polarisation
guantitatively. A polarised surface generates surface charges and therefore an
electrical field at the sample surface. This leads to induced charges Qr in the
tip and an attractive force between tip and sample. The cantilever is excited
by an external AC-voltage with a frequency near its resonance. Thereby in-
duced charges Qe =-CUpsin(wt) interact with the static electrical field and
generate an additional oscillating electrostatic force F(w) =-E,Qe between tip
and sample®s,

% Since the force F(w) depends on the magnitude of the polarisation, only domain walls are visi-
ble. Due to electrostriction (O E?), an additional observed force F(2w) 0% Us2dC/dz, is modu-
lated by 2w and can be expressed by a distance dependent capacity between tip and sample
[Mar 88, Sau 90, Kuc 91]. The dependencies of the oscillation amplitude on the forces are con-
firmed by our measurements [Schu 99].
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Approaching the sample surface, this force will change the oscillation am-
plitude of the cantilever®. In order to receive quantitative information about
the remanent polarisation a model of G. Zavala et al. is used, assuming an
electrical field E;, of a circular polarised region, in which the polarisation
P =Po(r-ro)/ro decreases linearly from the centre [Zav 97]. The measurement of
the oscillation amplitude versus distance and the corresponding data fit is
shown in Figure 6.21.
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Figure 6.21: The surface oscillation amplitude of a SrBi.Ta.O9 film versus distance. The dotted
line represents a fit according to the inserted formula. The quantity kCE; corresponds to ratio of
the measured surface oscillation amplitude and the AC-amplitude. The force curve was meas-
ured 200 seconds after the sample was polarised. The best fit of the data is obtained for
ro=(159+12)nmand P =(3.4£0.3) uC/cmz2.

The tip Radius Ro=(40+3.5) nm is estimated from the measurement of
F(2w) under assumption of a capacity C(z) =2m&R2/(R+z+d/¢) between tip (a
hemisphere with radius Rp) and surface (a semi-infinite plane) [Lor 70,
Schu 99]. The dielectric constant £=135 and the film thickness d =350 nm are
measured by the previously discussed techniques. The best curve fit is ob-
tained for ro=(159+12)nm and P=(3.4%£0.3) uC/cm2. This value coincides
with literature values of polycrystalline SrBi,Ta;Og films with a typical polari-

sation of (8 £2) uC/cmz2 [Shi 98, Shi 99], if the time dependent decrease of the

9 Therefore, the gauge of the spring force constant k of the cantilever is performed by the use of a
reference cantilever, giving a value of 3 + 0.45 N/m [Cle 93, Sad 95, Schu 99].



6.5 SrZrOs; as an Alternative Buffer Layer for SrBi;Ta;Og 129

oscillation amplitude (i.e. the polarisation) is considered. After applying a
voltage in order to polarise the sample, a strong decrease of the polarisation
in the first 100 seconds and a saturation to approximately 60% of the initial
value is observed in our measurements, leading to an initial value of
P=(5.6£0.3) uC/cmz2. Being a possible reason for this time dependent de-
crease, the polarisation is compensated by accumulation of charge carriers at
the sample surface. A second conceivable reason, an adsorption layer of wa-
ter, can be excluded, since the force characteristic of the cantilever is not
changed in the adhesion (non-contact) range. The comparison between con-
tact- and non-contact mode measurements shows, that regions with high pie-
zoelectric surface oscillations correspond to regions with a 20 times higher
polarisation than those with no surface oscillation.

6.5 SrZrOs;as an Alternative Buffer Layer for
SrBi,Ta;0y

As discussed in detail in the previous chapters, the use of an YSZ/CeO;
buffer layer combination allows the growth of highly c-axis oriented
SrBi;Ta>Oq thin films on silicon substrates. Although a big memory window
of 0.87V is already achieved by this approach, the c-axis orientation has a
fundamental drawback. However, as the spontaneous polarisation resides
along the ab-plane (see Figure 6.4), growth of SrBi;Ta;Oq films in this crystal
direction is essential for practical devices. Furthermore, increased information
density of such devices by minimising structure sizes (thickness and area) has
a significant impact on the ferroelectric properties. The minimisation of thick-
ness incorporates a decrease of permittivity & and an increase of leakage cur-
rent, a fact, which is believed to be improved if a-axis orientation of the
SrBi;Ta-Oq layer is achieved. Moreover, attaining high remanent polarisation
P, and low coercitive fields E. is important, if the device area is decreased and
low switching voltages are required. Thus, by the enforcement to grow
SrBi»Ta;Og with its easy polarisation axis parallel to the substrate (device)
normal, it is possible to take full advantage of the material properties.
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In chemical techniques, off stoichiometric Sr-deficient SrBi,Ta;Og films
[Nog 96], texture control by buffer layers [Che 95], postgrowth crystallisation
at low oxygen partial pressures [Ito 96], and rapid thermal annealing [Hay 97]
are the important process variables employed in order to achieve a-axis ori-
ented SrBi;Ta,Oy films. In vapor phase techniques, pulsed laser deposition,
being the most successful technique for SrBi;Ta,Oy film growth, variations in
the Sr/Bi ratio [Tho 96], oxygen pressure [Ois 97], substrate temperature
[Nag 96], and plasma assisted PLD [Ras 99] have been attempted without
success.

Up to now, no successful attempt to growth SrBi;Ta;Oq ferroelectric thin
films with its ab-plane perpendicular to the substrate surface of silicon has
been reported. Thus, we investigate the possibility to use SrZrOsz; as a new
buffer layer in the layer sequence Si/YSZ/SZO/SBT. To the authors knowl-
edge, up to now no report on the deposition of SrZrOj; thin films on silicon is
published. The use of SrZrOs; is motivated by the fact, that both SrBi;Ta;Og
and SrZrOj; present an orthorhombic structure (see chapter 4.1 for SrZrOzand
chapter 6.2.1 for SrBi»Ta;Og) and that SrZrO; contains common chemical ele-
ments as both YSZ and SrBi;Ta;Oy. Moreover, a small lattice mismatch of
-5.5% for SBT[010] along SZO[110] and 1.76% for SBT[001] along SZO[003]
should preferentially favour a-axis growth of the SrBi,Ta;Ogy layer if this
growth direction is also achieved for the SrZrO; layer.

6.5.1 Structural Characterisation

Growth of SrZrOsz on SrTiO3

Being a first step in order to prove the parameters for deposition with cor-
rect stoichiometry, SrZrOs; has been deposited on single crystalline SrTiOs
substrates, which show no chemical reaction with SrZrOs; up to temperatures
of 1000 °C [Lan 98]. Furthermore, by this approach it has been clarified, that
up to deposition temperatures of 850 °C no structural phase transition occurs,
which is observed in SrZrO; single crystals. Highly c-axis oriented SrZrOs;
films have been obtained presenting rocking curves with FWHM below 0.1°
at deposition temperatures between 500 °C and 850 °C and low oxygen pres-
sures between 1x106 and 2x10-> mbar. The small lattice mismatch of 3.5%
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(Table 4.1) between the STO[100] and SZO[010] in-plane lattice constants is
held to be responsible for this high crystalline quality. Thus, an in-plane rota-
tion of the SrZrO; layer by 45° on the substrate is expected, but not yet proved
by means of four-circle X-ray diffraction measurements, since this was not
within the scope of this thesis.

Growth of SrZrO; on Silicon

The direct deposition of SrZrOs on silicon leads to a complete polycrystal-
line growth, although the lattice mismatch between both materials is only
5.2% for cube-to-cube growth (Table 4.1). This behaviour is assumed to be
originating from the amorphous SiO; layer, which is not reduced by SrZrO:s.
Thus, the already successful proven two step deposition technique of a YSZ
layer (see chapter 4.3.1) is applied again in order to give an epitaxial growth
base for the SrZrO; layer. At sufficient laser energy densities (J=3Jcm=2) and a
thickness of 40 nmi%, the FWHM of the rocking curve of the YSZ(002)-
reflection in Figure 6.22 lies between 0.95° and 1.1°.

Without a significant change of the film quality, the SrZrO; layer can be
deposited at laser energy densities between 1.5J/cm? and 2.5]/cm?, tem-
peratures between 750°C and 800°C and an oxygen pressure of 5x10-4 mbar.
The SrZrOs films were deposited with a typical thickness of 105 nm. These pa-
rameters led to highly a-axis oriented SrZrQOs; films, proven by XRD patterns
in Bragg-Brentano geometry, as illustrated in Figure 6.22. Beside the (00I)-
reflections of silicon and YSZ, strong SZO(200)- and SZO(400)-reflections are
observed. Rocking curves show typically a FWHM between 1.3° and 1.6°.
Moreover, a surface roughness of approximately 0.21nm (rms) was deter-
mined by means of AFM measurements. The epitaxial growth of a-axis
SrZrOs on c-axis oriented YSZ is a striking result, since this growth behaviour
requires two strongly different in-plane lattice constants of SrZrO; matching
the cubic template YSZ. Therefore, it is clearly shown, that SrZrOs; can be em-
ployed as a buffer layer on YSZ-buffered silicon for the subsequent deposition
of further layers. Moreover, in contrast to mostly cubic materials used in this

100 Two step deposition: 1.6 nm (50 pulses) at 2x10-¢ mbar, and 30.9 nm (950 pulses) at 5x10-4 mbar.
Thinner films (1.6+15 nm) yield an increased FWHM of typically 1.4°.
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field, SrZrOs; makes an rectangular (orthorhombic) template available on top
of silicon.
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Figure 6.22: Typical 6/26 -scan of a SrZrOs film deposited on YSZ-buffered silicon. The presence
of the SZO(200)- and SZO(400)-reflection clearly shows the a-axis orientation of the film. The
SZO (200)-reflection exhibits a FWHM of 1.55°, whereas the YSZ (002)-peak shows a typical
FWHM of 1.1°. The thickness of 32.5nm (1.6+30.9 nm) for the YSZ layer and 105nm for the
SrZrOs layer was exactly estimated by means of LXRD measurements. PLD deposition pa-
rameters for SrZrOs: T=750°C, p=5x10“mbar, J=22J)/cm? f=3Hz, d=40mm, spot
size =2x2 mm. Parasitic X-ray peaks are indicated by (*).

Growth of SrBi;Ta,Og on YSZ/SrZrO3 Buffered Silicon

For the top SrBi.Ta.Oy layer, various deposition parameters have been in-
vestigated. These parameters proved to be decisive for the crystalline growth
as observed in X-ray diffraction and microscopy (SEM, AFM). The typical la-
ser energy densities for SrBi,Ta;Oy deposition were about 1.5 to 2.5Jcm-2
without significant influence on the film properties. The typical thickness of
the SrBi;Ta,Og layers were around 150 nm. After deposition at temperatures
between 750 °C and 850 °C, the trilayers were cooled down to approximately
250 °C within 30 minutes at the SrBi,;Ta>Og deposition pressure, in order to en-
sure that no oxygen loss from the layers occurs. After this procedure, the
chamber was vented to atmospheric pressure and cooled down to room tem-
perature.
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In Figure 6.23a, three X-ray diffraction patterns in Bragg-Brentano geome-
try are shown. The oxygen pressure has been varied between 0.2 mbar and
0.8 mbar. Below a pressure of p=0.5 mbar, the SBT(200)-reflection starts to ap-
pear at 26=32°. At a pressure of p=0.2 mbar, best values for the rocking curve
of the SBT(200)-reflection are obtained between 1.8 and 2.1° FWHM. No evi-
dence for other phases was detected, especially the possible confusion with
reflections of concurrence phases was checked, such as pc-SBT(400) at
20=34.1° [Rod 96], SZO(200) at 26=30.9°, or the [(-Bi,O3 phase at 260=32.3°

[Cho 98, Let 98].
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Figure 6.23:(a) X-Ray diffraction patterns (6/26-scans) of a 150 nm thickt SrBi,Ta,Os film de-
posited on YSZ(40 nm)/SZO(105 nm)/Si at different pressures. At pressures below p = 0.5 mbar,
the SBT(200)-reflection emerges with a typical FWHM of 1.8-2.1°. (b) 6/26-scans of
YSZ/SZO/SBT heterostructures on silicon at an optimum oxygen pressure of p=0.2 mbar, but
at different deposition temperatures. At T =850°C, the (044)-peak of an out-of plane oriented
pyrochlore phase at 260=49° and the SBT(116)-peak at 26=65.1° are suppressed. The peak at
260=29.4° is related to a Y O3 impurity phase of the YSZ target. Parasitic peaks due to X-ray tube
impurities are indicated by (*).

In Figure 6.23b, the influence of the deposition temperature is shown in two
6/26-scans, which contain all relevant reflections. Beside the SBT(200)-
reflection and strong YSZ(002)- and SZO(200)-peaks, two additional peaks at

101 Because of the large surface roughness and an over-all thickness of the heterostructure in the
range of 300 nm, LXRD is not applicable. For that reason, the thickness was estimated from av-
erage ablation rates of polycrystalline SBT films on silicon.
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20=65.1° and 260=49° are visible. At elevated temperatures of 850°C, these
peaks are suppressed. First, the reflection at 26=65.1° is frequently observed
with a FWHM of rocking curves ranging from 1.8 to 2.3° when SrBi,Ta>Oy is
deposited. Substantiated by powder diffraction simulations, this peak corre-
sponds to the (2 2 12)-reflection, which indicates a SBT(116)-growth orienta-
tion192, |t is correlated to the formation of the SBT(200)-orientation in the
sense, that its intensity decreases with increasing intensity of the SBT(200)-
reflection. Thus, this fact is considered to be a competition between both
growth orientations. Secondly, the peak at 260=49° is exclusively observed
with increasing intensity of the SBT(200)-orientation and arises only at low
pressure conditions (p<0.5mbar) with a typical FWHM between 1.8 and
1.95°. From powder diffraction simulations [Mar 01a], this peak is proven to
be related to the (044)-reflection of 45° out-of-plane oriented cubic pyrochlore
(pc-) phase (a=1.051nm, Fd3m), which can be represented by the chemical
composition formula Sro2(Sros, Bio7)Ta:Os7s [Rod 96]. The occurrence of this
phase is related to increased Bismuth loss at decreased oxygen deposition
pressure. This behaviour coincides with observations made in chapter 6.2.2
for SrBi»Ta;Og deposited directly on silicon. Moreover, a small peak arising at
20=29.4° might be related to the strongest polycrystalline (222)-reflection of a
randomly oriented pyrochlore phase. Since it is also observed at depositions
of single YSZ layers, it is assumed to be exclusively originating from impurity
phases of this compound. Powder diffraction simulations show, that at
20=29.4° the strongest polycrystalline reflection of the Y,O3; phase is found,
possibly resulting from incorrect stoichiometry of the YSZ target.

By means of AFM measurements, the surface morphology of SrBi;Ta,Oq films
has been investigated. In Figure 6.24, the influence of oxygen pressure on the
surface morphology is shown. Films deposited at low deposition pressures
(p=0.4 mbar) show a more pronounced in plane orientation and rectangular
shape of the grains than those deposited at higher oxygen pressures
(p=0.8 mbar). Moreover, the surface roughness increases with decreasing
oxygen pressure from 3.7 nm to 7.0 nm (rms), a value that is much higher than

102 The (116)-reflection is forbidden by symmetry because of A-face centring: (hkl) only with k+1
even.
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for polycrystalline or c-axis oriented SrBi;Ta,Og films [Sch 99]. The lateral
grain dimensions for both films are estimated to (50 +20) nm x (150 + 30) nm.
Thus, three dimensional island growth is assumed to take place, since the lat-
eral island size is in the range of the film thickness.
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Figure 6.24: AFM measurements of SrBi.Ta.Oy films deposited on YSZ/SZO-buffered silicon.
(a) At high deposition pressures (p=0.8 mbar), smooth surfaces exhibit a weakly pronounced
in-plane alignment and rectangular shape. The colour scale corresponds to 30 nm. The rough-
ness amounts 3.7nm rms. (b) At lower deposition pressures (p=0.4mbar) a rougher surface
with pronounced rectangular grains and in-plane alignment indicates a-axis growth of the
SrBi.Ta>Oq layer. The colour scale corresponds to a height of 57 nm. The roughness amounts
7.0nm rms.

As illustrated in Figure 6.25, a magnified AFM image of a SrBi;Ta;Oq film
deposited at low oxygen pressures (p=0.4mbar) indicates a-axis growth of
the SrBi,Ta;Oq layer already by an obvious rectangular shape of grains. This
grain morphology is in agreement with observations reported in literature
[Pig 99, Lee 00]. Although appropriate graphical analysis tools are missing in
order to quantify the grain size, orientation angle and degree of in-plane ori-
entation, the presented AFM measurement allows some qualitative consid-
erations. A significant proportion of grains is preferentially aligned along four
axes, whereas pairs of perpendicular axes are rotated by an angle of approxi-
mately 19.5° against each other. Thus, the observed surface morphology indi-

cates a well defined epitaxy relation to the SrZrOs; template by twinned
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growth of crystallites and motivates a detailed XRD analysis in order to find
an appropriate growth model.

Figure 6.25: AFM measurement of a SrBi>Taz0s film deposited on YSZ/SZO-buffered silicon at a
deposition pressure of p=0.4 mbar. Grains with a pronounced rectangular shape are aligned
along four axes, which enclose an angle of 19.5° and 90°. The colour scale corresponds to 57 nm.

Epitaxial Relations within the Si/YSZ/SZO/SBT Heterostructure

In order to obtain more detailed information on the epitaxial relation be-
tween SrBi;Ta;Oq, SrZrOs; and YSZ, four-circle XRD measurements have been
performed. In Figure 6.26b and c, the expected cube-to-cube orientation of
YSZ on (001)-oriented silicon is proven by ¢-scans of the Si{111}- and the
YSZ{111}-reflections. However, the @scan of the SZO{112} set of equivalent
reflections in the upper graph shows no trivial epitaxial relation. A central
peak at the same position as the YSZ(111)-reflection is observed in conjunc-
tion with two neighbouring reflections with a distance of A@=18.5°. This tri-
ple of peaks is observed with a ¢periodicity of 90°. From simple symmetry
considerations, groups of two or four reflections corresponding to the (112),
(112), (112), (112)-reflections of SrZrOs; would have been expected. The exis-
tence of three peaks indicates additional domain orientations caused by twin-
ning. Moreover, from the @scan of the YSZ(111)-reflection in Figure 6.26D, it
is obvious that the central SZO(112)-peak corresponds exactly to the @angle
of the (111)-reflection of YSZ. Thus, the (112)-reflection of the SrZrOs layer is
aligned along this twin-plane.
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Figure 6.26: Four-circle XRD measurement (¢-scan) of a Si/YSZ(40 nm)/SZO(105nm) hetero-
structure. As expected, the YSZ layer exhibits a clear cube-to-cube orientation on silicon. The
upper graph shows a ¢-scan of the {112}-reflections of SrZrOs. The central peak is suited at the
same @ angle as the {111}-reflections of the YSZ layer. Additionally, two neighbouring peaks
with lower intensity are observed with an angle distance in gof 18.5°.

In Figure 6.27, a possible growth model for a-axis oriented SrZrOs is
shown, explaining the observed reflections in the ¢gscan of Figure 6.26a. For
clarity, the SrZrOs layer is represented by its unit cell and Zr atoms (red). The
YSZ template is illustrated by a cubic lattice with a lattice constant of 5.14 nm.
According to this model, the SrZrOs; film will present four domains, wherein
the (012) and (012) crystallographic twin-planes are aligned along the (011)
and (011) planes of YSZ. Thus, the elevated intensity of the central SrZrO;
peak is due to the superimposition of corresponding reflections of two differ-
ent domains. Within the limit of error, the distance of A@=18.5° between
neighbouring peaks in Figure 6.26 can also be explained by those geometrical
considerations, here leading to an angle of A@=19.5°. Moreover, these results
are similar to what has been recently obtained for SrRuQO3; layers deposited on
YSZ [Lee 00].
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Figure 6.27: Illustration of the growth model for a-axis oriented SrZrOz on top of a cubic YSZ
lattice with a lattice constant of a=5.14 nm. To simplify, the SrZrOs layer is represented by the
unit cell and Zr atoms (red). The projection of the SZO(112)-reflection into the bc-plane corre-
sponds to the [021] lattice direction within the unit cell. This twinning plane is aligned parallel
to the [011] and [011] directions of YSZ [Wie 01].

For further clarification, plane scansi® through the SZO(112)- and
SBT(135)-reflections have been performed. Coinciding with the results of the
@-scan presented in Figure 6.26a, a 90° periodic triple of SZO{112}-peaks is ob-
served at a radius® of Rszoi12=1.68 in Figure 6.28a. The enclosed angle of
Ap=19+1° matches the predicted value of the model. At Rszou10)=0.95, the
SZO{110} set of equivalent reflections emerges. From the growth model it is
clear, that a lattice plane aligned parallel to one of the main unit cell axis will
result in a pair of peaks oriented along the YSZ{011} directions. The observed
angle of 9.3 +£0.5 matches the theoretically expected value of 9.75°. The occur-
rence of a pair of peaks at a radius of R=0.73 with an alignment correspond-
ing to that of the SZO{110} reflections could not be clarified.

103 Plane scans are four circle X-ray measurements of intensities in a certain plane in reciprocal
space. Moreover, both measurements have been optimised for the particular reflections. Thus,
the estimated angle approximately matches the real value. However, angles between addition-
ally observed reflections can be alternated.

104 Which can be calculated in hk-units of the YSZ template, by R = [(kb*)2+(Ic*)2]*.
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Figure 6.28: Plane scans through the SZO(112)-and SBT(315)-reflections of a 150 nm thick
SrBi2Ta:O¢ film deposited on YSZ(40 nm)/SZO(105 nm)-buffered silicon. The units of the h- and
k-axes correspond to the matrix of the silicon substrate. (a) A triple of peaks at the SZO{112} set
of equivalent reflections indicates the multi-domain epitaxial growth of the SrZrOs layer. At a
radius of R=1.78, a triple of peaks corresponding to the SBT116{200} reflections is observed from
(116)-oriented SBT. At hk-values slightly smaller than 1, the SZO{110} reflections emerge. (b) At
a radius of R=1.05, a pair of peaks with an enclosed angle of 9.3° is observed, which could be
related to the (310)-reflection of (100)-oriented SrBi.Ta:09. At a slightly smaller radius, weakly
intense SZO{310}-reflections appear.

Moreover, concerning the growth of the possible SrBi;Ta;Og orientations,
in Figure 6.28a, a further triple of peaks is observed at radius of Rsgr(100)=1.78,
which is originating by the {200}-reflections of (116)-oriented SrBi;Ta;Og
[Wie 01]. In Figure 6.28b, a plane scan through the calculated position
SBT100(315)-reflection is illustrated. Interestingly, the SBT(315)-reflections are
not observed, but a pair of intense peaks emerges with the same enclosed an-
gle as the SZO{110} reflection in Figure 6.28a. From the growth model, such a
pair of peaks can only be related to a main axis of the SrZrO3; or SrBi;Ta2Oy
layer. Since a residual intensity R=0.95 corresponds to the (310)-reflection of
the SrZrO; layer (compare Figure 6.28a), the intense peaks at R=1.05 are as-
sumed to originate from the SrBi;Ta;Oq layer, although the corresponding
SBT100(310)-reflection theoretically should be situated at R=0.98. Thus, from
these measurements the multi-domain growth of (116)-oriented SrBi>Ta>Oq
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and SrZrOs; is clearly seen, whereas such a growth behaviour could not be
completely verified for the SBT(100)-orientation.
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Figure 6.29: Illustration of a growth model of (100)- and (116)-oriented SrBi>Ta:Og on top of a
single SrZrOz domain with lattice constants of b=5.813nm and ¢=8.196 nm and the (100)-
orientation aligned parallel to the substrate normal. To simplify, the SrBi,Ta.Oy layer is repre-
sented by the projection of the unit cell and Sr atoms with blue colour for (100)-orientation and
green colour for (116)-orientation.

Considering the observed results, the epitaxial relation between a-axis ori-
ented SrBi;Ta;Og and SrZrOs layer is expected to be SBTi00[010] Il SZO[010]
and SBT100[001] Il SZO[003], as illustrated in Figure 6.29. Assuming this in-
plane orientation, small lattice mismatches of -5.1% and 1.76% are obtained,
respectively (see Table 4.1). Moreover, the SBT[061] lattice row shows a lattice
mismatch of -2.6% along the SZO[021]- and the YSZ[220]-lattice vector, the di-
rection of best matching between SrZrO; and YSZ. On the other hand, consid-
ering the observed SBT(116) growth orientation, the epitaxial relations are not
obvious. As shown in Figure 6.29, the projection of this growth orientation
into the (bc)-plane of SrZrOs results in an orthorhombic lattice with lattice
constants 0.7824 nm for SBT[110] and 3.428 nm for SBT[331], respectively.
Thus, as found by Wiehl et. al [Wie 01], the expected epitaxial relation is
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assumed to be SBT116[110] Il SZO[001] and SBT116[331] Il SZO[060] with corre-
sponding lattice mismatches of -1.75% and -4.6%, respectively.

In conclusion, from the presented growth model, the existence of four
SrZrOs; domains is substantiated. Simple geometric considerations can explain
the occurrence of a triple of SZO{112} reflections situated at the same @angle
as the YSZ{111}-reflection. The calculated distance between neighbouring
peaks of A@=19.5° was proven by means of plane scans through the
SZ0O(112)-reflection, in which an angle of Agp=(19+1)° was obtained, whereas
the measured angle in @scans turned out to be reduced to Ag=(18.5%1)°.
These deviations may have several reasons. Generally, the broadening of re-
flections in the range of 3°-5° corresponds to a large distribution of domain
orientations. The maximum of this distribution however, should be situated
at the theoretical value. On the other hand, the model assumes an orientation
of the domains due to an in-plane match of the SZO(012) and the YSZ(011)
orientation. From a closer look to Figure 6.27, it is clear that only a small frac-
tion of Zr atoms virtually fit to the underlying YSZ template. Therefore, the
SrZrOs unit cell might position at a different angle or it will grow slightly
distorted in order to minimise the average lattice mismatch.

Because of the existence of four domains, a refinement of the SrZrO; ori-
entation matrix on top of YSZ is extremely difficult to be done. However, the
observed lattice constants coincide with theoretical values within the limits of
error. Being an object of further investigations, the SrZrO; lattice constants
have to be exactly determined in order to refine the presented growth model
and to exclude a misalignment of SrZrO; domains due to a distorted SrZrOs;
unit cell. Furthermore, by refinement of four-circle XRD measurements, the
YSZ lattice has been found to be slightly distorted to lattice constants
a=b=0.513nm and ¢=0.5147 nm, a fact that is not considered in our growth
model. However, since such deviations are also observed in the refinement of
the silicon matrix, this effect is believed to be resulting from a measurement
error due to the planar geometry of the sample.

With respect to the growth of the SBT(100)- and SBT(116)-orientation, no
clear picture is obtained from XRD measurement solely. However, the combi-
nation of the presented growth model in Figure 6.29, AFM measurements in
Figure 6.25, and the observed reflections in XRD measurement strongly
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indicate a four domain growth of both SrBi;Ta;Og orientations on top of
SrZrOs. Further investigations are necessary in order to identify the particular
X-ray reflections and to determine the exact ratio between the SBT(100)- and
SBT(116)-orientation.

6.5.2 Dielectric Properties

Dielectric Properties of the YSZ/SZO Bi-layer

In Figure 6.30, C(V)-characteristics of a single YSZ layer and a SrZrOs/YSZ
bi-layer are shown in order to extract the dielectric constant of SrZrO; within
a bi-layered heterostructure (i.e. an in-series connection of capacitors). By
means of LXRD measurements, the thickness of the YSZ layer was exactly
determined to 32.95 nm in both samples. Since the deposition was performed
at identical parameters, a similar first layer thickness of 1.65nm is assumed to
result in equal dielectric constants of &ysz = (4.7+0.3) for the YSZ layer.
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Figure 6.30: (a) C(V)-characteristic of a YSZ layer on silicon. Due to charge trapping sites (see
chapter 4.3.2), a hysteresis of 0.2V and a shift of 0.58V is observed (f=1MHz, Vac=0.2V,
Vpc =13V). (b) A measurement of an a-axis oriented 105 nm thick SrZrOs film on YSZ-buffered
silicon exhibits a slightly increased hysteresis of 0.23 V, but a strongly increased shift of 1.77V
(F=1MHz, Vac=0.2V, Vpc=%4V). For both samples, the thickness was exactly determined by
means of LXRD measurements.
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Thus, from the saturated value of capacitance C=1.05nF in Figure 6.30b,
the radius of the gold electrode r=625pum, and the thickness of the SrZrOs;
layer d=105nm, a dielectric constant of &szo (1 MHz)=(29+0.4) is obtained.
This value lies within the range of available literature values for SrZrO; at
room temperature of 26.5 to 38 [Per 65, Kel 73, Ros 00]. As shown in Figure
6.31b, the dielectric constant decreases linearly with frequency from
&sz0 (100 kHz) =41.5 to &sz0 (1 MHz) =29. The calculation is based on the de-
crease of absolute capacitance in Figure 6.31b and the assumption of a con-
stant contribution of the YSZ layer.

By the mechanisms discussed in chapter 4.3.2 and 6.3.1, the shift of
Us;=0.58V and the hysteresis of AU=0.2V in the C(V)-characteristic of the
YSZ layer in Figure 6.30a is related to trapped charges confined at the YSZ/Si
interface and mobile charge carriers within an oxygen deficient YSZ layer, re-
spectively. Thus, the slightly increased hysteresis AU=0.22V of the YSZ/
SrZrOs bi-layer in Figure 6.30b is assumed to be originating from an increased
oxygen deficiency of the YSZ layer. The strongly increased shift Us=1.77V
however, cannot be related to some changes in the YSZ layer, but is obviously
resulting from the second interface between YSZ and SrZrOs. From the addi-
tional shift of the C(V)-curve Us=1.77-0.58 V =1.19V and the effective capaci-
tance Csz0=3.08nF of the SrZrO; layer, a surface states density of
nszo =1.86x1012cm2 is obtained. Frequency dependent measurements show
an increase of the shift up to Us=2.3V at lower frequencies (100 kHz), indi-
cating that surface states can increasingly follow the applied AC-voltage. On
the other hand, only a weak influence of frequency on absolute capacitance
(see Figure 6.31a) and hysteresis is observed.

Dielectric Properties of SrBi;Ta,Og on YSZ/SrZrOs-buffered Silicon

In order to calculate the dielectric constant of SrBi;Ta,Oy on YSZ/SZO -
buffered silicon, C(V)-measurements have been performed in a frequency
range from 100 kHz to 1 MHz. The frequency dependence of the absolute ca-
pacity Cnax Of the YSZ/SZO buffer layer combination with and without
SrBi»Ta;Og as well as the resulting dielectric constants &zo0 and &sgr are shown
in Figure 6.31a and b, respectively.
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speed of the measurement. The decrease of the DC-voltage step size from
AVpc=100mV to AVpc=10mV at constant delay times of 0.5s leads to a
nearly complete disappearance of the hysteresis to 80 mV. This behaviour
strongly differs from what has been observed for the YSZ/SZO bi-layer,
wherein the hysteresis was independent on the turn speed. Hence, this be-
haviour can only be attributed to the SrBi,Ta;Og layer. On the other hand, a
nearly constant hysteresis of Uy =(0.53+0.4) V is observed over the whole fre-
guency range and at changing AC-voltages from 50 mV to 100 mV. However,
from this measurement a clear picture can not be obtained, but the depend-
ence on turn speed strongly suggests that the observed memory window is
not related to ferroelectricity. Furthermore, the influence of domain wall
movement and surface morphology on the C(V)-characteristic is a subject for
further investigations.

In comparison to the bi-layer in Figure 6.30b, a smaller absolute shift to
U;=0.38V is observed, which is assumed to originate from a smaller voltage
drop at the YSZ/SZO interface due to the additional SrBi,Ta,Og layer and a
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SZO/SBT interface with a lower density of surface states. Additionally, at
lower turn speeds of AVpc=10mV and frequencies of f=100 kHz the shift is
increased to U;=0.46 V and up to Us=1.1V, respectively. However, due to the
complexity of the heterostructure, the particular contribution of surface states
at three interfaces can not be exactly determined, since the nature of surface
states is strongly influenced by the deposition process.
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Figure 6.32: C(V)-characteristics of a 150nm thick SrBi.Ta:O¢ layer with mixed (100)/(116)-
orientation on a SZO(105nm)/YSZ(1.65+31.3 nm)-buffered silicon substrate. A hysteresis of
0.53V (f=1MHz, Vac=0.2V, Vpc =+ 3V, AVpc = 100mV) is decreased to 0.08 V by decreasing the
turn speed (AVpc =10 mV), whereas the shift is increased from 0.38V t0 0.46 V.

Although from a-axis oriented SrBi»Ta;O9 improved ferroelectric proper-
ties by increased polarisation along the film normal have been expected, the
observed hysteresis is assumed to be not originating from ferroelectricity. In
contrast to the results obtained for c-axis oriented SrBi;Ta;Og on CeO,/YSZ
buffered silicon, the improvement of the crystalline quality by the introduc-
tion of a 2-step deposition technology for YSZ leads to the formation of oxy-
gen vacancies in the YSZ layer. The hereby occurring non-ferroelectric
hysteresis in the buffer layers aggravates the interpretation of the observed
C(V)-characteristics for the heterostructure, which includes the SrBi;Ta;Oq
layer. However, the dielectric constant of the as-deposited SrBi,Ta,Oy could
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be clearly determined to &sg7=29.5 at 100 kHz, which is comparable to what
has been observed for c-axis SrBi>Ta;Og (&ss7=20) in chapter 6.3, but strongly
differs from the dielectric constant up to &sgr=160 observed in polycrystalline
SrBi>Ta,Oq films (Figure 6.12).

Figure 6.33: Grain morphology and ferroelectric domains in differently oriented SrBi>Ta.Oq
films. (a) SEM measurement of polycrystalline oriented SBT directly deposited on silicon with a
typical grain size of 400-800 nm. Small grains in dark areas correspond to the pyrochlore phase.
(b) Piezo-response AFM measurement (surface oscillation amplitude) of a domain on poly-
crystalline SBT with a domain size of roughly 150-200 nm. (c) NC-AFM measurement of a c-axis
oriented SBT film on CeO./YSZ-buffered silicon. Grains with a size of typical 200 nm and ter-
races corresponding to an unit cell height are visible. (d) C-AFM measurement of mixed
(100)/(116) oriented SrBi2Ta.Os on YSZ/SZO-buffered silicon. Grains exhibit a typical size be-
low 200 nm.

The strong lowering of the dielectric constant in comparison to polycrys-
talline SrBi;Ta,Og can be understood by considering the grain morphology of
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the SrBi,Ta,Og films. The mixed growth of randomly oriented SrBi;Ta,Oq and
the pyrochlore phase on silicon yields SrBi;Ta;Og grains with a typical size
400-800 nm, visible in Figure 6.33a. As discussed in chapter 6.4, such
SrBi>Ta;Oq films show ferroelectric domains (Figure 6.33b) with a typical size
of 150-200 nm and a memory window of 0.45V, although the polarisation is
randomly oriented. By the use of a CeO,/YSZ buffer layer combination, c-axis
oriented SrBi;Ta;Og was obtained with a typical grain size slightly larger than
200 nm (Figure 6.33c) and a memory window of 0.87 V, which is believed to
occur because of the in-plane hysteresis of grains (roughness). In contrast,
SrBi;Ta;Og films with mixed (100)/(116) orientation on YSZ/SZO-buffered
silicon exhibit a significantly reduced grain size smaller than 200nm and
practically no memory window, as illustrated in Figure 6.33d.

Generally it is well known, that electrical properties of ferroelectric thin
films are strongly influenced by the film thickness and resulting grain size
[Sak 93, Uda 95]. First, the coercitive field is drastically increased and the re-
sulting memory window is decreased below a critical thickness (i.e. grain
size) in the range of a few hundred nanometers. It has been found in poly-
crystalline PbTiOs films that this thickness is of about 200-300 nm with a cor-
responding grain size of 150 nm [deK 91]1%5, These results coincide with the
observations in polycrystalline SrBi;Ta;Og films in this work, as reported in
chapter 6.3.2. This effect is resulting from a transition from a multi-domain
state in large grains to a predominant single-domain state in smaller grains,
indicating that single domained grains are energetically more stable than be-
ing split into domains. Such a single domain state requires an essentially
higher electrical field to flip the polarisation, since its strength is related to the
ease of domain nucleation and domain wall motion [Ren 96]. Secondly, per-
mittivity is related to the density of domain walls and their mobility at low
field. Thus, due to a lack of domain walls in fine grained films, the polarisa-
tion change due to domain wall movement at low fields is insignificant and
consequently the associated permittivity is low.

105 |t should be pointed out, that for polycrystalline films, grain size is a function of thickness
[Sak 93, deK 91]. It was found by Ren et al. [Ren 96] that grain size, rather than film thickness,
is the controlling factor determining domain structure and consequently electrical properties.
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In conclusion, there are several possibilities to improve the ferroelectric
properties of SrBi;Ta;Oy films on YSZ/SZO-buffered silicon: The shown
measurements have been performed with a series of thin films, whose em-
phasis was on the clarification of the epitaxial relation in the
Si/YSZ/SZO/SBT heterostructure. Thus, the particular layer thickness is not
ideal for the application in MFS-diodes. First, as already mentioned in chapter
6.3.2 and discussed in the previous paragraph, the size of the memory win-
dow strongly depends on the film thickness (grain size) and an increase from
150 nm to at least 300 nm (as used for the c-axis oriented SBT films) is ex-
pected to improve the memory window. Second, the capacity of the insulator
decreases with increasing thickness, resulting in a decrease of the electric field
in the ferroelectric. In order to achieve sufficient hysteresis, the buffer layer
thickness should be lowered to about 40 nm for a reasonable SrBi,Ta;Oq film
thickness and coercitive field. Moreover, as shown in Figure 6.23, the increase
of deposition temperature and pressure should lead to a further suppression
of the (116)-orientation and thus an improved alignment of the polarisation
along the device normal, if purely a-axis oriented SrBi,Ta;Oyg is achieved. On
the other hand, the reduction of deposition rate (laser energy density and
pulse repetition rate) in conjunction with an increased substrate temperature
will lead to an increased species mobility on the substrate and thus the for-
mation of larger grains wherein multi domain states should be favoured.
Furthermore, the use of SrZrOs as a buffer layer is an advantage in the general
sense, that a high dielectric constant of the insulator is followed by a higher
voltage drop at the ferroelectric film. This leads to saturation of the polarisa-
tion at lower voltages, which affects read/write voltages of devices.
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As a main goal of this work, a new pulsed laser deposition (PLD) system
has been designed and established in order to investigate complex heter-
ostructures of oxidic thin films. The system features a high flexibility with a
sixfold target holder and fast target exchange, a heater design that enables
easy substrate mounting and an accessible temperature range up to 1000°C.
The vacuum system allows thin film deposition at different ambient gases
and stable pressures ranging from 1x10-7mbar up to several mbar. Optimal
thin film quality is achieved by high temperature homogeneity and reliable
temperature measurement of the substrate as well as a sophisticated laser
beam optics that guarantees homogeneous laser energy density and provides
laser beam scanning facility for large area thin film deposition.

Understanding the physical phenomena involved in pulsed laser deposi-
tion is a major requirement to accomplish high quality thin films by optimis-
ing a variety of deposition parameters. Hence, the basic theoretical models of
laser-target interaction, plasma formation, expansion and finally material
condensation on a heated substrate have been reported. Hereby, the emphasis
was on the interrelation of processing parameters and film nucleation in order
to give some practical advises for thin film deposition by PLD.

After a general introduction into epitaxy and material properties, chapter 3
was devoted to the use of buffer layers in order to allow and to improve epi-
taxial growth of functional oxide layers on technical substrates. By the intro-
duction of a new two step deposition technique for Y-stabilised ZrO,, a high
crystalline growth template for subsequent oxide layers on silicon was
achieved. However, it was found, that the dielectric properties of the YSZ
layer are sensitive to the oxygen content and interface morphology, mainly
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influenced by the thickness of the first layer, which was deposited at low
pressures. Thus, charge trapping sites and mobile ions due to oxygen vacan-
cies in the YSZ layer lead to a significant hysteresis and shift in C(V)-
characteristics. Based on the YSZ growth template, BaZrOs; has been investi-
gated as an additional buffer layer material for the high-T. superconductor
YBa,Cu3O7.5 on technological relevant silicon substrates. Within a first ap-
proach on SrTiO; substrates, the effective dielectric constant of BaZrOs; was
determined to €=65. Possibly caused by the movement of oxygen vacancies
due to PLD deposition at low pressures, an observed dispersion behaviour
could be described by modified Debye relations (Cole-Cole). The extraordi-
nary high crystalline quality of BaZrOs buffer layers with a FWHM of rocking
curves below 0.05° and a surface roughness of 0.4nm rms enables perfect
cube-to-cube growth of YBa;Cu3O7.5 on BaZrOs. The HTSC exhibits crystalline
and electronic properties comparable to what is typically obtained on single
crystalline SrTiOs;. Comparative measurements show, that besides a slightly
elevated transition temperature of T,=90.2K, a substantial improvement of
the YBa,Cu3Oy7.5 surface roughness to 2nm rms was achieved. Consequently,
the application of BaZrOs; was extended as an additional buffer in
YBa:Cu307.5/BaZrOs3/YSZ heterostructures on silicon. By means of detailed
four circle X-ray analysis it was shown, that the introduction of a few mono-
layers BaZrOs; completely avoids £9° in-plane rotated grains of the
YBa.Cu3Oz7.5 layer, which are usually observed for direct deposition on YSZ.
Resistive measurements show a transition temperature above 89 K, which is a
value comparable to best results for the usually applied CeO,/YSZ buffer
layer combination.

In chapter 5, the possibility to utilise the previously investigated materials
for controlling the growth orientation of a YBa,CusOr.s layer is reported.
Based on the idea of continuous lattice match [Wu 92], a new layer sequence
YBa;Cu3z07.5/Ce02/YSZ/BaZrOs on SrTiOs for bi-epitaxial grain boundary
Josephson junction has been found and its epitaxial relations have been clari-
fied. To the authors knowledge, with respect to crystallinity and supercon-
ductivity (T,=91.7K and AT.=0.15K), the properties of an in-situ deposited
layer sequence belong to best results obtained hitherto in this field and are
even comparable to properties observed on lattice matched substrates without
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buffer layers. Preliminary investigations have been performed in order to re-
alise a bi-epitaxial grain boundary junction by the use of this layer sequence.
However, the properties observed on the prepared junctions are not sufficient
for technological applications. By detailed analysis of film surface morpholo-
gies at different stages of the inserted structuring steps, it is clearly shown
that the reduction of superconducting properties is a result of the variety of
process steps. Several approaches in order to improve this process have been
investigated. Especially the aspects of an incident ion beam on surfaces are
discussed in detail. Thus, a basis for further investigations in the field of bi-
epitaxial grain boundary Josephson junctions is given.

Chapter 6 is dedicated to the ferroelectricity of SrBi,Ta;Og thin films on
silicon substrates and the ability to enforce a crystalline orientation of this
functional layer by the introduction of buffer layers. By using a YSZ/CeO
buffer layer combination, highly c-axis oriented SrBi,;Ta,Oq films with rocking
curves of 1.2° FWHM have been obtained. A clear cube-to-cube in-plane rela-
tion of the whole heterostructure was proven by four circle X-ray analysis. In
contrast, the deposition on bare and on YSZ-buffered silicon results in the oc-
currence of the polycrystalline SrBi;Ta,Oy and the pyrochlore phase, respec-
tively. For the c-axis oriented SrBi,Ta,Og layer, from AFM measurements we
have been able to identify terraces with a dimension of roughly 200 nm and a
height corresponding to the c-axis unit cell.

In spite of the fact, that the easy direction for the polarisation of SrBi,Ta;Oq
is known to lie along the ab-plane, a memory window of MFIS structures of
0.87 V was observed for 50 nm thick c-axis SrBi,Ta;Og oriented films. Hence,
an improvement of the memory window by nearly a factor three was
achieved in comparison to polycrystalline SrBi,Ta;Og films on bare silicon
with a memory window of 0.3V for 300 nm thick films. If solely YSZ is intro-
duced as buffer layer on silicon, the non-ferroelectric pyrochlore phase domi-
nates the growth and leads to charge trapping sites at the interface and
shifted C(V)-characteristics. The capacitance of the MFS-device with c-axis
oriented SrBi;Ta;Og9 could be switched by a factor 4 (from 200 to 800 pF) by
applying 3V. These improvements are mainly due to the better crystalline
guality of the those films and the absence of amorphous SiO; at the Si/YSZ
interface. Measurements of ferroelectric Si/Ti/Pt/SBT/Au capacitor



152 7. Conclusion

structures show hysteresis loops with a maximum remanent polarisation of
Pr=6.5uC/cmz, and a coercitive field of Ec=35kV/cm. Furthermore, by means
of AFM measurements in the piezo-response mode, ferroelectric domains
have been imaged and from the observed domain wall width the resolution
limit of the this AFM method was determined to approximately 7 nm. By ap-
plying a DC-voltage of 30 V, reversible switching of the domain polarisation
was observed in AFM images. From AFM measurements in the non-contact
mode, the local polarisation of SrBi,Ta,Ogy was determined to 3.4 uC/cm2.

An alternative buffer layer combination SrZrO3z/YSZ on silicon has been
investigated in order to enforce the growth of SrBi.Ta;Og with its polarisation
axis along the substrate (device) normal. SrZrOgs layers are highly a-axis ori-
ented and show a four domain in-plane relation with the YSZ layer. Substan-
tiated by four circle X-ray measurements, a growth model has been presented,
which explains the observed X-ray diffraction patterns by geometric consid-
erations. The SrBi.Ta>Og layer on top of this buffer layer combination indi-
cates a-axis as well (116)-oriented grains. With respect to the SBT(100) and
SBT(116) in-plane orientation, no clear picture is obtained from XRD meas-
urement solely. However, the combination of a growth model and AFM
measurements with a matching predominant grain orientation strongly indi-
cate a four domain growth of both SrBi,Ta;Og orientations on top of SrZrOs.
Further investigations are necessary in order to identify the particular X-ray
reflections and to determine the exact ratio between the SBT(100)- and
SBT(116)-orientation. Preliminary investigations of the ferroelectric properties
have been performed. A strong influence of mobile ions and charge trapping
sites aggravates the interpretation of C(V)-characteristics. However, the di-
electric constant of SrZrO; and SrBi;Ta,Og could be determined to € =29 and
€ =20, respectively. The strong lowering of the dielectric constant for
SrBi;Ta;0Og was explained by the surface morphology with smaller grain sizes
than observed for c-axis and polycrystalline SrBi>Ta;Oq.
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Historical Overview

1960 Development of the first ruby laser

1963  First experimental and theoretical work about the
interaction between intensive laser radiation and
solid-state surfaces

1965 Deposition of thin films (CdTe, Sb;S3, M0oOs, PbCl,,
etc.) by a ruby laser [Smi 65]. However, a only small
bandwidth of materials as a result of limited laser
energies and available wavelengths

1968 CO; laser and Nd3*:YAG laser

1969 first ferroelectric perovskite-oxide films (BaTiO3)

1975 Development of Q-Switch O short laser pulses with
high energy density, more materials

1986 Discovery of high-T. superconductivity

1987  Perovskite-type-superconductors deposited by PLD
in oxygen

Table 8.1: History of pulsed laser deposition.
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PLD Deposition Parameters for YBa;CuzO7-5

For deposition of YBa,CusO.5, the optimum oxygen pressure is in the
range of 0.1 mbar to 0.6 mbar. Best superconducting properties (T;>91K,
AT:<0.2K) are achieved for higher oxygen pressures. In this case, the surface
morphology shows a high density of CuO; outgrowths and an increased
overall roughness. Targets with high density, intensive pre-ablation, moder-
ate laser energy densities and laser beam scanning avoid droplet formation. In
order to optimise the surface properties (less outgrowths, low roughness),
lower oxygen pressures are appropriate (0.15-0.3 mbar), governed by slightly
decreased superconducting transition temperatures and widths (T;=90K,
AT.<1 K). Optimised deposition parameters and important processing steps
for achieving optimal superconducting properties are:

Pre-ablation:
« target polishing
- number of pulses: 2000, repetition rate: 10 Hz
« E=103 mJ, spot size: 2x2 mm?2, J = 2600 mJ/cm?

Ablation:
« number of pulses: 3000, repetition rate: 3 Hz
« laser beam scanned across rotating target
- ablation rate: 0.8 nm/pulse O thickness: 240 nm
« E=103mJ, spot size: 2x2 mmz, J=2600 mJ/cm?2
« deposition temperature: T=830 °C
« oxygen pressure: p=0.6 mbar
- target-substrate distance: d =38 mm

Oxygen loading and cool down:
« cool down from 830 °C to 780 °C with 15 K/min at 0.6 mbar

« increase of oxygen pressure from 0.6 mbar to 1000 mbar within
a temperature ramp from 780 °C to 730 °C (15 K/min)

further cool down from 730 °C to 580 °C at 1000 mbar
oxygen loading 60 min at 1000 mbar and 580 °C
« cool down to room temperature with 15 K/min at 1000 mbar
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Deposition Parameters of Materials used in this Work

Material BZO YSZ YSZ1st YSZ2nd SZO CeO; SBT  YBCO
Bottom layer/substrate| STO STO Si Si YSz STO CeO:2 STO
YSz BZO SZO BZO

CeO;

Temperature T [°C] 650-750 850-870 850-870 850-870 750-800 750-830 750-850 830
Pressure p [mbar] 106 0.3 5x10% 5x104 5x104 0.1-0.25 0.2-04 0.3-0.6

Energy Density J [Jcm?]| 2.0-2.3  >3.0 >3.0 >30 15-25 20-23 15-25 2.6

Repetition Rate f [Hz] 3 3 3 3 3 3 3 3
Distance d [mm] 22 <20 <20 <20 35-40 3540 3540 30-35
Dep. Rate n [nm/p] 0.11 0.04 0.04 0.04 0.035 0.12 0.13-0.16 0.16
w-scan FWHM [°] 0.04-0.2 0.3-1.0 - 0.6-1.4 13-16 03-06 1.8-3 0.15-04

Table 8.2: Deposition parameters of the materials with temperature T, oxygen pressure p, laser
energy density J, pulse repetition rate f, and target to substrate distance d. Moreover, the typi-
cally obtained FWHM of rocking curves is listed.

Target Preparation

There are a few intrinsic restrictions placed on the targets used in a PLD
system. Successful depositions can be made from pressed powders, sintered
pellets, cast material, single crystals and metal foils. The main differences
between these different target morphologies is in the nature of the target ero-
sion and the generation of particulates (droplets). A good rule of thumb is
that high-density and highly homogenous target yield the best films. How-
ever, even the best targets must be resurfaced (sanded flat) at regular inter-
vals in order to perform optimally. The whole set of materials, that has been
investigated in this work is based on self-manufactured sintered ceramic tar-
gets. Due to the target holder dimensions, pellets with a diameter of 25mm a
thickness of 3-5mm have been manufactured. In general, the stoichiometric
pulverulent initial material has to be grinned intensively (ball mill and by
hand) in order to yield high dense and homogenous targets. The powder is
pressed into pellets by a hydraulic press with maximal pressure of 20 KN. For
YBa>Cu3zO7.5 and SrBi,TaOy the initial powder consists of carbonates with a
stoichiometric amount of the required elements. The powder has to be calci-
nated and once more grinned before the pellets are pressed. This step has to
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be carried out extremely accurate. The sintering process is performed on top
of a Al,O3 plate at temperatures just below the melting point of the material.
To avoid crack formation the sintered pellets are heated up and cooled down
with a rate below 1K/min. The optimal preparation parameters for the inves-
tigated materials are listed in the table below:

Pressure | Calcination | Calcination = Sintering | Sintering

Material Temp. Duration Temp. | Duration
[kN] [°C] (h] [°C] (h]
BaZrOs 8-10 - - 1450-1500 24
Ce0O; 10 - - 1100 12
YSZ® 20 - - 1100-1200 24
YBa:CusO7-5 ® 20 850-860 24 955 24
SrBi;Ta:09  (Sr:Bi:Ta)=(1:2:2) © 15 800 24 94 24
SrBi;Ta:09  (Sr:Bi:Ta)=(1:2.3:2) 15 840 8 940 24

Table 8.3: Target preparation parameters. (@) 9 mol% ZrO, 91 mol% Y:0s. (b) The calcination
step has been performed twice at a temperature of 850°C (1st) and 860°C (2nd). (c) Different tar-
get compositions have been investigated. Consistence with X-Ray powder simulations was ob-
served for all compositions. Best results have been achieved for a target composition 1:2.3:2
[Sch 99].
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