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Nederlandse samenvatting
—Summary in Dutch—

Yttrium gestabiliseerd zirconium (YSZ) heeft vele interessante eigenschappen
en is daarom een vaak gebruikt materiaal in talrijke toepassingen: als
bufferlaag, in zuurstofsensoren, in nucleaire toepassingen en warmte-isolerende
coatings. Een ander typisch voorbeeld is het gebruik van YSZ als elektrolyt
in vastestofbrandstofcellen. Dit elektrolyt heeft een hoge ionengeleidbaarheid
bij hoge temperatuur. Momenteel wordt er onderzoek gedaan om de
werkingstemperatuur te verlagen door het elektrolyt te verdunnen. Door de
laagdikte te minderen, kunnen de eigenschappen van YSZ echter veranderen ten
opzichte van de bulkeigenschappen van deze materialen. Dit is te wijten aan het
optreden van nano-effecten. Het doel van dit werk is om een beter inzicht te
verwerven in de YSZ microstructuur en kristalliniteit. Een beter begrip van het
materiaal laat toe om de YSZ eigenschappen te manipuleren.

De YSZ dunne lagen werden afgezet door middel van DC dual reactief
magnetron sputteren (een fysische dampafzettingstechniek). In deze techniek
wordt een negatieve spannning aangelegd tussen de target en de kamer. Hierdoor
worden positieve ionen versneld naar de target en botsen ze met de atomen van het
bronmateriaal. Deze atomen verlaten het bronmateriaal als gesputterde atomen,
en worden finaal afgezet op de kamerwanden en het substraat. Door lokaal op
het substraatoppervlak een reactief gas te blazen, wordt een oxidelaag gevormd.
Bovendien laat deze lokale gasstroming een afzetting bij hoge depositiesnelheid
toe. Op deze manier kunnen dunne lagen met diktes van enkele nanometers
tot enkele micrometers afgezet worden. Door twee onafhankelijke bronnen te
gebruiken (yttrium en zirconium), kan de samenstelling van de dunne lagen
gevarieerd worden. Een variatie van de afzettingsparameters laat ook toe om de
morfologie en textuur van de dunne lagen te beinvloeden. In dit werk worden YSZ
lagen afgezet op glas, silicium en saffier. De substraatkeuze wordt bepaald door
de toegepaste karakteriseringmethode.

De dunne lagen hebben een typische kolomstructuur. Uit de microstructuur kan
afgeleid worden dat onze lagen in zone T van het uitgebreid structuurzonemodel
groeien. Het uitgebreide structuurzonemodel toont aan dat de eigenschappen
van lagen in zone T sterk beinvloed worden door de depositieparameters.
Daarom wordt de invloed van de depositieparameters op vier karakteristicke
laageigenschappen bestudeerd. De onderzochte laageigenschappen zijn de
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samenstelling, de laagdikte, de kristalgrootte en de roosterparameter. De
depositieparameters worden telkens veranderd om een gewenste laag te bekomen.
Op deze manier wordt er een databibliotheek aangemaakt van het YSZ systeem
als functie van de depositieparameters target-substraatafstand, ontladingsstroom,
gasdruk en depositietijd. De chemische samenstellingen werden ook vergeleken
met simulatieresultaten. Hierbij werd de hoekdistributie in de simulaties aangepast
tot er een goede overeenkomst werd gevonden tussen de experimentele data en de
simulatieresultaten.

De onderzochte lagen vertonen een biaxiale alignering. Dit betekent dat
de samenstellende korrels niet enkel een uit-het-vlak oriéntatie hebben, maar
eveneens een in-het-vlak alignering. Een biaxiale alignering wordt bekomen
door magnetron sputterdepositie op een gekanteld substraat ten opzichte van de
magnetron. De biaxiale alignering werd bepaald door de poolfiguren van de (111)
en (100) netvlakken op te meten. De [200] richting is de uit-het-vlak preferenti€le
oriéntatie. Hoewel de dunne lagen groeien onder verschillende depositiecondities
werd er geen zonetransitie in het uitgebreid structuurzonemodel vastgesteld. Er
werd wel een kanteling van de [200] richting waargenomen bij een toenemende
hoeveelheid Y. Er worden twee technieken voorgesteld om deze kanteling te
bepalen. De eerste techniek is gebaseerd op de azimutale hoek van poolfiguren en
de tweede techniek maakt gebruik van de resultante van de hoogste intensiteiten
van de X-straaldiffractie (XRD) bij een 6/26 meting. Beiden kunnen voorgesteld
worden in een polaire plot. De XRD/polaire plot kan echter op twee manieren
geinterpreteerd worden. In ons geval is het resultaat van het overhellen van de
korrels. Deze interpretatie geeft snellere en nauwkeurige resultaten.

Een goed begrip van de factoren die de kantelhoek van de kolommen bepalen
is ook belangrijk voor dunne laagtoepassingen, omdat de kolomoriéntatie één van
de hoofdassen bepaalt voor alle anisotrope laageigenschappen. De kolomgroei
vertoont een andere helling in functie van de Y hoeveelheid. De kantelhoek
van het rooster en de kolomhelling werden gecorreleerd. Tot een zekere
samenstelling werd er een goede overeenkomst tussen beiden vastgesteld. Voor
hogere waarden echter werd er een afwijking gevonden. Deze afwijking is te
wijten aan de 3D groei van de kolommen. Deze kan immers niet gevisualiseerd
worden door een dwarssectie van de dunne laag waargenomen door middel van
rasterelektronenmicroscopie (SEM).

Er werd een model opgesteld die toelaat de kolomhelling te voorspellen.
Dit model is gebaseerd op de samenstellingsgradiént. De macroscopische
samenstellingsgradiént werd bepaald via een een rasterelektronenmicroscopie
/energie dispersieve X-straal analyse (SEM/EDX) op de volledige YSZ
laag. De samenstellingsgradiént op nanoschaal daarentegen werd bepaald via
een scanning transmissie elektronen microscopie /energie dispersieve X-straal
analyse (STEM/EDX). Deze laatste beschouwt de variatie in samenstelling
langs een aantal kolommen van de laag. Uit de vergelijking volgt dat
de samenstellingsgradiént op macroschaal gelijk is aan deze op nanoschaal.



SUMMARY IN DUTCH XXiX

Bijgevolg is het voldoende om een macroscopische schaal te gebruiken om het
beoogde model op te stellen. Het ontwikkelde model werd toegepast op beide
analysemethoden om de gelijkheid te bevestigen. Het ontwikkelde model komt
goed overeen met de experimentele resultaten.

Een goed begrip van en volledige controle over het YSZ systeem laten toe om
de groei van de nanostructuur lagen te manipuleren. Door de microstructuur van de
lagen te veranderen, kunnen er lagen gemaakt worden met anderen kolomvormen.
Een voorbeeld is de zig-zag vorm. Een verandering van de microstructuur kan
eveneens de laageigenschappen beinvloeden. De microstructuur heeft een effect
op de optische eigenschappen. Ook andere factoren die een invloed hebben
op de optische eigenschappen moeten in rekening gebracht worden (bv. dikte,
Y hoeveelheid, gasdruk en porositeit). De microstructuur kan eveneens de
ionengeleidbaarheid van dunne lagen beinvloeden. De meting van de impedantie
is echter niet zo voor de hand liggend omdat talrijke externe factoren in rekening
moeten gebracht worden. Daarom kon een uitgebreide studie naar het verband
tussen de ionengeleidbaarheid en de laagmicrostructuur niet uitgevoerd worden.
Eerste testresultaten zijn echter veelbelovend: de ionengeleidbaarheid van onze
monsters blijkt vergelijkbare te zijn aan de geleidbaarheid van de bulk YSZ.
Verder onderzoek is nodig om de invloed van de microstructuur en textuur op de
ionengeleidbaarheid van YSZ dunne lagen beter te begrijpen.






English summary

Due to its many interesting properties, yttria-stabilized zirconia (YSZ) is a popular
material used in several applications: buffer layers, oxygen sensors, nuclear
applications and thermal barriers coatings. Another typical example is the use
of YSZ as an electrolyte in solid oxide fuel cells. This electrolyte has a high
ionic conductivity, but only at higher temperatures. Current studies aim to lower
the process temperature by reducing the thickness of the electrolyte. However,
a reduction in thickness might change the YSZ properties in comparison to the
bulk properties of these materials. The fundamental aspects involved change
due to the occurrence of nano-effects. The objective of this work is to gain a
better understanding of the YSZ microstructure and crystallinity, which opens the
possibility to manipulate the YSZ properties.

In this study, the YSZ thin films were produced using DC dual reactive
magnetron sputtering (a physical vapor deposition technique). In this technique
a negative bias is applied between the target and the vacuum chamber. Positive
ions are then accelerated and collide with the target atoms This results in the
ejection of the target atoms which are then deposited on the chamber surfaces
(e.g. the substrate). The addition of a reactive gas on the substrate surface allows
the growth of an oxide film. In this work, a localized gas flow directed to the
substrate is used to permit the growth of an oxide film at high deposition rate. This
technique allows to deposit thin films with thicknesses ranging between a few
nanometers up to micrometers. By using two independent sources (yttrium and
zirconium) the elemental composition of the thin films can be varied in a flexible
way. Additionally, varying the deposition conditions enables us to modify the thin
film morphology and texture. In this work YSZ thin films are deposited on glass,
silicon or sapphire substrate. Each of these substrates was selected based on the
applied characterization method.

The thin films have a columnar structure which indicates that the films grow in
the so-called zone T of the extended structure zone model. In addition, it is known
that zone T is strongly affected by the deposition conditions. Therefore, four film
characteristics (i.e. composition, thickness, grain size and lattice parameter) are
studied as function of the deposition conditions. Full control of the deposition
conditions is achieved to obtain a desired film. In this way, the results provide a full
library of the YSZ system under the specific conditions of target-substrate distance,
current, pressure and deposition time. Additionally, the compositional data are
compared to simulation results. The angular distribution in the simulation data
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was tuned until a good fit (approximately 9%) was found between experimental
data and simulations.

Interestingly, the studied films present a biaxial alignment which means that the
constituent grains not only have an out-of-plane orientation but also an in-plane
alignment. The biaxial alignment is easily achieved using magnetron sputter
deposition by inclining the targets with respect to the substrate. The biaxial
alignment could be concluded from pole figures of the (111) and (100) lattice
planes. The [200] direction is identified as the out-of-plane preferentially oriented.
Although the deposited films were grown under different deposition conditions,
no transition in the structure zone model was noticed. Instead, a tilt of the [200]
direction is noticed as soon as the content of Y increases. In order to identify the
grain tilt on the YSZ system two techniques were proposed. The first technique is
based on the azimuthal angle of pole figures while the second technique uses the
resultant vector from the highest intensities of the X-ray (6/26) diffraction (XRD).
Both are depicted in a polar plot. The XRD/ polar plot, however, can be interpreted
in two ways. In our case is the result of the tilting of the crystals. Using this
interpretation leads to faster and accurate results.

An understanding of the factors that determine the columnar growth angle is
also important for thin film applications, because the column orientation defines
one of the principal axes for all anisotropic film properties. The columnar growth
shows a different tilt as a function of the content of Y. The grain and columnar
tilt were correlated. An agreement between both occurs until approximately
20 at.%Y. Above this value, a difference is noticed. This difference is related
to the 3D growth of the columns which cannot be identified by a scanning electron
microscopy (SEM) cross section view.

A stress model to determine the grain tilt was developed. The tilt is predicted
based on the characteristics of YSZ. The characteristics were investigated taking
into consideration the macroscopic as well as the nano scale compositional
gradient. The macroscopic compositional gradient is obtained via scanning
electron microscopy/energy dispersive X-ray spectroscopy (SEM/EDX) analysis
on the full YSZ layer while the compositional gradient at nano scale was
obtained via scanning transmission electron microscopy/energy dispersive X-ray
spectroscopy STEM/EDX. The latter considers the compositional variation along
few columns of the film. The comparison showed that the compositional gradients
on macro and nano scale are equivalent. Hence, the use of a macroscopic scale is
sufficient to develop the model. However, the model was applied to both analysis
methods to confirm their equivalence. It was found that the proposed model agrees
well with the experimental results.

The control and understanding of the YSZ system allow manipulating the
growth of nanostructured films. Playing with the microstructure of the films, it is
possible to create films with different columnar shapes, as for example in a zig-zag
shape. The change of the microstructure can affect the optical properties of the
films. Films with refractive index of 2.2 (at wavelength of 550 nm) and a band gap
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of 5.63 eV were deposited. However, it is necessary to take into consideration other
factors that also contribute to the variation of the optical properties, for example,
thickness, Y content, pressure and porosity. The film microstructure can also affect
the ionic properties of thin films. Unfortunately, an extensive study on the relations
between ionic conductivity and film microstructure could not be performed. The
main reason is that the measurement of the impedance is not trivial because several
external factors need to be taken into account. However, a first trial of our samples
returned a positive feedback, indicating that the samples possess a meaningful
ionic conductivity (1.37x107% S/cm) in comparison to the conductivity of a bulk
YSZ (1.67x1075 S/cm). Therefore, we incentive the investigation of the influence
of the microstructure and texture on the ionic conduction of YSZ thin films.






Introduction

Driven by the global quest for alternative materials, several initiatives have
been started to develop better materials to be applicable not only in research
but also in industry. There are two possible ways to obtain these materials.
The first comprises the discovery of a new material, while the second involves
the understanding of the behavior of an existing material in order to control
its characteristics. Due to the strong driving force towards creation of new
technologies, up to now more effort has been done in the development of new
materials, leaving the understanding to a side.

This research focuses on Yttria-stabilized Zirconia (YSZ), which is commonly
known as solid electrolytes. These types of electrolytes are electrically conductive
materials due to the presence of mobile ions acting as charge carrier. The charge
carrier can be a cation (such as H*, Li*, Ag*) or an anion (such as F~ and 0?7). A
vast amount of literature data on these materials is mostly related to bulk materials
and thick films. However, there is at present a limited amount of information on the
fundamental aspects related to solid state electrolytes on academic level, specially
in Flanders. Nevertheless, this fundamental research is needed to support the idea
of understanding the material in order to control its properties.

In order to discern the relations happening in the solid state electrolyte, it is
necessary to reduce its proportions to atomic level. Downscaling the electrolytes
to thin films, for example, changes their fundamental aspects due to the occurrence
of small scale or nano effects. Essentially, two fundamental questions arise when
reducing the film thickness.

First, one can question if the results related to the influence of the composition
on the ion conductivity as measured for bulk solid state electrolytes can be
transferred to thin film materials. The pronounced scatter of the activation energies
for the oxygen ion migration and electrical conductivity properties of solid state
electrolytes as a function of their composition makes it difficult to answer this
question.

The second question is related to microstructure and crystallinity. At present, it
is not clear how the microstructure of solid state electrolytes affects the properties
of the thin films. However, a good understanding of this relationship would open
the possibility to manipulate the YSZ properties by controlling the nanocrystalline
microstructure of the thin film.

Naturally, one must realize that this subdivision based on these two questions
is somewhat artificial as the thin film morphology and texture can be related to the
composition. Hence, only a multi-axis approach allows a full understanding due to
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the relationship between composition and microstructure (and texture). Therefore,
it is necessary to investigate the morphological and textural characteristics of thin
films as function of both composition and deposition conditions. In this way, the
three principal axes are i) elemental composition, ii) microstructure and texture
and, iii) properties.

Therefore, the development of this thesis is divided in the following structure:

Chapter 1: Presentation of the YSZ system, its properties and some
applications.

Chapter 2: Description of thin film techniques. A focus is given to DC
unbalanced reactive magnetron sputtering, which is the technique used in this
work. In addition, some fundamentals aspects involved in this technique are
explained.

Chapter 3: Growth of thin films, starting from nucleation up to a developed
thin film. Fundaments of the film growth necessary to the comprehension of this
work are given.

Chapter 4: Definition of the experimental setup used to deposit YSZ thin films.
The deposition conditions are included as well as the characterization techniques
used.

Chapter 5: Examination of the influence of deposition conditions on the film
characteristics. Due to its extension, this chapter is subdivided in five parts.

Part I talks about the influence of the deposition conditions on the thickness,
composition, grain size and lattice parameter.

Part II shows the use of the experimental data to validate simulation results.

Part III investigates the YSZ microstructure as a function of the deposition
conditions.

Part 1V focus on the YSZ texture as a function of the deposition conditions.

Part V discusses the relations between microstructure and texture.

Chapter 6: Analyses in nano scale supported by the development of a model
to elucidate the effects occurring during film growth.

Chapter 7: Tuning the microstructure and texture to produce zig-zag films and
the effects on the optical properties due to the changed film microstructure.

Chapter 8: Recommendations for future work based on the ionic properties of
the YSZ system.

This series of chapters enable us to reach the goal of the research project, i.e.
to unravel the behavior of YSZ thin films which can form the basis to improve the
current properties of the YSZ system. Unfortunately, some aspects will still remain
unsolved but with this research, it is expected to contribute to a large extent to the
fundamental knowledge related to the YSZ system.



Yttria-Stabilized Zirconia,
characteristics and applications

This work focuses on Yttria-Stabilized Zirconia (YSZ) thin films. In this chapter,
we will first discuss the phase diagram of the considered YSZ system and its
characteristics. Next, some examples of the applicability of YSZ are shown.

1.1 Crystal phases of Yttria-stabilized zirconia

Zirconium dioxide or zirconia (ZrO,) exists in three crystal phases at different
temperatures: monoclinic, tetragonal and cubic. These can be seen as variants
of the cubic fluorite structure. At room temperature, zirconia is monoclinic. The
structure changes to the tetragonal phase above 1180 °C. And above 2370 °C, it
reaches the cubic phase [1,2]. This cubic phase is one of the most interesting
phases of zirconia due to its chemical stability, and its excellent mechanical,
thermal and electrical properties. But, its applicability is limited because it can
only exist at high temperatures. When cooling to room temperature, a volume
change caused by the phase transformation from cubic to tetragonal and then to
monoclinic induces large stresses, causing a possible rupture of the ZrO- lattice
[1]. However by adding other oxides, the zirconia can be stabilized in the cubic
phase at room temperature [2].

Investigations performed by Ruff and Ebert [3] and by Geller and Yavorsky [4]
demonstrated that yttria (Y2Og) in the zirconia lattice stabilizes the cubic form
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at room temperature. This is illustrated in Figure 1.1, where the phase diagram
for the zirconia yttria system is shown. At 0 mol% of Y,Oj3 the transformations
described above occur. The addition of yttria exceeding 7 mol%, for example,
completely stabilizes the cubic phase at room temperature. Lange et al. [5] showed
a combination of monoclinic and cubic phase from 2 to 7 mol% Y-Osg, see also
Figure 1.1. Above 7 mol% the cubic phase is present. Other authors have also
studied the Y203-ZrO, system. According to the work of Duwez et al. [6], up
to 5 mol% of yttria the phase present is monoclinic. From 5 to 7 mol% there
is a combination of cubic and monoclinic phase. Between 7 and 70 mol% of
yttria, the cubic phase is dominant and the lattice parameter of the cubic phase
varies linearly following Vegard’s law [7]. More information and results about
this linearity dependence will be explained in further sections. And finally, above
70 mol% of yttria a certain amount of yttria solid solution can be found until a pure
yttria structure is obtained.

Due to the addition of yttria, oxygen vacancies are introduced in the ZrO,
lattice, resulting in an improved ionic conductivity at high temperatures. YSZ are
also known due to other advantageous properties such as high thermal stability,
corrosion resistance, low thermal conductivity and good optical properties [8, 9].
These make yttria-stabilized zirconia (YSZ) suitable as electrolyte in solid oxide
fuel cells [10, 11], oxygen sensors [12], as well as in other applications [13-15].

2500 T
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Figure 1.1: Phase diagram of the Zirconia-Yttria system, the tetragonal, cubic and
monoclinic phase are indicated by the letters T, C and M, respectively [5].
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The basic structure is described as face centered cubic (FCC) zirconia lattice.
The cations (Zr**) occupy the tetrahedral sites while the anions (O27) fill the
octahedral sites. This structure is illustrated in Figure 1.2.

o
. Zr4+
@ o
£ Oxygen
< Vacancy

Figure 1.2: Schematic figure of yttria inserted in the zirconia lattice. (Image adapted from
University of Cambridge [16].

Divalent or trivalent cations, such as: Ca?*, Mg?*, Sc3*, Y3, etc. [17-23], can
stabilize zirconia in the cubic phase at room temperature, the latter shown above.
These dopant ions replace the Zr** ions, introducing oxygen vacancies in return,
maintaining the charge neutrality of the system. The creation of oxygen vacancies
can be expressed by the Kroger-Vink notation:

OFVg+2e'+10,

where Of is the oxygen with zero effective charge, V{; is charged oxygen
vacancy, e is the electron and Oy is the oxygen molecule.

When doping with Y503, the Y3* ions substitute the positions of Zr** while
keeping the FCC lattice. The tetrahedral sites remain occupied by O?~ ions. Due
to the difference in the ionic radius of both elements (0.90 A for Y>* and 0.72 A for
Zr4+), there is a small deformation of the zirconia lattice when the Y3* is inserted
(see Figure 1.2).

1.2 Properties of YSZ

Due to its excellent characteristics, YSZ can be employed in several areas of
interests. The characteristics are also mutually dependent, which make them
suitable for different applications. Some key benefits for the use of YSZ are listed
below.
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* Dielectric properties: Lanagan et al. [24] studied the effect of microwave
frequencies, temperature and yttria concentration on the dielectric properties
of zirconia. The dielectric constant exponentially increases with temperature
and frequency, as indicated in Figure 1.3a. At room temperature and an
yttria content of 14 mol%, the dielectric constant is independent of the
frequency, having a value of 27. However, as soon as the temperature
increases, the frequency starts to play a role in the dielectric value, going
from 27 to 30 at 100 kHz and from 27 to 55 at 100 Hz. In Figure 1.3b, it is
shown that YSZ has a low-loss dielectric behavior, presenting an exponential
behavior going from approximately 0 at low temperature to 0.1 (100 kHz)
and to 1.3 (100 Hz) with a temperature range from 25 °C to 200 °C. The
content of yttria varying from 0 to 9 mol% also increases the dielectric
constant from 18 to 27 as well as the dielectric loss from 0.0007 to 0.0047. In
the work of Samara [2] similar results were reported. A sample of 9.5 mol%
Y203 presents the same exponential behavior for the dielectric constant and

dielectric loss at higher temperatures and frequencies.
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Figure 1.3: a) Dielectric constant and b) Dielectric loss as a function of temperature and
frequency at 14 mol% Y203 [24].

* Ionic properties: YSZ is well known for its high ionic conductivity at high
temperatures [25]. The Arrenhius plot for the total conductivity of a §YSZ
bulk [26] (grain and grain boundary contribution) is represented in Figure
1.4. Note that the conductivity increases from 1x1075 S/cm at 500 °C up to
4x1073 S/cm at 900 °C, illustrating the increase of conductivity at higher
temperatures. Some authors [27-29] have studied nano YSZ films with
thickness varying from 20 to 100 nm obtaining conductivities in the order
of 1x107° S/cm at 400 °C, meaning that thinner films allows a reduction of
temperature for this value of conductivity.
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Figure 1.4: Arrhenius plot for the conductivity of a 8YSZ. Figure adapted from [26].

e Mechanical properties: Excellent mechanical properties, such as high
hardness and bending strength make yttria-stabilized tetragonal zirconia
polycrystal (Y-TZP) a good replacement material for biochemical
components [30-32]. The cracks due to fatigue are a main drawback since
Y-TZP is susceptible to fracture due to its brittleness. But, Y-TZP is stronger
than alumina, as indicated in the work of Zhang et al. [33] who examined
the fatigue response in repetitive stress behavior. Piconi and Maccauro [34]
compared the mechanical properties of several materials, currently used
for biomedical applications, including Y-TZP. These values can be found
in Table 1.1. The Young’s modulus of Y-TZP indicates that this material,
as well as the metals and alloy can be easier handled than alumina. In
addition the high bending stress suggests the use of this material under
higher bending loads. However, lower hardness makes it less susceptible
to impact than Al;O3.

Properties Ti6Al4V | 316 SS | CoCr Alloy Y-TZP Al,O4
Youngs modulus [GPa] 110 200 230 210 380
Bending strength [MPa] 800 650 700 900-1200 | >500

Hardness [HV] 100 190 300 1200 2200

Table 1.1: Mechanical properties of some materials [34]
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* Optical properties: YSZ has also good optical properties such as high
refractive index, large optical band gap and transparency in a wide
wavelength range. The first has been shown to decrease with the increase
of Y content. However, the values of the refractive index remain high in
the range of 2.11 to 2.23 (550 nm) [35, 36]. The large band gap of YSZ
between 5.2 - 6 eV [36-39] allows YSZ to support stronger electrical fields
and higher temperatures [40]. Finally, YSZ is transparent from the near
infrared (800 - 1400 nm) to the ultraviolet (10 - 400 nm) due to its high
spectral transmission [41].

* Structural and chemical properties: YSZ presents a great chemical stability
in both, reducing atmospheres and oxidizing atmospheres. It is also
structural stable, which means that it does not experience any disruptive
phase transformation when submitted to a change of environment or
temperature [42]. The texture and the crystallinity of the layers are also
desirable to reduce the in- and out-of-plane misalignment between layers
[43,44].

* Thermal properties: Thermal expansion is an important factor when layers
are combined in stacks [45]. Figure 1.5 shows the comparison in thermal
conductivity between YSZ, nano-YSZ and 5La-YSZ as a function of
temperature from the work of [46].

——YSZ
1.60 —+—nano-YSZ
——5LaYSZ
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Figure 1.5: Variation in thermal conductivity as a function of temperature [46].

A large difference in thermal expansion between adjacent layers can cause
cracking and/or delamination, especially when submitted to thermal cycles. The
coefficient of thermal expansion of YSZ remains unchanged despite of the working
temperatures and pressures. Another important thermal property is the ability
to conduct heat, quantified by the thermal conductivity. In the work of Rauf et
al. [46], the thermal conductivity of the lanthana-doped yttria-stabilized zirconia
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reduces the thermal conductivity from 1.037 W/m.K at room temperature down
to 0.839 W/m.K at 900 °C. Bulk YSZ also presents a small decrease of the
thermal conductivity from 1.42 W/m.K at room temperature down to 1.35 W/m.K
at 1200 °C. Reductions of the thermal conductivity are associated with the creation
of additional oxygen vacancies. On the other hand, nano-YSZ shows a constant
thermal conductivity of 1.18 W/m.K.

1.3 Applications of YSZ

It was already mentioned that YSZ presents excellent properties that makes it an
interesting material for several applications. YSZ in different forms and shapes
have been studied and manufactured. YSZ can be found as bulk [47], thick
films [8,48,49], thin films [10,50-52] or nanolayers [12, 14, 15] and nanoparticles
[53,54]. The main applications using YSZ will be briefly introduced in the next
sections. This includes the use of YSZ as buffer layers, thermal barriers coatings,
oxygen sensors and solid oxide fuel cells.

1.3.1 Buffer layers

Thin films of YBasCu3Or_s (YBCO) are used as superconductors due to their
capacity of carrying very high current densities. These films can be produced on
substrates made of SrTiOs, LaAlOs or LaGaOg [55]. However, these substrates
are not only expensive but also present large electrical losses. Despite of its
mechanical fragility, MgO substrates have been an economic solution. Other
solutions have also been investigated, e.g. using buffer layers between the YBCO
layer and the substrate. These buffer layers align the individual grains of YBCO,
replicating the crystallographic texture of the alloy substrate. It also avoids
contaminations from the substrate metals [56]. A mismatch in texture can severely
decrease the current density of the superconductor. Sapphire and YSZ are possible
candidates as buffer layers. The disadvantage of sapphire is the mismatch in
thermal expansion, causing microcracks in the final structure. YSZ, on the other
hand, has become popular due to its good mechanical strength, low dielectric loss
and its chemical stability.

1.3.2 Thermal barrier coatings (TBCs)

A TBC consist of several layers which increases the engine efficiency performance
in gas turbines due to the reduction of temperature from the hot gases to the turbine
blade. This drop in temperature delays failure by oxidation increasing the life time
of the components. A schematic drawing of such a TBC can be seen in Figure 1.6.

The insulating thermal barrier coating consists of a substrate, an oxidation
resistant bond coat, an YSZ layer with a columnar structure and a thermally
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grown oxide (TGO). The YSZ layer thickness is approximately 150 pum and
the temperature drop across this thickness of the coating is 170 °C [57], see
Figure 1.6. The main characteristics of these YSZ layers are the low thermal
conductivity necessary to maximize the thermal drop, high coefficient of thermal
expansion, chemical inertness and thermal shock tolerance. Porous YSZ layers
are preferred because a decrease of the thermal conductivity occurs as the pore
fraction increases. The 75 to 150 um thickness oxidation resistant bond coat [15],
made of platinized 3-NiAl or NiCrAlY [58], is required to protect the blade from
environmental degradation. It must remain stress free, adherent and stable during
long term exposure. At elevated temperatures, oxidation of the bond coat results
in the formation of thermally grown oxide [59]. If this oxide layer is composed of
Al>Os3, it will grow slow, uniform and defect free. Moreover, such layer becomes
a diffusion barrier retarding further bond-coat oxidation. However, the formation
of other oxides can cause separation of the ceramic layer from the substrate or it
can accelerate crack nucleation during thermal exposure, leading to TBC failure. A
possible solution is a heat treatment which suppresses the formation of detrimental

oxides [60].
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Figure 1.6: Schematic drawing of a thermal barrier coating [57].

Other possible failure reasons of the TBCs are stresses due to the thermal
expansion mismatch and the continuous changing in composition, microstructure,
interfacial morphologies, and properties of the TBC system. One possible
approach to improve the performance and to guarantee components durability is
to optimize the morphology of the YSZ layer, for example using nanostructured
YSZ [14,61]. The microstructure can be manipulated in order to grow a columnar
structure. The columnar structure not only allows the increase of pore volume
fraction reducing thermal conductivity but also accommodates possible strains in
the system [62].
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1.3.3 Oxygen sensors

Oxygen sensors are devices that convert the difference between two different
partial pressures into an electrical signal. Some sensors operate by detecting the
difference between partial pressures of a reference air and the unknown partial
pressure of a gas. One of the most popular systems at high temperatures is the
potentiometric sensor, based on ceramic ion conducting electrolytes. Figure 1.7
shows a schematic drawing of such a sensor. It consists of a diffusive layer, a
YSZ electrolyte and electrodes. The diffusive layer prevents the electrode from
degradation. It also enhances sensor response by improving diffusion between
measured gas and electrode. The electrodes, usually made of Pt or Ir, have high
electrical conductivity and should induce the dissociation of oxygen molecules
[63]. Finally, the cubic YSZ electrolyte is commonly employed due to its high
ionic conductivity and mechanical strength.
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Figure 1.7: Schematic drawing of a potentiometric planar oxygen sensor [12].

The oxygen molecules are in equilibrium with the oxygen ions in the
electrolyte. This equilibrium is represented by the reaction below [12]:

0, + 4e”520%

When the oxygen concentration is different between both atmospheres, the
electrochemical cell of the sensor goes to a non-equilibrium state. As a
consequence, a non zero voltage is detected in the electrode-electrolyte interface
due to a non uniform charge distribution along the sensor. In order to reach
equilibrium the distribution of oxygen ions across the electrolyte is altered. The
non zero voltage is used to quantify the concentration of the species involved.
At thermodynamic equilibrium, the voltage between the reference electrode and
measured electrode can be expressed by the Nernst equation given by:

T re
E:EO+R—1n(p f) (1.1)
4F pnleas

where E is the measured electrode potential (voltage) and Eg is the standard
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electrode potential, prcy and ppeqs are the partial pressures of the reference and
the measured gas, respectively. F is the Faraday constant, R is the ideal gas
constant and T the temperature. The number of transferred electrons (see reaction
above) explains the use of 4 in equation 1.1.

The applicability of oxygen sensors is extended in several industrial processes
where the oxygen partial pressure might affect some properties or processing
steps, for example in automotive applications and in medical and food processing
[64—66]. Failures and drawbacks of the use of oxygen sensors are associated to
the destabilization of the cubic structures with formation of monoclinic phases
[64], to the current limitation in the electrode/electrolyte contacts and to the high
temperature operation to reach a high ionic conduction of the electrolyte [12].
Possible solutions can be obtained with the use of nanomaterials. This solution can
improve gas selectivity, lower the electrode impedance, avoid current limitation
in the electrode/electrolyte interfaces and lower the activation energies for ion
conduction.

1.3.4 Solid oxide fuel cells

A fuel cell is an electrochemical device which can provide efficient and clean
electrical energy from a chemical reaction [67—70]. An individual fuel cell consists
of an electrolyte layer in contact with a porous anode and cathode. A typical
example is the solid oxide fuel cell (SOFC) of which a basic schematic drawing is
presented in Figure 1.8.
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Figure 1.8: Schematic drawing of an individual fuel cell (SOFC).

In the SOFC, there is a continuous external supply of fuel (e.g. Hs) on the
anode side and an oxidant on the cathode side. The electrochemical reactions take
place at the electrodes and the result of the chemical reaction is the production
of electrical current. The process is a cycle and occurs as follow: On the
cathode side, there is the flow of oxidants (usually oxygen). The cathode reaction
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generates oxygen ions. These oxygen ions are transported to the anode through the
electrolyte. On the anode, the fuel passes through the surface of the anode. The
anode reaction takes place and electrons are generated. The electrons move to an
external electrical circuit connected to the cathode, where they will participate
again in the cathode reaction. In summary, electrical energy is generated by
the electrochemical oxidation of fuel, e.g. hydrogen, and the electrochemical
reduction of the oxidant, oxygen. The reactions below summarize this process:

Anode Reaction: 2H5+20%" 2H,0+4e™
Cathode Reaction: Oy+4e” 202"
Overall Cell Reaction: 2H5+052H50

Gaseous hydrogen has become the fuel of choice for most applications due to
its reactivity, its ability to be produced from hydrocarbons and its high density
when stored. The electrolyte can be based on YSZ [9, 10, 51, 71-75], CeO2
[51,76-79], Sco03 [80-82], Bi;O3 [83], or or pyrochlore oxides (A3+)2(B4*)207
such as, LnyZro07, Gdo(Zr,Tii—;)207, Yo(Zr,Tij_;)207 [84], being YSZ the
most popular electrolyte. It is important that the electrolyte presents high chemical
and thermal stability, low electrical conductivity, preventing losses from leakage
current, and high ionic conductivity over a wide operating range [10].

Although SOFCs have a high efficiency, their utility is limited by the ionic
conductivity of the electrolyte, which depends on the temperature. The nominal
operating temperature is between 700 to 1000 °C [85]. Lowering the operational
temperature is one of the main goals in current research due to their restricted
application at high temperature. One possible solution is to reduce the thickness
of the electrolyte layers and thus, minimize ohmic losses, decrease SOFC cost and
improve its performance.

1.4 Summary

Yttria-stabilized zirconia is a suitable material for several areas of interest. The
superior chemical, mechanical, electrical and structural properties of YSZ allow
them to be used in different applications. The ability of controlling the structural
phase, by doping the zirconia lattice, permits the manipulation of these properties.
However, the high temperature required for high values of ionic conductivity
remains a problem in some of the applications cited above, because the high
temperature can provoke mechanical failure or even a destabilization of the
structural phase by forming other phases. A possible solution is to control the
microstructure by changing the thickness of the YSZ to thin films.

Downscaling the thickness of YSZ to a thin film, however, changes the
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fundamental aspects of the oxygen ion conduction due to the occurrence of
small-scale or nano effects. Moreover, this reduction changes the characteristics
and structure of the electrolyte. At present, it is not clear how the microstructure of
solid state electrolytes affects the behavior of the film and its properties. Therefore,
the fundamental aspects of YSZ growth would open the possibility to manipulate
the YSZ properties by controlling thin film microstructure and texture.



Overview of thin film deposition
techniques

In the previous chapter several applications of YSZ were discussed. The YSZ
films can be produced using different growth techniques. A technique is chosen as
a function of the final characteristics of the desired film. In this study, YSZ thin
films were deposited by dual reactive unbalanced magnetron sputtering, a so-called
physical vapor deposition technique.

In this chapter we will briefly discuss some techniques to obtain YSZ thin
films. Next, reactive unbalanced magnetron sputtering is described. Finally, the
main characteristics and the processes involved in sputtering are discussed.

2.1 Thin film deposition

Figure 2.1 illustrates some techniques described in literature to produce YSZ thin
films.

The deposition of thin films can be performed by two major routes: a chemical
and a physical deposition process. In this section we present some techniques for
depositing YSZ thin films found in literature. The chemical methods consist of gas
phase deposition methods and solution techniques. The gas phase methods include
plasma-enhanced chemical vapor deposition (CVD) and atomic layer deposition
(ALD), while the solution techniques include spray pyrolysis, sol-gel methods and
and ink-jet printing. Physical methods include physical vapor deposition (PVD),
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such as, electron beam deposition, pulsed laser deposition and sputtering.

I Thin oxide film deposition processes
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Figure 2.1: Diagram of some techniques described in literature to produce YSZ thin
films [86].

2.1.1 YSZ films deposited by chemical deposition processes

Chemical vapor deposition (CVD), results in a uniform and selective distribution
over large areas, avoiding eventual compositional gradients along the substrate. An
advantage of the CVD process is that there is no need of breaking vacuum when
changing source material. On the other hand, the evaporation of toxic, inflammable
or corrosive materials is the main drawback of such technique [87]. Moreover, the
number of variables involved on the CVD process makes it a difficult technique to
get the right growing parameters on YSZ films. An example of a CVD technique
for the deposition of YSZ thin films can be found in the work of Holzschuh and
Suhr [50]. In their work, YSZ films were deposited on different substrates using
plasma-enhanced CVD. Films with a (100) textured were obtained at relative low
deposition temperatures (773 K) for a wide range of composition. Other authors
used atomic layer deposition (ALD) to fabricate nanostructured thin films to be
used as electrolyte for solid oxide fuel cells [88-91]. The reduction of the thickness
enhanced the ionic conductivity performance in comparison with a bulk YSZ.

In the solution techniques group we can describe the deposition of YSZ
using ultrasonic spray pyrolysis, sol-gel and ink-jet printing. Ramirez et al. [92]
showed that the use of ultrasonic spray pyrolysis is suitable for depositions of
YSZ. However, the main drawback in this spray technique is the presence of
contaminants from the precursor, e.g. carbon, which limits the conductivity
depending on the film composition. Another approach given in [27,93] suggests
the use of sol-gel for the formation of an YSZ layer. In the work of Zhang et al. [27]
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dense crack-free YSZ nano layers were deposited. The electrical conductivity
enhancement allows the use as an electrolyte. While in the work of Zalga et al. [93]
different sol gel routes were experienced in order to change the hydrophobic
properties of YSZ. Ink-jet printing was used in the work of Van Driessche [94]
to deposit YSZ films to be used as electrolyte for solid oxide fuell cells as well as
thermal barrier coatings, showing the flexibility of this method to deposit porous
and dense films.

2.1.2 YSZ films deposited by physical deposition processes

The physical vapor deposition (PVD) consists of three steps:

* Vaporization of the material from a solid;

* Transportation of the vapor in vacuum or partial vacuum to a substrate
surface;

* And condensation onto the substrate to generate thin films.

In general, the advantages of PVD process lay over the higher deposition rate,
simplicity of the deposition, easy control of the deposition parameters (porosity,
stoichiometry, and growth rate), use of a variety of materials as source, deposition
in large scale and being more environmental friendly when compared to some
CVD techniques. Some drawbacks of PVD can be attributed to the high vacuum
needed and to the difficulty in coating sharp or undercut surfaces.

Many authors have studied the YSZ thin films morphology, texture and
electrical properties using films produced by different PVD processes. The most
common PVD techniques present in the literature for YSZ thin films are electron
and ion beam deposition, pulsed laser deposition and sputtering. The latter will be
discussed in more detail in the following section.

* Electron and ion beam deposition: during the electron beam deposition a
source material is heated by an electron beam. Figure 2.2a shows a
schematic drawing of the electron beam deposition. Some authors studied
YSZ thin films to be applied as an electrolyte for SOFC by controlling
the growth rate as a function of the e-beam gun power [95, 96] and the
concentration of mobile charge carriers through the substrate temperature
[97,98]. In the first case, the growth rate is dependent on the e-beam gun
power and the best film adherence was obtained at higher e-beam powers.
Increasing the deposition temperature directly affects the final texture of the
YSZ films, varying from amorphous to a well defined cubic structure. At
higher e-beam gun powers, YSZ starts to evaporate in different types of
clusters affecting the surface of the deposited film.
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Due to the low energy involved when using electron-beam deposition, the
thin film material contains micro pores which can become a serious problem
to reach high refractive index materials. A way to overcome this is to add
an ion source where highly energetic ions are produced and directed to
the substrate surface [99]. This technique significantly improves adhesion,
control of internal stress [100], morphology [56,77, 101-103], density and
composition. The addition of an ion source can be adapted to the evaporation
deposition by an electron beam [100, 102] but it can also be incorporated to
sputtering [104-106].

A way to increase film roughness and to sculpture the columnar film growth
by geometric shadowing is changing the substrate angle (¢) with respect
to the material flux. This method is known as glancing angle deposition
(GLAD), represented in Figure 2.2b. Nanostructured films studied in [107—
109] are an example of the use of the GLAD in combination with electron
beam evaporation. The degree of control in nanostructured films allows easy
modification of the shape, alignment, and orientation of the films.

The combination of ion implantation with a physical deposition technique
[110-114] is often used to study the biaxial alignment of YSZ and the
competition between the (100) and (110). The schematic drawing of an
ion beam assisted deposition (IBAD) is presented in Figure 2.2c. The
interaction between ions and the deposited atoms improves the final texture
of the deposited film [115]. Therefore, it is frequently used to prepare highly
textured thin films on amorphous substrates. Other benefits are: adhesion,
morphology and control of internal stress [99].
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Figure 2.2: Schematic drawing of a) electron beam deposition [86]; b) glancing angle

deposition [109]; c¢) ion beam assisted deposition [116].

¢ Pulsed laser deposition (PLD): this technique uses high power laser pulses

to remove material from the surface of a source material to a substrate.
As the laser beam is an external source, the deposition is carried out in
a clean vacuum environment and the deposition can consequently occur
either in inert, reactive background gases or even without the presence
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of a background gas. Figure 2.3 illustrates the schematic drawing of the
PLD. One of the most significant benefits is the stoichiometry transfer,
including the one of complex materials, i.e. the ability to transfer the same
composition from the source material to the film layer. That is why the use of
PLD for the deposition of superconductors on a buffer layer or on a metallic
substrate is suggested in [43, 117-119]. Some authors [120—-122] have also
studied the ionic conductivity of YSZ deposited via this technique. PLD has
also some disadvantages making this technique less suitable at industrial
level, namely, ejection of macroparticles from the target, the non-uniform
thickness, small area of deposition, conceptual complexity and the plasma
processes involved which are not yet fully understood [123].
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Figure 2.3: Schematic drawing of a PLD setup [124].

2.1.3 Sputtering

Sputtering is the ejection of atoms by bombarding the source material (also
referred as target) with heavy energetic particles, mostly ions. Like the techniques
described above, sputtering has also been used for deposition of thin films [11,
75,85, 125-139], in the scientific community as well as in industrial applications
[140-149].

The variants of the sputter deposition are: direct current (DC), radio-frequency
(RF), magnetron, reactive deposition and high-power impulse magnetron
sputtering (HiPIMS). Naturally, a combination of the variants can also coexist as
well as the utilization of different tools to change the deposition conditions of the
sputtering. Although the sputtering process involved in the different sputtering
techniques is basically the same, the geometrical and operational differences are
responsible to make them suitable for different types of depositions.

e DC sputtering: DC glow discharge or diode sputtering consists of two
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parallel electrodes in a vacuum chamber with an external high-voltage power
supply [150]. The schematic drawing is illustrated in Figure 2.4a. When
power is supplied, an electrical field is formed between the electrodes. A
free electron is accelerated towards the anode. This electron has sufficient
energy to ionize the gas atom, which is responsible for the removal of
the target material. This kind of sputtering is suitable for deposition of
metals but it only works under appropriate gas conditions. If the pressure
in the chamber is too low, the electron will only strike the anode without
ionizing any gas atoms. On the other hand, if the pressure is too high, the
electron does not have sufficient energy to ionize a gas atom [151]. Another
disadvantage of the diode sputtering is that it cannot be used to deposit
dielectrics because an insulating cathode will cause charge build up during
bombardment. Moreover, the positive charge on the target surface rejects
the ion flux and stops the sputtering process.

* RF sputtering: A possible solution for the latter is the use of a high frequency
potential, a so called RF sputtering, as illustrated in Figure 2.4b. The
advantage of the alternated cycles is that the positive charge, accumulated
on the target during the negative portion of each cycle, is neutralized by
electrons during the positive part of the cycle [152].
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RF power HIPIMS
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Figure 2.4: Examples of sputtering: a) DC; b) RF; c¢) reactive magnetron; d) HIPIMS.
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* DC magnetron sputtering (DCMS): Magnets are used to increase the
percentage of electrons that take part on ionization events. In this way,
the probability of electrons colliding with the gas atoms increases, resulting
in improved ionization efficiency. This technique combined with reactive
sputtering allows the deposition of oxides from a metallic target in a reactive
atmosphere, i.e. the oxidation reaction occurs on a surface, e.g. on the
substrate. The drawing of this technique is seen in Figure 2.4c.

* High-power impulse magnetron sputtering (HiPIMS): The use of HiPIMS,
Figure 2.4d, can provide substantial ionization of the sputtered material. In
a HiPIMS process, the current of the magnetron is pulsed, which allows
very high instantaneous powers in a very short period of time [153, 154].
The major disadvantage of this technique is the lower deposition rate for
the same power when compared to magnetron sputtering [155]. However,
similar deposition rates have been achieved in reactive processes [153,154].

The four sputtering techniques listed above have been used to deposit YSZ
films for different applications. Optical properties, for example, were
evaluated in [11, 128] for YSZ films with different concentrations of yttria
using RF sputtering. The same technique was used in [127] to produce YSZ
thin films to be used as buffer layer for superconductors. For the use as
electrolyte for SOFC the most popular technique is reactive DC magnetron
sputtering [125, 130, 135, 156, 157], which allows the deposition of oxides
with a high deposition rate. As this technique was chosen to deposit YSZ
thin films in this work, it is discussed in detail below.

2.2 Fundamental processes of sputtering

Before more details about reactive DC magnetron sputtering are given, it is
necessary to get familiar with some processes that occur at the target and during
the transport from the material source to the substrate.

Collision Cascade: collision cascades are the series of collisions that occur
when Ar? ions penetrate the target. There are three regimes of collision cascades,
as indicated in Figure 2.5: the single knock-on, the linear cascade and the spike
regime [158]. In the first regime, Figure 2.5a, the bombarding particle collides with
an atom of the target, transferring energy and momentum. These atoms receive
sufficient energy to be sputtered from the target, but not enough to generate further
recoil cascades. In the linear cascade, Figure 2.5b, the recoiled target atoms have
enough energy to eject atoms from the target and to generate a low density of recoil
atoms. The cascade is generated but dominated by knock-on events, meaning that
each generation of recoil atoms has on average less energy than the previous one.
When the density of recoil atoms is high, the collisions go to the spike regime,
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Figure 2.5c, where the majority of atoms are in motion [159].

Figure 2.5: Collision cascades: a) Single knock-on regime; b) the linear cascade; c) the
spike regime [159].

Secondary Electron Emission: not only atoms but also electrons are emitted
from the target by the ion bombardment. Those electrons are known as secondary
electrons. The number of emitted electrons per incoming ion is known as the
secondary electron emission yield and depends on the condition of the target
material and on the energy and the type of bombarding particle. The secondary
electrons are necessary to ionize the Ar atoms in order to self-sustain the plasma.

Sputter Yield: the basic parameter for a quantitative description of the
sputtering efficiency is the sputter yield (v) and it is defined as the ratio of the
number of sputtered atoms to the number of incident ions. In the work of Sigmund
[158], an analytical relation was derived using a linear cascade model based on
binary collisions. He simplified the expression for the sputter yield of a particle
with energy E and angle 6§ = 0° for low energetic ion bombardment (E < 1 keV)
to:

7(E)=3a(%mr)E o1
472 \my +m, | Us

where, « is the dimensionless correction factor depending on m,/m,, E is
the energy of incident ions, Ug is the binding energy of atoms and the ratio
(m,m,)/(m,+m,) is the energy transfer mass factor where the m,, and m,. are the
mass of incoming particle and of the target atoms, respectively [158]. From this
equation it is clear that the sputter yield depends linearly on the ion energy E.

The sputter yield can also be simulated or experimentally obtained. Depla et al.
[160] found a good match between the simulated sputter yield and the experimental
data. Experimental results indicate that the number of atoms ejected from the
yttrium or zirconium target have a linear dependency on the discharge voltage.
The sputter yield obtained experimentally at research group DRAFT! for yttrium
and zirconium follows the linear equation defined as:

IResearch Group DRAFT: Design, research and feasibility of thin films, Ghent University.
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Y: vy = 8x1074Vy+2.6x107!
71 Yzr = 1.5x1073V £, +1x 107!

where V is the voltage of Y and Zr. The experimental results of both Y and Zr
sputter yields are displayed in Figure 2.6.
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Figure 2.6: Experimental sputter yield for yttrium and zirconium obtained experimentally
at DRAFT".

Ion Implantation: when the ionized Ar collides with the target, there is a
probability that this ion will be trapped into the target. The fraction of implanted
ions increases with increasing energy. Moreover, the presence of implanted ions
[161, 162] can also influence the sputter yield by changing the surface binding
energy per atom. As the sputter process proceeds, the implanted ions may also be
resputtered.

Energy and Angular Distribution of the Sputtered Atoms: in the energy
distribution described by Thompson [163, 164], it was assumed that there is
an isotropic distribution of velocities in the solid. Besides, the particles have
to overcome the surface binding energy of the metal to leave the target. The
energy distribution of nascent sputter flux is related to the energy and the angular
distribution for low energetic bombardments as:

E
N(E7’Y) = W cos 6 (22)

where E is the energy of the sputtered particles, Ug is the binding energy of
the atoms, m is a parameter dependent on the energy E (being 0 for low energetic
bombardments) and 6§ corresponds to the angular distribution in a cosine behavior.
This equation suggests that the particles are sputtered in a wide range of energies,
being most of them sputtered in the order of a few eV. In addition, the function has
a maximum for E = Ug/2 and a large tail at higher energies as can be seen in the
example of Figure 2.7.
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Figure 2.7: Example of the energy distribution of sputtered In by Ar* bombardment with
an incident energy of 400 eV [165].

The angular distribution defines the spatial distribution of a sputter particle and
provides information on the collision cascades in the target. This distribution is
dependent on the incident energy [166, 167]. When the incident energy is low, a
collision cascade is formed but not yet developed leading to an anisotropic angular
distribution. The atoms are then ejected in an under-cosine or heart-shaped type,
see Figure 2.8. For high incident energy the distribution takes the over-cosine
form. In this case, the probability that recoil atoms are transported perpendicular
to the target surface is high.
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Figure 2.8: Possible angular distributions of a sputtered particle [168].

The ion-atom interaction can easily be simulated, using computational
programs, such as: SRIM/TRIM [169] which are based on a Monte Carlo code.
Monte Carlo simulations have been extensively used to simulate collision cascades
[74,169-173].

Glow Discharge: schematic drawing of the sputtering process is shown in
Figure 2.9. A glow discharge is a partially ionized gas consisting of energetic
particles. It is created by applying a potential difference between two electrodes.
When a negative voltage is applied, the free electrons are repelled and collide
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with the Ar atoms, creating argon ions and new electrons (Ar + e~ — Ar* + 2¢7).
The positive ions are accelerated (attracted) towards the target with high speed.
The collision of the positive ions with the source material results in removal of
particles from the target, which are transported to a substrate and the chamber
walls [174]. Secondary electrons are also emitted and accelerated away from the
cathode (target), being responsible for the ionization of the gas. Besides ionization,
excitation of the argon atoms (Ar + e~ — Ar”* + e7) is also possible. The resultant
excited atom releases its energy by emitting photons, which is the origin of the
glowing of the plasma.

Figure 2.9: Schematic drawing of the sputtering reaction [175].

A potential distribution is created between the cathode and an electrical or
insulated object (substrate), as illustrated in Figure 2.10. The plasma in this
region is equipotential and its potential vs. ground equals to V,. The positive
potential occurs due to higher velocity of the electrons in relation to the ions.
When the plasma is created, both ions and electrons will difuse outwards. Thus,
the electrons move faster away from the surface, resulting in a positive net charge,
which consequently creates an attractive force on the electrons. Near the edges, a
space charge layer (sheath) with a negative potential is generated. When a floating
object is inserted into the plasma, the initial flux of electrons to this object will
be much higher than the flux of positive ions due to the difference in mass. In
this way, the object will be negatively biased. The potential of the object is in
equilibrium when it is high enough to repel sufficient electrons to equal the ion
and electron flux. This equilibrium potential is the floating potential V. As the
cathode is already in a high negative potential, a larger potential difference V is
created.

Finally, the particles are ejected from the cathode towards the substrate (as well
as to the other surfaces in the chamber). During the transport other collisions can
occur, changing the direction and the energy of the sputtered particles, until the
emitted particles are either scattered or adsorbed on a surface.
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Figure 2.10: Potential distribution in a glow discharge between a cathode and a floating
object.

2.2.1 Magnetron sputtering

The fundamental processes involved in sputtering were given above. The
principles of magnetron sputtering are illustrated in Figure 2.11. Basically, a
magnetic field (B) is produced by permanent magnets behind the target. Those
magnets are arranged with one pole in the center of the target and the other pole
formed by a ring around the outer edge of the target. The generated magnetic
field is applied parallel to the target surface. When the negative voltage is
applied between target and chamber walls, the secondary electrons produced by
ion bombardment are repelled away from the target. Due to the magnetic field,
these electrons are trapped into semicircular orbits due to Lorentz force. Hence,
more Ar* ions are produced, the plasma density increases and there is an increase
of ion bombardment on the target, resulting in higher sputter rate [176]. Because
of the high ion current densities, efficient cooling is necessary.

In a planar magnetron, which is the type of magnetron used in this work, B
varies in both magnitude and direction over the target surface. There is a central
magnetic pole (north) and an annular pole (south) which cause the magnetic field
lines between the poles to be circular symmetric, as indicated in Figure 2.11. The
horizontal component provides the magnetic trapping and the vertical component
prevents the escape of the electrons from the magnetic tunnel. The closed-drift
current is parallel to the target and forces the secondary electrons to follow a
circular path [177]. The Lorentz force leads the electrons to the region between
inner and outer magnets. This region corresponds to the maximum ionization
and also to the largest ion current density. Consequently the material removal
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concentrates in this region provoking a local erosion of the target, forming the so
called race track. The race track can be considered a drawback of this technique,
since the target utilization is limited to 30% [178] - 45% [179].

magnetic field lines

'Gget \A:
L

magnets

Figure 2.11: Planar magnetron and the magnetic field lines [180].

2.2.2 Balanced and unbalanced magnetrons

In the work of Window [181], a balanced and two different unbalanced
configurations (type I and type II), were experimentally observed. These
configurations are presented in Figure 2.12. In the balanced magnetron,
Figure 2.12a, the magnetic flux lines form closed loops between the magnetic
poles. The result of this configuration is a strong confined plasma near the target
and a few charged particles reaching the substrate [182]. This configuration is used
when low energetic bombardment is required. When high energetic bombardment
is needed, i.e. when a modification of the thin film growth is desirable, the
unbalanced configuration is preferred. The main difference between both types
of unbalanced magnetrons is the position of the strongest magnet, either in the
center (type I, Figure 2.12b) or in the outer magnet (type II, Figure 2.12c). The
first one gives low ion and electron fluxes at substrates and low self-bias potentials.
The latter acts in the opposite way: the field lines are not closed between the center
and the outer magnets but instead the lines are directed to the substrate. Besides,
some secondary electrons are not captured near the target and higher plasma, away
from the cathode, is formed. As a result, this plasma interacts with the growing
film on the surface of the substrate [176].
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a)

Figure 2.12: Types of magnetrons configurations: a) balanced; unbalanced: b) type I; c)
type I [181].

2.2.3 Reactive magnetron sputtering

In reactive sputtering a reactive gas is added to the sputtering system, e.g. oxygen
or nitrogen, while using a metallic target as source. As a result, there is a chemical
reaction on the surface of the substrate to form a new compound. The reaction
takes place on the substrate as well as on the target and chamber walls.

The addition of reactive gas changes the behavior of the sputtering process.
Figure 2.13 shows a schematic drawing of a hysteresis loop for target voltage,
partial pressure and deposition rate of Al with O, as reactive gas. Note that the
loop changes as a function of the reactive gas in two different pathways: one
for the increasing and another for the decreasing of the reactive gas flow. These
different paths form the so called hysteresis loop. When O, flow is inserted in
the chamber during sputtering, the O, reacts with the sputtered Al in all available
surfaces of the chamber, e.g. substrate, chamber walls and target. At this point
the voltage is constant, the partial pressure remains practically constant due to the
oxygen use during the chemical reaction and the deposition rate is high. This
region of low flow is denominated metallic mode. At a certain Oz flow, the
compound formation dominates at the target surface. Consequently the deposition
rate decreases because the surface binding energy of the compound is higher than
of the metal. This means that less metallic particles are sputtered to react with
the reactive gas at the surface of the substrate. The decrease of the deposition
rate results in more available Os in the chamber and hence the partial pressure
increases. The voltage drop (or increase) is dependent on the material. The change
in pressure and in the plasma composition can also influence the behavior of the
discharge voltage as described in [183]. The complete oxide formation on the
target is called poisoning and the region of high O, flow is defined as poisoned
mode. When the O, flow is reduced, the compound is removed from the targe
and a reverse effect is observed. However, the amount of Oy necessary to allow
removal of the oxide of the target is lower due to the lower oxide sputter rate.
Consequently, the return occurs at lower flows of Oy [138, 184]. The hysteresis
is then defined by the difference between the sputter yield of the metal and of the
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oxide. The larger the ratio between the sputter yield of the metal and the oxide,
the more pronounced the hysteresis loop will be.
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Figure 2.13: Typical reactive magnetron sputtering hysteresis effects for Al/O-.

The hysteresis effect modeled by Berg et al. [185] takes into consideration the
target modification by the reactive gas. In his model the incoming reactive gas is
divided in three flows: the gas reacting at the target surface (q;), at the substrate
and chamber walls (q.) and the gas that passes out through the vacuum pump (qp).
The pumping speed (S) can be determined by the relation between the fraction
of gas which does not react (q,) and the partial pressure in the chamber (pr) as:
dp = prS. The variation in partial pressure can be observed in Figure 2.13. Berg’s
model indicates that the increase of the reactive gas leads to a complex transition
region where the slope of the curve is negative. Based on Berg’s model, several
aspects of the reactive magnetron sputtering are well described. However, the
reactive ion-target interactions, e.g. implantation, have not been considered. Depla
et al. [186] discusses that the reactive gas not only chemisorbs at the target but that
there is an abrupt change on the target conditions due to the ion implantation.

In general, the hysteresis effect is a drawback in the use of reactive magnetron
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sputtering. However, the control of the gas flow, partial pressure or the target
voltage at the edge between the metallic and poisoned mode allows the deposition
of a compound with a high deposition rate.

2.3 Summary

As shown in this chapter, there are plenty of techniques to deposit films on an
amorphous or polycrystalline surface. The choice strongly depends on the final
result expected from the desired films. PVD techniques are known to provide
flexibility to obtain a desired compound.

The DC reactive unbalanced magnetron sputtering (DCMS) was chosen for
this work due to its benefits related to the deposition of YSZ thin films, such as,
deposition of a metallic target in a reactive environment and the high energetic
bombardment, allowing a modification of the thin film growth. Moreover, the
flexibility of controlling the deposition parameters allows us to manipulate the
microstructure and texture of our YSZ films in an easy way. In order to understand
the processes occurring during deposition, some basics of magnetron sputtering
were introduced in this chapter and will be further discussed throughout this work.

At this point we understand how the DCMS works. In the next chapter, the
mechanisms involved in the film growth will be given. In this way, the trajectory
of how the adparticles leave the target, their motion through the gas phase, their
collection on a surface and finally their growth will allow us to understand the
effects of the growth on the microstructure and texture of the YSZ system.



Thin film growth process

In order to understand the growth formation and how the out-of-plane and in-plane
alignment can be optimized, a short description about the film growth will be given
in this chapter, starting from the atomic level until a fully developed thin film.
First, an approach at atomic level will be described. Then, nucleation and crystal
growth will be briefly explained. And finally, the film thickening will be discussed,
correlating the growth with the thin film microstructure.

3.1 The adsorption process

Adsorption is the first process of the film growth. Basically, in this step molecules
or atoms are collected on another surface, e.g. a substrate. This collection depends
on the sticking probability on a bare surface since not all the atoms impinging
on a surface stick to it. The sticking coefficient is the ratio between the amount
of particles adsorbed on a surface and the amount of arriving particles. An
adsorbate atom or molecule can interact with the substrate either by chemisorption
or physisorption. The difference between both terms is related to the binding
strengths and mechanisms involved.

Physisorption is the weakest kind of adsorption. Due to the weaker binding
energy there are no true chemical bonds except the attractive force or the so called
van der Waals interaction. Hence, the electronic structure of the adsorbate is hardly
disturbed. Typical energies vary from 50-500 meV/atom [187]. A physisorption
interaction depends on the fluctuating dipole moment induced mutually between
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adsorbate and substrate. The characteristic energy diagram of physisorption
is shown in Figure 3.1a. This graphic shows that the atoms near the surface
are attracted with a physisorption potential energy E;, which is very low for
physisorption. This leads to a weak polarization with the surface.

Unlike physisorption, chemisorption has a strong chemical bond formed
between adsorbate and substrate with a strongly disturbed electronic structure.
Typical chemisorption energies range from 1-10 eV/atom. A representation of
its energy diagram can be seen in Figure 3.1b. First, an atom is in the physisorbed
state with energy E,. At a critical distance, r,, the atom or molecule can return
to the gas phase (desorb back) or migrate over the surface until the chemisorbed
potential energy E. is reached, leading to the chemisorbed state. If the atom
is attracted to the chemisorption potential energy E., a chemical bond with the
surface is formed. This process is associated with an energy difference (E. - E,).

For some reactive molecules the adsorption evolves in two stages and it is
called dissociative chemisorption. The first stage, consisting in a precursor stage,
behaves as a physisorbed atom remaining in a metastable stage where the adsorbate
can either re-evaporate or remain on the surface of the substrate until it transforms
to a chemisorbed state. The second stage is characterized by the splitting of
the molecule and the adsorption of the individual atom. The transition from a
physisorbed to a chemisorbed state for reactive admolecules such as Hy and Oy is
generally thermally activated, meaning that the molecule bond has to be broken.
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Figure 3.1: Energy diagram of: a) physisorption; b) chemisorption; and c) dissociative
chemisorption of an Ha molecule on a Cu surface; d) typical adsorption isobars [188].
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An example of an energy diagram of the dissociative chemisorption is shown
in Figure 3.1c for the dissociative H, bonding on a Cu surface. The van der
Waals interactions create a minimum shallow in the energy curve, E,, at a large
distance from the surface (typically Z > 3 A [189]). The repulsive forces due to
the overlap between electron densities cause a rapid increase of the total energy. In
the case where the chemical bond is strong, the energy curve shows a much deeper
chemisorption minimum (E.) at shorter values of Z. The positive amount of energy
for higher Z is related to the dissociative chemisorption which in turn is related to
the amount of energy that has to be put in the system in order to dissociate a
molecule. The characteristics of the dissociative adsorption process are influenced
by the crossing point position of the physisorption and chemisorption curve (E,).
This position represents the height of the activation barrier to chemisorption and
consequently influences the kinetics of the adsorption.

Figure 3.1d shows the typical adsorption isobars. The full lines represent the
equilibrium chemisorption and physisorption isobar and the dashed line is the
irreversible chemisorption. At temperatures below T, the molecules are trapped
in a physisorbed state. Consequently they cannot overcome the activation barrier
to the chemisorbed state. With the increase of temperature, the amount of thermal
energy of the adsorbed molecule is such that not only chemisorption can occur but
also desorption can take place. In this case the molecules/atoms will desorb from
the surface and return to the gas phase.

3.2 Surface processes and film growth
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Figure 3.2: Schematic drawing of possible surface interactions occurring on a
substrate [190].

The next step of the growing process is the development of a nucleus which
leads to the growth of the film. During the deposition, adatoms interact with
the substrate and with the atoms that are present on the surface. An interaction
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depends on several other factors, such as, the type of substrate, the temperature
and the type of adatoms present. Figure 3.2 shows a schematic drawing of
several surface processes which are involved in the growing film. Adsorption
and desorption were already discussed in the section above. An island is an
agglomerate of adsorbed particles and its formation will be briefly discussed in
the next section. Interdiffusion and surface diffusion (across an edge or along the
edge) are processes which are strongly dependent on the surface mobility of the
diffusing species.

3.2.1 Thermodynamic growth modes

The final macroscopic state depends on the process shown in Figure 3.2. Three
different film growth modes can be distinguished as illustrated in Figure 3.3. The
ML mentioned in the figure below stands for monolayer.
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Figure 3.3: Schematic drawing of three different growth modes for different coverage
regime (0) from 0 < § < oo ML (monolayer). a) Frank-van der Merve or layer-by-layer
growth; b) Volmer-Weber or island growth; c) Stranski-Krastanov or layer plus island
growth [191].

* The layer-by-layer mode or Frank-van der Merve growth, Figure 3.3a,
is described by atoms being deposited on a substrate with an interaction
between adsorbate and substrate which is stronger than between them. The
nucleus is formed in 2D, meaning that a layer starts to form. A new layer
only starts to grow when the last one is fully developed.

* The second mode is known as island formations or Volmer-Weber growth,
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Figure 3.3b. Here the interactions among deposited atoms are stronger than
to the substrate, nucleating immediately upon contact.

* The last mode is an intermediate case known as Stranski-Krastanov growth,
Figure 3.3c. In this case, there is first a formation of layers followed by
island formations. This change can be due to lattice mismatch between the
growing layers on the substrate.

A simple distinction among these growths can be made in terms of the surface
energy. Therefore, a basic thermodynamic model for homogeneous nucleation
from a supersaturated vapor will be given. This surface energy represents
the free energy per unit area necessary to create an additional surface. This
approach is similar to the analysis used for contact angles as described by Young
[192]. The horizontal components of the free energies are in equilibrium when
vs = v« + Yrcos where 7y is the surface free energy of the substrate-vacuum
interface, vr is the surface free energy of the film-vacuum interface, v, is the
surface-film interface energy and 6 is the contact angle. Figure 3.4 shows a
simplified picture of a deposited film and the free energies g, vF and ..
In the case of Frank-van der Merve growth, the angle between the adsorbate
and substrate, 6, is equal to O and the free surface energy of the substrate is
vs =¥« + 7, in the opposite case, i.e. for Volmer-Weber growth conditions, § > 0
and the surface energy of the substrate is vg < 7. + vr. The Stranski-Krastanov
growth is assumed to be formed due to the occurrence of a lattice mismatch
between deposited film and substrate. The interface energy increases and the
elastic strain field exceed the adhesion forces, since it is strained to fit the substrate
[159].
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Figure 3.4: Simplified picture of a deposited film where free energies vs, yr and 7y«
correspond to the free surface energy of substrate-vacuum, film-vacuum and surface-film
interface, respectively.

The nucleation process in the case of Volmer-Weber takes into account the
difference in Gibbs enthalpy, which is the difference in enthalpy when a particle
is transferred from the gas phase to the substrate in a non-equilibrium state. In the
island growth mode, the AG is given by:
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AG:nAu:nlen(ﬁ) (3.1)
Po

where n is the particle number and Ay represents the chemical potential
of the growing deposit [191, 193]. The term (p/po) is known as the degree of
supersaturation and is one of the driving forces to the formation of a nucleate on a
substrate. As a consequence, the nucleation begins when a cluster of atoms reach
a critical size. The description of the critical size as a function of the free surface
energy can be found in [187].

Naturally, there are other parameters which influence the nucleation process,
such as impurities, flux of low-energetic ions, preferential nucleation sites at kinks
or steps at a non-perfect surface. As a result, an influence of these factors on the
competition between the layer-by-layer, island and layer plus island growth can
be expected. Moreover, kinetics also plays an important factor in the nucleation
process, leading to a competition between the thermodynamic and kinetic factors
(e.g. surface temperature and condensing rate) [194].

3.2.2 Growing of small particles to form a grain boundary

In this work, a YSZ thin film is deposited on an amorphous substrate (glass). This
results in a large misfit between the substrate and the YSZ film. As discussed
in the work of Mahieu [195] and based on the description of growth modes
above, our films will mainly have the Volmer-Weber growth (islands formations).
Consequently, we focus on an island type of growth.

One of the main advantages of the growth of a thin film on an amorphous
substrate is the control of a specific crystallographic alignment as a function of the
change of the deposition variables. In the case of a deposition at low temperatures,
the substrate yields the nucleation of islands with random orientations. However,
a crystallographic alignment can be developed with the existence of re-structuring
grain growth, i.e. an interaction between neighboring islands [196].

After development of the first layers or islands into larger clusters, these
clusters grow ruled by two mechanisms, namely, Ostwald Ripening [197] and
Smoluchowski ripening (or coarsening) [198, 199]. The first occurs due to the
evaporation and diffusion of two-dimensional gas atoms of small islands onto
larger islands, through surface diffusional mass transport in order to minimize the
surface free energy of the island structure. This results in a growth of larger clusters
and a reduction of small ones. The second is caused by coalescence of two islands
by contact and subsequent diffusion. Small clusters are faster than the large ones
and the rate of coarsening increases when the difference in size increases. So,
when it is chemically favorable, two clusters will align and merge resulting in
an energetically more stable cluster. Larger cluster formations are developed until
there is mutual contact. This contact defines a grain boundary between two or more
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different grains. Once the surface is fully covered by external particles, further
adsorption will only be possible on existing islands. An adparticle is then still able
to diffuse into a grain or between two different ones (surface diffusion process).
As a consequence, the final structure and morphology of the film strongly depends
on the mobility of the grain boundaries.

3.2.3 Morphology of the film based on the extended structure
zone model (ESZM)

Structure zone models identify the evolution of a polycrystalline thin film and
describe the relationship between microstructure and deposition parameters. The
first model described by Movchan and Demchishin [200] indicates three different
zones as a function of the ratio between a certain temperature and the melting
temperature (T,,). Zone 1 (T/T,, < 0.3) has a columnar structure with voided
growth boundaries, zone 2 (0.3 <T/T,, <0.5) presents columnar grains defined
by metallurgical grain boundaries and zone 3 (T/T,, > 0.5) presents equiaxed
grains. The term metallurgical grain boundary means that the reduction in internal
energy is achieved by reducing the total area of the grain boundary since either
recovery and recrystallization are complete. Thornton [201, 202] extended this
concept to thin films growing via magnetron sputtering, taking into consideration
the influence of the Ar gas pressure. Figure 3.5 shows the schematic drawing
of such a model, where the existence of a fourth termed zone is noticed, namely
zone T. More details about the T zone are described below. Revised approaches
[134,203-205] were not meant to suppress former models but to recognize several
additional features on the evolution of the growing film.

Figure 3.5: Schematic drawing of the structure zone model developed by Thornton [201].

The extended structure zone model (ESZM) suggested by Mahieu [195] not
only takes into consideration the homologous temperature T/T,, to describe
the structure evolution but also the diffusion processes and other fundamental
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phenomena, e.g. nucleation, crystal growth and re-structuring grain growth which
depend on the adatom mobility during the growth.

The ESZM can be defined in zones. Zones Ia, Ib and Ic are illustrated in
Figure 3.6. At very low temperatures (zone la) the adparticles arriving on the
surface of the substrate cannot overcome the diffusion barrier and consequently
they present limited or no mobility. The lack of mobility results in sticking of the
adparticles to the surface, remaining in the same hitting position. Thereafter, a
columnar structure separated by voids is created. If a continuous bombardment
of energetic species occurs the created voids will be filled in a knock-on event
creating a denser structure, characteristic of zone Ib. Note that a transition from Ia
to Ib is not dependent on temperature and that the structure remains amorphous.
An increase of the temperature (zone Ic) enhances mobility and the adparticles
are able to diffuse on the grain forming a crystal habit. The later defines an
alternative shape developed from a single basic crystal type. Faceted columnar
structure with random orientation is formed and its grains are terminated by planes
of lowest crystallographic growth rate. Moreover, there is no competition between
neighboring grains; meaning that there is no diffusion from and to another grain
and only geometric shadowing can induce overgrowth. Hence, the columns are not
longer separated by voids but by grain boundaries.

Zone b

Figure 3.6: Zone la: hit-and-stick growth and columnar structure separated by voids; Ib:
knock-on event creating a denser structure and Ic: formation of faceted columns [195].

Further increase of the temperature and sufficient mobility allows the growth to
occur according to the kinetically determined crystal habit. Therefore, adparticle
diffusion is no longer limited by the grain boundaries and diffusion between two
different grains is possible. All these crystals will have a specific crystallographic
direction and after film thickening, there will be overgrowth. As a result, the
remaining grains correspond to the ones with the geometric fastest growing
direction perpendicular to the substrate. Those grains are the most tilted facets with
respect to the substrate plane. That is why the V-faceted column characteristics
of zone T are formed. This characteristic structure is shown in Figure 3.7. The
preferential orientation is then defined by the geometric fastest growth direction,
the grain with the most tilted facet with respect to the substrate. In the case of
YSZ films, the geometric fastest growing direction is the [200] direction. This
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direction is normal to the (100) plane in the cubic structure. Another approach
presented by [205] suggests that the orientation selection is triggered by anisotropy
in diffusivities on different crystallographic planes. Low diffusivity surface 100 are
more stable and possess lower potential sites when compared to high diffusivity
111 surface which has longer mean free path and higher probability to move. In
this way, 100 grains grow faster. These grains overgrowth high diffusivity grains
defining the preferential orientation of the film. Thus, low diffusivity surface
is equivalent to the geometric fastest growth direction presented by the ESZM,
indicating the equivalence of both approaches.

substrate

Zone T

Figure 3.7: V-faceted columns characteristic of zone T [195].

At higher temperatures, the mobility also increases and diffusion between the
grains occurs. In addition, atoms that were stable can also become active. This
results in re-structurative grain growth which is driven by the differences in the
average energy per atom for islands or grains of different sizes. Re-structuring
grain growth may initiate and unstable islands are incorporated in stable islands
via ripening, island diffusion or grain boundary migration. Consequently, no
evolutionary V-shaped overgrowth will be present in the resulting film. Instead,
as indicated in Figure 3.8, defined straight columns will be observed on the film.
Those columns will aim for the thermodynamic most stable situation, which in this
case are the planes with the lowest surface energy parallel to the substrate. This
growth favors a polycrystalline film with a particular out-of-plane orientation: this
is the [111] out-of-plane orientation for YSZ thin films.

| substrate

Zaone ll

Figure 3.8: Straight columns characteristic of zone Il [195].
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Either for zone T and zone II the kind of structure growth is strongly related to
the deposition process itself. By tuning the deposition parameters, it is possible to
obtain a specific orientation. The influence of some deposition parameters on the
ESZM of the YSZ system will be discussed in Chapter 5.

At even higher temperatures not only surface diffusion and re-structuring grain
growth takes place but also bulk diffusion participates in the growing process. The
columnar structure is substituted by crystal grains or equaixed grains, as shown
in Figure 3.9. However, Barna and Adamik [204] gave experimental evidence
that there is no formation of zone III. This zone occurs if impurities acting as
driving force or barriers to the growing process are present. Those impurities
can be absorbed and block the surface sites, they can form complexes or other
phases with different activation energies and also be blocking points to the grain
boundaries avoiding or hindering particles mobility. Moreover, they can create
nucleus zones allowing the coarsening and growth of equiaxed grains.

‘ substrate

Zone |l

Figure 3.9: Equiaxed grains representative of zone 11l [195].

3.3 Texture of thin films

In previous sections, a brief description of surface processes and film growth was
given. It was also mentioned that the microstructure either in zone T or zone II can
be manipulated by controlling the deposition conditions. Therefore, not only the
microstructure can be tuned but also the texture.

The texture is defined by the orientation or the lack of orientation of a crystal on
a surface. Several crystalline grains when deposited on an amorphous or random
oriented substrate form a polycrystalline film. Each one of them together with the
corresponding crystallographic orientation constitutes a specific film orientation.
When no correlation among the orientation of the grains exists, the resulting film is
known to have no alignment, i.e. each grain possesses its own random orientation
with no relationship between substrate and film as illustrated in Figure 3.10a. In
some cases there is an organization of the grains to a specific direction and the film
is called uniaxial aligned, Figure 3.10b. Figure 3.10c not only shows a preferred
orientation of the grains perpendicular to substrate (out-of-plane) but also parallel
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to the substrate (in-plane). These films are known as biaxial aligned films.
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Figure 3.10: Schematic drawing of thin films alignment. a) No alignment and no preferred
orientation; b) uniaxial alignment with an out-of-plane preferred orientation and c)
biaxial alignment with an in-plane and out-of-plane preferred orientation.

In the next chapters, it will be shown that one of the main characteristics of
our YSZ thin films is the interesting feature of biaxial alignment: meaning that our
films not only present a preferential out-of-plane orientation, but also an in-plane
orientation of the constituent crystallites.

3.4 Summary

The growing of a film is a combination of several deposition steps. Starting
with the adsorption where the molecules or atoms first adsorb to a surface via
physisorption and chemisorption. Interdiffusion and surface diffusion supports the
formation of agglomerations or nucleus sites on the surface forming nucleation.
The nucleation growth zones were shown to be formed in three different ways,
layer to layer, layer plus island growth and island growth formation. In our work
we consider the nucleation to be mainly of islands formations (Volmer-Weber
growth) due to the large misfit between the amorphous substrate and the YSZ film.
As the film increases in thickness a defined structure is formed. The extended
structure zone model identifies the evolution of a polycrystalline thin film and
its relation with the deposition conditions. In zone T and zone II, the formed
microstructure is strongly dependent on the deposition conditions.

In this chapter it was shown that the films can develop a certain crystal
organization and therefore a specific orientation. The YSZ thin film grown in
this work presents the interesting feature of biaxial alignment, resulting in an
in- and out-of-plane alignment. Moreover, it was discussed that both texture
and microstructure can be controlled by the deposition conditions. The next
chapter describes in detail the experimental setup used in this work, the deposition
conditions changed during the sputtering and the different characterization
techniques used to understand the YSZ system.






Experimental setup and
characterization methods

Chapters 2 and 3 discussed the techniques to deposit thin films and the film
growing process, respectively. In this chapter, the experimental setup is described,
the deposition conditions are explained and finally the characterization methods
used to determine the film characteristics, texture and microstructure are discussed.

4.1 Experimental setup

Yttria-stabilized zirconia thin films were deposited using reactive unbalanced
magnetron sputtering.  The schematic drawing of the vacuum chamber,
denominated Maximus, is indicated in Figure 4.1. Commercial targets of Y and Zr
from Kurt J. Lesker were mounted on a water-cooled magnetron inside a vacuum
chamber. The targets have a diameter of 2 inches (50.8 mm) and a thickness of
3 mm. The magnetrons were initially positioned 210 mm from each other’s center,
obtaining an angle of approximately 45° between the target center and the substrate
holder. In this way, a flux of Y atom coming from one side and a flux of zirconium
atom coming from the other side of the chamber exist. This configuration permits
a good control of the composition, creating a compositional gradient along the
sample substrate. Since the reaction occurs in a reactive environment, Y203-ZrO5
(YSZ) will be formed on the sample surface.
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Figure 4.1: Schematic drawing of the vacuum chamber.

The chamber was pumped down via a turbo-molecular and a rotary pump,
reaching a base pressure of approximately 10~% Pa. The pressure was measured by
a dual gauge, i.e. combination Penning-Pirani, and by a capacitance gauge during
deposition. Argon is used as a sputter gas and oxygen as a reactive gas. The flow
rate of the sputter gas was controlled by a mass flow controller of 50 cm®/min and
10 cm®/min for argon and oxygen, respectively. The reactive gas was introduced in
the chamber through a local O3 inlet flow oriented directly to the substrate. In this
way it is possible to maximize film oxidation and minimize target oxidation [125].
The pumping speed was kept constant and equal to 120 L/s.

In order to stabilize the experimental conditions before deposition, a shutter
was added in the chamber between substrate and targets. The substrate holder was
grounded and it was neither heated nor cooled during deposition. The magnetrons
were powered using a DC power supply from Httinger Elektronik.

4.2 Substrates and sample preparation

Amorphous glass (76 mm 22 mm x 1 mm), silicon (100)
(10 mm x 10 mm x 0.5 mm) and sapphire (10 mm x 10 mm x 0.4 mm)
were used as substrates. The choice is dependent on the film analyses. Due to its
amorphous characteristics, glass has its signal easily removed when determining
thickness or crystallinity of the film. Silicon, on the other hand, is suitable for
sample preparation due to its fragility, being a convenient material for image
analyses, such as in transmission electron microscopy. Sapphire substrates were
used for optical properties analyses. Sapphire has very low absorption edge and
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therefore is suitable to determine high band gap materials.

Glass samples were first cleaned using an ultrasound bath. The substrates were
immersed in an acetone/methanol sequence during 5 min for each solution. After
dried with N2 or Oo, the cleaned glass substrate is marked with a line, using a
marker pen, in the parallel direction to the length of the glass. This mark is used
to determine thickness (see section 4.6.1).

Silicon samples require a different cleaning route, namely RCA clean.
Following this route, the silicon wafers are cleaned and a superficial silicon dioxide
layer can be grown. In this route three different solutions are used in a sequence.
All the solutions have to boil before the immersion of the cut silicon wafers. The
first solution is a combination of 90 mL distilled water with 30 mL H,SO4 and
30 mL H2O- during 10 min. After cleaning it with distilled water, the cut silicon
wafers are immersed in the second solution of 100 mL distilled water with 20 mL
NHj3; and 20 mL H2O also for 10 min. After cleaned with distilled water, they are
immersed in the last solution formed by 100 mL distilled water, 20 mL HCI and
20 mL H0O,. After the sequence is finished, the cleaned samples are stored in a
beaker containing distilled water until they are used.

Before using sapphire as substrate, the substrate was immersed in acetone to
remove any residual from its surface.

4.3 Selection of the most suitable method to deposit
fully oxidized films

The voltage and deposition rate of Y and Zr change when there is an increase
or a decrease of the Oy flow. Moreover, both trends are noticed to be different
for the addition and removal of the reactive gas. This different trend forms
a hysteresis loop. This term has already been discussed in section 2.2.3,
Chapter 2. The hysteresis loop can be experimentally obtained using a quartz
crystal microbalance. This device measures the mass per unit area or the deposition
rate, which changes as a function of the addition or removal of a small mass due
to film deposition at the surface of the crystal. The hysteresis loop of Figure 4.2
is representative for a target-substrate (T-S) distance of 240 mm and 90 mm with
currents of 0.2 A and 0.5 A for Y and Zr, respectively. These T-S distances are
selected distances used during the deposition of YSZ films. In Figure 4.2a it
is possible to observe the “negative” contribution of the oxygen flow to the Y
discharge voltage, i.e. for a critical O flow the voltage abruptly decreases. The
deposition rate also decreases at the same critical Os flow. Above 2.5 sccm of O9
the deposition rate is approximately 0.2 nm/min and consequently the deposition
is in poisoned mode. In Figure 4.2b, a ”positive” change in voltage is seen above
2 sccm where the Zr voltage increases with the increase of Oy flow. Above this
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value the deposition is in poisoned mode and consequently the deposition rate
decreases. When both magnetrons are operational it is easier to control the O9
flow at the edge of the metallic mode by observing the Y discharge voltage, since
its change is abrupt in comparison with the Zr voltage.

From the results of Figure 4.2 we have two possible ways to deposit fully
transparent oxide films. The first is to perform deposition in oxide mode. However,
as seen above, this means that the deposition rate is very low and the deposition
can take very long before some hundred of nanometers are reached. The second
involves the control of the voltage or the partial pressure of the reactive gas. In
this way it is possible to deposit fully oxidized films with a high deposition rate
during a shorter period of time. Note that the hysteresis loops of Figure 4.2 are
measured separately. No hysteresis of the YSZ system was performed because
in a dual magnetron system both targets are mutual dependent, i.e. if one of the
targets goes to the poisoned mode the second target follows the other’s behavior.
In our experiments we based on the Y hysteresis loop. Therefore, the flow of O- is
selected in the transition region from metallic to poisoned mode of Figure 4.2a
[206]. In the current work, the voltage is used as indicator to know if either
the deposition is in metallic or poisoned mode. As seen in Figure 4.2a a drastic
change in voltage from approximately 300 V to 190 V limits the region metallic
and poisoned mode.
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Figure 4.2: Hysteresis loop of voltage and deposition rate in function of oxygen flow,
obtained via quartz balance, for: a) yttrium at 0.2 A and; b) zirconium at 0.5 A.
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4.4 Deposition conditions

Several deposition conditions were changed namely, the Y T-S distance, chamber
pressure, Y current and deposition time. Below, we list the experiments performed
using the deposition chamber and the respective deposition condition. All YSZ
coatings were transparent and fully oxidized in the cubic phase. A summary of the
deposition conditions and the experiments is given in Table 4.1.

Influence of: Distance | Pressure Current Time
Y current [A] 0.2 0.2 0.17/0.37/0.58/ 0.2
0.77/1.16/1.57
Zr current [A] 0.5 0.5 0.5 0.5
Y T-S distance [mm] 80-240 80-240 240/100 240/80
Zr T-S distance [mm)] 90 90 90 90
Pressure [Pa] 0.5 0.95 0.5 0.5
Ar flow [sccm] 35 70 35 35
O, flow [sccm] 2-2.5 1.2-14 2-2.5 1.8-2.5
Deposition time [min] 20 20 20 150, 20-120

Table 4.1: Deposition conditions of the experiments.

e Changing Y T-S distance at 0.5 Pa: The compositional variation, more
specifically the change in Y content, was ensured by altering the Y T-S
distance from 80 to 240 mm, in steps of 20 mm. Other parameters, such as
target currents (Iy =0.2 A, Iz, =0.5 A), Zr T-S distance (dz, = 90 mm) and
Ar flow (35 sccm) remained constant. The Oy flow was controlled keeping
the maximum deposition rate and varied between 2 - 2.5 sccm.

* Changing Y T-S distance at 0.95 Pa: The same experiment was performed
at 0.95 Pa. In this work, 0.5 Pa is referred to as low pressure while 0.95 Pa is
referred to as high pressure. At high pressure the Ar flow was set to 75 sccm.
Other parameters remain constant as reported for the 0.5 Pa experiment. The
O, flow varied from 1.2 to 1.4 sccm.

* Changing Y current: Current was changed from 0.2 A to 1.6 A with intervals
of 0.2 A. A fixed Y T-S distance was selected (240 or 100 mm). The other
deposition conditions were kept constant and equal to the ones described for
changing Y T-S distance at 0.5 Pa. The O, flow varied from 2 to 2.5 sccm.

¢ Changing deposition time: In this experiment the time was the variable
parameter. The other deposition conditions are constant and also similar
to the ones described for changing Y T-S distance at 0.5 Pa. The Y T-S
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distance, however, is equal to 240 mm or 80 mm and the O, flow varied
from 1.8 to 2.5 sccm. In most of the experiments, the deposition time was
20 min, except in the experiments with one magnetron (30 min) and where
time was the variable parameter, varying from 20 up to 150 min. The flow
of Oy was defined using the information of a hysteresis loop, previously
described in section 4.3.

4.5 Measuring YSZ characteristics on the film

First, the thickness and the composition of the deposited YSZ layer on the glass
substrate are determined. How this is done will be explained in the coming
sections. On the sample substrate, 5 different points were chosen to determine
the thickness and 6 different points were selected to determine composition.
These points vary as a function of the length of the sample (76 mm), where the
0 mm corresponds to the Y side and 76 mm to the Zr side. These points on the
layer/substrate are shown in Figure 4.3. From now on we denominated position on
the substrate referring to the combination layer + substrate.

Substrate Substrate

76 mm 76 mm

Figure 4.3: Selected positions on the substrate to determine a) thickness and b)
composition.

Microstructural and textural analyses were determined using two different sets
of samples. The first set (called set I in this text) considers a single point located
in the center of the sample, while the second set (ser 2) considers multiple points
spread over the sample. These points are chosen based on a fixed composition,
e.g. 10 to 50 at.%Y with interval of 5 at.%Y. As a result we have approximately
50 points with different compositions and Y T-S distances. A schematic drawing
of these set of samples is depicted in Figure 4.4.
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| 76 mm ‘ 76 mm

Y SET 1: single Zr Y SET 2: multiple zr
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| Substrate ‘ Substrate
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Figure 4.4: Schematic drawing of the two different set of sample: single and multiple
points.

4.6 Methodology to obtain the characteristics, tex-
ture and microstructure of thin films

4.6.1 Layer thickness

Using the marker on the glass substrate as previously mentioned in section 4.2
and illustrated in Figure 4.5a, it is possible to measure the thickness. After
depositions, this line is removed with acetone, forming a step. As a result, a
non-deposited region allows obtaining the thickness using a profilometer (Talystep
Taylor-Hobson). The measurement probe of the profilometer moves along the
sample surface, Figure 4.5b. In this way, the difference between two different
heights is converted to an analog signal giving the total thickness of the step [207].

a) b) Profilometry
Marker line
YSz YSz YSz YSz
Substrate Substrate

Figure 4.5: Schematic drawing of a) a deposited sample with a marker line and, b) a
deposited sample with a step and the trajectory of the profilometer nail.

Another way to measure the thickness is based on the transmittance spectra
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using the envelope method developed by Swanepoel [208]. In this model, the
wavelength in the infrared region of two maximum or two minimum fringes of the
transmittance spectra are considered as well as their respective refractive index.
The thickness is then calculated by the equation:

A1
2 (/\1711 - )\QTLQ)

This last approach is only applied for samples used to study optical properties.

thickness = 4.1)

4.6.2 Transmittance

Transmittance spectra were obtained using a spectrophotometer (double beam
double monochromator UV-VIS-NIR spectrophotometer). The spectra were
obtained in the wavelength range varying from 200 to 2000 nm.

4.6.3 Thermal flux

Energy flux determinations were performed using a passive thermal probe [209].
Using this device, the amount of energy arriving on the sample surface can be
determined based on the temperature variation during deposition [210]. The
thermal probe was positioned in the center of the chamber, replacing the sample
holder. Once the deposition starts, the thermal probe starts to heat up due to the
impact of the deposition particles on its surface. This difference in temperature
is converted to thermal power per area using the software thermal probe
measurement and analysis system (TPMAS). The duration of each measurement
is approximately 500 s, being dependent on the stabilization of temperature. An
example of the obtained image via TPMAS is illustrated in Figure 4.6.

Resulting thermal power

116,827 mW (mJ/s)

Thermal power per area
| 37.187 mW/cm?

Figure 4.6: TPMAS interface showing the fit of the temperature vs. time and the calculated
results of thermal power and thermal power per area.

4.6.4 Composition of the layer

The film composition was measured using energy-dispersive X-ray spectroscopy
analysis (EDX) in combination with scanning electron microscopy (SEM)
Quantafeg - FEI, with a beam current of 208 1A, an acceleration voltage of 10 kV
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and spot size of 5. A region of the sample is focused with SEM before EDAX is
performed. With the EDX Genesis software it is possible to determine the amount
of Y, Zr and O in the layer, either in atomic or mol percentage. The accuracy of
the EDAX was confirmed by measuring some samples at VITO! using an electron
probe microanalyzer (EPMA) JEOL. It was found that the measurements of EDAX
are within the experimental uncertainty of the measurements with EPMA, proving
the accuracy of the experimental data and allowing the analysis to be done in the
department. In this work the contents are given in atomic percentage. The final
composition is defined using the metal ratio of the film, calculated as Y/(Y+Zr).

4.6.5 Micrographs

Since YSZ films are insulating, an ultrathin coating of electrically conducting
material, such as gold, is needed in order to prevent the accumulation of
electrostatic charge at the surface. Therefore, a very thin layer of gold is deposited
on the sample by low-vacuum sputter coating with a current of 5 mA during
15 s. Moreover, a contact with carbon tape is done between the gold layer and
the sample holder in order to improve contact.

The SEM images are obtained using a scanning electron microscopy (SEM)
(Quantafeg - FEI), with a spot size 3 and acceleration voltage of 20 kV. An example
of the SEM image is shown in Figure 4.7. The substrate, the layer and the screw
of the sample holder are displayed in this image.

YSZ film

i

substrate

# — 2.0 MM ——

Figure 4.7: SEM image of a sample prepared for cross section.

4.6.6 Compositional gradient on nano scale

In order to perform analyses with annular dark field scanning transmission electron
microscopy (ADF-STEM) and scanning transmission electron microscope-energy

'VITO: Vision on Technology, Mol
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dispersive X-ray analysis (STEM-EDX), samples must be prepared in
cross-section using focused ion beam (FIB) milling. The total FIB sample is
approximately 5 pm in length. The sample preparation was performed by the
Electron Microscopy for Materials Science (EMAT) group in Antwerp. Those
samples were further investigated using ADF-STEM and STEM-EDX in order to
analyze the yttrium and zirconium distribution. STEM was performed in a FEI
Tecnai G2 instrument at 200 kV. The EDX spectrum images were acquired with a
Si (Li)-type EDX system by EDAX. Active drift compensation was used through
the microscope control software. The local area STEM-EDX spectra acquisition
time was 10 seconds. The EDX data was acquired in a 0-20 keV range. The
elemental map and quantitative compositional results were generated using the Zr
K-line (15.770 keV) and the Y K-line (14.958 keV) using TIA software. A low
magnification ADF-STEM image is illustrated in Figure 4.8.

Figure 4.8: Low magnification ADF-STEM images showing YSZ sample prepared by FIB.

4.6.7 X-ray diffraction pattern

The diffraction pattern was obtained via X-ray diffraction (XRD) using CuKa
radiation in 6/26 (Bragg-Brentano) configuration with a LynxEye Silicon Strip
detector mounted into a D8 discover apparatus (Bruker AXS). A pinhole is
attached on the X-ray tube, resulting in a circular 2 mm spot on the sample.
The 26 values vary from 25 to 78°. The obtained diffraction lines are plot in
Evaluation (EVA) software in order to obtain parameters like maximum 6, area
and full width at half maximum (FWHM) of the diffraction peak. The signal of
the glass can easily be corrected by removing the signal background from the
obtained spectrum. Moreover, the diffraction spectrum can be compared with a
polycrystalline YSZ in order to identify if the diffraction peaks agree with a cubic
fluorite type from the JCPDS card file #30-1468.



EXPERIMENTAL SETUP AND CHARACTERIZATION METHODS 51

4.6.8 Rocking curve

An analysis of the full width at half maximum (FWHM) of the diffraction peak
determines if this peak in a certain € can be considered as a preferred orientation.
This analysis can be done by looking into the FWHM of the out-of-plane direction
via rocking curve [130,211-213]. Rocking curves were obtained using a Siemens
Bruker D5000 X-ray Powder Diffractometer. In this analysis, the detector and the
source are kept fixed with an appropriate Bragg angle corresponding to the desired
orientation angle, i.e. 6[200] = 17.6°. The sample substrate then rotates or ’rocks”
in a certain axis, i.e. the w axis [214]. The distribution corresponding to the
specific 6 at different rotations reflects the probability of a certain angular range
near the Bragg angle . The smaller the FWHM value (narrower the diffraction
peak) the better becomes the orientation.

4.6.9 Pole figures

Crystal orientations can be determined from pole figures. Pole figures are obtained
using XRD with a Sol-X energy dispersive detector. Figure 4.9 illustrates the 6,
polar x and azimuthal ¢ angles in the pole figures measurement. In this kind of
measurement a sample is fixed in a certain 26 angle, corresponding to a chosen
(hkl) orientation. Next, the intensity data for various settings of chi () and phi (¢)
are collected. A new set of chi values only start after all phi values are measured
[215,216]. The x was varied from 0° to 80° and the ¢ from 0° to 360°, both
with increment of 5°. The resulting pole figure projects the probability of finding
a given (hkl) plane as a function of 20 angle. A combination of two or more pole
figures can give us an idea of the three dimensional structure and of its alignment.

Figure 4.9: Illustration of the 0, polar x and azimuthal ¢ angles in the pole figures
measurement (Figure from [217]).

Because the visualization of pole figures is not as trivial and direct as the other
analyses described above, we will discuss in more details how pole figures can be
evaluated.
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4.6.9.1 Identification of the preferred orientation using pole figures

Biaxial aligned samples in the cubic phase have two main preferred orientations,
an out and in-plane orientation. Thus, a pole figure obtained for two orientations,
(111) and (100), will be sufficient to observe the cubic structure as a whole.

Figure 4.10 gives a simple example of a [200] out-of-plane preferred
orientation of a YSZ thin film. In Figure 4.10a, a cubic crystal shape of a (100)
plane is indicated as well as the [100] direction perpendicular to this plane. The
[100] and [200] directions are equivalent and the latter will be used to discuss
the preferred orientation of YSZ films. When [200] is the preferred orientation,
the correspondent pole figure will have a main peak in the center of the pole
which corresponds to the projection of the [100] direction. Moreover, a biaxial
aligned thin film presents four peaks when a pole figure is performed in the [111]
direction. This can be observed in Figure 4.10b where the perpendicular direction
of the (111) plane is located at 55°. The [111] pole of uniaxial aligned films is
represented by a circular shape, indicating the random orientation of the projected
direction.

Biaxial alignment Uniaxial alignment
a) . 90 90
1 oo
S
17
5
(100) plane
b - MAX
!
/3 111
A
///t//
4
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Figure 4.10: Cubic crystal planes and its respective characteristic pole figure for YSZ thin
films for biaxial and uniaxial alignment: a) (100) plane; b) (111) plane.

4.6.9.2 Possible influences of the deposition parameters on the alignment of
thin films

As described in Chapter 2, sputtering is a flexible technique since the deposition
conditions can easily be tuned and controlled. However, it was discussed in
Chapter 3 that the growth in zone T and II strongly depend on the applied
deposition conditions. These conditions do not only define the zone of growth
but also affect the in-plane and out-of-plane alignment of thin films. In order to
determine the degree of alignment, the (hkl) peak of the XRD pattern is used.
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The degree is defined as the product of the (hkl) peak area and its repestive (hkl)
intensity divided by the summation of all observed diffraction peaks of the film
under investigation. Previous studies demonstrated the effect of several deposition
parameters on the alignment, including the influence of the substrate bias [134],
target-substrate distance [117, 157, 218, 219], target-substrate angle [103, 134],
pressure [134], film thickness [195, 218, 220], the ratio of Ar/O- in the vacuum
chamber, the target usage, magnet configurations in the magnetrons, the condition
of the chamber walls [195] and the use of other deposition techniques [101].
Table 4.2 provides a summary of the deposition parameters and its influence on
the alignment of thin films based on the literature cited above.

Influence of:/ Alignment Improves Worsens

Substrate bias X (positive bias) | x (negative bias)
Increase of T-S distance - X
Increase of T-S angle X -
Increase of pressure - X
Increase of film thickness X -
Increase of Ar/O5 ratio - X
Target usage X -
Magnet configurations (unbalanced) X -
Deposited material on chamber walls X -

Table 4.2: Summary of the deposition parameters which affects the alignment on thin films.

In fact, it is not the objective of this work to study the influence of each of these
deposition parameters on the biaxial alignment of thin films. However, as some
deposition conditions are varied in this work, their influence on the alignment of
YSZ thin films will also be demonstrated. An overview on the influence of pressure
and thickness is given in Appendix A.

4.7 Summary

In this chapter the focus is given to the experimental setup and the methodologies
used to determine the different characteristics and properties of YSZ thin films.
During this work a dual unbalanced reactive magnetron sputtering is used to grow
YSZ films on either glass, silicon or sapphire substrates. The description of how
the samples were prepared and the reason of choosing different substrates was
explained. Before deposition, the hysteresis loops of Y and Zr were obtained in
order to identify the point of the highest deposition rate to deposit fully oxidized
thin films.
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During this work, several analyses techniques were employed in order to
study the characteristics of YSZ thin films. These techniques and the procedures
involved were briefly discussed. Since pole figure analysis is not trivial, a
description of how to identify the directions was introduced.

To finalize this chapter it was shown based on literature review that deposition
conditions can alter the alignment of thin films. As described in this chapter,
other deposition conditions also influence the alignment but they were not yet
experimentally shown. In Chapter 5 the effect of different deposition conditions
on several characteristics of the film, microstructure and texture will be discussed.



Tuning the YSZ system

The deposition conditions, mentioned in Chapter 3, affect the microstructure and
texture of the growing film. Previous studies reported that microstructure and
texture can be influenced by the substrate temperature [221], the total pressure
[102,119,135,222], as well as other deposition variables [134,205]. Therefore, to
study the influence on the thin film characteristics some deposition conditions were
varied, namely, the target-substrate (T-S) distance, the gas pressure, the deposition
time and the target discharge current (see Table 4.1, Chapter 4 for more details).

This chapter consists in five different parts. In Part I the influence of
the deposition conditions on some selected thin film characteristics (thickness,
composition, grain size and lattice parameter) is reported. Simulations to predict
the composition and film thickness using a Monte Carlo code are discussed in
Part II. The effect of the deposition conditions on the microstructure is discussed in
Part I1I. Part IV discusses the texture being influenced by the deposition conditions.
Finally, in Part V the relationship between grain and columnar tilt is described.
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5.1 Part I: Influence of the deposition conditions on
the characteristics of YSZ thin films

5.1.1 Thickness, composition, grain size and lattice parameter
as a function of the position on the substrate

As discussed before, the thin film characteristics depend on the deposition
conditions. However, under the conditions used in this work, i.e. dual reactive
magnetron sputtering on a non-rotating substrate, the film properties will also
vary as a function of the position on the substrate since the deposition is not
homogeneous. To illustrate this point in a qualitative way, a schematic drawing
of the material flux arriving on the sample substrate is shown in Figure 5.1 for
two different Y T-S distances (a) 240 mm and (b) 80 mm. The flux of Zr in the
direction of the substrate remains the same as both the target substrate distance
and the applied power to the Zr magnetron are constant. The change of the Y T-S
distance, on the other hand, affects the number of collisions of the sputtered atoms.
When the T-S distance becomes shorter, the probability for collisions decreases in
comparison with larger T-S distances. Therefore, at shorter distances the atoms
will scatter less and the amount of Y atoms arriving on the substrate will increase.
The schematic drawing shows also another important effect related to the inclined
target (45° in relation to the substrate). Due to this inclination, the distribution
of arriving particles is different because the total effective distance between target
and substrate varies as a function of the substrate length. As a consequence, the
distribution of the arriving atoms will be modified.

b)

s

Substrate

Substrate

Figure 5.1: Schematic drawing of the incoming material on the substrate. a)
Representation of a Y T-S distance of 240 mm and b) 80 mm. Distances considered from
the center of the Y target to the center of the glass substrate.

The same reasoning can be done at high pressure, meaning that the effect of
Y T-S distance is similar. However, the probability of collisions between emitted
particles and gas increases at higher pressures leading to a deviation of the particles
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from its original path due to increase of scattering. In a first approximation, the
current only affects the number of atoms arriving on the substrate.

In the following paragraphs the effect of different deposition parameters (Y T-S
distance, argon pressure, and discharge current) on the film thickness, composition
(content of Y), average size of the constituent grains and the average lattice
parameter will be discussed for different positions on the substrate.

Y target Zr target Y target Zr target
a p=0.5Pa b =0.95Pa
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Figure 5.2: Thickness as a function of the position on the substrate when changing a) Y T-S
distance at 0.5 Pa; b) Y T-S distance at 0.95 Pa; c) Y target current at 0.5 Pa, and d)
deposition time at 0.5 Pa. Both plots c) and d) are deposited at a fixed Y T-S distance of
240 mm. Plots a), b) and c) are deposited during 20 min.

The first thin film property to be discussed is the film thickness. Figure 5.2
shows the thickness along the substrate for different experimental conditions.
The thickness is measured by profilometry as discussed in Chapter 4. In this
context, it is important to mention that film delamination occurs when the film
thickness becomes larger than 6 ym. In general, along the substrate the thickness
increases from the Y side (left) to the Zr side (right). The latter can be understood
when considering the power on both cathodes. The Y source has a lower power
(50 W, 0.2 A) as compared to the Zr source (150 W, 0.5 A). As the sputter yield
and discharge voltages are comparable between both materials, more Zr atoms
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are sputtered than Y atoms, explaining the observed trend. The top panels of
Figure 5.2 (a and b) show the change in film thickness as a function of the position
on the sample for two series of experiments at two different pressures. In both
series the distance between the center of the Y target and the substrate center
(T-S distance) is modified. The main effect is a decrease of the thickness at
higher pressure. The reduction of the deposition rate can be understood from the
scattering of the sputtered atoms. The number of collisions before reaching the
substrate depends on the mean free path defined by the pressure and the distance
between target and substrate. Therefore, the increase of the scattering will be
easily noticed for a target located far from the substrate, i.e. the Y target located at
240 mm. This explains that the deposition rate decreases more for the Zr side as
compared to the Y side.

The bottom panels of Figure 5.2 (¢ and d) show the sample thickness as a
function of the discharge current of the Y target and the deposition time. Evidently,
the sample thickness increases with time and current. Therefore, it is more
interesting to analyze the data in another way, i.e. to study the deposition rate
as a function of the substrate position. The deposition rate as a function of
the deposition time is shown in Figure 5.3a. It is clear that the deposition rate
remains constant, which is an important conclusion as it shows the stability and
reproducibility of the process. In Figure 5.3b, the deposition rate as a function
of the discharge current (or power) is shown. An almost linear increase of the
deposition rate is noticed as a function of the applied power (or used current). The
slope of the fitted line decreases as a function of the position on the substrate, i.e.
a higher slope is found for a point closer to the Y target.
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Figure 5.3: The deposition rate is evaluated at several positions on the substrate when
changing: a) deposition time and b) current.

The choice for dual reactive magnetron sputtering in this work is based on the
flexibility to change the composition. This is illustrated in Figure 5.4, showing the
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Y metal ratio as a function of the same deposition conditions as discussed above.
The metal ratio, defined as the percentage of Y on the total number of metal atoms
in the film, was obtained by SEM-EDX.

As expected, a higher Y content is noticed at shorter Y T-S distances and
higher Y current. From the schematic drawing shown in Figure 5.1, the overall
trend of the Y content can be understood. Closer to the Y target, the Y content is
higher as the path between target and substrate is shorter. When changing the T-S
distance, the composition at the Y side of the substrate changes more as compared
to the Zr side. As discussed for the thickness measurements (see above), this
behavior can be understood from the higher power on the Zr target, and therefore
the composition is dominated by the flux of Zr atoms.
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Figure 5.4: Composition as a function of the position on the substrate when a) changing Y
T-S distance at 0.5 Pa; b) changing Y T-S distance at 0.95 Pa; c) Y target current at 0.5 Pa,
and d) deposition time at 0.5 Pa. Both plots c) and d) are deposited at a fixed Y T-S
distance of 240 mm. For the experiments as a function of the deposition time, the current
was fixed at 0.2 A.

The same effect can be seen at high pressure, Figure 5.4b. Although the
values of the Y content decrease little with the increase of pressure, the total
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compositional variation is not the same, i.e. the slope is different at high pressure
when compared to the results of Figure 5.4a. This can be related to the decrease
in voltage and the increase in scattering. The effect of the pressure is mainly due
to the lowering of the discharge voltage at higher pressures [171, 183, 223,224],
reducing the sputter yield of the target material.

Important in the context of this work, is the reproducibility of the composition.
Figure 5.4d shows the composition measured under the same conditions, but for
different deposition times. Clearly, the variation of the composition is small when
comparing one deposition series with another.

Combining the latter results, with the results for the low pressure experiments
ata 'Y T-S distance of 240 mm, and the results of the current experiment at 0.2 A,
it is possible to quantify the error on the composition. Figure 5.5 shows in (a) the
comparison between the compositions of three experiments at 0.2 A and (b) the
relative error, i.e. the ratio of the absolute error to the measured compositional
value for each position on the substrate. Figure 5.5b indicates that the relative
errors show only little variation with the position on the substrate. In average, for
the three plots shown in Figure 5.5b, the relative error is 12 %.
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Figure 5.5: a) Comparison between the compositions obtained when deposition time,
pressure and current are changed; b) Relative error as a function of the position on the
substrate.

The deposition conditions have also an influence on the grain size and
on the lattice parameter. For each sample an XRD pattern was measured in
Bragg-Brentano configuration. A full discussion of these XRD pattern will be
treated in Part III (5.3). In this part we focus on the grain size and the lattice
parameter which can be retrieved from these XRD diffractions. Indeed, the mean
grain size (x) can be calculated from the Debye-Scherrer equation, [225,226] using
the full width at half maximum and the 6 angle of the diffraction peaks obtained
via XRD. The Debye-Scherrer equation is given by:



TUNING THE YSZ SYSTEM 61

KA

" Bcosf

where K is a shape factor of the average grain (0.9), A is the X-ray wavelength

of the X-ray source Cu Ka (1.5406 A), B is the full width at half maximum of the

diffraction peak in radians equivalent to the height half-way between background

and the peak maximum and 6 is the respective Bragg angle. This equation suggests

that a narrower diffraction peak results in a larger grain size. The analysis was

performed using the (200) Bragg reflection. Since the [200] is the preferred

orientation of the YSZ films, the measured grain size represents the grain size in

the perpendicular direction [227]. The analysis was repeated for the (111) Bragg

reflection, and the comparison between both analyses is discussed later in this
chapter.
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Figure 5.6: Grain size as a function of the position on the substrate for the following
deposition conditions: a) Y T-S distance at 0.5 Pa; b) Y T-S distance at 0.95 Pa; c) current
at 0.5 Pa and d) deposition time at 0.5 Pa.

The lattice parameter of YSZ is calculated using Bragg’s law. In this way, the
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length of the cubic unit cell can be quantitatively determined [228]. The lattice
parameter of a reflection skl was obtained using the -values of the XRD data as
described in [71,229]. The equation to calculate the lattice parameter is given by:

nA(h? + k2 + )2
a:
2sinf

5.2)

where, a is the lattice parameter, n is the order of diffraction, \ is the
wavelength of the incident wave Cu Ko (1.5406 A), hkl are the Miller indices
of the orientation and 6 is the angle between the incident ray and the scattering
planes.
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Figure 5.7: Lattice parameter as a function of the position on the substrate for the
following deposition conditions: a) Y T-S distance at 0.5 Pa; b) Y T-S distance at 0.95 Pa;
c) current at 0.5 Pa and d) deposition time at 0.5 Pa.

The obtained grain size from equation 5.1 as a function of the position on the
substrate, lead us to the results displayed in Figure 5.6. In general we observe
that the grain size increases along the sample substrate at a fixed Y T-S distance,
being smaller in the regions enriched with Y and larger in the regions rich in Zr.
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Comparison between the experiments performed at low pressure (Figure 5.6a) and
at high pressure (Figure 5.6b) shows that the pressure has a strong influence on
the grain size. Nevertheless, also at high pressure, the grain size increases when
moving from the Y side to the Zr side of the substrate. Figure 5.6¢ shows the grain
size at different position on the substrate as a function of the current, indicating an
increase of the grain size as a function of both current and position on the substrate.
For sake of completeness, Figure 5.6d shows the grain size as a function of the
deposition time. Despite of the strong variation in thickness (see Figure 5.2d), the
variation of the grain size is small which agrees with the fact that the film grows in
zone T and therefore no competition in the grain, allowing its growth, is expected.

The plot of the lattice parameter as a function of the deposition conditions
is displayed in Figure 5.7. The lattice parameter decreases with the increase of
the position on the substrate and current as well as with the increase of Y T-S
distance. The lattice parameter as a function of the pressure (see Figure 5.7a and
b) indicates a similar reduction in values at a specific Y T-S distance. The main
difference between both is the inclination of this reduction, which seems to be
stronger at higher pressures. This can be associated to the thickness or to the Y
content which are both smaller than the ones found at lower pressure. As displayed
in Figure 5.7c, the increase of current leads to a proportional increase of the lattice.
Again the good reproducibility is illustrated in Figure 5.7d.

5.1.2 Relations between deposition conditions and YSZ char-
acteristics

From the results shown in the previous paragraphs (see Figure 5.2, 5.4, 5.6
and 5.7), it is clear that the deposition time only affects the film thickness, but
has no influence on the composition, grain size and lattice parameter. This
leaves us with 3 deposition parameters affecting the composition, grain size
and film thickness. These film properties do vary along the substrate due to
the dual magnetron configuration. Apart from the possible influence of the
deposition parameters on the film properties, it can be expected that some of
these properties are interconnected. For example, a change of the film composition
will affect the lattice parameter. It is therefore necessary to distinguish between
trends originating from interconnected film properties and trends resulting from
deposition conditions. With this goal, it is instructive to re-analyze the data in
several ways. A first approach is to plot the film properties not as a function of
the position along the substrate, but as a function of the deposition conditions for
fixed substrate positions. The result of this approach is shown in Figure 5.8.

For larger Y T-S distances the Y content, the film thickness and the lattice
parameter decrease while the grain size increases. The effect of the T-S distance
on the thickness is quite small. Comparing the experiments at low and high
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pressure the following conclusions can be drawn. At higher pressure the values
of the studied film characteristics are smaller and/or the variation as a function
of the Y T-S distances is reduced. Current affects the composition, thickness and
lattice parameter by increasing their values when Y T-S distance increases. On the

contrary, the grain size decreases with the increase of Y T-S distance.
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Figure 5.8: Composition, thickness, grain size and lattice parameter variation at a fixed

position on the substrate as a function of: a;d;g;j) Y T-S distance at low pressure; b;e;h;k)

An alternative approach, to analyze the influence of the different deposition

Y T-S distance at high pressure; c;f;i;l) current at low pressure.
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conditions, is to study the trends for a fixed film thickness. The results in
Figure 5.9 indicate the same trends as shown in Figure 5.8. From the presentation
of the results in section 5.1.1, it was clear that the film thickness does not affect
the lattice parameter, composition and grain size. The analysis discussed here
allows concluding that the observed trends are the result of an implicit relationship
between the different film properties. Indeed, to change the film thickness at a fixed
deposition parameter, it is necessary to select a different position on the substrate,
which affects the composition.
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Figure 5.9: Composition, grain size and lattice parameter variation at a fixed thickness as
a function of: a;d;g) Y T-S distance at low pressure; b;e;h) Y T-S distance at high pressure;
c¢;f:i) current at low pressure.
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The last approach is a plot (see Figure 5.10) of the behavior of thickness, grain
size and lattice parameter as a function of the deposition conditions at a fixed
composition (15, 20, 30, 40 and 50 at.%Y). In Figures 5.10f and i only three and
two compositions are considered because other compositions would not allow us
to have enough points to observe a trend.
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Figure 5.10: Grain size and lattice parameter at a fixed composition as a function of:
a;d;g) Y T-S distance at low pressure; b;e;h) Y T-S distance at high pressure and c;f:i)
current at low pressure.

Figure 5.10a to ¢ shows the variation of the thickness for fixed composition.
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As stated before, this result finds its origin in the implicit relationship between
film thickness and composition, and is therefore not a real trend. More important
are Figures 5.10d to i. When plotting the grain size and the lattice parameter as
a function of the T-S for fixed compositions, we obtain a constant value for both
grain size and lattice parameter as a function of Y T-S distance. The values for
the grain size are smaller at higher pressure. However, it remains constant with
the variation of Y T-S distance. For the discharge current the overall effect is quite
small, and perhaps not significant. So, at constant pressure and discharge current,
only the composition of the YSZ thin film is crucial to the definition of the lattice
parameter and the grain size.

The above conclusion is important as it proves that dual reactive magnetron
sputtering, without substrate rotation, allows to study the influence of the
composition on the YSZ thin film properties and the compositional gradient on
the sample without hidden effects of T-S distance on the studied film properties
(grain size and lattice parameter).

5.1.3 Grain size and lattice parameter as a function of compo-
sition

Based on the conclusions given above, we will study in this section the effect

of pressure and current on the relationship between grain size and composition.

As the lattice parameter is only affected by the composition, it is possible to
summarize all results in one overview plot, and make a full analysis of the data.
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Figure 5.11: The average grain size of YSZ thin films as a function of the Y content for
different deposition conditions. The fit corresponds to an exponential decay behavior.

Figure 5.11 shows the grain size as a function of the composition. This graph
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shows that the grain size decreases exponentially with the increase of Y content,
independent of Y T-S distance and current.

The equations ruling the exponential behavior as a function of composition are:
Low pressure:

K =10.891 + 104.21exp(-0.158C) (5.3)
High pressure:

K =17.983 + 12.277exp(-0.064C) 5.4
Current:

K =5.479 + 18.313exp(-0.0215C) (5.5)

where C is the composition given in at.% of Y. These equations are a simple
exponential fit of the results of Figure 5.11 and they will be used in Chapter 6,
where the value of the grain size at different compositions is needed.
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Figure 5.12: Natural logarithm of the grain size varying as a function of the ratio between
Zr and Y. Note the two similar trends indicating the influence of the pressure on the results.

An assumption for the exponential reduction of the grain size can be explained
by Y acting as a dopant (behaving as an impurity on the structure). As a
consequence, high content of Y inhibits the mobility during growth hindering the
grain to grow. In the work of Boulouz [128] a similar behavior was discussed,
stating that the decrease can be explained by Y acting as an inhibitor on the surface
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mobility of the Zr adatoms. To study this effect in more detail the following
reasoning was followed.

If Y is acting as an inhibitor, the metal ratio is not a good measure for its
effect because the addition of Y does not vary linearly. Indeed, for a metal ratio
of 10 at.%, one Y atom can affect 9 Zr atoms, or a ratio of 9/1, while for 20 at.%
there are 2 Y atoms for each 8 Zr atoms, resulting in a ratio of 4/1. Therefore, the
(natural logarithm of the) grain size is plotted as a function of the Zr/Y ratio as
shown in Figure 5.12. As the effect of the discharge current on the grain size is
small, and as these experiments are performed at low pressure (0.5 Pa), the data of
both experiments were treated together for the linear fit. Comparing the slope for
the high and low pressure experiments, an almost equal behavior is noticed. This
indicates that the compositional influence of the grain size is for both experiments
the same. The difference between the low and high pressure experiment can be
explained from the lower energy at high pressure of the sputtered atoms when
arriving at the substrate [135,227].
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Figure 5.13: Comparison between the grain sizes obtained in the [200] and [111]
direction at a) low pressure; b) high pressure and c) different currents.

Important in this context is the determination of the grain size which is based
on the use of one crystallographic orientation, i.e. the [200]. To exclude any
possible effect of the analysis, the analysis was repeated for the [111] direction.
The 1:1 relation between the grains in the [111] and [200] direction are given in
Figure 5.13. Note that for all deposition conditions, the grains are equivalent in
the region of low grains values (or high content of Y), indicating that the fractions
of [200] and [111] are significant to calculate the grain size. On the other hand,
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for large grains there is a discrepancy in the 1:1 relation which can be attributed
to a broadening of the intensity peak in the [111] direction since the grain are
[200] preferential oriented, as it will be discussed in Part III (5.3). As a result, the
comparison between both measurements suggests the use of the [200] direction to
determine the grain.

One might wonder about the presence of microstrains in these YSZ thin films
due to the large range of composition and thus lattice spacing gradient. This
effect would induce a broadening of the XRD peak, and consequently the values
calculated above for the grain size could be erroneous. In order to determine if
the microstrains affect significantly these films, resulting in different grain sizes,
an analysis based on the use of a Voigt function [230] was performed for the
samples with different discharge currents. Results indicate that the contribution
of microstrains is small. As a result, the difference between the obtained grain size
with and without microstrain is not significant. Therefore, it is possible to consider
the values of the grain size exclusively from Debye-Scherrer equation as proposed
above. Further details about the calculation of the grain size and microstrain can
be found in Appendix B.
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Figure 5.14: Lattice parameter of YSZ thin films obtained for several deposition
conditions. The data follow a linear behavior and are in agreement with Vegard’s law and
literature.

The lattice parameter was also proved to be mainly influenced by composition
and its plot for all deposition conditions is shown in Figure 5.14. Note that the
lattice varies linearly with the increase of Y content. The linear trend observed in
the graph follows the empirical rule of Vegard’s law [7], which states that a linear
relation between the lattice parameter and the concentration of the constituent
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elements exists. In addition, the obtained lattice parameters are in agreement
with the data obtained from literature [45, 50, 52, 128, 231-233]. In the work of
Holzschuh and Suhr [50], for example, it was shown that the increase of Y content
from 3.5 to 80 % causes the lattice parameter to increase from 5.08 to 5.27 A. The
smaller lattices encountered in their work is mainly to the deposition temperature
of 500 °C which allows the growth of the grain size and consequently the decrease
of the lattice parameter. Figure 5.14 shows the comparison between our results
and the work of Holzschuh and Suhr [50], Denul [231] and Calderon et al. [233].
From these results we observe that independent of any deposition condition the
change of the lattice is ruled by the content of Y in the film.
By analyzing the results displayed in Figure 5.14 we can affirm that:

e There is a linear trend between lattice parameter and composition being
defined as:

a = (5.087  0.00189) + (0.0021  6.31 x 107°)C (5.6)

where the lattice parameter of the pure cubic ZrO, structure is 5.087 A, in
agreement with literature [50,234]. The value of the slope 0.0021 identifies
the difference in ionic radius between Y and Zr. The reported ionic radii are
0.9 A (Y) and 0.72 A (Zr) [235], giving a difference of 0.18 A. Reminding
that the composition in this linear equation is given in percentage, we have
a slope of 0.21 which is very close to the difference in ionic radius between
both elements. Moreover, the fit done for all points with different deposition
conditions has an R-squared of 0.978, significant for 139 points.

¢ The absence of stress can be reviewed from the linear trend. Indeed, the
first indication of strain is a deviation between measured data and the linear
equation based on Vegard’s law [236-238]. Based on the work of Janssen
[239] about the development of stress in zone T growth, it is believed the
existence of stress due to the insertion of a bigger ion in the zirconia lattice.
However, since our plot shows a nice linear trend up to 60 at.% Y, another
mechanism is considered to take place in order to relieve this compressive
stress. More details about this mechanism will be given in Chapter 6.

5.1.4 Summary and conclusions of Part I

In Part I, it was shown how the deposition conditions affect the characteristics
of the YSZ system. Target-substrate distance, pressure and current affect the
YSZ characteristics in a specific manner. However, analyses of each deposition
condition on the YSZ characteristics becomes complex to obtain due to the mutual
dependence of the YSZ characteristics. A solution to the analyses is to fix
thickness and composition in order to study each of these YSZ characteristics.
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Thickness and composition were shown to be related, being mutually controlled.
This means that a range of thickness can be deposited with a certain value of
composition and vice-versa.

The grain size and lattice parameter were also shown to be influenced by the
deposition conditions. However, this influence was identified to be directly related
to the composition. By following an exponential decay we observed that grain
size increases with the decrease of Y content. The Y in the lattice was suggested
to act as a barrier inhibiting the growth of the crystallites. The same behavior was
found either for the change of Y T-S distance, pressure or current. The data of
the experiments with current were shown to be complimentary to the experiments
at low pressure. The increase of pressure, on the other hand, presents smaller
crystallites due to the lower energy of the sputtered atoms.

Following the same reasoning, the lattice parameter was also analyzed as a
function of the composition. The YSZ system was demonstrated to have a linear
trend with the increase of the Y content, which agrees with literature. Hence,
our results agree with the empirical rule of Vegard’s law in the whole region of
composition, i.e. varying from contents of 10 up to 60 at% Y.

In Part I, we demonstrated that the composition can be tuned by changing the
deposition conditions, confirming that magnetron sputtering is a flexible technique
where the deposition conditions can easily be tuned to acquire the desired film.
In addition, it was shown that DCMS presents good reproducibility. Another
approach suggests the control of the composition value by using a simulation
tool. In this way, no extra experimental measurement is necessary to determine
a specific value. Therefore, Part II (5.2) describes how the tuning of the simulation
tool agrees with our experimental results.
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5.2 Part II: Comparison of experimental data to
simulation results

The film thickness and the film composition depend on the number of yttrium and
zirconium atoms which arrive at the substrate. The latter can be calculated by
applying the so-called particle trajectory Monte Carlo code. This type of code
follows a sputtered atom from the target towards the substrate, and describes the
collision between the sputtered atom and the atoms present in the vacuum chamber.
A home-built code, SIMTRA [240] was used to perform the simulations. These
simulations have taken several assumptions in consideration likewise defined in
[173]. The following assumptions are used in this part:

* The sputtered particles are neutral atoms in the ground state, traveling from
the target to their final position;

» Their path is only affected by elastic collisions with the gas atoms;
* The gas is homogeneous and in thermal equilibrium with temperature;
* The interaction potential is defined by a Moliere screening function.

Apart from the input of the deposition geometry, the initial conditions of the
sputtered atom must be described. The starting point of the trajectory, i.e. the
place of ejection of the sputtered atom, is sampled from the race track or the
ion current distribution. These are sampled from the energy distribution and the
angular distribution of the sputtered atoms. Especially the latter distribution is not
well described in literature as it depends not only on the target/ion combination but
also on the target surface condition as shown by Boydens et al. [241]. In this part,
we will tune the angular distribution of sputtered Y and Zr atoms to reach the best
fit between the simulated and the measured sample composition. The optimized
angular distribution will be used to calculate the expected film thickness. However,
the film thickness does not only depend on the number of arriving atoms, but also
on the growth conditions which can induce porosity. The latter will be discussed
in detail in this part.

5.2.1 Geometrical configuration

As discussed before, a dual reactive magnetron sputtering is used in this work.
The position of the magnetrons in the framework of the vacuum chamber was
accurately measured and implemented in SIMTRA. The chamber geometry,
targets and substrate are shown in Figure 5.15.
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Figure 5.15: Chamber dimensions, targets and sample substrate defined for the
simulations in SIMTRA.

5.2.2 Obtaining sample composition

The equation that allows determining the flux of metal atoms (F,;) arriving on the
substrate is defined by:
Fy=1Iym fm (5.7)

where I is the ion current, 7, is the sputter yield of the metal and fj; is the
metal fraction arriving on the substrate determined via simulations. In this section
we will describe how these variables were obtained.

* The ion current (I): The amount of ions bombarding the target vary as a
function of the discharge current and of the ion-induced secondary electron
emission (ISEE) yield. The latter is defined by the number of secondary
electrons emitted by the cathode per incident ion. The ISEE values are tabled
and the respective values for Y and Zr are 0.178 and 0.121 [183]. The total
number of incident ions is obtained from:

Tins

L= A+ ISEEY) (>-8)

where I35/ is the discharge current of the metal and e is the electron charge.



TUNING THE YSZ SYSTEM 75

 Sputter yield (yas): The sputter yield can be simulated or experimentally
obtained. The experiments consist in determining the amount of material
emitted during a certain period of time, which can take up to several hours.
The value of the sputter yield is determined from the material loss prior
and after deposition. The equation that describes the sputter yield obtained
experimentally is given below:

_ #sputteredaioms AmNae(1+ISEE) (59
N #incz’dentﬂtoms N M]M IdM )

™M

where Am is the difference in mass, M, is the molar mass of the metal
and N 4 is the Avogadro’s constant. The number of incident ions is obtained
from equation 5.8.

The sputter yield used in this work follows the experimental data shown in
Figure 2.6, Chapter 2.

¢ Fractions of Y and Zr (fy;): The fractions (f;;) of both metals are obtained
via SIMTRA. When both fluxes fz, and fy are known, it is possible to
calculate the metal fraction or the sample composition as

fy

Composition = ———
Jzr+ fy

(5.10)

5.2.3 Optimizing the simulations

As stated before the simulations were optimized through a change of the angular
distribution of the sputtered atoms. In a first series of simulations, both the energy
distribution and the angular distribution were taken from SRIM [169]. In SRIM
the angular distribution follows a cosine distribution.

Two simulations using SIMTRA are performed to obtain the fractions of Y
and Zr. SIMTRA allows the simulation of only one target as source. That is
why, the first simulation considers the Y target as the source (sputtered particles)
and the Zr target as an object. In the second simulation Zr is considered as a
source. For each of these simulations 10° particles were simulated. Note that
each Y T-S distance requires a new simulation either for Y and Zr. Although the
Zr T-S distance remains fixed, we repeated the simulation changing the Y T-S
distance of the object (Y target). The simulated fractions for Y and Zr are given in
Figure 5.16. This figure shows that the fraction of Y increases with the decrease
of Y T-S distance, as expected from the experimental results. The fraction of
Zr is invariable, being independent of the Y T-S distance of the object. This let us
conclude that the position of the Y as an object does not influence the Zr deposition
distribution.
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Figure 5.16: Fraction variation of Y and Zr simulated via SIMTRA along a full glass
substrate.
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Figure 5.17: Comparison between compositions obtained experimentally and simulated
using a cosine angular distribution.

The Y compositional variation is illustrated in Figure 5.17. In this plot the
measured data is given by the closed markers and full lines while the simulated
data is indicated by the open markers and dashed lines. The same symbols were
used for a given Y T-S distance. Initially, it is observed that the relation between
experimental and simulated data is acceptable since the trends are very similar.
However, there are two factors which inhibit the use of this simulated data. First,
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the maximum quantitative error obtained between both data is rather large. The
average percentage error is calculated by taking the average of the difference
between all measured and simulated composition divided by the simulated data.
Using a cosine angular distribution the average error is 18 %, which is rather big
for an ideal fit. Second, it is noticeable that the values between simulated and
experimental differs by a Y T-S distance, i.e. the simulated data of a certain Y T-S
distance agrees with a higher Y T-S distance of the experimental data, indicating
that the fit between both results is not ideal. A way of solving the difference
between measured and simulated data involves the modification of the angular
distribution. This approach will be discussed below.

In order to improve the fitting between measured composition data and
simulation, the angular distribution of both Y and Zr were changed. The angular
distribution has been already introduced in section 2.2, Chapter 2. This distribution
is dependent on the angle of incidence, the ratio between the masses of the ion
and target and the incident energy which varies its shape [166, 167,242]. If the
incident energy is low, the particles are ejected in an under-cosine (or heart-shape)
type, while if the incident energy is high, the particles are ejected in an over-cosine
shape. The target morphology which is dependent on the sputtering yield of the
material also contributes to the modification of the angular distribution [241]. The
equation proposed by Yamamura et al. [242] to describe the angular distribution is
given by:

5(6) = cos0(1 + Bcos> ) (5.11)

where B is the fitting parameter and 6 is the ejection angle. The analytical equation
to describe the angular distribution in SIMTRA is proportional to [173]:

5 .
5(0) o< > ¢;cos' 0 (5.12)
i=0

where c; are fitting parameters which can be defined in SIMTRA. In order to
see the effect of the angular distribution in our compositional variation we simulate
the transport of particles with different angular distributions using the model of
Yamamura. In SIMTRA cO0 to c¢5 are user defined, in our simulations c0, c2, ¢4 and
c5 equals to 0 while c1 = 1 and c3 is variable. The B in equation 5.11 corresponds
to c3 in SIMTRA. The c3 parameter is varied from -2 to 2 in intervals of 0.5 for
the simulations changing Y T-S distance as well as the simulations changing Zr
T-S distance. Therefore, at this point SRIM is no longer used and instead we use
the energy distribution of Thompson [163].

The composition of the YSZ film is simulated for each pair of c3 parameter
[c3y, c3z,]. The ideal fit occurs when the comparison between experimental
and simulated data is equal. We can compare the results by calculating the area
between both curves, i.e. a curve for the resultant equation of the experimental
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and simulated results and another curve for the ideal case (a 1:1 relation where
y = x). The function describing the comparison between both data is defined by
a linear trend, i.e. y = ax + b. The error between the simulated and experimental
data is obtained by considering the difference in area of both functions divided by
the maximum composition (M). A schematic drawing of these areas is illustrated
in Figure 5.18.
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Figure 5.18: Areas defined by a 1:1 function and a linear function of the experimental and
simulated data. Situation (a) illustrates an interception between both functions while (b)
illustrates no interception.

Figure 5.18a shows the situation where the interception between both functions
occurs within the composition range defined by 0 to M, i.e. when y = b/(1-a).
Under these conditions the error is calculated using the equation below:

]Ob/(lfa) (ax +b)dx - Ob/(lfa) xdx + jbl/v(jlfa) xdx - ]b]/\flfa)(ax +b)dx
M

Error =

(5.13)
In the situation illustrated in Figure 5.18b, the error is simply obtained by the
difference of the areas of both functions, given as:

OM(a;v +b)dr - OM xrdx
M

From these results, a [9,9] matrix is created. If the fit is ideal, the difference
in area is null. Therefore, very low values in the matrix represent the best fit
between experimental and simulated results. The matrix is plot in a contour plot as
illustrated in Figure 5.19. For better visualization of the data, the matrix is plot in
logarithmic scale. The contour plot suggests that there are two regions of minimum
corresponding to [c3y, c3,] equal to (-0.5,0) and (-0.5,2). A negative value of c3

Error =

(5.14)
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indicates that the angular distribution has a heart-shape, while a positive c3 value is
characteristic of an over-cosine distribution. Therefore, these results suggest that
the angular distribution of Y has a heart-shape while the angular distribution of Zr
follows either a cosine or an over-cosine form.
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Figure 5.19: Contour plot of the c3 constant values varying from -2 to 2 in intervals of 0.5
either for simulations with Y and Zr. The regions of minimum indicate the best fit between
experimental and simulated data.

In order to improve the simulation, we can also add the effect of re-deposition,
i.e. consider the amount of Y sputtered present on the Zr target and vice-versa.
Therefore, simulations with SIMTRA are repeated. We considered that Y particles
are emitted from the Zr target under the conditions of the Zr target (Zr T-S distance
and current). Analogously, the amount of Zr being emitted from the Y target
is considered under the conditions of the Y target. Then, the new fractions of
re-deposited Y and Zr are calculated and added to the fractions of the emitted Y
and Zr. Next, the [9,9] matrix is obtained and displayed in a contour plot. The
contribution of re-deposition on the contour plot is illustrated in Figure 5.20. Note
that the region of minimum is the same as shown in Figure 5.19 and therefore it
is possible to conclude that the effect of re-deposition on the simulation does not
affect the results.
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Figure 5.20: Contour plot of the c3 constant values varying from -2 to 2 in intervals of 0.5
either for simulations with Y and Zr. In this plot the re-deposited particles are taking into
consideration in the simulation.

Another approach involves the change of the target positions on the
simulations, i.e. the Y target substitutes the position of the Zr target and vice-versa.
As the chamber is considered to be symmetric, no difference between the values
of the contour plot should be seen. The geometric values to be added in SIMTRA
are not copied from the original simulation input but they are once more measured
from the chamber. Thereon the simulations are repeated changing the parameter
c3 of the angular distribution with the same intervals mentioned above (from -2
to 2, in intervals of 0.5). The contour plot for this configuration is given in
Figure 5.21a. This plot indicates only one minimum at (-0.5,1) indicating the best
fit between experimental and simulated data. However, the region of minimum fits
exactly between the two minimum indicated in Figure 5.19, suggesting that the
best fit should be encountered in this region. Besides, it is also an indication of
the chamber symmetry since the change of the target position leads to the same
region of minimum. If we combine both images (Figure 5.19 and 5.21a) by taking
their average, it is possible to observe the region of minimum deviation. This
representation is illustrated in Figure 5.21b. Note that the region of minimum
deviation is delimited by a fixed ¢3 value for Y and a certain range of c3 for Zr.
This indicates that the fit between measured and simulated is strongly affected by
the change on Y T-S distance and therefore a specific c3 is necessary to have
a good fit of the data. On the other hand, since the Zr T-S distance remains
constant, a variation of its c3 parameter leads to the same result, being less
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sensitive to the change of c3z,.. Therefore, considering the c3 values obtained, it
is concluded that the Y target has a heart-shape distribution (c3y = -0.5), while for

Zr target the angular distribution varies from a cosine to an over-cosine distribution
(c3z,=0-2).
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Figure 5.21: Contour plot of the c¢3 constant values varying from -2 to 2 in intervals of 0.5.
a) On this simulation the position of Y and Zr on the simulated chamber are changed. The
region of minimum indicates the best fit between experimental and simulated data. b)
Contour plot resultant of the combination between both simulations (without and with
inversion of targets). The region of minimum is delimited by a fix c3y value (-0.5) and a
variable c3 z, (from 0 to 2).
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Figure 5.22: Comparison between experimental and simulated composition for
[c3v,c3z-]: a) (0.0); b) (-0.5,0); ¢) (-0.5,0.5); d) (-0.5,1); e) (-0.5,1.5) and f) (-0.5,2).
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The best fits between experiment and simulation are shown in Figure 5.22
together with the SRIM results (Figure 5.22a). These results confirm that
the angular distribution obtained via SRIM does not match the simulated and
experimental results and therefore the tune of the c3 parameters via SIMTRA
becomes necessary.

As pressure and current influence the discharge voltage, a possible change
of the angular distribution could be expected. However, the effect of both
parameters on the discharge voltage is, under the given conditions, quite
small. Nevertheless the effect of both parameters on the fitting procedure was
investigated. Figure 5.23a shows the results of the optimization for the current
experiments in the interval of -2 to 2, while Figure 5.23b shows the optimization
for the high pressure experiments in the interval from -1 to 1. As can be concluded
by comparing these results with the results in Figure 5.19, 5.20 or 5.21 a minimum
is found at the same values of ¢3.
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Figure 5.23: Contour plot showing the c3 parameter variation in Y and Zr under certain
conditions: a) changing discharge current and b) high pressure.

It is clear from the above analysis, that there is no statistically significant
difference between the results within the defined minimum. Therefore, we
have selected for further discussion the values (-0.5,0) for the c3 parameters in
the simulations. For sake of completeness, the simulated and the experimental
composition for the low pressure experiment is shown in Figure 5.24. Despite the
small differences between some of the data points, the trend is good, and allows
to predict the composition at any point on the substrate at any Y T-S distance
without further experimental work. The systematic deviation encountered at small
positions on the substrate and higher Y T-S distance can be associated to the
mean free path between Y target and substrate. The measured Y contents present
smaller values, indicating that the particles are deviated and spread away from
the substrate. For larger positions on the substrate this influence is barely noticed
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because of the short Zr T-S distance. The same occurs at shorter Y T-S distance.
Using the simulated composition the film thickness can be calculated.
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Figure 5.24: Comparison between compositions obtained experimentally and simulated
with an angular distribution defined by c3y = -0.5 and c3z, = 0.

5.2.4 Obtaining thickness and porosity based on SIMTRA

Based on the flux of both Y and Zr, it is possible to calculate the deposition rate
and consequently to obtain the simulated film thickness. The deposition rate can be
quantified from the sputtering yield and the incident ions rate [168]. The simplified
equation is given below:

drate = (fZT i fY)MYSZ (5.15)
pyszNa

where My gz is the molar mass of YSZ, py sz is the film density and N4 is
the Avogadro’s constant.

The thickness value is obtained by multiplying the deposition time of these
samples by the deposition rate obtained in equation 5.15. As the film density
(pysz) depends on operating conditions and structure of the films and therefore,
it is not known, equation 5.15 is used with the theoretical density. However, it
is possible to calculate the film density from the film characteristics. Thus, the
density is calculated from the mass and the volume of the unit cell. The mass
takes into consideration the number of atoms of Y, Zr and O in the lattice while
the volume is calculated as a function of the lattice parameter which varies with
the content of Y. The latter can be obtained by using Vegard’s law as shown
in Figure 5.14. Figure 5.25 shows the simulated thickness compared with the
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calculated thickness from Figure 5.2a. The simulated density is smaller than
the measured density, which is expected since the simulations do not take in
consideration the real density of the YSZ layer. The high density values at small
positions on the substrate are physically not possible and therefore not taken into
consideration in this analysis.
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Figure 5.25: Comparison between measured and simulated thickness corrected by the
calculated density.
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Figure 5.26: Comparison between measured and simulated thickness corrected by the
difference in thickness due to the inclination angle of the microstructure.

Further in this work, it is shown that the film possesses a columnar structure
with a certain inclination as a function of the content of Y. A full description of this
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columnar structure is given in Part III (5.3). As the inclination is not included in
the SIMTRA results, a correction is need to compare them with the experimental
values. This correction is just the cosine of the experimentally observed inclination
angle of the columns. This result is shown in Figure 5.26.
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Figure 5.27: Porosity obtained from the ratio between measured and simulated data. The
variation is seen along the substrate as well as the Y T-S distance.

In general, the simulated thickness is smaller, indicating that those films are
porous. The ratio between the measured and the simulated thickness, defined by
1-ts/t,,,, gives us an idea of the porosity of the film. The porosity as a function of
the position on the substrate and Y T-S distance is shown in Figure 5.27. Due to
the error on the measured and simulated film thickness, some values are negative
which is of course meaningless. Nevertheless, some trends can be concluded
from this calculation. At a fixed substrate position, the porosity decreases with
increasing the Y T-S distance. As discussed in Mahieu et al. [243], under a given
condition, the momentum transfer of sputtered atoms and the reflected neutrals
influence the film density. Increasing the Y T-S distance will lower the momentum
flux of the sputtered atoms due to the collision with the atoms in the gas phase.
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However, the momentum transfer of sputtered atoms, which is the ratio between
the moment flux and the deposition rate, increases due to the low variation in
deposition rate. In this way, the increase of the momentum transfer of sputtered
atoms improves the film density. Also the trend in porosity over the substrate can
be understood from this reasoning. At large Y T-S distance (e.g. 240 mm) the Zr
target is much closer as compared to the Y target, and therefore it can be expected
that the porosity on the right hand side (Zr side) of the substrate is smaller. At
smaller Y T-S distances (e.g. 80 mm) both targets are closer to the substrate, and
therefore a maximum of porosity is noticed in the middle of the sample, i.e. at a
position far from both magnetrons.

5.2.5 Summary and conclusions of Part II

In Part II, it was shown that simulation is a strong tool to obtain the composition
of the film based on the fraction of metals arriving on the substrate. In addition,
it allows us to predict the results of the deposition phenomena occurring during
sputtering. By changing the settings in SIMTRA, such as the angular distribution
it is possible to tune the simulation results. This tuning indicated that there
is a certain region of c¢3 values capable to fit the experimental and simulated
composition values with an error of approximately 10 %. Interestingly, it was
shown that a variation of the c3, is allowed from a cosine to an over-cosine
distribution without changing the error, while the c¢3 parameter of Y is very
sensitive to its variation, suggesting that the angular distribution of Y is defined
by a heart-shape distribution.

After the tuning of the c3 parameter, the thickness was also obtained. However,
a big discrepancy was noticed between the simulated and experimental results
because the thickness is strongly influenced by several other factors, such as the
effective density or the film growth angle. Using the ratio between experimental
and simulated thickness it is possible to calculate the porosity of the films. The
porosity is seen to vary significantly with the position on the substrate likewise
with the Y T-S distance.

In summary, the use of simulation helps to determine the characteristics of
the film with no further experimental measurements. As the angular distribution
for our system is defined, further simulations can be easily performed with a
high confidence being justified by the significant fit between simulations and
experimental data.

Up to now we have not yet reported the effect of the deposition conditions
on the microstructure and texture. Therefore, in Part III (5.3) and IV (5.4) we
discuss in details how these deposition conditions can affect the growth and the
crystallography of the YSZ system.
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5.3 Part III: Microstructural analysis on YSZ thin
films

In Part T (5.1) we described the effect of the deposition conditions on some of
the characteristics of YSZ. However, the deposition conditions, as mentioned in
Chapter 3, can also influence the texture and microstructure of thin films. The
influence of the deposition conditions on the microstructure will be the topic of
Part III. Based on SEM cross section images, it is possible to evaluate the YSZ
columnar growth. A correlation between the growth zone model and the obtained
results is described. The deposited films present a tilt of the [200] direction when
the content of Y increases. Moreover, the geometric effect on the tilt is investigated
by changing the angle of the substrate. In this way, it is possible to understand the
effect of the deposition geometry on the columnar growth.

5.3.1 Preferred orientation of YSZ thin films

To start the discussion, we first focus on the texture of a low content YSZ thin
film. Therefore, a thin film was deposited at a Y T-S distance of 240 mm, and
a total pressure of 0.5 Pa. If the center of the sample is considered, the resultant
film has a thickness of 0.85 pm and a composition of 8 at.% Y, see Part I (5.1).
The diffraction pattern (Bragg-Brentano configuration) is shown in Figure 5.28,
together with the reference diffraction pattern of a polycrystalline YSZ film
(JCPDS card file #30-1468). From this measurement, the [200] preferential
out-of-plane orientation is clear, which agrees with literature results [118, 130].
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[400]

30 40 50 60 70
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Figure 5.28: YSZ thin film with a [200] out-of-plane preferred orientation. The reference
diffraction peak of the cubic fluorite type is taken from the JCPDS card file (#30-1468).
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The small shift of the Bragg reflections for the measured sample as compared
to the reference can be attributed to the difference in composition. Calculating
the lattice parameter of the deposited film leads us to 5.103 = 0.009 A (see
Figure 5.14), agreeing with 5.1, 5.12, 5.14 A reported in literature for the same
content of Y [125,182,211].

To evaluate the level of alignment, a rocking curve (see Figure 5.29) was
measured. A full width at half maximum (FWHM) of 17° was obtained, which
is consistent with the values obtained in literature [130,211,244], confirming the
out-of-plane preferred orientation of the YSZ thin film.
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Figure 5.29: Rocking curve of the 8 at.% Y. The FWHM of 17° is coherent with the results
of literature [130, 211, 244], suggesting that [200] is the preferred orientation of YSZ at
this composition.

From these results, it is possible to conclude that YSZ films with 8 at.%Y
are [200] out-of-plane preferential oriented. Moreover, it is observed that the
film presents the cubic structure. In order to observe the film growth and the
influence of the deposition conditions on the microstructure, SEM cross section
images become necessary and the results will be discussed in detail in the next
sections.

5.3.2 Influence of the deposition conditions on the microstruc-
ture of YSZ thin films

5.3.2.1 Development of a columnar structure during film growth and corre-
lation to the zone model

Chapter 3 described the film growth based on the extended structured zone model
(ESZM). In order to observe the influence of the deposition conditions on the
microstructure, the SEM cross sections and surface images of several YSZ films
deposited at different conditions were obtained. Figure 5.30a to e presents the
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SEM cross section images of YSZ films deposited at 0.5 Pa with Y T-S distances
of 240 mm to 80 mm in intervals of 40 mm and the surface view (Figure 5.30f) of
a sample with a Y T-S distance of 200 mm.

Figure 5.30: Cross section SEM images of YSZ samples with Y T-S distance varying from
240 to 80 mm in intervals of 40 mm: a) 240 mm (12 at.%Y), columnar tilt 10.9 + 1.73°; b)
200 mm (17 at.%Y), columnar tilt 17.1 + 2.2°; ¢) 160 mm (24 at.%Y), columnar tilt
25.9 + 2.62°; d) 120 mm (29 at.%Y), columnar tilt 29.1 + 1.91°; e) 80 mm (39 at.%Y),
columnar tilt 30.3 + 2.4°. The microstructure is characteristic of zone T growth. f) Surface
image of a sample with Y T-S distance = 200 mm indicating the pyramidal surface.

A columnar structure is clearly observed in the cross sections of Figure 5.30a to
e. On the bottom of the columns small columns characterize the overgrowth. This
characteristic was already shown in Chapter 3 to be related to zone T based on
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the ESZM. Similar columnar structures formed due to shadowing have also been
reported in literature [101,125,130, 182,220,221,244,245]. The V-shaped facetted
column characteristics of zone T are clearly identified as well as the pyramidal
surface structures (surface image, Figure 5.30f).The surface structure can also
be explained from the columnar tilt. The crystallite habitus is a squared based
pyramid showing the (111) facets, or stated differently a {111} crystal form. At
low Y content (Figure 5.30a) a clear ’roof-like” surface structure is noticed which
is defined by the crystal habitus. As the crystallites tilt at higher Y contents, a
flatter surface structure is noticed, since the surface is defined by the (111) facets
which become more parallel to the substrate.

The columns are clearly tilted. In addition, based on the analysis of several
samples, it is clear that the columns tilt towards the Zr source. This inclination can
be obtained by measuring the angle formed between the normal and the inclined
column, as indicated in the cross section images (see Figure 5.30a to e). Using
Meazure program [246], we consider several columns in order to obtain their
respective tilts. Therefore, the angles shown in this section are the average of these
tilts. Furthermore, the columnar tilt increases with the increase of Y content in the
film. The obtained values for composition and angles of samples of Figure 5.30 a
toeare: (a) 12at.%Y and 10.9 + 1.73°; (b) 17 at.%Y and 17.1 + 2.2°; (¢) 24 at. %Y
and 25.9 £ 2.62°; (d) 29 at.%Y and 29.1 + 1.91° and (e) 39 at.%Y and 30.3 + 2.4°.

The SEM images corresponding to depositions performed at high pressure
(0.95 Pa) are illustrated in Figure 5.31. Figure 5.31a and b show the columnar
structure at Y T-S distance of 220 mm and 100 mm, respectively. Figure 5.31c
shows the film surface. At high pressure an inclined V-shape growing in zone T
is present. This inclination can be related to the mobility of adparticles and the
flux of material arriving on the substrate. The increase of mobility also affects the
sample surface and as a consequence the pyramidal surface has a more rounded
shape. Furthermore, for these conditions, a thicker columnar structure is observed
in the film. This can be related to the amount of energy per adparticle delivered
to the growing film which is higher than at low pressure. As a consequence, the
increase of pressure results in an increase of the mobility of the adparticles. More
details about energy analyses will be given in the next section.

Comparing Figures 5.31a and b the same tilt angle is observed, (a) 28.3 + 1.39°
and (b) 28.3 +2.27°, even though the contents of Y are different for both examples.
It is possible to conclude that pressure eliminates the influence of composition on
the columnar tilt.
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Figure 5.31: SEM images of YSZ thin films deposited at high pressure (0.95 Pa). Cross
section view of Y T-S distance: a) 220 mm (9 at.% Y), columnar tilt 28.3 + 1.39°; b)
100 mm (31 at.% Y), 28.3 + 2.27°. The columnar tilt is the same although both samples
have different content of Y. c) Surface image of a sample with Y T-S distance = 220 mm
indicating a more rounded pyramidal shape.

Figure 5.32: SEM cross section for samples deposited at different currents: a) 0.37 A
(24 at.% Y), columnar tilt 24.4 + 1.91° and b) 1.16 A (44 at.% Y), columnar tilt
29.1 + 1.81°. The tilt increases with the increase of the Y content.
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The change of current, represented in Figure 5.32, acts in a similar way to the
change of Y T-S distance at low pressure, i.e. the increase of Y content due to the
change in current rises the columnar tilt from (a) 24.4 + 1.91° in sample 0.37 A
with 24 at.% Y to (b) 29.1 + 1.81° for sample 1.16 A with 44 at.% Y. Both images
show a columnar growth in zone T defined by overgrowth and a V-shaped facetted
column.

The effect of deposition time is no longer discussed because time only affects
the variation of thickness with no significant variation in the microstructure of the
films. However, the SEM cross section images related to the change in thickness
can be found in Appendix C.

Figure 5.33 shows the influence of the composition on the columnar tilt based
on the similar analyses as discussed above. Note that there is a variation of the
columnar tilt as a function of composition when either Y T-S distance or current
is changed at low pressure. This increase of the columnar tilt seems to grow in
a asymptotic way reaching a maximum of 30° at low pressure and approximately
28° when current is changed. Until 24 at.%Y the columnar tilt of both experiments
seem to be similar. The columnar tilt presents no variation at high pressure and
its value is constant at 28°. Of course, the presented result must be treated with
some care, as we here implicitly assume that the tilt is defined by the composition.
The number of studied sample is insufficient to make a statistically significant
conclusion. However, in Part IV (5.4), a more in-depth analysis will be performed
based on pole figures, allowing to draw this conclusion. Moreover, as discussed
in Part I (5.1), the influence of most deposition parameters (except pressure) was
minor as compared to the influence of the composition.
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Figure 5.33: Columnar tilt as a function of the composition for samples deposited at
different Y T-S distances at low and high pressure and at different currents at low pressure.
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5.3.2.2 Energy analyses on YSZ thin films

To pinpoint the growth model for YSZ films, the thermal flux towards the growing
film was examined under different growth conditions. Figure 5.34 shows the
variation in thermal flux, the flux of metal particles and the energy per deposited
atom (EPA) versus Y T-S distance at different deposition conditions, namely, low
pressure, high pressure and current using set 1 of samples (points obtained from
the center of the sample as described in section 4.5, Chapter 4). No energy analysis
was performed with different deposition times because of its equivalence with the
results of Y T-S distance of 240 mm deposited at low pressure.

The thermal flux, given in mW.cm™2, determines the increase of temperature
on the substrate due to the particle bombardment on the sample surface. Its value
was obtained using a thermal probe, which use has already been introduced in
Chapter 4. The flux of metal particles given in cm~2.s7!.at™!, on the other hand,
was not obtained experimentally but it is defined considering the specific mass,
composition and thickness of the film [168], being calculated from equation 5.16:

RgN 4
(5%2) - (o )]

2 pyz203 pzro2

Fy = (5.16)

where N 4 is the Avogadro’s constant, Ry is deposition rate (thickness of the
sample related to a specific composition divided by deposition time), fy and fz,
are the atomic fractions of metallic Y and Zr, respectively, M is the molar mass
and p is the density of both oxides. And finally the energy per deposited atom
(eV.at™!) is the energy expressed as the measured thermal flux normalized to the
calculated flux of metal particles.

First, we discuss the thermal flux of Figure 5.34a for different Y T-S distances
deposited at low pressure (0.5 Pa), at high pressure (0.95 Pa) and for different
currents deposited at 0.5 Pa with a fixed Y T-S distance of 240 mm. At low
pressure, represented by the open circles, a decrease in thermal flux is observed
until Y T-S reaches approximately 140 mm, remaining constant within the
measurement error tolerances. Therefore, only a minor influence of the distance
exists. This can be explained based on the magnetrons position. Given that one
source (zirconium) is close to the substrate (90 mm), the effect of the other source
(yttrium) is minimal, except when the distances are nearly equal resulting in a
small increase of the energy flux. The reason for the small increase was attributed
to the power of the closest magnetron, approximately 150 W, while the power of
the moving magnetron was approximately 55 W (current of 0.2 A), eliminating the
inverse square effect of the distance [247].

The thermal flux at high pressure has practically the same behavior as described
above when changing Y T-S distance, i.e. there is a constant value at higher T-S
distance and a slight increase at smaller T-S distances. It can be assumed that
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the thermal flux towards the sample will not significantly change with pressure
as the major contribution comes from electrons [247]. However, the changes in
ionization efficiency in the plasma and in the energy absorption rate of the gas can
alter the behavior of the thermal flux. Ekpe and Dew [210, 248] found a linear
increase of the thermal flux with power and pressure for aluminum. But at low
powers in the range of 50-150 W the change in thermal flux is not significant.
Therefore, there is only a minor influence from pressure and distance.

An increase of the discharge current increases the thermal flux. From the plot
of Figure 5.34a, it is clear that the current affects the thermal flux linearly, which
it is expected since the power also increases linearly [210].
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Figure 5.34: a) Thermal flux; b) Flux of metal particles; c) Energy per deposited atom vs.
Y T-S distance for samples deposited at 0.5 Pa (circular markers) and 0.95 Pa (square
markers) and vs. current for samples deposited at 0.5 Pa (triangle markers).
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The flux of metal particles, Figure 5.34b, is not only related to the Y T-S
distance but also to the gas pressure and target current. With the change of Y T-S
distance to higher values, the flux of metal particles reduces for both experiments
at low and high pressure. This can be related to the smaller solid angle and the
increase of gas scattering when changing Y T-S distance to higher values, as
described in Part I (5.1). Furthermore, the effect of the pressure is mainly due to
the lowering of the discharge voltage at higher pressures [160, 171, 183,223,224],
reducing the sputter yield of the target material. The current, on the other hand,
has an opposite effect, meaning that the flux of metal particles increase with the
increase of current. As this flux is calculated based on the deposition rate, it is
evident that the flux increases with the increase of current.

Two hypotheses can be proposed to explain the textural change of thin films.
One is based on the mobility of the arriving species defining the growth zone in
the extended structure zone model. The mobility is defined by the total energy
per deposited atom (EPA) [210, 248, 249], which is the ratio between the thermal
flux and the flux of metal particles, as already mentioned above. This relationship
provides more information on the possible effect of energy on the film growth
mechanism. As illustrated in Figure 5.34c, it is possible to see the increase of
the total energy per deposited atom for all deposition conditions. This increase
can be understood from the almost constant energy flux and the lowering of the
deposition rate when changing Y T-S distance and from the ratio between both
increasing slopes when changing the current. The ratio between the EPA of the
maximum and the minimum values, 1.5, 1.4 and 1.3 for experiments changing
Y T-S distance at 0.5 Pa, 0.95 Pa and changing current, respectively, are not
sufficient to cause a transition from zone T to zone II [157,250]. In fact, as shown
previously by our research group [157,250], a textural change could be explained
by a transition from zone T to zone II growth. For this kind of transition to happen,
the mobility, and therefore the EPA, must drastically increase. Typically, the EPA
changes over an order of magnitude. The reason for this drastic increase is due
to target poisoning reducing the deposition rate substantially. In this study, target
poisoning was prevented by the use of a local oxygen inlet resulting in a minor
variation of the deposition rate. Therefore, based on the EPA, no textural change
is expected.

Another hypothesis for the textural change of the thin film is based on previous
work published by our group [250] where it was demonstrated that the nature of the
adsorbing reactive gas species (atomic oxygen or molecular oxygen) also influence
textural evolution. At high concentrations of atomic oxygen in the plasma, YSZ
thin films can grow [220] while a [200] out-of-plane orientation is observed at
low atomic oxygen concentrations. Since our samples are deposited in metallic
mode there is a very low oxygen plasma concentration and no change in preferred
orientation and/or microstructural change is expected.
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5.3.2.3 Influence of different substrate angle on the columnar tilt

The configuration of the deposition setup is of fundamental importance for
the growth of YSZ thin films. To further clarify the correlation between the
geometric configuration and the columnar tilt, depositions with different substrate
angles were performed. Deposition conditions were kept the same as in the
experiments changing Y T-S distance at 0.5 Pa. In fact, these experiments are the
reference since there is no inclination of the substrate (0° tilt). The inclinations
of the substrate were defined at +7.4° and -7.4°. The schematic drawing of
the different substrate angles is represented in Figure 5.35. The positive sign
indicates a clockwise tilt, i.e. towards the Zr target, while the negative indicates an
anticlockwise tilt, i.e. towards the Y target.

O

+7.4° b g ) -7.4°

0 ?é [mm]

Figure 5.35: Schematic drawing of the substrate inclinations used to determine the
geometrical influence on the columnar growth of the YSZ films. The positive sign indicates
a clockwise tilt of +7.4° in the direction of the Zr target while the negative sign indicates
an anticlockwise tilt of -7.4° in the direction of Y target.

Our analyses are performed using SEM cross section images of the different
substrate angles. As seen previously in section 5.3.2.1, the growth of YSZ films is
characterized by columns and the columnar tilt is obtained via the visual tilt of the
SEM images.

When the substrate angle is changed, the position of the Y and Zr targets
is different from the initial one (substrate angle = 0°). This leads to different
starting angles and consequently to a different columnar tilt. This difference in the
starting angle can be seen in the SEM cross section images of Figure 5.36. These
samples were deposited with a Y T-S distance of 200 mm. The corresponding
Y content in samples +7.4°, 0° and -7.4° are 9 %, 16 % and 15 %, respectively.
Turning the substrate away from the Y source (+7.4°, Figure 5.36a) results in a
smaller columnar tilt (11.8 + 0.7°) when compared to the non-inclined substrate
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(0°, 17.7 £ 1.4°, Figure 5.36b). The opposite is noticed when the substrate is
inclined towards the Y source (-7.4°, Figure 5.36¢): a columnar tilt of 23.9 + 2° is
observed. The columnar tilt difference (on average 6.05°) is within the error equal
to the inclination angle, being symmetric to the non-inclined substrate.

Figure 5.36: Cross section images of different substrate angles deposited with a Y T-S
distance of 200 mm. The substrate angles are: a) +7.4° (inclined to Zr target), columnar
angle 11.8 + 0.7°, 9 at.% Y: b) 0°, columnar angle 17.7 + 1.4°, 16 at.% Y; c) -7.4°
(inclined to Y target), columnar angle 23.9 + 2°, 15 at.% Y.

In the same way we can compare the SEM cross section images of Y T-S
distance of 80 mm displayed in Figure 5.37. The obtained columnar angles are
26.6 + 2.5°, 30.3 £ 2.4° and 30.9 + 2.7° for substrates angles of +7.4°, 0° and
-7.4°, respectively. Due to the inclination of the substrate the composition is also
affected. The content of Y of the samples below are obtained in the center of the
sample and the respective values are (a) 23 %, (b) 39 % and (c) 42 at.% Y. This can
be understood by the direction of the material flux. When the substrate is inclined
to the direction of Zr, more Zr particles are normally oriented to the sample surface
in comparison to Y particles. Therefore, less Y is present on the total composition.
The contrary is also true and as a consequence more Y is present on the layer when
the substrate is inclined to the direction of Y source.

Figure 5.37: Cross section images of different substrate angles deposited with a Y T-S
distance of 80 mm. The substrate angles are: a) +7.4° (inclined to Zr target), columnar
angle 26.6 + 2.5°, 23 at.% Y; b) 0°, columnar angle 30.3 + 2.4°, 39 at.% Y; c) -7.4°
(inclined to Y target), columnar angle 30.9 + 2.7°, 42 at.% Y.
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Figure 5.38: Representation of the columnar tilt of the images shown in Figures 5.36 and
5.37 as a function of the content of Y.

Figure 5.38 displays the columnar tilt of Figures 5.36 and 5.37 as a function of
the content of Y. In conclusion, Figure 5.38 demonstrates that the change of tilt is
related to the geometry since the columnar tilt is dependent on the substrate angle
and composition. A change of the substrate angle might alter the starting angle
of the tilt but does not change the columnar behavior of the tilted growing film at
higher Y concentrations, because the maximum angle of curvature of the columns
reach a limit at higher content of Y.

5.3.3 Summary and conclusions of Part III

In Part III, the influence of the deposition conditions (distance, pressure and
current) on the microstructure was studied. Based on SEM images and correlating
the results with the extended structured zone model, it was identified that
our samples grow in zone T with a well defined facetted V-shape columns.
Interestingly, a tilt of the columns was noticed when the content of Y increases
(decrease of Y T-S distance) at low pressure or when the Y current was increased.
This tilt follows the direction of the Zr source. At high pressure, the tilt is
independent of Y T-S distance or composition. Energy analyses were also executed
and corroborated with the conclusions found via SEM images.

The results attested that the geometrical configuration of the deposition setup
plays an important role on the tilt. Therefore, the influence of the chamber’s
geometry was analyzed in detail by changing the substrate angle. The columnar tilt
at high Y content are not affected by the substrate angle but varies as a function of
the content of Y. At low content of Y, on the other hand, the substrate angle leads
to different tilt angles. Moreover, the change on the substrate angle also changes
the amount of Y on the film, which depends on how the substrate is oriented. A
next step is to determine the influence of the deposition conditions on the grain tilt
(texture) and the relations involved between grain and columnar tilt.
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5.4 Part IV: Textural analysis on YSZ thin films

The microstructure of the YSZ system was explained in Part III (5.3). Part IV
focuses on the influence of the deposition conditions on the texture of the YSZ
thin films. In addition, two methods are proposed in this part to obtain the grain
tilt, one based on the analyses of pole figures/polar plot and the second using
XRD/polar plot.

5.4.1 Texture determined via pole figures

Based on the SEM results and the energy analyses from Part III (5.3), it is observed
that YSZ films grow in zone T with a columnar microstructure. Moreover, a
columnar tilt develops with the increase of composition when deposited at 0.5 Pa
independently of the type of deposition condition. At high pressure, on the
other hand, a constant columnar tilt was observed. In order to analyze in detail
the crystallographic orientation of the structure, pole figures were measured. A
description of this method and its interpretation was already given in Chapter 4.

Figure 5.39 illustrate the (111) and (100) pole figures obtained for set 1
(see Chapter 4, section 4.5) of samples deposited at 0.5 Pa. The first column
indicates the (111) pole figure, followed in the middle by the (100) pole figure
and the last column represents the schematic drawing of the cubic structure from a
crystallographic software (CaRIne v3.1) [251]. The use of the schematic drawing
of the lattice demonstrates how the cubic lattice should be positioned in relation
to the substrate normal. The [200] direction is indicated by the white atom in the
schematic drawing. The Y and Zr magnetrons are positioned on the left and right
hand sides of the plotted poles and their positions are indicated in the figure.

Biaxial alignment of the YSZ thin films can also be observed in these images.
At low concentrations of Y (or high T-S distance, Figure 5.39a the [200] is
identified as the out-of-plane preferred orientation with a clear peak in the center of
the (100) pole. The four [111] peaks at 55° are identified in the (111) pole figure,
confirming the biaxial alignment of the films. As the Y content increases (decrease
of T-S distance) there is a tilt of the out-of-plane preferred orientation from [200]
to [111], which can be observed by the movement of the [200] direction either in
the (100) pole likewise in the schematic drawing. This tilt represents the grain tilt.
It is possible to quantitatively determine this tilt from the [200] direction in CaRIne
when compared to the pole figures results. The following grain tilts are obtained:
5.8,12.5,21.7,35.7,39.3, 41.6, 43.5° for Figure 5.39a to g, respectively.
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Figure 5.39: Pole figures for YSZ films deposited at 0.5 Pa. The respective Y T-S distances
and compositions are: a) 240 mm (12 at.% Y); b) 220 mm (14 %); ¢) 200 mm (17 %); d)
180 mm (19 %); e) 160 mm (24 %); f) 140 mm (26 %); g) 120 mm (29 %); h) 100 mm
(35 %), i) 80 mm (39 %). The first and second columns indicate the (111) and (100) pole
figure, respectively, followed by the schematic drawing of the cubic structure. The white
atom in the schematic drawing corresponds to the [200] direction.

The tilt noticeably follows the Zr source, as indicated in the SEM images
(Figure 5.30). Intriguing, starting from Y T-S distance of 120 mm (29 %) there is
also a rotation of the lattice, identified by the [111] peak with higher intensity.
As soon as the Y T-S becomes smaller than 120 mm this rotation is clearer.
Note that for higher contents of Y (39 %) and minimal Y T-S distance (80 mm)
(Figure 5.39g), the YSZ film does not reach a pure [111] out-of-plane preferred
orientation but it still presents a strong tilt of the [200] orientation. The rotation
is identified by the three peaks in the (100) plane. The change in tilt goes in
agreement with the conclusions of Part III (5.3), confirming that no zone transition
occurs when the content of Y increases or the Y T-S distance decreases.

Figure 5.40 illustrates the pole figures at high pressure of three different Y T-S
samples deposited at (a) 220 mm, (b) 140 mm and (c) 100 mm with compositions
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of 9 %, 23 % and 31 %, respectively. Similar to Figure 5.39, the first column
indicates the (111) pole, followed by the (100) pole and finally the schematic
drawing of the cubic structure from CaRlIne [251].

a) (111) (100)
0 300
- 160

b)
500

250

Random in-plane alignment

Figure 5.40: Pole figures for YSZ films at high pressure. The respective Y T-S distance and

compositions are: a) 220 mm (9 at.% Y); b) 140 mm (23 %), c¢) 100 mm (31 %). The first

column indicates the (111) pole figure, followed by the (100) pole and the third represents
the schematic drawing of the cubic structure.

Comparing the results of Figure 5.39 and Figure 5.40, the first difference is that
the biaxial alignment worsens. The pressure is one of the factors that affect the
biaxial alignment as seen in section 4.6.9.2, Chapter 4 and shown in Appendix A.
It is noticeable that the peaks in Figure 5.40 are less intense and also broader than
the poles at low pressure. The next remark is that at higher pressure the orientation
is independent of Y content and Y T-S distance since there is no variation of the
tilt on the [200] direction and the grain tilt is confined in the region between
35-40°. These poles indicate a [200] preferred orientation tilted in the direction
of Zr (right hand side of the pole figure). There are two [111] peaks located very
close to the center of the pole. The other two less-intense peaks, on the right hand
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side of the pole, indicate that the cubic structure is tilted. The variation seen in
the pole figures can be attributed to the small differences on the position of the
substrate on the sample holder during deposition or even the orientation of the
sample during measurement. At high Y content (above 30 % Y, Figure 5.40c the
film loses its biaxial alignment becoming uniaxial aligned. This loss can be related
to the mobility of the adparticles and also to the angular spread of the incoming
material [134]. At higher pressure the arrival angle of the adparticles is strongly
influenced by collisions with the gas atoms, changing their direction towards the
film surface and resulting in a less-defined directed flux of the arriving atoms. As
the Y T-S distance is small and the angular spread is large, the scattered adatoms,
which arrive with different directions and orientations, are immediately adsorbed
on the film surface, resulting in a random alignment and consequently in lost of the
in-plane preferred orientation. In Figure 5.40c, it is observed that the out-of-plane
preferred orientation remains [200] and that there is a semicircular shape present
in the (111) pole. This semicircular shape represents the contribution of all cubic
[111] directions randomly oriented, i.e. a fiber texture.

a (1) 0 (100)

Y 0 0

Y
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920
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Figure 5.41: Pole figures showing the grain tilt at currents equal to: a) 0.37 A (24 %); b)
0.77 A (37 %), c¢) 1.16 A (44 %).



104 CHAPTER 5

In order to identify the grain tilt as a function of the discharge current, pole
figures at three different currents 0.37, 0.77 and 1.16 A are shown in Figures 5.41a,
b and c, respectively. The correspondent Y contents are 24 %, 37 % and 44 at.%.
In pole Figure 5.41a there is a small tilt of the [200] direction. This tilt increases
when current goes to 0.77 A, identified by the two main [111] peaks close to the
center of the pole, indicating the translation of the tilt. At even higher currents,
the grain tilt increases. However, at 1.16 A (Y T-S distance 240 mm) there is no
rotation of the lattice in contradiction to the results demonstrated for T-S distance
120, 100 and 80 mm at low pressure (Figure 5.39¢ to i).

The absence of the rotation at high currents cannot be related to the content of
Y in the film since this effect is not distinguished at high content of Y. Although
the energy per deposited atom is higher than in the case of low pressure (see
Figure 5.34a) no rotation is identified at high currents and therefore this energy
has also no influence on the rotation. Another possibility is to consider the Y T-S
distance. Figure 5.42 shows the pole figure at 160 mm deposited with a current
of 0.77 A. Note that at this current the structure is clearly rotated. This can be
seen in the (100) pole where three different peaks can be identified. Therefore, it
is possible to concluded that the rotation of the lattice is Y T-S distance related. In
Part V (5.5) we will use a simulation tool to analyze how the tilt and the rotation
of the lattice are influenced by the compositional variation and Y T-S distance.

Figure 5.42: Pole figures of a sample deposited at 0.77 A with a Y T-S distance of 160 mm.
The rotation of the lattice is in evidence, showing that this effect is geometrically related.

In summary, pole figures are shown to be a straightforward tool to identify the
tilt of the [200] direction. A way to represent the results obtained via pole figures
includes the use of polar plot. The stereographic positions of the main orientations
in a cubic structure are identified by using CaRIne [251] in combination with
the pole figure data of the computational program TexEval (version 2.4) from
Bruker AXS.

In order to prove the equivalence between polar plot and pole figure we
consider the example of a sample deposited at low pressure with a tilt of 12°.
Figure 5.43a represents the pole figure of this tilt obtained via pole figure, followed
by Figure 5.43b where the stereographic projection of the main directions of
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the cubic structure is shown in CaRlIne software [251] and finally Figure 5.43c
illustrates the position on the polar plot based on CaRIne. Following the cross
marker it is clear the concordance of the grain tilt obtained via pole figure and
polar plot. As a result, the azimuthal angle of the polar plot can be considered as
the position of the [200] direction. Hence, it gives the value of the grain tilt of the
YSZ system.

(o) & ‘a1Bue leynwizy

Polar angle, % (°)

Figure 5.43: Representation of the calculated angle ¢ = 12° and x = 78° in a) pole figure;
b) stereographic projection via CaRlIne and c) a polar plot based on CaRlne.

Since the azimuthal angle gives the value of the grain tilt, the polar plots of the
pole figures discussed above can be summarized in Figure 5.44.

The interpretation of the polar plot based on the pole figures is given below.
Figure 5.44a shows the representation of the polar plot for the pole figures of
Figure 5.39. The polar plot indicates a [200] out-of-plane preferred orientation
at low content of Y. As soon as the content of Y increases, an arc is formed from
[200] to [111] and the azimuthal angle also increases indicating that the tilt grows.
The azimuthal angle gives the grain tilt of the lattice. At approximately ¢ =32° and
35 at.% Y there is a discontinuity (gap) in the arc which is associated to a rotation
of the lattice based on the content of Y and pole figures above. As the content of Y
increases, the lattice continues tilting until the grain tilt is approximately ¢ = 45°.

Figure 5.44b illustrates the polar plot at high pressure. Note that the grain tilt is
confined in the region from ¢ = 33° to 45°, indicating that tilt of the [200] remains
practically constant. Moreover, there is no variation of the tilt as a function of the
change in composition. The effect of current, represented in Figure 5.44c, shows
the same behavior as in Figure 5.44a, i.e. there is a variation of the grain tilt as a
function of composition from ¢ = 13° (x = 82°) to p =45° (x =58°).

The main disadvantage of the use of pole figures is related to the acquisition
time. The acquisition time of each particular position requires long periods of time.
Another convenient tool to identify the crystallographic orientation of thin films is
based on the XRD (6/20). The main advantage of XRD (6/26) in comparison
with pole figures is the operation time. For example, a full spectrum varying from
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20 to 75° takes approximately 30 minutes while a pole figure measurement of two
different planes takes up to 2 hours. Therefore, in the following section, we discuss
the results obtained via XRD diffraction peaks.
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Figure 5.44: Polar plot showing the angles obtained from pole figures for different
deposition conditions: a) Y T-S distance at 0.5 Pa; b) Y T-S distance at 0.95 Pa and c)
changing Y current at 0.5 Pa.

5.4.2 Fictional zone transition based on XRD (6/20) results

Figure 5.45 shows the XRD diffraction patterns when changing deposition
conditions: (a) Y T-S distance at 0.5 Pa; (b) Y T-S distance at 0.95 Pa and (c)
Y current at 0.5 Pa. The Y T-S distances or current as well as their respective
compositions are indicated in each graph. In order to compare the patterns, the
XRD intensities were normalized to their respective thickness values.
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Figure 5.45: Diffraction lines of YSZ samples with a) different T-S distances at 0.5 Pa; b)
different T-S distances at 0.95 Pa and c) different Y current at 0.5 Pa.

Note that the XRD diffraction patterns of Figure 5.45a and c indicate a
transition from [200] to [111], while Figure 5.45b indicates that the film growths
with a [111] preferential direction. The change from [200] to [111] could then
be explained by a transition from zone T to a zone II growth, which based on the
XRD can be observed starting at 24 at.% Y where the [111] intensity increases
while the [200] intensity decreases. Also, a small contribution of [220] appears
with the increase of Y content. For even smaller Y T-S distances, and hence higher
contents of Y, the [111] intensity significantly increases. The same behavior can
be observed in Figure 5.45c. When the current increases, there is a transition
from [200] to [111] with a contribution of the [220] direction at higher currents.
However, based on the SEM cross images shown in Part IIT (5.3) and the pole
figures of previous section, it is known that our films grow in zone T with a
[200] out-of-plane preferred orientation and that a tilt of the [200] occurs with
the increase of composition. Therefore, the results obtained via XRD do not
indicate the real crystallographic orientation of the YSZ film deposited by dual
magnetron sputtering but they are the result of the tilt of the (200) lattice plane.
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The 6/260 configuration measures only the planes parallel to the substrate. Due
to the tilt, other crystallographic planes, i.e. (111) and (220) become parallel
and visible to the € configuration setup. With this knowledge, it is possible to
calculate the crystallographic orientation based on the 6/20 measurements. This
misinterpretation of XRD patterns is what we call as the “fictional zone transition”
[252].

In order to plot the XRD data in a polar plot, it is necessary to obtain some
vectors based on the XRD diffraction. The orientation of a crystal with known unit
cell dimensions can be represented in a polar plot by measuring the angles between
the crystal faces and a resultant vector. For each sample, a resultant vector was
calculated using the fractions of the stereographic projections of the [111], [200]
and [220] directions, which correspond to the highest intensity peaks of the XRD
data (see Figure 5.45). This vector will have a resultant point in the triangular plane
formed by these directions. These directions are situated in the first quadrant of
the polar plot as also indicated in Figure 5.46. The resultant vector has two angle
components, namely a polar (x: 0-90°) and an azimuthal (¢: 0-360°) angle. For
example, a single crystalline with [200] out-of-plane preferred orientation would
have its resultant vector at ¢ = 0° and x = 90°.
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Figure 5.46: Schematic representation of the three vectors obtained from three main
directions of the XRD data. The resultant vector resulting from these vectors will be
contained in the triangle formed in the first quadrant of a polar plot.

Figure 5.47 shows the representation of those resultant vectors for all
deposition conditions using set 2 of samples. The color scale indicates the
composition as a function of the Y content. The polar plot can be interpreted in
two ways: 1°. as the contribution of the fraction of the different oriented crystals
and 2°. as the result of the tilting of the crystals. Therefore it is important when
working with a dual magnetron sputtering, to be aware of this when conclusions
are made based on XRD (60/20), in order to avoid misleading information. Using
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Figure 5.47a we discuss both interpretations:
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Figure 5.47: Polar plot of the resultant vector calculated for several points at different Y
T-S distances based on XRD results obtained using set 2 of samples for a) Y T-S distance
from 80 to 240 mm at 0.5 Pa; b) Y T-S distance from 80 to 220 mm at 0.95 Pa and c)
changing current from 0.17 to 1.57 A at 0.5 Pa. The color scale shows the compositional
variation. Note that the arc behavior is equivalent to the arc shown in the polar plot of
Figure 5.44 indicating the equivalence for both pole figures and XRD results.

¢ 1°: At low pressure, the preferred orientation for low contents of Y or high
T-S distance is [200]. With the increase of Y content, a transition from
[200] to [111] direction can be seen. In between both, an arc is formed in
the direction of [220] from y = 85° and ¢ = 5° to approximately y = 45° and
© =45°. A gap towards the [220] direction can be seen around x = 60° and
0 =30°, representing its contribution. The film becomes [111] preferentially
oriented at elevated Y contents. Note that this interpretation describes the
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XRD of Figure 5.45a;

 2°.: The tilt varies from an azimuthal angle of ¢ = 3° at low content of Y
up to = 30° at 25 at.%Y. The gap at ¢ = 30° indicates the rotation of the
structure. Then, the tilt continues up to approximately ¢ = 45° at 50 at. %Y.

Figure 5.47b shows the polar plot at high pressure. The [200] is strongly
tilted. Moreover, it is clear that the tilt remains confined in a certain region and
consequently the film growth is independent of Y content or Y T-S distance. Based
on the azimuthal angle of the polar plot we obtain a grain tilt between 30° to 45°.
The large interval of the azimuthal angles can be explained by the worsening of
the alignment (see Figure 5.40) which gives a large interval of the azimuthal angle.

As described for Figure 5.44c, current has a similar effect as Y T-S distance at
low pressure, meaning that the content of Y changes the grain tilt of the lattice.
Since the Y variation is not so strong as in the case of Y T-S distance, (see
Figure 5.4), the final grain tilt due to the change of current (Figure 5.47c¢) is lower
than in Figure 5.47a. The variation of Y along the sample can also be identified
in the arc. As the difference between the contents of Y in the lattice is smaller,
the total tilt of the grain becomes also smaller dislocating the arc to higher polar
angles.

By comparing the results of the polar plots of Figure 5.44 and 5.47, it is
concluded that both results are equivalent and the plots overlap each other. In
addition, the advantage of using XRD (6/20) is that much more data can be
obtained in a short period of time with a higher accuracy than when using pole
figures.

5.4.3 Influence of the deposition conditions on the grain tilt

In Part I1I (5.3) a full analysis of the deposition condition on the columnar tilt was
limited due to the restricted amount of data available. As a result, we assumed that
the columnar tilt varied as a function of the composition. Using the results of the
XRD (6/20), it is possible to discuss the relation between deposition conditions
and the grain tilt.

Figure 5.48 considers the change of grain tilt as a function of the deposition
conditions (a to c), position on the substrate (d to f) and composition (g to i).
Figures 5.48a to ¢ shows the variation of the grain tilt as a function of the Y T-S
distance at low and high pressure as well as a function of the discharge current.
At low pressure, there is a great interval of tilt at each Y T-S distance, suggesting
that the tilt is independent on the Y T-S distance. At high pressure (Figure 5.48b),
the grain tilt variation has a maximum of 5°. Moreover, the tilt values remain in
the range of 40° independent on the Y T-S distance. Finally, the change of current
(Figure 5.48c) shows a combination of both effects as described above. At low
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current, there is a large variation of the value of the grain tilt. Starting at 0.77 A
the variation in tilt is reduced to 5°. With further increase of current, the average
grain tilt slightly increases from 30° to approximately 40°.
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Figure 5.48: Influence of deposition conditions, position on the substrate and composition
on the grain tilt: a; d; g) Y T-S distance at low pressure; b; e; h) Y T-S distance at high
pressure and c; f; i) Current at low pressure.

Figures 5.48d to f show the grain tilt variation along the sample substrate at
different deposition conditions. At low pressure there is a decay of the grain tilt as
soon as the position of the substrate gets closer to the Zr side. From the results of
PartI (5.1), it was discussed that a straight dependence as a function of the position
on the substrate it is not possible to obtain because composition, thickness, grain
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size and lattice parameter were shown to vary as a function of the position on the
substrate. However, from Figure 5.48e, referring to experiments at high pressure,
it is clear that the grain tilt is completely independent of any deposition conditions
as well as any film characteristic. This is concluded from the constant values of
the grain tilt along the sample. Current, on the other hand, has a similar behavior
than seen in Figure 5.48d up to a current of 0.77 A. Above this value, the grain tilt

is invariable at approximately 40°.
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The influence of the composition on the grain tilt can be evaluated in
Figures 5.48g to i. At low pressure, there is a drastic increase of the grain tilt
at very small variation of composition. Starting at 25 at.%Y the slope of the curve
changes and the grain tilt varies little. In fact, it seems that the tilt reaches a
constant value with a maximum of approximately 40°. High pressure shows once
more a constant value independent of the content of Y. And current has a similar
behavior as shown at low pressure. However, the grain tilt seems to have a smaller
value in comparison with the ones at low pressure.

In summary, the results shown in Figure 5.48b, e and h indicate that the
grain tilt at high pressure is independent of any deposition condition as well as
YSZ characteristic due to the different orientations, directions and energies of the
arriving atoms which eliminate the effect of the variation of the content of Y on
the tilt. Experiments performed at low pressure with the change of Y T-S distance
and discharge current are independent of the deposition conditions but vary as a
function of the YSZ characteristics, which are somehow interconnected. At this
moment we consider the influence of the composition to explain the behavior of
the tilt.

Similar to the columnar tilt, the grain tilt can also be plot as a function of the
composition. Figure 5.49 shows the grain tilt for the experiments changing Y T-S
distance at low and high pressure as well as the results when varying discharge
current. Not surprisingly, the experiments changing Y T-S distance and current at
low pressure have an identical behavior as seen for the columnar tilt (Figure 5.33).
Up to 24 at.%Y both tilts are equivalent while at contents higher than 24 at.%Y a
small difference is noticed. On the other hand, the experiments at high pressure
show the constant value of grain tilt independent of the composition, which agrees
well with the results obtained above and from the SEM images of Part III (5.3).

Based on the results shown in section 5.3.2.3, we can also analyze the influence
of the substrate tilt on the grain tilt. Figure 5.50 shows the grain tilt as a function
of Y content. Note that the sample with a substrate angle of 0° is the same as the
curve presented at low pressure in Figure 5.49. Below 25 at.% Y there is a change
in the grain tilt for different substrate angles. These data were analyzed by statistic
t-tests demonstrating significance for low pressures. Above 25 at.% Y, there is
a change in curve slope without significant angular differences, meaning that the
substrate inclination has no influence on the final grain tilt.

The grain tilt was also shown to vary as a function of the composition as well
as with the chamber geometry. Moreover, the behaviors of the columnar and the
grain tilt seem to be similar. That is why, we describe in the last part of this chapter
(Part V) the comparison between the columnar and the grain tilt and their relations.
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5.4.4 Summary and conclusions of Part IV

Since a columnar tilt was observed we investigated the grain tilt by checking the
crystallography of these films via pole figures. At low pressure, it was observed
that the [200] preferred orientation tilts when Y content increases. At contents of
approximately 35 at.% Y not only a tilt is noticed but also a rotation of the lattice.
Similarly, the increase of content as a function of the current also demonstrated a
change in tilt. However, no rotation was identified. By changing the Y T-S distance
to 160 mm, the effect of rotation was noticed. The pole figures at high pressure
showed a constant grain tilt. However, at high content of Y the film becomes
uniaxial aligned. This is related to the increase in probability of collisions and
scattering between adatoms and Ar, which influences the transport of particles to
the substrate.

Another way to determine the crystallography of thin films is using XRD
(6/260). However, the XRD patterns of the YSZ indicated a fictional zone transition
which does not agree with the results obtained in Part IIT (5.3). In the presence
of a tilt of the cubic lattice, the XRD identifies other directions which do not
represent the real out-of-plane preferred orientation. When working with a dual
magnetron sputtering, it is important to be aware of the use of a XRD/polar plot to
avoid misleading information. Once the right interpretation is used, this technique
becomes very simple and accurate. It can lucidly depict possible influences
of different crystallographic orientations. Above all it is less time consuming,
allowing us to obtain more information in a shorter period of time compared with
polar plot based on pole figures.

An analysis of the influence of the deposition conditions on the grain
tilt suggested that at low pressure the grain tilt varies as a function of the
composition. The behavior of the curve is similar to the columnar tilt described
in Part III (5.3). A correlation between grain tilt and composition was done and
further investigation of columnar and grain tilt will be discussed in Part V (5.5).
Once again we use SIMTRA to determine how the particles are distributed along
the sample surface. In this way, we expect to determine the reasoning for the
rotation of the lattice at high content of Y as well as the deposition conditions
involved in this phenomenon.
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5.5 Part V: Relations between grain and columnar
tilt

Comparing the results of Part IIT (5.3) and IV (5.4), it is possible to determine
the relations between columnar and grain tilt. In Part V, the relations between
columnar and grain tilt will be discussed. In addition, the differences encountered
for both tilt will be explained in two different sections. The first leads with the
difference encountered between grain and columnar tilt while the second explains
the development of the rotation along the sample substrate.

5.5.1 Comparison between grain and columnar tilt

The comparison between grain and columnar tilt at different deposition conditions
is illustrated in Figure 5.51.
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Figure 5.51: Comparison between columnar and grain tilt for different deposition
conditions. The grain tilt evaluated from XRD (0/20)/ polar plot (Figure 5.49), and the
columnar tilt obtained from SEM cross section images (Figure 5.33). Both tilts are
displayed as a function of the composition measured by SEM-EDX.
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The grain tilt in Figure 5.51 is represented by open markers and full lines while
the columnar tilt is indicated by closed markers and dashed lines. The deposition
conditions under discussion are: (a) Y T-S distance at low and (b) high pressure
and (c) current at low pressure.

As Figure 5.51a shows that the grain tilt and the columnar tilt are identical until
20 at.% Y. The grain tilt of Figure 5.51c also seems to follow this linear trend up
to 20 at.%Y. Unfortunately, we do not have enough data to compare it with the
columnar tilt at low contents of Y. In addition, it is observable that the average
tilt values when changing current are slightly smaller than in Figure 5.51a, which
can be attributed to the influence of different YSZ characteristics. In addition, it is
observed that above 20 at.%Y there is a discrepancy in the columnar and grain tilt
value for all the experiments. As explained in Part III (5.3) and IV (5.4) the effect
of pressure is independent on the variation of the deposition conditions and YSZ
characteristics (see Figure 5.51b).

In a similar way, we can compare the grain and columnar tilt data for
the experiments with different substrate angles (0°, +7.4° and -7.4°) from
section 5.3.2.3 and 5.4.3. This comparison is displayed in Figure 5.52.
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Figure 5.52: Comparison between columnar and grain tilt for the experiments with
different substrate angles (data from Figure 5.38 and Figure 5.50).

At low content of Y (< 20 at.% Y), the grain tilt falls within the uncertainty of
the columnar tilt obtained in the SEM image of Figure 5.36. This means that in this
range of Y content, the columnar tilt is equivalent to the grain tilt. At high content
of Y (40 at.%Y), the angles encountered are practically the same (30.3 + 2.4° and
30.9 + 2.7°, respectively) indicating that the columnar tilt reaches a maximum of
30°. However, starting at 25 at.% Y we observe a difference in the tilt values
between columnar and grain tilt.

The equivalence at low content of Y can be understood from the idea that
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the grains are building blocks of the columns. Thus, the tilt variation can be
understood by considering the insertion of Y203 in the ZrO, structure. This
is schematically indicated in Figure 5.53. Due to the difference in ionic radius
between Y and Zr (0.9 and 0.72 A, respectively), it is possible to consider the
tilt as a result of deformed lattices stacked on the top of each other. A similar
behavior has also been observed in the work of Saraiva et al. [253] where both tilts
were shown to be equivalent.

This deformed cubic structure is a consequence of the compositional gradient
between two extremes of the lattice. The deformation increases with the insertion
of Y3* in the lattice, meaning more Y in the film. Thus, the tilt formation can
be related to three YSZ characteristics, namely: lattice parameter, grain size and
content of Y. The lattice and the grain size are both altered as a function of the
composition as seen in Figures 5.11 and 5.14. And the content of Y is directly
affected by the insertion of yttria in the lattice. A proposed model for the average
grain tilt is developed and it will be discussed in detail in Chapter 6.

4+ —-
® Zr

Zr02

Figure 5.53: Schematic drawing of YSZ lattice: insertion of Y203 in the ZrO2 lattice and
its deformation generated by the insertion of a higher ionic radius element (Y>").

The tilt originated from the deformation of the lattice can also explain the
behavior of the columnar tilt. As a result, the tilt towards the Zr source is due
to the difference in ionic radius. Consequently the columns shown in the SEM
cross section images of Part III (5.3) tilt towards the source with the smallest ionic
radius, which in this case is the Zr source.

The rotation of the lattice seems to be related to the difference in angle between
columnar and grain tilt. Therefore, it is necessary to further understand the nature
of both effects. First, we discuss the difference between grain and columnar tilt
based on the [111] peak of pole figures. SEM cross section images are also used
in order to corroborate with our conclusion. Second, we used the data obtained via
SIMTRA to study the effect of the chamber geometry on the particles distribution
along the sample substrate. Based on these results it is possible to observe how
the tilt and rotation develops along the sample. In order to make these analyses
simpler we consider the values of the experiments at low pressure (changing Y T-S
distance) because we dispose of more data in comparison to the other experiments.
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5.5.1.1 Analyzing the rotation of the tilt

First, we consider the rotation of the lattice. Several representations can be used
to determine the orientation distributions, for example plotting as a function of
Euler angles or Rodrigues vectors [254]. However, the objects imaging in three
dimensional space is not trivially obtained and therefore a visualization of the
lattice rotation is complex. Another way to estimate the rotation consists in using
the phi and chi values of the [111] peak. The [111] peak is obtained from the pole
figure plot using the program TexEval 2.4 (Bruker AXS). Figure 5.54 illustrates
the chi and phi values of the [200] and one [111] peak of the samples deposited at
low pressure. The [111] peak displayed in this figure corresponds to the peak with
the highest intensity represented in the third quadrant of a polar plot. The [200]
peak is situated in the first quadrant of the polar plot.
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Figure 5.54: The tilt and rotation of the lattice is represented by the [200] and [111]. The
[111] peak represents the peask with the highest intensity. The group defined by I indicates
a pure tilt of the lattice. The gap between both groups in the third quadrant ([111] peak)
corresponds to the lattice rotation. The further variation in phi (group 1) indicates a
further tilt of the lattice.

In Figure 5.54, two groups can be distinguished: group I and II. Group I
corresponds to a pure tilt of the lattice. The total tilt can be observed in the
translation of the [111] peak (phi, chi) from (248, 45) to (235, 33) or easily
calculate from the translation of the [200] peak from (90, 2) to (66,17) where
the tilt value is obtained from the square route of the quadratic difference between
both cooridinates, given a tilt of approximately 30°. Starting at 24 at.% Y there is
a gap between the values of group I and II. This characterizes the rotation of the
lattice. Naturally this hypothetic value of composition (24 at.%Y) is based on the
available experimental results. Unfortunately a precise value of composition and
Y T-S distance cannot be given since the composition variation from this value and
the following one is of +2 at.%Y. The rotation is defined by the value of the chi
axis on the third quadrant, i.e. [111] peak, and is equal to 12°, which corresponds
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to the difference between grain tilt and columnar tilt as indicated in Figure 5.51.
The variation in phi (seen in group II) suggests a further increase of the tilt while
the constant chi indicates no further rotation. In summary, there are two groups
with a pure tilt which varies as a function of the Y concentration, but the high Y
content species are rotated in comparison with the low content. As a result, we
notice a discrepancy between the measured tilt by SEM and the one obtained via
XRD.

lateral -
view cross section

3D view Cross section view Lateral view

Figure 5.55: Columnar structure represented in 3D, cross section and lateral view.

It is also possible to analyze the behavior of the columnar tilt. The columnar
structure, in a cross section view, shows the tilt variation. When this image is seen
in a lateral view, the tilt is no longer identified since it is a projection image. The
3D, cross section and lateral view are schematically indicated in Figure 5.55.

Therefore we compare the cross section images of Figure 5.30 with their
respective lateral view. The lateral views are displayed in Figure 5.56. In the
lateral view images, the samples deposited with a Y T-S distance of 240 mm and
200 mm present low inclination of the columns (4.38 + 1.54° and 5.56 + 2.06°,
respectively). Sample 160 mm shows a larger tilt in the lateral image (12.5 + 3.26°)
which is attributed to the start of the rotation. The tilt increases with the decrease of
the Y T-S distance. For samples 120 and 80 mm a clear tilt is noticed, 14.34 + 3.06°
and 14.16 + 2.34°, respectively. This trend indicates that the difference between
both values of tilt at higher content of Y can be attributed to the 3D growth of the
film which cannot be observed by a 2D SEM cross section image. This conclusion
is strongly supported by the rotation on the [111] peak in the pole figure at contents
of Y superior to 20 at.%, as indicated in pole figure of Figure 5.39d.

However, another contribution for the difference between columnar and grain
tilt can be also related to the error involved in the columnar tilt angles obtained via
SEM images. At high concentrations, the bending resembles a more curved shape
rather than a straight tilt which increases the error when quantifying the columnar
tilt angle.
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Figure 5.56: Lateral views of the columnar structure for samples 240 mm (4.38 + 1.54°),
200 mm (5.56 + 2.06°), 160 mm (12.5 + 3.26°), 120 mm (14.34 + 3.06° ) and 80 mm
(14.16 + 2.34°) showing the variation from a non inclined to an inclined structure due to
the lattice rotation.

5.5.1.2 Analyzing the rotation of the lattice along the substrate

In section 5.4.1, we observe that no rotation of the lattice was identified for Y
T-S distances of 240 mm when current was changed. Instead the rotation was
noticed at a Y T-S distances of 160 mm when deposited at currents above 0.77 A.
Therefore, energy per deposited atom and composition were indicated to have no
influence on the rotation. Since the rotation was identified when Y T-S distance
decreases, it is believed that the rotation is geometrically related. If the effect of
geometry is involved it is possible to simulate it and eventually understand the
factors influencing this rotation. Therefore, SIMTRA simulations at different Y
T-S at low pressure were performed. As defined in Part II (5.2), a fixed c3 constant
of (-0.5, 0) for the angular distribution is used, which corresponds to one of the best
fits between experimental and simulated data. The simulation was performed for
1x108 particles with a mesh of 60x60 on the substrate surface (76 mm x 22 mm).

From the simulations we can determine how the content of Y along the
substrate varies. Figure 5.57 illustrates the contour plot of the simulated
compositional variation for Y T-S distances varying from 80 to 240 mm in intervals
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of 20 mm. The color bar corresponds to the total amount of Y (at.%) in the YSZ
thin film. In addition, some composition values are also indicated on the contour
plot. The position of Zr and Y source are indicated on the top and bottom of
Figure 5.57a. This method of plotting remains the same for the other simulations.
At low Y T-S distances the direction of the flux of Y and Zr can be observed by
the contour lines towards both sides. Moreover, there is a region where both fluxes
encounter, which is around 30 to 50 at.%Y (see Figure 5.57a and b). At larger Y
T-S distances the amount of Zr is higher and consequently there is dominance of
its flux along the sample substrate. As a result, the curvature representing the flux
of Zr is easily identified when the content of Y is smaller (Figure 5.57f to i).
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Figure 5.57: Simulation of the deposition surface at different Y T-S distances. From a to i:
Y T-S equal to 80, 100, 120, 140, 160, 180, 200, 220 and 240 mm, respectively. The color
gradient corresponds to the total amount of Y on the YSZ thin film.

From the simulations shown in Figure 5.57, it is possible to observe that the
flux of material is symmetric, i.e. Y and Zr flux are oriented at opposite sides
on the substrate and therefore, no geometrical effect can be identified that would
indicate the rotation of the tilt. Therefore, we associate the simulated images with
pole figures in order to understand how the lattice behaves due to the variation of
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the Y content on the film. For this analysis we consider two full YSZ samples at
different Y T-S distance (80 mm and 100 mm). Some points are selected along the
length of the YSZ film as indicated in Figure 5.58a. Next, the pole figure of each
of these points is obtained. The point equal to O on the substrate corresponds to the
position closer to the Y source. In the same way we can define the same points on
the simulation image. This image is shown in Figure 5.58b. Note that the contour
plot was limited to discrete values of composition for better visualization. The x
and y axis correspond to the dimensions in mm of the substrate.

a) b) Composition (at.%Y)

33 4 80 60 40 20 0

Substrate \é

| 76 mm |
|

Figure 5.58: a) Selected distances from an YSZ sample deposited with a Y T-S distance of
80 mm. The marked points are given in mm. b) Selected distances are indicated on the
simulated image. The x and y axis are given in mm and correspond to the dimensions of
the glass substrate.

The (111) pole figures of the selected points indicated in Figure 5.58 are shown
in Figure 5.59. From the results obtained for samples deposited at 80 mm, we
observe that at contents of 32 at.% Y (Figure 5.59a) there are still two main [111]
peaks near the center of the pole, indicating the tilt of the cubic lattice in the
direction of Zr source. However, the high intensity of the [111] peak suggests
that the rotation already started. Above 46 at.%Y (samples b to d) it is possible
to identify the rotation of the lattice. In addition, the rotation seems to remain
constant, which agrees with the conclusions presented in group II of Figure 5.54.
Based on these results, a quantitative value of the rotation cannot be determined
because the interval between values is still too large. In order to determine the start
of the rotation, a larger region of compositional variation was chosen in order to
detect quantitatively the rotation.

The same approach was followed for samples deposited with a fixed Y
T-S distance of 100 mm. This distance was chosen because the variation in
composition along the film is smaller than at 80 mm. Thus, the acquisition of pole
figures at a fixed position is more accurate. The representations of the positions
on the substrate as well as the positions on the simulated image are shown in
Figure 5.60.
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Figure 5.59: Rotation of the cubic lattice along an YSZ sample (Y T-S distance = 80 mm).
Position on the substrate: a) 41 mm (32 %); b) 33 mm (46 %); c) 28 mm (50 %) and d)
25 mm (55 %Y).
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Figure 5.60: a) Selected distances from an YSZ sample deposited with a Y T-S distance of
100 mm. The marked points are given in mm. b) Selected distances are indicated on the
simulated image. The x and y axis are given in mm and correspond to the dimensions of

the glass substrate.

Figure 5.61 illustrates the (111) pole figure from the selected distances shown
above. The position of the peaks can be correlated with the compositional variation
shown in Figure 5.60b. Note that the rotation appears along the sample deposited at
a fixed Y T-S distance. Figures 5.61a to ¢ (60, 50 and 43 mm) indicate four [111]
peaks, which corresponds to compositions lower than 30 at.% Y. Figure 5.61d
(38 mm, > 35 at.% Y), the four peaks are no longer identified, being replaced
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by two peaks with one high intensity [111] peak. Samples (e) and (f) (24 mm
and 10 mm with the respective compositions of 48 % and 58 %) clearly show the
rotation, being represented by three main intensities along a semi circle and a low
intensity peak on the left hand side of the pole, the latter starting to be formed
already in sample (d). Despite of the different content of Y in samples (e) and (f),
no difference in the rotation can be noticed in agreement with the results discussed
above for Y T-S distance of 80 mm. Therefore, it is possible to conclude that the
rotation begins at 20 at.%Y (sample b) reaching a full rotation at approximately
48 at.% Y (sample e).

a)

4000

%

d) .
' ﬂ
Figure 5.61: Rotation of the cubic lattice along an YSZ sample (Y T-S distance = 100 mm).

Position on the substrate: a) 60 mm (14 %); b) 50 mm (20 %); c) 43 mm (28 %), d) 38 mm
(35 %); e) 24 mm (48 %) and f) 10 mm (58 %Y).
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Figure 5.62: Rotation obtained for two different Y T-S distances (80 and 100 mm) as a
function of the composition and the position of the substrate.

Simplifying the description given for Y T-S distance of 80 and 100 mm we
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can plot the rotation as a function of the composition as well as a function of the
position on the substrate. This representation is given in Figure 5.62. First of
all, it is important to emphasize that the variation in tilt in group I of Figure 5.54
considers no rotation of the lattice and therefore the rotation is null up to 28 at.% Y
in Figure 5.62a and above 40 mm in Figure 5.62b. Note that with a Y T-S distance
of 80 mm, the rotation starts at 32 at.% Y and a position of 41 mm and it has a
maximum of 12° at 50 at.% Y and 28 mm. When the Y T-S changes to 100 mm
there is a small dislocation of the values from 28 at.% Y and 43 mm to 48 at.% Y
and 24 mm, which is related to the increase of the Y T-S distance.

Based on these results we observe that a fixed low Y T-S distance is not
the main component to generate the rotation but the content of Y does play an
important role on the rotation. This effect explains why the high content of
Y at high Y T-S distance (see Figure 5.41) was not able to rotate the lattice.
Therefore, we conclude that only a combination between geometry of the chamber
and content of Y results in the rotation of the lattice.

5.5.2 Summary and conclusions of Part V

The comparison between grain and columnar tilt suggests that there is a linear
equivalence of angles up to approximately 25 at.% Y. The insertion of an element
of large ionic radius in the ZrO- lattice creates a deformation of the lattice. As
a result, a column is formed by the addition of several grains on the top of each
other. This results in the equivalence between columnar and grain tilt. The effect
of pressure, on the other hand, was shown to eliminate the dependency of any
YSZ characteristic on the tilt. Above 25 at.%Y, a difference between both tilts is
noticed. Using the [111] peak of the pole figure we observed that the difference
between grain and columnar tilt is 12°. This difference was shown to occur due
to a rotation of the lattice. Using SEM images of a lateral view, it was observed
that the columns are tilted at high content of Y. This indicates that the rotation
induces a 3D growth which cannot be observed in a 2D cross section image. The
development of the rotation was explained using pole figures. The rotation was
identified to be triggered by Y T-S distance and also by the content of Y.

Taking into consideration the conclusions described above, we can conclude
that the grain tilt varies as a function of the YSZ characteristics such as:
composition, lattice parameter and grain size. Therefore, the relations between
these characteristics should be further analyzed. Thus, it becomes necessary to
understand the phenomena involved at nano scale, i.e. along a particular column
of the film. In addition, the proposal of a stress model to predict the tilt of the
grains based on the characteristics of YSZ films will be discussed in Chapter 6.






Macroscopic modeling of the
nano-scale behavior

In Chapter 5, the preferred orientation of YSZ thin films was studied as a
function of Y T-S distance, pressure and current. Using the crystallographic and
microstructural information of those YSZ thin films, it was observed that they
remained in zone T. Hence, a particular columnar tilt develops as soon as the
yttrium content increases. In this chapter a model will be developed to explain
the observed tilt. The structure of this chapter will consist of two parts:

The first part of this chapter discusses a quantitative analysis performed at the
nano scale, taking into consideration the behavior of the compositional gradient
in a single column. The latter is obtained via scanning transmission electron
microscope-energy dispersive X-ray analysis (STEM-EDX). Next, a correlation
between the macroscopic level (from Part III to V (5.3 to 5.5), Chapter 5) and the
nano scale is developed. This correlation suggests that the variation of composition
within a single YSZ column can be calculated from the macroscopic compositional
variation. Based on this correlation, it is possible to calculate the observed tilt from
measurements at the macroscopic scale using a simple stress model.

The second part of this chapter deals with a similar analysis. In this case the full
length of YSZ samples is considered. In this way, the full compositional gradient
developed along the layer can be evaluated with the stress model. Finally, a study
about the columnar tilt along the full sample will also be discussed.
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6.1 Using macroscopic scale to determine nano scale
characteristics

Figure 6.1: ADF-STEM images of four different samples with the following Y T-S
distances: (a) A: 240 mm; (b) B: 160 mm; (c) C: 120 mm and (d) D: 90 mm deposited at
low pressure. The marked rectangle indicates the region of STEM-EDX mapping. Y and Zr
on the figures indicate the direction of the material flux.

The dual magnetron configuration induces anisotropy in the flux of material
towards the substrate. As demonstrated in the work of Radndczi et al. [255]
and Saraiva et al. [253] for AlInN and Mg(M)O (where M = Mg, Al, Cr, Ti, Zr
and Y), respectively, the deposition strategy will induce a compositional gradient
over the constituting crystallites. The quantitative compositional gradient along
the columns is obtained via TEM analysis in combination with ADF-STEM and
STEM-EDX as described in section 4.6.6, Chapter 4. Figure 6.1 shows the
ADF-STEM images of four different samples with the following Y T-S distances:
(a) 240 mm; (b) 160 mm; (c) 120 mm and (d) 90 mm deposited at low pressure.
For further discussion we label them as A (240 mm), B (160 mm), C (120 mm)
and D (90 mm). The investigated area is highlighted by the red rectangle. Y and
Zr on the figures indicate the direction of the material flux. The V-shaped facetted



MACROSCOPIC MODELING OF THE NANO-SCALE BEHAVIOR 129

columns are well defined and correspond to the microstructure exhibited in the
SEM images shown in Figure 5.30, Chapter 5. A flatter surface when the content
of Y increases is also noticed. Moreover, the porosity formed between the columns
can be observed. The silicon substrate is indicated by the darker region beneath
the columns. The top layer above the columns is the protective layer deposited
while preparing the sample via FIB.

Figure 6.2 shows the color map representation of the STEM-EDX images
for the highlighted area shown in Figure 6.1. It is possible to distinguish the
enrichment of Y on one side of the column. The Y concentration is indicated
by the color bar. In order to obtain the composition coordinates on a column, the
data collected via STEM-EDX is used. Each pixel in this mapping corresponds to
a determined content of Y.

a) at%Y b) at%Y
64.5 54.8
522 44.8
39.9 34.8
27.7 248
15.4 14.8
%1 4.8
C) at%yY d) at% Y
69.6 88.3
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73.0

441 57.7

42.5

272

Figure 6.2: Color map of the Y distribution along the columns in YSZ thin films of the
highlighted areas of Figure 6.1. The color bar represents the amount of Y in at.% in the
column, higher contents of Y are indicated by the red color.
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The compositional gradient within the columns is defined by high and low
content of Y, as depicted in the color map of Figure 6.2. It is also possible to
quantitatively determine the amount of Y present in the columns by overlapping
the STEM-EDX mapping with the images of ADF-STEM (Figures 6.1 and 6.2).
This overlapping can be better visualized in Figure 6.3 for samples A, B, C and
D. The contour plot based on the composition coordinates of each pixel of the
STEM-EDX mapping overlays the ADF-STEM images. The resulting image
allows the precise determination of the composition over each of the columns.
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Figure 6.3: Contour plot of the STEM-EDX mapping over the ADF-STEM image. This
overlapping allows the compositional determination along the columns for samples: a) A;
b) B; ¢) Cand d) D.
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The difference in Y content observed from Figures 6.2 and 6.3 defines a
compositional profile. An example of a composition profile within a column as
a function of the distance for sample A, B, C and D is shown in Figure 6.4.
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Figure 6.4: a) Schematic drawing of the compositional profile indicating the high content
of Y (C1), low content of Y (C2), the average in composition which corresponds to the
macroscopic composition (Cm,qac) and the region of transition between high and low
content delimited in the x axis by the grain size (/7). Compositional profile within a
column of the YSZ samples with Y T-S distance equal to: a) A (240 mm); b) B (160 mm); c)
C (120 mm) and d) D (90 mm).

The compositional profile within a column is schematically represented in
Figure 6.4a. Based on several analyses, it is concluded that the composition
changes over a distance much smaller than the corresponding columnar width.
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Moreover, these distances agree with the distance of a grain size (/) parallel
to the substrate. In Chapter 5, the grain size was determined (from 6/26
measurements), but the obtained values are valid for the out-of-plane orientation.
Therefore, a few samples were measured with grazing angle XRD [256] (at 1°),
and as Figure 6.5 shows, similar values are found for the grain size parallel to the
substrate, indicating that the grains have a symmetric shape. In the following, we
assume that the grain size determined in Chapter 5 can be used for the calculation
of the compositional gradient.
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Figure 6.5: Grazing angle XRD for samples deposited at three different Y T-S distances
with no inclination (0/20) and with a grazing of 1°.

The compositional gradient along a column is considered to be the difference
in composition between high (C;) and low content (Cs) of yttrium divided by the
corresponding average grain size being equal to 25, 22.7, 12.1 and 11.5 nm for
samples A, B, C and D, respectively. These grain sizes are indicated by the dashed
lines between high and low content of Y in Figures 6.4b to e. The grain size of
Figures 6.4c and d are smaller than the interval between points due to the limitation
of the measurement. In summary, the compositional gradient within a column is
given by:

oC  Cp-Cy

ox - Ii//

(6.1)

The analysis based on ADF-STEM and STEM-EDX reveals three interesting
findings:

e The first finding is related to the ratio between the maximum and the
minimum Y content on a column. Taking 12 different locations within
the columns of each sample of Figure 6.2 we can calculate the average
ratio (R = C1/C3). The R of samples A, B, C and D is 3.048 + 0.764,
3.601 + 0.862, 3.772 + 1.803 and 2.708 + 0.511, respectively. Hence,
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this ratio between both compositions is approximately 3/1 and seems to be
independent of the T-S distance. This can be understood from the fact that
the flux of atoms from the Y source remains the same, independently of T-S
distance. This means that, the proportion of Y on the left hand side of the
column increases likewise the amount of Y on the right hand side. As a
consequence, the ratio between both sides of the column remains constant.

It is possible to have an idea of the value of this ratio by using the Tangent
Rule [257]. This rule assumes that adatoms will impinge on a substrate with
a certain angle and with a certain probability. The ratio probability (R) can
then be calculated by simple geometry as indicated in equation 6.2:

3cosa + v/3sina

R=
3cosa — \/3sina

(6.2)

where « is the incident angle. A schematic drawing of the incoming material
on the surface is depicted in Figure 6.6.

YSZ

Substrate

Figure 6.6: Schematic drawing of the incoming material arriving on the YSZ sample. The
incident angle used in equation 6.2 is indicated by o.

The incident angle («) corresponds to the angle measured from the incoming
material to the normal and can be obtained via SIMTRA [240]. Therefore,
simulations for Y and Zr were performed in order to determine the incident
angle («). The histograms of the simulated incident angle for Y for samples
(A) 240 mm, (B) 160 mm, (C) 120 mm and (D) 90 mm and Zr at 90 mm are
shown in Figure 6.7. The values in the x axis of the histogram are given in
acos and vary from -1 to 1, i.e. from -90 to 90°. The angles corresponding
to the maximum of the distribution is given in the caption of the figure.
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Figure 6.7: The incident angle distributions obtained for Y for samples (A) 240 mm, (B)

160 mm, (C) 120 mm , (D) 90 mm and Zr at 90 mm.

The angular distribution of Zr indicates that the incident angle lies on
approximately 0.727, which corresponds to an angle of 43.36°. Note that the
histogram indicates that the particles come mainly from the positive side (0
to 1), i.e. the particles arrive on the substrate with a defined orientation (from
0 to 90°). The Y distribution shows smaller impact angles when the Y T-S
distance varies to larger values. This is associated with the Y T-S distance.
At smaller Y T-S distance the free path is reduced and as a consequence
the emitted atoms arrive on the substrate with almost no deviation. This
can be seen by the negative part of the distribution where the contribution
of the atoms arriving from another orientation is almost null (see Y T-S
distance 90 and 120 mm). When the Y T-S distance increases, the mean free
path also increases and the atoms arriving from the target have a broader
distribution on the sample surface, which favored smaller impact angles. In
addition, it is also possible to observe that the contribution of the atoms
coming from another orientation also increases with the increase of Y T-S
distance; however, the main contribution still comes from the positive side
of the histogram.

Substituting the average « angles (Y and Zr) for samples 240 mm, 160 mm,
120 mm and 90 mm on equation 6.2 we obtain the following ratios 2.92,
3.10, 3.28 and 3.36. These results are in agreement with the ratios obtained
in Figure 6.4 within the error of the STEM measurement.
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* The second finding is that the composition measured by EDX-SEM is
equivalent to the difference in composition measured by EDX-STEM. This
allows us to rewrite equation 6.1 as,

9C _C1-Ca _ Cmac2(1-1) 6.3)
ox Ky Kj/ R+1

with C,,4. (macroscopic) the average composition of the sample, and
R is the ratio between the high and low content of Y. As the latter
ratio is independent of the T-S distance, equation 6.3 indicates that
the compositional gradient can be retrieved from measurements at
the macroscopic level, facilitating the analysis since no TEM sample
preparation is needed. As R equals approximately C;1/Co=3/1, (C1-C2) (at
nano-scale) equals to C,,,. showing the equivalence between both values.
Therefore, a 1:1 relationship is expected between the compositional gradient
at nano-scale (ADF-STEM and STEM-EDX measurements) and at the
macroscopic level (SEM-EDX). This is confirmed in Figure 6.8.
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Figure 6.8: Compositional gradient of a single column (STEM-EDX) vs. the local
compositional gradient of the layer (SEM-EDX). The dashed line shows the 1:1
relationship.

* Finally the third finding is related to stress in the column. We start by
considering a pure ZrOs lattice. The introduction of Y503 deforms the
resultant lattice because of the higher ionic radius of the Y, as seen in
Part V (5.5), Chapter 5. Supposing that Y accumulates in the left hand
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side of the lattice and the Zr remains in the right hand side, we can easily
suggest that the left hand side will have a tensile stress while the stress
on the right hand side will be compressive. This average in composition
(and also in lattice parameter) is identified by the compositional profile in
Figure 6.4a and in the color map of Figure 6.2 where two regions with
different contents of Y are distinguished. However, the considered lattice
parameter corresponds to the lattice obtained for a certain macroscopic
composition. This macroscopic composition, as explained in one of the
findings above, is the average between C; and C,. As a consequence the
average lattice is the contribution of the lattice in C; and Co. As a result
the average stress on the column is null due to the average between a
compressive and a tensile stress. Therefore, the lattice parameter as seen
in Figure 5.14, Chapter 5 follows a linear trend as suggested by Vegard’s
law.

6.2 Prediction of the grain tilt based on a stress
model

In order to understand the effect of the grain tilt based on the film characteristics
a model is proposed. This model is based on the work of Timoshenko [258] for
the prediction of the bending of a bimetallic thermostat. In the latter, two different
metal strips are connected to each other as indicated in Figure 6.9. As the two
metals have different thermal expansions, heating will result in the bending of the
structure as a whole, as illustrated in Figure 6.9b.
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Figure 6.9: Schematic drawing of the effect of the two metal strips of the work of
Timoshenko submitted to a variation of temperature [258]. a) The variables defining the
metal strips; b) the curvature generated by the effect of the temperature variation.

Due to thermal expansion, the metal strip will have a curvature with a certain
radius (p). This radius p in the work of Timoshenko is given by:
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1 6(oq — a2)(ty —to)(1+m)?
P w(3(L+m)2+(1+mn)(m?+-L1))

mn

(6.4)

with, o; being the thermal coefficient of metal 1 and 2, (t¢-ty) the variation
of temperature, w the total width of the bimetal strips, m the ratio of the strip
thicknesses, and n the ratio between the elastic moduli of both metals. Note that the
product (aj-a2)(ty-tg) corresponds to the relative difference in length (Lq-Lo)/L
between both strips.

An analogy exists between the metal strips of Timoshenko and our YSZ films.
A schematic drawing of the YSZ columnar growth is shown in Figure 6.10.
The Y source is located at the left hand side, while the Zr source is located
on the right hand side, meaning that the increase of Y content leads to a tilt of
the column towards the Zr side, as indicated in Figure 6.10a. In this drawing
the compositional profile of each column (determined via STEM-EDX) can be
identified. In addition, a straight line through the columns is shown. The latter
corresponds to the macroscopic composition (determined via SEM-EDX). In the
center of each column, there is a marked region which equals to the grain size
value. L, defines the region of smaller expansion while L; defines the region of
larger expansion of the lattice. This expansion is due to the insertion of Yo0Os3. The
variable h corresponds to the total thickness of the film.
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Figure 6.10: a) Schematic drawing of the columnar growth on the substrate. The Y and Zr
target are positioned on the left and right hand side, respectively. The compositional
profile and the macroscopic composition are indicate in the image. L1 and Ly represent the
different expansions and h defines the total thickness of the film. The gray region in the
column defines the variation of the compositional gradient within a grain size distance. b)
Visualization of a schematic grain deformed by the addition of Y. The compositional
gradient, lattice parameter and the grain size width are indicated in the figure.

As stated before, the product (oj-a)(ty-tg) in the model of Timoshenko
(equation 6.4) corresponds to a relative length difference between the two metal
stripes over the initial length (L;-Ls)/L. In our case, this product is the difference
in lattice parameter between both sides of the column over the lattice parameter
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(a) of a pure ZrO,. Figure 6.10b shows the schematic drawing of the lattice
deformation with the insertion of Y. The lattice parameter of YSZ was determined
by XRD [259] as seen in section 5.1.3, Chapter 5. Moreover, it was shown to
follow Vegard’s law [7], i.e. it has a linear dependence with the composition.
Hence, the relative length difference in the case of YSZ can be written as follows:

L1 - L2 _ a(Cl) - Q(CQ) _ AC(TY - TZ’I”)

(6.5)

L a a

with a(Cy)-a(Cz) being the difference between the two lattice parameters of
the column, which can also be given by the difference in composition (content of
Y) multiplied by the difference of ionic radius of the two metals (0.72 and 0.9 A
for Zr and Y, respectively). This difference is the slope of the lattice parameter vs.
composition as shown in Figure 5.14, Chapter 5.

We can expect that the elastic modulus of YSZ does not strongly depend on
its composition, and therefore n in equation 6.4 can be set equal to 1. In the
model of Timoshenko the radius is proportional to the total width of the metal
strips w. However, based on the SEM images shown in Figure 5.30 of Chapter 5
and Figure 6.1 of this chapter, the columns become wider as the film thickness
increases but no change in the tilt is noticed. This remarkable result can be
explained as follows. The main difference with Timoshenko’s model is that the
columns are built from several individual grains. From the STEM-EDX and
ADF-STEM measurements we observe that only the grains at the center of the
column show a compositional gradient, and behave as the metal strips, i.e. two
parts with a different length intimately attached to each other. Therefore, w in
equation 6.4 has to be replaced by the grain size (x,/) and not by the column
width. Based on this reasoning we can assume that also m in equation 6.4 equals
1. Assuming for the case of YSZ that both m and n equal 1, equation 6.4 reduces
to:

1 _ 3AC(7’Y —’I’Zr)

6.6
14 2/6//& ( )

As AC/k;; equals the compositional gradient JC/Ox, the inverse of the
curvature is proportional to the compositional gradient. By approximating the bent
column by a straight line, the measured tilt (3) can be calculated as,

2a Ox ©.7)

1 3h(ry —rz,) 0C
B = —arcsin [(ry "z )]
2
where h is the thickness of the film (see Figure 6.10a). This equation agrees
with the equation proposed in a previous paper of our research group [253], even
though a different reasoning was followed. In the work of Saraiva [260], the

change in compositional gradient modifies the size of the metal cation from one
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side to the other of the grain. As a consequence, there is an angle « defined by
the difference between the angle formed by the cations and oxygen layers. In
addition this tilt increases with the increase of the grain size for each d-spacing
in the hkl plane. The total tilt gives the grain tilt (5). Both arguments are based
on geometric arguments and therefore it is not surprising that both models agree.
However, the current model has the advantage that the film characteristics can be
taken into consideration.

Using the information of the obtained compositional gradient in combination
with equation 6.7, the tilt angle was calculated. The calculation is performed
for both the macroscopic compositional gradient (obtained via SEM-EDX) and
the gradient measured at the nanometer scale (within a column, obtained via
STEM-EDX). Both results, compared to the grain tilt are shown in Figure 6.11.
Despite the simplicity of the model, the prediction agrees well with the experiment.
As aresult, the grain tilt can be predicted on YSZ thin films on a macroscopic scale
and these results can be used to determine the tilt on nanometer scale.

50+

40
£  30f
£
o
o 20F _ .

—&— Grain tilt (experimental)
10k ® YSZ layer (calculated)
A YSZ column (calculated)
0 | | |

10 15 20 25 30 35 40 45

Composition (at.% Y)

Figure 6.11: The experimental grain tilt plot at low pressure (from Figure 5.49) together
with the calculated tilt based on the measured macroscopic compositional gradient
(SEM-EDX, closed round markers), and the calculated tilt based on the measured
compositional gradient at nanometer scale (STEM-EDX, closed triangle markers).

Since it was shown that the composition at macroscopic level is equivalent to
the composition at nano-scale, we further investigate the use of the model to the
other deposition conditions, namely current and high pressure.

First, we consider the model to the experiments with different discharge
currents. The incident angle at different Y currents is the same as the one shown in
sample A (240 mm) of Figure 6.7 because the deposition conditions are the same.
This means that the ratio between compositions of the composition profile remains
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3:1 and the macroscopic composition is equivalent to the average in composition
of the profile at nano-scale. The grain size for each macroscopic value is defined
using the exponential fit defined in section 5.1.3, Chapter 5. Figure 6.12 displays
the grain tilt as predicted by the model using the experimental data in equation 6.7.
The grain tilt is obtained from Figure 5.49. Note that the differences encountered
in the variation of composition in relation to the experiments at low pressure are
compensated by the difference in grain size obtained in section 5.1.3, Chapter 5,
and as consequence the prediction fits nicely with the experimental grain tilt.
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0 | | !
10 20 30 40 50

Composition (at.%Y)

Figure 6.12: The experimental grain tilt in comparison with the calculated tilt based on
the measured macroscopic compositional gradient for the experiments with different
discharge currents.

The incident angle at high pressure is illustrated in Figure 6.13 for Y T-S
distances of 240 mm, 160 mm, 120 mm, 90 mm and Zr T-S distance of 90 mm.
The values of the impact angle are smaller than the ones found at low pressure.
Note that the distribution of the incident angle is also wider when compared to
the results of Figure 6.7. Due to the increase of pressure, the adparticles arrive
with different orientations and directions resulting from the increase of scattering.
This can be clearly observed for higher Y T-S distances, where the distance also
contributes for the increase of scattering. Note that the amount of atoms arriving
from a positive side (0 to 90°) is practically the same as the atoms coming from the
negative side (0 to -90°). Therefore, it is expected that the compositional gradient
in a single column is affected in a different way than the behavior explained above
at low pressure. Based on the histograms presented in Figure 6.7, it is possible
to conclude that the compositional gradient is smaller than the one seen at low
pressure due to the contribution of the atoms coming from the negative side.
Unfortunately, the use of STEM is limited because the sample preparation requires
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long periods of time as well as the availability of the machine (up to several
months) and therefore a nano-scale analysis at high pressure was not possible due
to time constrictions.

Y T-S distance = 240 mm

Y T-8 distance = 120 mm
Impact angle = 31.56°

Impact angle = 35.16°

i 1
-1.0 -0.5 0.0 05 1.0

Y T-S distance = 160 mm Y T-8 distance = 90 mm

Impact angle = 31.64° Impact angle = 38.73°

Number of particles
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Figure 6.13: The incident angle distributions obtained for Y and Zr for three different Y
T-S distances (240 mm, 160 mm and 80 mm) at high pressure.
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Figure 6.14: The expected compositional gradient at high pressure using the model
(equation 6.7) and the compositional gradient of the layer (SEM-EDX).
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Instead we represent in Figure 6.14 the expected compositional gradient at
high pressure using the model (open markers) and the experimental compositional
gradient based on the experimental results of the layer via SEM-EDX (closed
markers). The behavior of the experimental gradient is similar to the one
reported at low pressure, i. e. the compositional gradient increases with the
increase of Y content. However, the expected gradient calculated using the
model (equation 6.7) suggests that the gradient does not vary, being constant at
approximately 2.3 at.%Y/nm. Above 25 at.% Y, a higher compositional gradient
would lead to a grain tilt of 45°, thus the difference seen in Figure 6.14 does not
affect the expected grain tilt.

Zr100% /YO0 % Zr75% 1Y 25% Zr 50 % /'Y 50 %

Figure 6.15: Simulation of the ballistic deposition on the YSZ system with Y content
varying from 0 to 50 at.%.

The difference up to 25 at.% Y can be attributed to the competition between
the ballistic deposition and the effect of the stress model. This can be observed by
the results of the impact angle seen in Figure 6.13. At high Y T-S distance (low
content of Y), the total compositional gradient is reduced due to the contribution
of the atoms coming from different directions. A reduced compositional gradient
cannot explain the constant value of compositional gradient seen in Figure 6.14
(open markers). A possible solution for this effect considers the ballistic deposition
since at high pressure the directional mobility is reduced. In a ballistic deposition,
particles follow a trajectory until they stick to a surface, being randomly placed
on the growing film [261]. These particles act as shadowing centers and, due
to shadowing effect all the tallest islands will receive more impinging atoms
as compared to the shorter ones, growing into columns. The simulation image
for a ballistic deposition using Simul3D! is given in Figure 6.15 for 0, 25 and
50 %Y, which corresponds to the composition under investigation. Based on the
simulations up to 25 % Y, it is noticeable that the columns grow with a certain
inclination determined by the closest target, which defines the inclination seen

ISimuld3D: software developed by A. Besnard from Laboratoire Bourguignon des Matériaux et
Procédés.
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in the SEM images (Figure 5.31, Chapter 5) and pole figures at high pressure
(Figure 5.40, Chapter 5). When the fractions of Y and Zr are equal the columns are
shown to grow straight. However, at this point, the insertion of Y>* in the lattice
creates a deformation of the lattice as explained by the stress model. This can also
be observed by the histogram of Y T-S distance = 120 mm, where the contribution
of the positive side is larger than the negative one, meaning that there is a higher
compositional gradient increasing the grain tilt. Therefore, we conclude that above
25 at.% Y, it is the stress model that takes over the columnar growth maintaining
the total inclination of the columns.

6.3 Full YSZ sample analyses at low pressure

The dual magnetron configuration induces anisotropy in the material flux towards
the substrate, leading to a compositional gradient over the full sample. If we
consider the relative composition in different positions of the full YSZ sample
we can identify the grain as well as the columnar tilt along the sample. These tilts
have a different angle in comparison to other positions on the YSZ layer.

In this section it will be shown that the model is also applicable to predict the
tilt on a full YSZ sample taking into account the relative compositional gradient
along the YSZ layer. In this section, we discuss the results of the samples deposited
at 0.5 Pa with different Y T-S distances.

6.3.1 Prediction of the grain tilt on a full YSZ layer

AC/Ax (at.%Y/nm)

0¢ L 1 ! L 1 L
10 20 30 40 50 60 70

Composition (at.%Y)

Figure 6.16: The compositional gradient of YSZ layer deposited on a glass substrate at
different Y T-S distances. When R = 3, there is no influence of the Y T-S distance and the
compositional gradient can be obtained by the ratio between average macroscopic
composition and grain size
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In this approach we consider the total composition variation of the deposited YSZ
film on a glass substrate. As expected and already discussed in the Chapter 5, the
content of Y increases with the decrease of the T-S distance.

The compositional gradient of the full YSZ layer was obtained considering the
ratio (R) equal to 3. In this way, there is no influence of the Y T-S distance on the
R and from equation 6.3 the compositional gradient is defined by the macroscopic
composition divided by its respective grain size. The compositional gradient as a
function of the substrate position was obtained at each 1 mm distance for every Y
T-S distance. The representation of the compositional gradient vs. composition is
given in Figure 6.16.

50
240 mm
vvvvvvvvvvvvvvv 0000 220 mm
n A 200 mm
40+ n A A v v 180 mm

Tilt (°)

Position on the substrate (mm)

Figure 6.17: Tilt distribution along the substrate for different Y T-S distance. Note that a
maximum tilt of 45° is reached. This maximum is dependent on the compositional gradient
and that is why it starts at different positions values on the substrate.

The compositional gradient of Figure 6.16 and the thickness (h) can be
substituted in equation 6.7. The film thickness varies as a function of the substrate
position, as demonstrated in Figure 5.2a, Chapter 5. Using equation 6.7 we obtain
the plots shown in Figure 6.17, where the tilt distribution along the substrate is
illustrated for different Y T-S distances. The composition distribution varies not
only as a function of the T-S distance but also as a function of the position on
the substrate. Therefore, it is expected that the tilt along the sample changes. At
lower Y T-S distances the tilt reaches its maximum, explaining the constant trend
at 45°. As this maximum is dependent on the compositional gradient, it is reached
at different positions on the substrate, depending on the Y T-S distance.

It is also possible to combine the grain tilt results obtained via XRD (6/26), at
different points of the sample, with the tilt predicted by the model. Figure 6.18
shows the measured and the calculated grain tilt along the full YSZ sample as a
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function of the composition. The measured grain tilt is based on experimental
results as already presented in Figure 5.49, Chapter 5. The calculated angle is the
average grain tilt obtained using the model (blue triangle markers). This average
is calculated by taking a fixed composition value at different Y T-S distances (set
2 of samples). Note that the angles obtained with the model fits nicely with the
experimental results, indicating once more the accurateness of this model to predict
the grain tilt not only in the center of the sample (as already shown in previous
section) but also along a full YSZ sample.
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Tilt (%)

—6— Measured angle
A Calculated angle

0 I I I 1
10 20 30 40 50

Composition (at.%Y)

Figure 6.18: Fit between measured and calculate angle. The measured angle is obtained
from the azimuthal angle of different Y T-S distances at different substrate positions and it
is indicated by the circular open markers. The triangle markers represent the calculated
angle based on the experimental compositional gradient and thickness.

6.3.2 Analyses of the columnar tilt on a full YSZ layer

1 2 3 4 5 6 7 8

YSZ = w w w w L w w w

Substrate

| 76 mm ‘

Figure 6.19: Lateral view of an YSZ layer deposited on a glass substrate. The square
markers on the YSZ layer indicate the position on the substrate where the SEM cross
section images were obtained.
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A similar approach was followed for the columnar angle of the YSZ thin films. In
this way, the columnar tilt at low pressure can be estimated from the plot columnar
tilt vs. composition displayed in Figure 5.33, Chapter 5. A mapping of the
columnar tilt along the substrate is obtained by considering the SEM cross section
images of some samples with a fixed Y T-S distance. The cross section images
were obtained in eight different positions along the YSZ sample as indicated in
Figure 6.19. The positions on the substrate are indicated in Table 6.1.

Point 1] 2 3 4 5 6 7 8
Substrate (mm) | 5 | 10 | 20 | 30 | 42 | 52 | 60 | 70

Table 6.1: Schematic points as illustrated in Figure 6.19 and their equivalent substrate
positions in mm.

Three different Y T-S distances (80, 120 and 200 mm) were chosen to
demonstrate the change in columnar angle along the sample. Figure 6.20 shows
the SEM cross section images of these eight points, followed by the plot of the
expected columnar tilt (triangular markers), the measured columnar tilt based
on SEM images (square markers) and the content of Y (circular markers). The
position of Y (left) and Zr (right) targets are indicated above the SEM images of
points 1 and 8, respectively.

The expected columnar tilt is obtained simply by taking the position on the
substrate and its respective content of Y (see Figure 5.4, Chapter 5). With the
right values of Y content it is possible to estimate the expected columnar tilt from
Figure 5.33, Chapter 5. As seen in section 5.3.2.1, Chapter 5, it is expected that
the columnar angle reaches a constant value around 30° for contents of Y superior
to 24 at.%. As the columnar angle is obtained from Figure 5.33, we are limited to
contents up to 40 at.% Y and an extrapolation cannot be made. The cross section
images indicate that the columnar angle increases up to 40 at.% Y, being equivalent
to the expected angle. However, very close to the Y source there is a decrease of
the columnar angle, which occurs in points 1 to 3 in Figure 6.20a, point 1 and
2 in Figure 6.20b and point 1 in Figure 6.20c. This effect can be associated to
the rotation of the lattice which affects the 3D growth, as already discussed in
section 5.5.1.1, Chapter 5. In this way, the bent structure cannot be visualized in
a 2D cut. This can be proved by analyzing the lateral view at the shortest distance
between Y source and sample substrate. Figure 6.21 illustrates the lateral view
of points between 1 and 2 for samples deposited with a Y T-S distance of (a)
80 mm, (b) 120 mm and (c) 200 mm. Note that all the images have a tilt columnar
structure, which increases at shorter distances. As a conclusion, the proximity
of the Y source to the sample substrate affects the columnar tilt, deviating the
expected values to a lower columnar tilt.
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Figure 6.20: Cross section images of the eight points along the sample and plot of the
composition and the columnar angle vs. position substrate, a) 80 mm; b) 120 mm and c)
200 mm. The dashed lines represent the expected columnar angle as a function of the
position on the substrate while the blue line shows the measured columnar angle based on
the cross section images.
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Figure 6.21: Lateral view of point 1 for samples deposited with a Y T-S distance of: a)
80 mm; b) 120 mm and c) 200 mm.

6.4 Summary and conclusions

Using ADF-STEM and STEM-EDX mapping in selected YSZ samples yielded
a quantification of the compositional gradient as well as the coordinates of these
values along the columnar structure. A compositional profile was identified from
the STEM-EDX mapping. The average in composition on this profile matches
with the composition on macroscopic level obtained via SEM-EDX. Hence, a 1:1
relation between both compositional gradients was observed.

Additionally, a new model based on a known theory used for bi-metal
thermostats was developed to explain the grain tilt based on the YSZ
characteristics. This model agrees well with the measured grain tilt. Furthermore,
this model allows combining both nanometer and macroscopic scale compositional
gradients. As a result, the grain tilt can be predicted at low pressure on YSZ thin
films on a macroscopic scale and these results can be used to determine the tilt on
nanometer scale. The model was also used for other deposition conditions. The
experimental data at different discharge currents agree with the model. At high
pressure, on the other hand, it was found that a combination between a ballistic
deposition and the stress model explains the constant value of the grain tilt.

In the second part of this chapter, we extended the use of the model to a full
YSZ sample. Using the obtained compositional gradient and the thickness of the
film, which varies with the position on the substrate, we determined the expected
grain tilt as a function of the Y T-S distance and position on the substrate. Finally,
a good match between measured tilt and calculated tilt was found, indicating once
more the validity of this model. The columnar tilt along the full YSZ layers agrees
well with the estimated columnar tilt. However, the proximity of the substrate to
the Y source at lower Y T-S distances affects the final columnar tilt. This effect is
related to the rotation of the lattice. Therefore, a 2D cross section image cannot
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visualize this tilt and consequently the column closer to the Y source seems to have
a lower inclination.

In conclusion, using the experimental results in combination with a modified
stress model it is possible to calculate the grain tilt of the YSZ system. Results
indicate a good agreement between both measured and calculated results over the
whole range of YSZ samples. Moreover, the understanding of the YSZ growth
through the use of a model allows us to manipulate the characteristics as well as
its crystallography and texture to a desired film.

In the next chapter we utilize this understanding to modify the structure of the
film. Furthermore, the effect of the microstructure on the optical properties will be
discussed.






Microstructural tuning and its
influence on the optical properties

Based on the data given in former chapters, it is possible to modify the film in
order to obtain a desired microstructure by changing the rotation angle of the
substrate as well as deposition conditions. We start this chapter by showing how
zig-zag columns can be produced using magnetron sputtering. Then, a view on the
crystallographic properties of those films is given. Moreover, the optical properties
of these films will be studied in order to determine any influence of the zig-zag
structure on the refractive index and band gap energy. Using the transmittance
spectra we also discuss the determination of the film thickness and film porosity,
correlating them to the results previously reported in this thesis.

7.1 Development of zig-zag structures

Nanostructured wires and films are essential for many clean tech technologies
due to their optical and electrical properties, such as solar energy utilization and
methods for assuring clean air and water [41]. There are several techniques
used to fabricate them, for example, using nanolithography [262], solution-based
approaches [263,264], template-based methods [263] and vapor-based methods
[264, 265]. However, these techniques present some drawbacks which inhibit
to manipulate diameters, orientations and positions of the grown nanostructures.
Currently, glancing angle deposition based on a PVD method has been extensively
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used [107-109, 266-270] to fabricate nanostructured films. The columnar
structures are produced through the shadowing effect during film growth while
the substrate rotation controls the shape of the columns. By changing the
angle of incidence, the columns can be sculptured into C, S or zig-zag shapes
[107,109,271]. In this chapter we propose an alternative method using the dual
magnetron sputtering based exclusively on the crystallographic manipulation of
the YSZ system. In Chapter 5, Part III (5.3) and IV (5.4), we have demonstrated
that a columnar tilt can be induced by taking into consideration the difference in
ionic radius between yttrium and zirconium. In this way, this feature can be used
to develop zig-zag structures.

Experimentally, the only difference between the setup described in Chapter 4
and the setup used for the zig-zag structures is the substrate holder, which in this
case rotates. The rotation can be performed in two different ways: manually,
changing the angle in discrete values (e.g. at 45°, 180°), or using an external
motor set beneath the chamber with rotation speed up to 0.5 turn per second. The
schematic drawing of Figure 7.1 illustrates the rotatable substrate.

Figure 7.1: Schematic drawing of the experimental setup indicating how the rotation takes
place at the substrate holder.

The formation of the zig-zag structure is based on the principle that the
columnar growth in zone T in the YSZ system follows the source with the
smallest ionic radius, i.e. the Zr target. By controlling the deposition conditions
as seen in Chapters 5 and 6, it is possible to induce a different tilt to the film
growth. Figure 7.2 shows the schematic drawing of the zig-zag formation when
the substrate rotates 180°.
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Figure 7.2: Schematic drawing of the zig-zag formation. The columns follow the source
with the smallest ionic radius, i.e. the zirconium target.

The cross section of a sample deposited as indicated in the schematic drawing
of Figure 7.2 is given in Figure 7.3. This figure shows a film deposited during
20 min with four rotations of 5 min. The T-S distance and current are 240 mm,
0.2 A and 90 mm, 0.5 A for Y and Zr, respectively. This image ensures that
the columnar growth can be controlled by the deposition conditions. It is also
noticeable that the columns grow in zone T. The first 5 min which include
nucleation of the film present a smaller thickness when compared to the other 5 min
deposited layers. The thickness of the last 3 layers is approximately the same. The
blocks observed on the columns are related to the Au ultrathin coating necessary to
eliminate the electrostatic charge during the SEM mapping. This ultrathin layer is
deposited by low-vacuum sputter coating as described in section 4.6.5, Chapter 4.
This effect can be visualized when the Au is sputtered with currents higher than
5 mA.

Figure 7.3: Example of a zig-zag structure formation. Film deposited with a Y T-S distance
of 240 mm and Y current of 0.2 A during 20 min with four rotations of 5 min.
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7.2 Crystallographic properties on YSZ thin films
with rotating substrate

The zig-zag growth in YSZ thin films can be controlled based on the results of this
thesis. This control reflects on the final microstructure and as a consequence on
the film texture. This section discusses the crystallography of such films and how
the substrate rotation can influence the film growth.

Section | Rotation | T-S;;.: d; P Pole | SEM | T, n,
[°1 [mm] [min] [Pa] | figure | CS E,
7.2.1 45 240 20=4x5 0.5 X X -
7.2.1 45 240 25=5+2x10 | 0.5 X X -
7.2.1 45 240 45=5+2x20 | 0.5 X X -
7.2.2 135 240 25=5+2x10 | 0.5 X X -
7.2.2 135 80 25=5+2x10 | 0.5 X X -
7.2.3 180 80 25=5+2x10 | 0.5 X X -
7.2.3 180 80 30=10+4x5 | 0.95 X X -
7.2.4/ 180 140 20=10+10x1 | 0.5 - X X
7.3
7.2.4/ 180 140 18=10+4x2 | 0.5 - X X
7.3
7.2.4/ 180 140 30=10+4x5 0.5 - X X
73
7.2.4/ auto 220 11 0.5 X X X
7.3
7.3 180 80 20=4x5 0.95 - - X
7.3 180 160 20=4x5 0.95 - - X
7.3 180 240 20=4x5 0.95 - - X
7.3 180 80 20=4x5 0.5 - - X
7.3 180 160 20=4x5 0.5 - - X
7.3 180 240 20=4x5 0.5 - - X
7.3 YSZ single crystal T
73 0 80 20 0.5 - - X
7.3 0 160 20 0.5 - - X
7.3 0 240 20 0.5 - - X

Table 7.1: Overview of the samples used in Chapter 7. The deposition conditions listed
are: rotation of the substrate, Y T-S distance (T-Sqist), deposition time (d) and pressure
(p). The ”x” marks the analyses performed for these samples, namely, pole figures, SEM

cross section images, transmittance (T), refractive index (n) and band gap (E,).

The term rotation in this chapter is defined as follows: the sample is deposited
at an initial substrate position. After an interval of time, the substrate rotates with



MICROSTRUCTURAL TUNING AND ITS INFLUENCE ON THE OPTICAL PROPERTIES 155

a certain angle. Then, the sample returns to its initial position being deposited at
the same interval of time. This process continues until a certain deposition time is
reached, switching from rotation 0° to a defined rotation and back. Rotations of
45°,135° and 180° were performed while depositing YSZ films.

Currents of Y and Zr and Zr T-S distance are constant and equal to 0.2 A,
0.5 A and 90 mm, respectively. The Y T-S distance is variable in order to obtain
a different compositional gradient and consequently, a different grain tilt. These
samples are studied using set 1 of samples (position on the center of the sample).
The rotations and deposition conditions used in this work are listed in Table 7.1.

7.2.1 Rotating the substrate at 45°

First, we consider a sample deposited at low pressure with a Y T-S distance of
240 mm. From the results of Chapters 5 and 6 we know that this film will have
a composition of 12 at.% Y and a grain tilt of 8°. Figure 7.4 represents the
crystallographic projection in CaRlIne crystallography [251] of this film rotated
at 45°. The first line indicates the crystallographic projection of the lattice at 0°,
at 45° and the combination of both. The second and third lines indicate how the
lattice should be oriented at 0°, 45° and how the resultant would be identified in
pole figures. The colored balls represent the [111] and [200] directions.

111,41
11,411

.0,-1]

[111]

40‘
b
[200] N o

Figure 7.4: The first line indicates the crystallographic projection at 0°, 45° and a
combination of both rotations. The second and third line indicates how the lattice should
be oriented at 0°, 45° and when overlapped. The colored balls represent the [111] and
[200] directions.



156 CHAPTER 7

0
go ‘2"
180

Figure 7.5: (111) and (100) pole figures illustrating the lattice position and SEM cross
section images showing the columnar growth. Samples were deposited with a rotation of
45° during: a) 20 min (4x5 min); b) 25 min (5 min +2x10 min) and c) 45 min
(5 min +2x20 min).

The representation of the texture and microstructure of three different films
deposited at different deposition times are shown in Figure 7.5. Figure 7.5a
illustrates a film deposited at 20 min with four rotations of 5 min each. Note
that the (111) pole figure indicates a combination of several [111] peaks. Due to
the lack of accuracy when changing the rotation manually, no evident distinction
can be done. However, if the final [111] projection from Figure 7.4 is placed on
the (111) pole, it is possible to identify the 8 resultant [111] peaks, suggesting
that the superposition of the peaks occurs due to their broadness. The projection
of the [200] direction is clear from the (100) pole figure. The SEM cross section
image shows the columnar structure growing in zone T. Note that for every 250 nm
there is a small change on the columnar tilt (approximately 8°). This is related
to the 45° rotation which consequently changes the position of the Y and Zr
sources in relation to the substrate. Since the growth follows the smallest ionic
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radius, the column changes its orientation in order to continue following the Zr
source. Samples in Figure 7.5b and c¢ have an initial deposition time of 5 min
before depositing the following YSZ layers during longer times. In this way,
the subsequent layer can then be analyzed without the effect of the columnar
overgrowth. Figure 7.5b has a rotation time of 10 min (5+2x10 min) while
Figure 7.5¢ rotates each 20 min (5+2x20 min). From both figures, the change
in the columnar orientation is clear at 500 nm and 1 pm, respectively as well as
the contribution of the 8° tilt in the columns. In addition, it is noticeable that the
direction of the tilt remains on the right side of the image, since at 45° the Zr
source remains on the right hand side of the sample holder.

7.2.2 Rotating the substrate at 135°

Further playing with the crystallography of the thin films, we change the rotation
to 135°. This rotation was chosen in order to visualize not only the eight peaks on
the (111) pole but also the two peaks on the (100) pole. As the Y T-S distance of
this sample is 240 mm, we can consider the crystallographic projection displayed
in Figure 7.4. For this sample we keep the initial 5 min for the overgrowth before
rotating. Figure 7.6 shows the pole figure and SEM cross section of a sample
deposited during 25 min (5+2x10). Note that in this figure we can identify eight
peaks in the (111) pole but only one peak in the (100) pole. In the latter, a small
deviation on the (100) pole can be seen, indicating that the formation of two peaks
has begun. This is due to the low content of Y at Y T-S distance of 240 mm. The
content of Y is 12 at.% Y and consequently, the grain tilt is not large enough to
be visualized in the (100) pole figure. The SEM cross section image shows the
columnar structure growing in zone T. As the rotation is of 135°, there is a clear
distinction of the direction of the columns from left to right.

Figure 7.6: Pole figure and SEM cross section of a 135° rotation deposited during 25 min.
Note that eight peaks can be identified in the (111) pole. However, there is only one peak
on the (100) pole suggesting that the angle of the tilt is not large enough to make a
distinction of two peaks on the (100) pole.
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In order to make the distinction in the (100) pole, we decrease the Y T-S
distance down to 80 mm keeping the same deposition time. At this distance we
know from former chapters that the amount of Y will be higher (39 at.% Y). Hence,
the grain tilt is larger (approximately 40°, see Figure 5.49). Figure 7.7 shows the
crystallographic projection under those conditions. From this image it is expected
to have five [111] peaks in the (111) pole, instead of 8 peaks, because of the overlap
of some of these peaks due to their proximity. Moreover, it is also expected to see
two poles in the (100) pole.
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Figure 7.7: Crystallographic projection of a 135° rotation with a Y T-S distance of 80 mm.
Five [111] peaks are expected on the (111) pole due to overlapping and two [200] peaks
on the (100) pole.

Figure 7.8 shows the pole figures and the SEM cross section for the sample
described above. Note the overlap of the [111] direction on the (111) pole. On
the other hand, the (100) pole shows the contribution of two [200] peaks. As the
content of Y is higher for this sample, the columnar tilt presents an arc shape rather
than a straight line. This is in agreement with Part III (5.3), Chapter 5, where at
high content of Y a bend column is formed. Note that the columnar tilt has a
smaller angle when compared to the grain tilt angle as described in section 5.5.1,
Chapter 5.
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Figure 7.8: Pole figures and SEM cross section of a 135° rotation with Y T-S distance of
80 mm deposited during 25 min. Five peaks are formed in the (111) pole, where three of
them reflect an overlap of two different [111] peaks. In the (100) pole two peaks can be
identified. The correspondent cross section image shows the bend of the columns at higher
content of Y.

7.2.3 Rotating the substrate at 180°

Figure 7.9 shows the pole figure of an YSZ sample with 180° rotation deposited
during 25 min (5 min +2x10 min). The poles show the overlapping peaks on the
(111) pole and the two [200] peaks on the (100) pole. The SEM cross image shows
the columnar orientation when the substrate is rotated at 180°. It is evident that
the columnar slope is different than the one described above. Although the content
of Y is the same as the composition of the sample above (135°, 39 at.% Y, Y T-S
distance = 80 mm), the grain tilt is less inclined. This can be explained by the
3D growth described in Part V (5.5), Chapter 5. The 2D image cannot verify the
possible rotation of the lattice and as a result the SEM image shows a less inclined
tilt. This means that 135° rotation shows this contribution better than when the
substrate is rotated at 180°.

Figure 7.9: Pole figures and SEM cross section of a 180° rotation with Y T-S distance of
80 mm deposited during 25 min. On the (111) pole it is observed the four overlapped [111]
peaks and on the (100) pole it is possible to identify two [200] peaks. The correspondent
cross section image has a smaller columnar tilt explained by the rotation effect.
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Another example of the rotation of the substrate was also performed at high
pressure (0.95 Pa). This film has a different deposition time, being deposited
during 30 min (10+4x5 min). As can be seen in Appendix A, the pressure
influences the biaxial alignment of YSZ thin films. The crystallography of these
samples should be similar to the one described above, except for the fact of the
worsening of the biaxial alignment.

Figure 7.10 shows the pole figure and SEM cross section images of this YSZ
sample. There is no clear peak on the (111) pole, but two overlapped peaks can be
identified on the (100) pole. The SEM image confirms that the columnar structure

grows in zone T.
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Figure 7.10: Pole figure and SEM cross section of a 180° rotation with Y T-S distance of 80
mm deposited during 30 min at 0.95 Pa. No clear peak can be identified on (111) pole.
However, we can identify two overlapped [200] peaks on the (100) pole. The cross section
image shows that the columns still grow in zone T.
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From the figures above it is clear that the columnar growth and its tilt can be
controlled by the deposition conditions. Even more, as the composition of Y is
already known, and consequently its grain and columnar tilt, the crystallographic
projection can be predicted. In this way, it is proven that the microstructure and
texture of the YSZ system can be easily controlled by knowing one of the film
parameters.

7.2.4 Multiple rotations

Using the feature described above we can deposit nice zig-zag structures by
changing the rotation of the substrate in different intervals. Some examples of
these structures are shown in Figure 7.11, with rotations every 1, 2 or 5 min.
The deposition time of these samples are 20, 18 and 30 min, respectively and
the samples are rotated at 180°. The Y T-S distance of these samples is 140 mm.
In this way, the grain tilt of 38° is sufficient to be observed in the cross section
and at the same time the columns possess a straight tilt rather than bent ones.
The correspondent composition is 24 at.% Y. More details about the deposition
conditions can be found in Table 7.1.
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Figure 7.11: SEM cross section images of samples with multiple rotations. a) 20 min
(10+10x1 min); b) 18 min (10+4x2 min) and c) 30 min (10+4x5 min).

The film with auto rotation used a motor to keep the rotation of the substrate
constant. As an example, Figure 7.12 shows the pole figures and the SEM cross
section of a sample deposited during 11 min. The Y T-S distance of this sample
is 220 mm. Due to the constant rotation, the (111) pole has a random orientation
resulting in a full ring. The (100) pole shows only one [200] peak. The SEM
cross section image shows the formation of straight columns. This occurs due to
the constant rotation which avoids a columnar tilt to a fixed direction, i.e. the Zr
source has no fixed point when the substrate keeps on rotating.

e 500 1Y et

Figure 7.12: Random orientation of the [111] direction represented by a full ring on the
(111) pole due to a constant rotation of the substrate. The (100) pole indicates the [200]
out-of-plane preferred orientation. The SEM cross section image shows a straight
columnar structure.
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As described in Chapter 1, one of the interesting properties of YSZ thin films is
related to the optical properties of these films. In the examples above we discussed
the crystallographic and microstructural characteristics of these films. The change
of microstructure can lead to different optical properties. Therefore, using these
samples we focus on the optical properties and their relation to the crystallographic
properties of the YSZ system.

7.3 Optical properties on the YSZ thin films

Some authors have described the use of YSZ as transparent ceramics, being used
for example in optical electronics, optical coatings, high reflectivity mirrors and
high temperature windows [41, 47,272,273]. In order to be suitable for those
applications, these materials should possess high refractive index and a broad
region of low absorption [35]. A large band gap is also necessary to support high
electrical fields and temperatures [40]. Some values related to those parameters
were already given in Chapter 1.

The change in microstructure can affect the optical characteristics of thin
films. Therefore, a correlation between crystallography, microstructure and optical
properties is done by analyzing the results of the refractive index and the band
gap of some YSZ samples. In order to measure the optical properties, we use a
normal incidence transmission for the determination of the refractive index (n),
which is commonly used in literature [36,274-276]. The optical constants such as
refractive index and band gap were calculated from the transmittance spectra using
the envelope method developed by Swanepoel [208]. In addition, the thickness is
also obtained from the transmittance spectra and compared with the profilometer
results.

In order to evaluate the optical properties as a function of the Y T-S distance,
pressure and rotation of the substrate, some samples were selected at 0.5 Pa and
0.95 Pa. The conditions of these samples are listed in Table 7.1. Figure 7.13
illustrates the transmission spectra in the wavelength range of 250 to 1100 nm for
samples deposited at (a) low pressure (0.5 Pa), (b) high pressure (0.95 Pa), (c) with
multiple rotations (0.5 Pa) and (d) with no rotation of the substrate (0.5 Pa). The Y
T-S distances of samples (a), (b) and (d) are 80, 160 and 240 mm, respectively.
Samples with multiple rotations were rotated at 180° and deposited at Y T-S
distance of 140 mm, except the sample with auto rotation which was deposited
at 220 mm. Their microstructures were already discussed in section 7.2.4. The
samples with no rotation of the substrate are the same samples deposited at low
pressure in Chapter 5. All samples were deposited on glass substrate. The
transmission spectrum of an YSZ single crystal sample was also added. This single
crystal is a commercial crystal from CrysTec Kristalltechnologie with dimensions
of 10 mm x 10 mm x 0.5 mm and a composition of 9.5 mol% Y2Os.
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Figure 7.13: Transmittance spectra of samples with different Y T-S distances deposited at
a) low pressure of 0.5 Pa; b) high pressure of 0.95 Pa; c) multiple rotations at 0.5 Pa and
d) no substrate rotation at 0.5 Pa.

Starting from the transmission spectra of YSZ single crystal we observe that
no fringes can be detected. This is due to the fact that there is no layer with
a specific thickness but only a single crystal. The transmittance of this single
crystal is approximately 75 % in the whole range of visible light. There is a
step in the transmission spectrum at 800 nm which is attributed to the change
of spectrophotometer detector. In the region of near infrared, a small increase of
the transmittance at 80 % is seen. Below 400 nm (UV light) there is a decrease of
the transmittance down to approximately 40 %.

Figure 7.13a shows the transmission spectra of three different Y T-S distances
at low pressure. These films present a high degree of transparency down to
a wavelength of 350 nm. Below this wavelength, there is a sharp absorption
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edge until the transmittance is null. By analyzing the fringes it can be deduced
that the thickness of the films is rather uniform because the amplitudes remain
practically constant. This is expected since the film rotation keeps the thickness of
the film uniform. Moreover, the amplitude between the maximum and minimum
values of the fringe is smaller for lower Y T-S distance. Quantitatively, a smaller
amplitude indicates a decrease on the refractive index. Despite of changing the
Y T-S distance, the results of Figure 7.13a indicate that Y T-S distance has no
influence on the transmittance, being for all samples in the range of 83 %. The
film transmittance percentage is calculated as [208]:

3T T
T = M

i = 7(TM+Tm) (7.1)

where T), and T,, are the transmission of the adjacent maxima and minima,
respectively.

All samples present transmittance higher than the transmittance of the single
crystal, since the single crystal is much thicker. Although the Y T-S distance
is different for rotations of 4x5 min, no significant difference can be noticed
at high pressure (Figure 7.13b) and the transmittance is in the range of 82 %.
The absorption edge appears at the same wavelength as the ones observed in
Figure 7.13a. The amplitudes at higher pressure are slightly smaller than at low
pressure, which agrees with the literature [36].

The transmittance spectra of films grown with multiple rotations are displayed
in Figure 7.13c. Two different transmittances behaviors can be observed. The
transmittances of the sample with auto rotation and the sample 10+4x2 min are
very similar (approximately 82 %) and also comparable with samples displayed in
(a) and (b). On the other hand samples deposited with a rotation of 10+4x5 and
10+10x1 min show a slightly smaller transmittance: 79 % and 77 %, respectively.
The first sample (4x5) has its transmittance reduced due to the increase of
thickness. The second sample (10x1) has the same thickness as the other ones.
However, its microstructure presents several zig-zags (see Figure 7.11a). This
microstructure seems to affect the transmittance of light, being more affected
in the visible light region rather than in the near infrared region. Taking the
microstructure in consideration, one might consider that the auto rotation sample
would also have its transmittance affected. But, by observing the microstructure of
Figure 7.12 we realize that the zig-zag is so small (if exists) that the columns are
practically straight and therefore the light is not scattered as in 10+10x1 sample.
Another observation is that a small difference between the shoulders of these
samples is noticed as can be seen in Figure 7.13c between wavelengths in the
range of 350-400 nm. Literature [36] suggests that the broader shoulder is related
to the visual appearance of the sample from a transparent to an opaque layer.

Finally, Figure 7.13d illustrates the results of samples with no rotations. The
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difference in amplitudes from the near infrared region to the visible light region
indicates that those films are not uniform in thickness. This is true because as no
rotation is performed, the samples present a difference in thickness along the film
as seen in Part I (5.1), Chapter 5. The transmittance is in average 81 %.

Sample Pressure | Profilometry | Transmittance
[Pa] [nm] spectra [nm]
80 mm, rot 4x5 min 0.5 840 834
160 mm, rot 4x5 min 0.5 730 747
240 mm, rot 4x5 min 0.5 650 671
80 mm, rot 4x5 min 0.95 890 877
160 mm, rot 4x5 min 0.95 800 773
240 mm, rot 4x5 min 0.95 680 653
Auto rotation 0.5 475 506
10 min +4x5 min 0.5 1249 1154
10 min +4x2 min 0.5 729 670
10 min +10x1 min 0.5 908 869
No rotation, 80 mm 0.5 1108 1104
No rotation, 160 mm 0.5 1168 1135
No rotation, 240 mm 0.5 746 723

Table 7.2: Comparison between thicknesses obtained via profilometry and transmittance
spectra.

Using the interference fringes in the transmittance spectra, it is possible to
calculate the thickness. The equation that allows obtaining the thickness considers
two adjacent maxima (or minima) in the near infrared region and it was already
described in section 4.6.1, Chapter 4. The thickness obtained via profilometry
and the optical thickness are compared in Table 7.2. Note that the maximum error
between the samples thickness obtained via both methods is of approximately 6 %,
indicating the accuracy of both methods to determine the thickness of the film.

Based on the maxima and minima of the interference fringes we also calculate
the refractive index (n) using Swanepoel method [208]. The refractive index is
related to the phase velocity at which light travels inside the considered medium
(YSZ film). The equations used in the interval of visible light are given by:

-

n:(N+(N2—52)%)§ 12)
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where Tj; and T,, are the transmission of the adjacent maxima and minima,
respectively. And the parameter (s) is defined as:

2s

Ts = 2.1 (7.4)
and T is the respective transmission related to the s value. The refractive index of
the samples reported above is illustrated in Figure 7.14. The n index reported in
literature varies in the range of 1.88 to 2.25 at wavelength of 550 nm, changing as
a function of the Y content (from 50 to 0 mol% of Y20s3) [11,35, 128]. From the
results shown in Figure 7.14 we observe the behavior of the n index as a function
of the wavelength, being practically constant in the visible light and increasing
abruptly near the UV region.

At low pressure, Figure 7.14a the n index increases with the increase of Y
T-S distance. It is known from literature that the refractive index decreases with
the increase of Y content [11, 35, 36,41, 135]. Knowing that the compositions
are 33.7 + 0.4 %, 19.5 + 0.5 % and 12.2 + 0.8 at.% Y for 80, 160 and 240 mm,
respectively, it is possible to associate the variation of the refractive index with the
composition of the film. The variation of the n index can also be related to the
porosity of the films. In this way, there is more shadowing at higher columnar
tilt (Y T-S distance 80 mm). This results in an increase of the porosity and
consequently a lower refractive index. In the UV region, the n index increases
significantly but the values are equivalent independently of the T-S distance due to
the same value of absorption edge.

The first comparison made for Figure 7.14a and b suggests that pressure
decreases the refractive index in the visible light as also reported by Heiroth et
al. [36], where this difference was related to the evolution of the film porosity.
This reduction could be already expected since the amplitude of the fringes in
Figure 7.13a and b is smaller at high pressure. The compositions at high pressure
for samples deposited at 80, 160 and 240 mm are 31 + 1.07 %, 16.3 + 1.7 %,
7.9 £ 1.83 at.% Y, in agreement with the compositions reported in Part I (5.1),
Chapter 5 at the center of the sample substrate. As the contents of Y in those
samples are different, there is also an influence of the Y content on the refractive
index, as seen at low pressure. In addition, the microstructure cannot influence the
n value at high pressure, because the columnar tilt is independent on the amount
of Y in the film and there is no variation of the microstructure.

The films with multiple rotations (Figure 7.14c) have a similar behavior than
samples of Figure 7.14a and b. From this figure it is evident that the auto rotation
increases the refractive index. The first observation on the difference between
n indexes can be related to the content of Y. The auto rotation sample has a
smaller content of Y (9.58 at.% Y) than the other three samples (16 at.% Y). An
alternative is to associate the difference in n index with the porosity of these films,
as described for Figure 7.14a. In samples with auto rotation the porosity is strongly
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reduced due to the constant rotation of the substrate. The porosity reflects on the
microstructure. Thus, the resultant microstructure of the auto rotation samples
delays the propagation of light, increasing the n index. For larger intervals of
rotation the opposite effect is seen, i.e. the increase of rotation decreases the n
index. This can be associated to the thickness of the film. If the film is thicker,
light takes longer time to propagate and therefore its n value is higher. In sample
10+4x5 min a small decrease of the n index is observed at approximately 400 nm.
This is resultant of the error on the envelope method used on the transmittance
spectrum.
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Figure 7.14: Refractive index of samples with different Y T-S distances deposited at a)
0.5 Pa; b) 0.95 Pa; c) multiple rotations at 0.5 Pa and d) no substrate rotation at 0.5 Pa.

Figure 7.14d indicates a difference of the n index with the change of Y T-S
distance, agreeing with the other plots, where the n increases with the decrease of
Y content or with the decrease of porosity. Comparing figures (a) and (d) there
is a small difference in n index (2 %) which indicates the small contribution of
the rotation to the YSZ film. The rotation induces a small increase of the n index,



168 CHAPTER 7

indicating that the light passes slower in the film structure due to the light scattering
on the zig-zag columns.

Using the values of the refractive index in the visible light it is possible to
obtain the film porosity. The porosity is inversely related to the refractive index,
i.e. a higher value of n gives a less porous film and vice versa. In order to
analyze the values of porosity and compare it with the simulated results obtained
in section 5.2.4, Chapter 5, we can estimate the porosity by using the analytical
expression of Yoldas [277] given as:

2
P=1- SQ# (1.5)
Ny gy (A) -1

where ny gz is the refractive index of the bulk YSZ at a certain wavelength and
n is the refractive index obtained for our films at the same wavelength. Based
on literature, the refractive index of a bulk 9.5YSZ single crystal (17.4 at.% Y)
at 550 nm is 2.15 [36,278]. Unfortunately, we do not count with bulk YSZ of
different compositions and the reference has a fixed value of Y203 of 9.5 mol%.
Table 7.3 lists the porosity obtained using equation 7.5 for the samples shown in
Figure 7.14. In addition to these results, the simulated results of porosity seen in

section 5.2.4, Chapter 5 of samples represented in Figure 7.14d are added.
From the results displayed in Table 7.3, the following conclusions can be

obtained:

* The porosity increases with the increase of pressure: this effect is associated
with the momentum transfer and the scattered atoms arriving on the
substrate. As seen in Mahieu et al. [243] the total momentum flux decreases
with the increase of pressure, which results on a decrease of the film
density. Moreover, the effect of scattering at low pressure results in a
better alignment and as a consequence the packing is better than at high
pressure. The increase of porosity with the decrease of Y T-S distance can
be understood by the increase of the momentum transfer per sputtered atom
as seen in section 5.2.4, Chapter 5.

* Multiple rotations: The auto rotation is the sample that presents the lowest
porosity (9.13 %) which can be explained by the growth of homogeneous
films with practically straight columns due to the constant rotation. The
porosity obtained when rotating with different times and intervals are more
difficult to be compared since based on these samples we cannot distinguish
the contribution of the degree of rotation and the deposition time. However,
it is noticeable that the level of porosity is high (approximately 30 %),
indicating that the rotation performed does not decrease the porosity values.
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Sample Porosity [%] Simulated
porosity [%]

Low pressure 80 mm 31.71 -
Low pressure 160 mm 27.77 -
Low pressure 240 mm 22.21 -
High pressure 80 mm 35.93 -
High pressure 160 mm 37.07 -
High pressure 240 mm 28.73 -
Multiple rotations | Auto rotation 9.13 -
Multiple rotations | 10 + 4x5 min 29.77 -
Multiple rotations | 10 + 4x2 min 28.92 -
Multiple rotations | 10 + 10x1 min 32.79 -

No rotation 80 mm 33.13 28.8

No rotation 160 mm 27.95 28.2

No rotation 240 mm 19.93 6.3

Table 7.3: Porosity calculated from the refractive index at 550 nm. The simulated values of

porosity for samples with no rotation from section 5.2.4, Chapter 5, are added for

comparison.

* No rotation: The porosity obtained for the samples with no rotation are
equivalent (within the error) to the samples with 4x5 rotations deposited at
low pressure. This indicates that a possible improvement in film density
is difficult to be evaluated. Based on the results of the samples with
no rotation and the porosity calculated via simulated/experimental results
(section 5.2.4) we can compare the trends of both results. In general, it
is observed that the level of porosity increases with the decrease of the
Y T-S distance, which can be explained by the increase of momentum
transfer per sputtered atom as well as the increase of shadowing when
Y T-S is shorter. In addition, it is noticed that the simulated values of
porosity at 80 and 160 mm are similar to the calculated ones. The difference
between the values of porosity is related to the error of the measurement in
combination with the error of the simulations. The error is more evident at
240 mm, where the simulated thickness presents the largest misfit between
measured and simulated thickness (see Figure 5.27, Chapter 5). In addition,
we should recall that the bulk used has a Y content of 17.4 at. %Y. If a
bulk YSZ of smaller composition would be used to compare with samples
deposited at 240 mm, the ny gz would be higher and as a consequence the
calculated porosity would be smaller, decreasing the difference in value.
As conclusion, it is possible to have an idea of the porosity values based

exclusively on the simulation results.
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Another optical characteristic obtained from the transmittance spectra is the
band gap (E,). As mentioned above, the refractive index indicates how fast the
light passes through the film. Analogously, the electrical field, passing through
the film before conduction, is limited by the band gap. The values encountered in
literature for the band gap are in the range of 5.2 to 6 eV [36-39]. From literature
it is known that YSZ presents a direct band gap [36-39,279], i.e. there is a direct
transition between valence and conduction band. Knowing that, it is possible to
obtained the band gap from the following equation:

(ahv)? = A(hv - E,) (7.6)

where («) is the absorption coefficient, (hv) is the photon energy, A is a constant
and E, is the band gap value. The intercept at the energy axis at (ahv)? = 0 gives
the optical band gap.
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Figure 7.15: Band gap of samples with different Y T-S distances deposited on glass at a)
0.5 Pa and b) 0.95 Pa.

Figure 7.15 shows the (ahr)? plot for samples at low and high pressure. From
this plot it is observed that the band gap varies from 4.07 to 4.2 eV. This low
E, value has been reported elsewhere [279]. However, low E, values (< 5 eV),
can be analyzed in two ways: the first is related to the energy of an interband
transition [36,47,279] while the second it is attributed to the absorption edge of
the glass substrate.

The first is characteristic of a shift in the absorption spectra explained by the
formation of color centers. These centers create states levels under the conduction
band as reported in [47,279]. Therefore, YSZ films with color centers are
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intrinsically produced by exposing it to ionizing radiation or by adding charge
carriers, for example, reducing it in hydrogen atmosphere. However, no color
centers were induced in our films.

The second suggests that the glass substrate limits the absorption edge of the
YSZ film because of the absorption of the glass in the UV region. The absorption
edge of silicate glasses varies from 4 to 4.2 eV [280], explaining the values in
Figure 7.15. Therefore, the band gap of YSZ films cannot be obtained due to the
absorption edge of the substrate. A possible solution to determine the band gap
in films with high band gap is to use another kind of substrate, such as sapphire
or quartz. Sapphire for example has an absorption edge at wavelengths lower than
200 nm [281]. Figure 7.16 shows the obtained band gaps of the same samples
as shown in Figures 7.13 and 7.14 deposited on sapphire substrate. Note that the
values indicate a higher band gap than previously presented in Figure 7.15.

Comparing the (ahv)? vs. (hv) of both pressures, (a) and (b), we observe
that the (ahr)? and the band gap values at high pressure are in general lower
than at low pressure. This is a consequence of the light scattering mainly in the
grain boundaries [36]. Since it is known that at high pressure the grain size is
smaller than at low pressure, this assumption of light scattering in the film seems
reasonable.

Another analogy can be done as a function of the microstructure [36, 282].
Comparing Figure (a) and (d) it is noticeable a significant increase of the E,
value when the zig-zag formation is present. If the samples with no rotation are
compared with each other, it is observed that the differences in E, are too small to
provoke a relevant difference in the band gap.

Finally, we compare the results obtained for multiple rotations (see
Figure 7.16¢). No difference in the band gap values at 4x5, 4x2 and 10x1 rotations
can be seen. Instead the values are as low as encountered for no rotation. However,
a high band gap of 5.63 eV was found for the auto rotation sample. Similar value
was published in literature [282]. In fact, Kosacki et al. demonstrated that higher
values of band gap (5.86 eV) are achieved when the grain size decrease to few
nm. This occurs due to a quantum confinament which enhances several optical
characteristics such as emission efficiency, gain in absorption, change in refractive
index due to the confinement of electrons and holes in small volumes.
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Figure 7.16: Band gap of samples with different Y T-S distances deposited on sapphire at
a) 0.5 Pa and b) 0.95 Pa; c) multiple rotations at Y T-S distance of 80 mm, 0.5 Pa and d) no
substrate rotation at 0.5 Pa.

Based on the results obtained above we realize that not only microstructure but
also other conditions also affect the optical properties of the YSZ thin films, such
as thickness, Y content, pressure and porosity level, being mutually dependent of

each other.
A summary of all optical properties obtained in this chapter is listed in

Table 7.4.
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7.4 Summary and conclusions

Based on the grain and columnar tilt previously discussed in this thesis, we
observed that it is possible to control the growth of the YSZ film to a desired
microstructure or a specific characteristic. The tilt was shown to follow the source
with the smallest ionic radius (Zr source). Using this effect, zig-zag films were
produced. In the first part of this chapter, some examples of substrate rotation were
shown. In addition, the microstructure and texture of these films were discussed.
Knowing the characteristics of the film, the inclination of the zig-zag column was
easily controlled and tuned.

The optical properties were analyzed based on the film microstructure. The
effect of the microstructure on the transmittance, the refractive index and the
band gap are difficult to be determined because other factors also contribute to
the variation on the optical properties, such as thickness, Y content, pressure and
porosity. However, using auto rotation on the film growth, we obtained films with
high refractive index (2.2) in the visible light and high band gap (5.63 eV). A
comparison between the obtained thickness and porosity of the experimental and
simulated values was presented and indicated equivalence between values.

We finish this thesis with a chapter about recommendations for future work,
where an introduction on the ionic conductivity of thin films is given. In addition
we describe how the measurement can be obtained, the drawbacks and limitations
faced as well as some preliminary results on the YSZ system.



Recommendations for future work

8.1 Ionic conductivity of YSZ thin films: a prelimi-
nary test

The addition of Y203 up to 60 at.%Y was shown to completely stabilize the
ZrO; in the cubic phase. Due to this addition, oxygen vacancies are introduced
in the ZrO, lattice. Since the ionic conductivity is correlated with the amount
of oxygen vacancies in the lattice, this addition results in an improved ionic
conductivity. Therefore, cubic YSZ is a suitable material to be used as an
electrolyte for solid oxide fuel cells (SOFC) applications [9, 10,67, 85]. Although
SOFC are successfully applied at high temperatures, lowering the operational
temperature is one of the main goals in current research. One possible solution is
to reduce the thickness of the electrolyte, thus, minimizing ohmic losses, lowering
SOFC cost and improving its performance. However, this reduction induces an
alteration in the characteristics and structure of the electrolyte [85]. The change
in microstructure has turned out to be positive for the improvement of the ionic
conductivity. Some authors have used YSZ nanostructured films as electrolyte
using atomic layer deposition [88, 90, 91] in order to obtain films in the range
of ten of nanometers. An alternative is the use of pulsed laser deposition to
obtain layers varying from 20 up to 90 nm [28,29]. Instead of decreasing the
thickness to improve the ionic conductivity, we suggest a microstructural control
using magnetron sputtering to produce nanostructured YSZ thin films.

The initial impedance spectroscopy measurements were done in collaboration
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with the Institute for Chemical Technologies and Analytics (TUWien)!. This
group is specialized in determining the ionic conductivity of very thin layers
of YSZ. The sample sent to be measured is the same auto rotation sample
used in Chapter 7. Impedance was measured using an impedance spectrometer
(Novocontrol Alpha) from 1 Hz to 1 MHz at temperatures between 250 °C to
500 °C. The deposition conditions of this sample are listed in Table 8.1.

Sample B
Pressure (Pa) 0.5
Flow O (sccm) 2
Deposition time (min) 20
Thickness (um) 0.795 + 0.01
Composition (at.% Y) 9.58 + 0.38
Rotation Auto (0.5 rot/s)
Substrate Si

Table 8.1: Deposition conditions of the YSZ sample prepared for impedance spectroscopy
measurements.

Unfortunately, the measurement of impedance is not trivial, since several
external factors should be taken into consideration. In this work two features were
taken into consideration when impedance spectroscopy was performed.

e The first is related to the configuration of the sample. Based on the work
of Navickas [29] a simultaneous in-plane and across-plane measurement
can be done using silica layer (approximately 2 nm) between YSZ film
and substrate. The schematic representation of the sample configuration is
illustrated in Figure 8.1.

The impedance of the silica layer is frequency dependent. At high
frequencies it has very low impedances values. As a consequence, the
current can flow across-plane into the conducting silicon substrate. At low
frequencies the silica layer becomes insulating and the current is forced
to flow in-plane, i.e. along the YSZ layer. This configuration allows the
simultaneous in-plane and across-plane conductivity measurement due to
the oxide layer present on the silicon wafer. The results of the across-plane
measurements represent the conductivity of the grain bulk while the in-plane
conductivity is affected by grain boundaries.

'We kindly thank Msc. E. Navickas for the impedance spectroscopy measurement.
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Electrodes
YSZ layer '
Silica layer

Silicon wafer

Ceramics and
shielding
Heater

Figure 8.1: Schematic drawing of the sample configuration for impedance spectroscopy
measurement [29].

* The second feature is related to the electrodes. The position and the type
of the electrodes influence the total resistance. Two different types of
electrodes were proposed in the work of Navickas [29, 283]: a circular
microelectrode with different diameters (across-plane measurements) and
stripe microelectrode with different distances (in-plane measurements). An
illustration of the electrodes on the YSZ sample is displayed in Figure 8.2.

Figure 8.2: Microelectrodes of gold with a) stripe electrodes for in-plane measurements
and b) a circular shape for the across-plane measurements.

The effect of both electrodes in the total impedance is given in the Nyquist
plot of Figure 8.3. The temperature was set to 350 °C. Figure 8.3a shows
the in-plane impedance (real and imaginary) as a function of the distance
of the stripes. From this figure it is noticeable that the impedance increases
with the increase of the distance between electrodes. The low frequency
region in the Nyquist plot corresponds to the high values of the resistance
(real part of the impedance, Z’). Complementary, the high frequency is
located in the region of low Z’. Figure 8.3b indicates the impedance obtained
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in across-plane measurements. Note that the variation of the resistance
is located in the region of high frequency. In this case, the impedance
decreases with the increase of the electrode diameter.

-3x10° -4x10
a) —d =50 um
——d =100 um
——d =150 um -3x10" -
-2x10° ——d =200 um
g S 2x107
& z
AX10° | N —e—d =50 ym
-1x10” —a—d =100 pm
—o—d =200 pm
0 L s L L s 0 L s L
0 1x10° 2x10° 3x10° 4x10° 5x10° 6x10° 0 1x107 2x107 3x107 4x10"
z'(a) z'(Q)

Figure 8.3: Nyquist plot of impedance as a function of the a) distance between the stripes
electrodes and b) diameter of the microelectrodes.

Table 8.2 lists the total resistances obtained for both types of electrodes.
Note that the in-plane resistance is higher than across-plane due to its
geometrical configuration (see Figure 8.1).

Electrode | d [pm] R[Q]

In-plane Stripes 50 2.3 x10°
In-plane Stripes 100 4.0 x10°
In-plane Stripes 150 4.9 x10°
In-plane Stripes 200 6.1 x10°

Across-plane | Circular 50 16.2 x10°
Across-plane | Circular 100 4.5 x108
Across-plane | Circular 200 1.1 x108

Table 8.2: Total resistances obtained for in-plane (stripes electrodes) and across-plane
measurements (circular electrodes).

Since in-plane measurements can determine the impedance for in- and
across-plane based on the frequency dependency of the silica layer, a 50 pum stripe
electrode was used to determine the effect of temperature on the conductivity of
the YSZ film. The temperature was varied in steps of 50 °C from 250 °C to 500 °C.
The Arrhenius plot of our YSZ thin film and an YSZ polycrystalline are displayed
in Figure 8.4. In addition the in-plane and across-plane conductivities from
in-plane measurements are also added to the plot. The bulk YSZ polycrystalline
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is a reference in order to compare results. These values are estimated based on the
electrodes dimensions [29] and are given by:

o = _2ysz 8.1
across—plane RYSZJ_ZS .
d
Oin—plane = 75, 7 (82)

Ry sz)tyszl

where ty sz is the thickness of the YSZ multiplied by two in equation 8.1
because the current passes the layer twice in the across-plane configuration. Ry gz
corresponds to the resistance at high frequency and 1 and s are the length and the
width of the electrodes. The Ry g is the resistance at low frequency and d is
the distance between electrodes. Analyzing Figure 8.4 we can conclude that the
measured in-plane and across-plane from in-plane measurements are equivalent
and any of these configurations can be used to determine the impedance of the
studied films. The calculated activation energy for the polycrystalline YSZ and
the film are 1.05 eV and 0.83 eV, respectively. According to literature [284], this
difference reflects the effect of the grain boundary in the film. In addition, the
fact that the conductivity of our samples (1.37x107% S/cm) is comparable to the
conductivity of a bulk YSZ (1.67x107° S/cm) indicates that the conductivity of
our films is meaningful.

-6

\ X across-plane conductivity

§ N from in-plane measurement
-8 r e YSZ thin film

i A YSZ polycrystalline
10 F + in-plane conductivity

12 13 14 15 16 17 18 19 20
1000/T, 1/K

Figure 8.4: Arrhenius plot comparing the effect of the YSZ polycrystalline and our YSZ
thin film. The in-plane and cross-plane conductivity are also added to the plot.
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Unfortunately, due to time restrictions, no further investigations could
be performed. However, we believe that more results with different films
microstructures would allow us to understand the relations between microstructure
and ionic conductivity. One might think that a limitation of our films is the
porosity between columns, since the porosity values shown in previous chapter
are approximately 30 %. A straight solution to the porosity is the use of HIPIMS,
which allows the deposition of thin films with high densities [154]. However, by
varying the rotation of the substrate samples a porosity of 9.3 % was obtained,
meaning that the porosity can also be reduced when deposited via DC magnetron
sputtering. The use of DC magnetron sputtering allows us to understanding the
effects occurring in the YSZ system and to relate it with different film properties,
including the ionic conductivity on thin films. Therefore, based on the results
presented above, we encourage further research on the ionic properties of YSZ
deposited by DCMS and to study the relations between conductivity and the film
microstructure and texture.

8.2 Recommendations related to this thesis

Some answers remained unsolved during this thesis. Therefore, thinking about
them, a list was added for future work and perspectives.

Although Chapter 5 explains in great extension the influence of several
parameters on the YSZ system, more analysis can be performed in order to
determine accurately when the rotates starts. In addition, it would be interesting
to study the evolution of the 3D growth in the columns. In this way, not only how
the rotates occurs would be solved but also how it is correlated to the material flux
would be revealed. A possible change on the magnetron angle would allow us to
understand this correlation.

The model was nicely developed in Chapter 6. However, the nano-scale
analysis at high pressure was not completely acquired and only an assumption
was done. The use of STEM-EDX could also be extended and an alternatively
would be to identify the grains and the grain boundaries via bright-field images. In
this way, it would be possible to certify that the compositional gradient is defined
by a crystal size.

The optical properties results indicate that even though the measurements are
easy to perform, the analysis of these results are complex because the parameters
are interconnected. A proposal to this work is to perform measurements keeping a
certain parameter invariable and determining the effect of the others on the optical
properties.

Finally, knowing that it is possible to manipulate the characteristics of YSZ
films, it would be interesting to study several properties in order to optimize the
current YSZ film.



Summary

In this doctoral work, four goals can be distinguished. The first involves the
creation of a library of the yttria-stabilized zirconia (YSZ) system, where the
YSZ characteristics can easily be tuned based on the deposition conditions.

Figure 9.1: Schematic drawing of the
experimental setup.

The second consists on the
understanding of the YSZ
microstructure and texture behavior.
The third part allows predicting
the crystallographic aspects of the
YSZ system. Finally, with the
information of the first three goals it
is possible to understand and control
the YSZ growth which permits the
manipulation of YSZ properties.

YSZ films were deposited using
DC dual reactive  magnetron
sputtering. The targets were
positioned with an inclination of

45° in relation to the substrate (see Figure 9.1). This geometry allows the growth
of biaxial alignment films, i.e. the films have an out-of-plane as well as an in-plane

orientation.

In this work, the influence of the current, the yttrium target-substrate (Y T-S)
distance, the pressure and the deposition time was investigated. Each of these
conditions affects the characteristics of the film (thickness, composition, grain size
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and lattice parameter). The effect on the YSZ characteristics was studied in detail.
The thickness and the composition are both defined by the amount of material
arriving on the substrate. The reduction of the Y T-S distance increases thickness
and content of Y. Pressure, on the other hand, inhibits the increase of thickness due
to the increase of scattering, i.e. the particles will arrive with different orientations
and directions.

The content of Y, on the other
hand, is less influenced by pressure.

On the contrary, current strongly

3, =0 YT-S Measured Simulated
z 240 mm -o-
c3,=-05

affects not only the final thickness sl 20mm
of the film but also the final content R iéomm
of Y, which was explained by the

increase of deposition rate.  The =

thickening of the film could also be 2o

achieved by increasing the deposition
time. The composition along the film
was compared to simulation results
based on a Monte Carlo code. We
demonstrated that the use of a cosine
angular distribution gives an error
of 20 %. By tuning the angular
distribution, the fit between experimental and simulated data (see Figure 9.2)
presented an average percentage error of 9 %. The thickness was also calculated
based on simulation results. In addition, the porosity was obtained by calculating
the ratio between measured and simulated thickness. The range of porosity varied
up to 38 %.

140 mm
120 mm

*Ethrtes

Composition (at.% Y)

Position on the substrate (mm)

Figure 9.2: Comparison between measured
and simulated composition.

The grain size and the lattice parameter vary as a function of the
deposition conditions. Moreover, this variation is strongly dependent on the
composition. The grain size indicated an exponential decay slope which
varies as a function of the pressure. Smaller grain sizes were found at high
pressure, due to the Y acting as barrier inhibiting the growth of the crystallites.

The lattice parameter is also dependent

530 on the content of Y, following a linear
O YT-Sdistance (0.50 Pa)
525 2&1;1;;“":""‘”"" trend for a large range of Y content
2 L Catdronetan. .
5 sonf T P M{Dp»o varying from 10 up to 60 at.% Y (see
— -fitlinear L N . .
g Mﬁﬁa" Figure 9.3). This trend follows the
@ 5.5 R ¥ N * . .
5 w linear trend suggested in Vegards’ law.

‘

The linear trend between lattice
parameter and composition indicates
the absence of stress in the lattice
when the content of Y increases.

20 40 60
Composition (at.% Y)

Figure 9.3: Linear trend between lattice
parameter and content of Y.
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Although the insertion of Y would
induce compressive stress, the results
suggest that another mechanism takes place to relieve the stress. Based on
nano scale analyses, we suggest that the linear behavior of the lattice is
an average of a tensile and a compressive region, where the tensile stress
occurs in the region rich on Y and the compressive in the region rich of Zr.

The microstructure analyses of the
YSZ system indicated that the films
have a columnar structure. Based
on scanning electron microscopy
(SEM) images, our samples were
identified to grow in zone T with well
defined facetted V-shape columns
(see Figure 9.4). The [200] direction
was identified to be the out-of-plane
preferred orientation. In addition, a
columnar tilt was observed when the content of Y increases due to the change of Y
T-S distance or current. High pressure seems to hinder the effect of the Y content
in the structure, which was observed by the constant columnar tilt. Interestingly,
the tilt of the columns follows the target with the smallest ionic radius, i.e. Zr
target.

Figure 9.4: SEM image of a film deposited at
0.5 Pa and Y T-Sgistance = 200 mm.

The grain tilt shows a similar
behavior. At low pressure, there is a
tilt of the [200] preferred orientation
when Y content increases. Above
35 at.% Y not only a tilt is noticed but
also a rotation of the lattice. However,
the rotation was not identified when
current was changed. From both
results, it is concluded that the rotation

Foma ) has no energetic background but it
Figure 9.5: Example of a XRD/polar plot ar 18 related to a combination between
low pressure. T-S distance and Y content. Pressure

shows no influence on the variation of
the grain tilt. Instead a tilt between 35-40° was found. In addition, when the Y
content is too high, the biaxial alignment is lost and the film becomes uniaxial
aligned. The deposition time has no effect on the texture of the films.

In this work, we compared two methods to determine quantitatively the grain
tilt: pole figure/polar plot and XRD/polar plot. The first takes the x and ¢ values
of the [200] direction on the pole figure as input for the polar plot. The azimuthal
angle on this plot gives the grain tilt angle. The second approach (XRD/polar
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plot) takes the fractions of the three highest intensity peaks (4kl directions) of the
XRD diffraction and creates a resultant vector. This vector can be placed in the
triangle formed by these directions in a polar plot (see Figure 9.5). Therefore,
we have to be careful with this kind of plots because it can be interpreted in two
ways: as a representation of the diffraction lines, showing the influence of the
diffraction peaks in the XRD results, or as the result of the tilting of the crystals.
Using the second interpretation, the

azimuthal angle corresponds to the

grain tilt. The disadvantage of this wfa

pole figure/polar plot in relation to sof

X-ray diffraction (XRD) is the time fZ: ) Lowprossure
involved to obtain a pole figure. ol ! | g Columnart
Normally, it takes up to 2 hours to T T
obtain the (111) and (100) pole in ;zzr """"" W 8

contrast to the 30 min needed to i &k
perform a full /20 scan. From only o : : it
one /20 scan both [111] and [200] ore

information are obtained. Moreover, ©f -
the accuracy in x and ¢ angles is far 1o~ - Grint
from ideal since our film alignment o = % w© %

Composition (at.%Y)

strongly depends on the deposition

conditions. As a result, the error is
Figure 9.6: Columnar and grain tilt for

caused by the uncertainty on the x and
y y X different deposition conditions.

 values of the [200] direction.

The columnar and grain tilt were

shown to have a similar behavior. At low pressure (see Figure 9.6a), both are
equal and increase linearly until approximately 24 at.% Y. This can be understood
by the grains being formed as blocks on the top of each other. Each block is
deformed when Y3* is inserted in the ZrO- lattice. As a result, the lattice of one
side differs from the other. Thus, the resultant column has a tilt as a function of
the composition, which affects the lattice parameter and the grain size. Above
24 at.% Y, a discrepancy was found. This difference is related to the rotation of the
lattice which was demonstrated to be approximately 12°. Due to the rotation, the
3D growth of the films cannot be observed in a 2D cross section. Similar behavior
was found when the experiments were performed at different discharge currents
(see Figure 9.6¢). At high pressure (see Figure 9.6b), on the other hand, a constant
value of tilt was found in the whole range of composition. However, grain and
columnar tilt also differed in approximately 12°.

A model to predict the grain tilt was developed based on a known
bi-metal strips stress model. This model takes into consideration the
compositional gradient and the thickness of the films as well as the



SUMMARY 185

characteristics of the materials (ionic radius, lattice parameter). The compositional
gradient is obtained from a macroscopic and a nano scale approach. A
compositional profile is observed in the STEM-EDX mapping of a single
column where two regions are distinct: a region of high and low Y content.
The difference on this compositional
profile was shown to be the same as the
macroscopic composition, since a 1:1
relation between both compositional

50

40

30

Grain tilt (°)

. }'} é gradients was found. Hence, the
o =5~ Srain i (epertmenta) compo§1t10nal gr.adlent at macr.oscoplc

A YSZ column (calculated) level is sufficient to predict the

% 15 2 2 3 % 4 4  behavioratnano scale (see Figure 9.7).
Composition (at% Y) Comparing both results to the model

Figure 9.7: Prediction of the grain tilt based revealed that despite of its simplicity
on macroscopic and nano scale in the model provides a good agreement
comparison with experimental results. between measured and calculated

results over the whole area of the YSZ
samples. The model was also applied to the results with different current and high
pressure. The model fits well for the change of current, agreeing with the results
shown at low pressure. High pressure, on the other hand, was demonstrated to be
influenced by two effects. At low content of Y, the tilt is generated by ballistic
deposition and the closest target defines the tilt of the column. Above 25 at.%
Y, the stress model takes over and the inclination of the column is given by the
addition of Y. As a result the tilt remains constant along the compositional range.

At this point the film characteristics, texture and microstructure
are understood. This allows manipulating the film growth and thus
the film properties. Using the columnar tilt, it is possible to play
with the film growth in order to produce =zig-zag structures (see
Figure 9.8). This kind of microstructure affects the properties of thin films.
The optical properties were studied
in order to identify the effect of
the microstructure on the light
transmission. Due to other factors,
such as thickness, content of Y,
pressure and porosity, it is difficult
to obtain a straight relation between
microstructure and optical properties.
However, it was shown that by tuning
the film characteristic we can produce
films with high refractive index, band
gap or even diminish the porosity of the film.

Figure 9.8: Zig-zag structure.
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To finalize this thesis, ionic conductivity measurements were performed.
Preliminary results on the ionic conductivity indicate that the conductivity of our
films is meaningful when compared to the conductivity of a bulk YSZ. This is very
positive, considering the difficulty in determining the impedance of thin films. The
measurement of impedance is not trivial, since several external factors should be
taken into account. A main difficulty of this technique is the contact between
electrodes, which can take some time before being optimized. Therefore, as future
work we suggest an investigation of the influence of the microstructure and texture
on the ionic conduction of YSZ thin films.



Biaxial alignment influenced by
pressure

Based on the experimental results shown in Part IV (5.4), Chapter 5, and the
information given in Chapter 4, it was shown that our films have the interesting
feature of biaxial alignment. In this appendix, we focus on the influence of the
pressure and the deposition time to discuss the improvement and the worsening of
this phenomenon.

A.1 Biaxial alignment influenced by pressure

The dimensions of the sputtering chamber and the amount of Ar flow needed to
keep the discharge voltage on, makes it difficult to decrease the pressure to values
lower than 0.25 Pa. A way to overcome this matter is to use a local Ar inlet
on the surface of the magnetron. In this way, pressures as low as 0.09 Pa can be
achieved. Using this concept, we use a single compound target (Lesker) containing
45 at.% of Y and 55 at.% of Zr in order to study the effect of the pressure on
the alignment of YSZ thin films. In this setup there is also a local Oy flow on
the surface of the substrate, in order to obtain fully oxidized samples. The film
thickness was kept in the same range as the experiments reported in Part I (5.1),
Chapter 5. Therefore, the current was increased to 0.7 A. The T-S distance is
fixed at 130 mm, the deposition time at 30 min and the flow of Os at 2 sccm.
Those conditions are comparable with the ones used in the work of Mahieu [195]
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at higher chamber pressures (0.2 to 0.8 Pa). In this work, we limit the pressure
variation from 0.25 Pa down to 0.09 Pa.

The decrease of pressure was described to improve the alignment in Chapter 3.
This was also shown in the work of Mahieu [195] from pressures decreasing from
0.8 to 0.3 Pa. The in-plane alignment is affected by the angular spread on the
incoming material flux, which varies with the variation of pressure. During the
transport through the gas, the sputtered particles collide with the gas acquiring
different directions. When the material reaches the substrate, it will have a
different angular spread. This effect becomes stronger at higher pressures where
the sputtered particles have higher probability to collide and scatter. Due to the
increase in scattering, the atoms arrive with different orientations, directions and
energies. A proof of this effect was seen in Part IV (5.4), Chapter 5, at high
pressure and high content of Y where the biaxial alignment is lost and the film
becomes uniaxial aligned. This argument contradicts the results obtained at 0.2 Pa
in the work of Mahieu, where the in-plane alignment worsens. By changing the
pressure to lower values, we expect to show that the decrease of pressure improves
the in-plane alignment. At low pressures, the sputtered particles are more likely to
arrive with a certain direction and therefore, the alignment increases. Figure A.1
shows the pole figures at 0.25 Pa and 0.14 Pa. A possible improvement of the
biaxial alignment cannot be clearly observed from these pole figures.

a) 111) (100)

Figure A.1: Pole figures indicating the (111) and (100) pole at: a) 0.25 Pa and b) 0.14 Pa.

Another way to determine the improvement of the alignment is to obtain the
full width at half maximum (FWHM). The FWHM was determined from 0.25 Pa
to 0.09 Pa and these results were compared with the results of Mahieu [195].
Figure A.2 illustrates this comparison. Note that the FWHM decreases with the
decrease of pressure, going in contrast to the results of Mahieu at 0.2 Pa but
agreeing with the expected improvement of the alignment.
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Figure A.2: FWHM as a function of pressure. Comparison of the results from
Mabhieu [195] at high pressure and measured results at lower pressures using a local Ar
inlet on the target surface to obtain pressures down to 0.09 Pa.

A.2 Biaxial alignment influenced by thickness

The thickness has a direct effect on the biaxial alignment which can be seen in the
pole figures of Figure A.3.

(111) (100) (111) (200) 00

0 0
180
0
180

<

hso

180

a0

Figure A.3: The first column shows the pole figures at a) 10 min (0.5 um), b) 18 min
(1 pm) and c) 26 min (1.4 pum) deposited with a Y T-S distance of 80 mm (21.7 at.%Y). The
pole figures of the second columns represent depositions performed at d) 20 min (0.6 um),
e) 40 min (1.4 um) and f) 80 min (2.8 um) with a Y T-S distance of 240 mm (9 at.%Y).
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Two different comparisons were done in order to compare the influence of
composition and time: 1°¢ taking into consideration shorter deposition times, i.e.
depositions at 10, 18 and 26 min (Figures A.3a to c); and the 2"¢ comparing
longer deposition times, 20, 40 and 80 min (Figures A.3d to f). The 1% and 2"¢
column correspond to films deposited at a Y T-S distance of 80 mm illustrated
by the (111) and (100) pole, while the 37 and 4*" columns illustrate the films
deposited with a Y T-S distance of 240 mm. The compositions are 21.7 and 9 at.%
Y, respectively. At 10 min (Figure A.3a), the biaxial alignment is poor. There is a
main [200] out-of-plane preferred orientation but, the four [111] peaks are difficult
to be identified. As soon as the deposition time increases to 18 min (Figure A.3b),
a distinction of these fours peaks can be made and the width of the [200] peak is
smaller. At 26 min (Figure A.3c) we observed that those peaks are better defined.
In Figures d, e and f, there is a clear improvement of the alignment which can
be detected not only by the change in width of the peaks but also by the peaks
intensities indicated in the color bars. As thickness affects directly the alignment
of these films independently of the composition of the film, we consider that the
composition has no effect on the alighment. Some examples in literature of the
improvement of the alignment as a function of the thickness can be found for
MgO, TiN and Cr systems in [195,218].

Figure A.4 displays the FWHM of YSZ films with 0.6 pm, 1.4 ym, 2 pum,
2.8 pm, 3 um, 3.6 um and 5.4 um thickness in order to observe this improvement.
The FWHM decreases with the increase of thickness, tending to a constant value
when thickness is superior to 2.8 um. In the work of Mahieu [134] is explained
that this improve is due to the overgrowth mechanism. This means that the grains
with different orientations cease to grow and the [200] grains, which are the
geometric fastest growing direction, dominate the growth and consequently the
final alignment of the film [118].

26
24 -
22
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18
16
14

12 | | | |
0 1 2 3 4 5

Thickness (um)

T

FWHM (°)

Figure A.4: FWHM as a function of thickness. The FWHM decreases with the increase of
thickness (deposition time), improving the film alignment.



Calculating grain size and microstrain

In Section 5.1.3, Part 5.1, Chapter 5, it was discussed that the grain size can be
calculated using Debye-Scherrer equation without taking into consideration any
contribution of microstrains in the film. In this Appendix, the grain size and the
microstrain are calculated using a Voigt function in the XRD pattern of the film,
as suggested in [230, 285].

1-01 10
Be Ba
B B
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Gauss Cauchy
0 N L
062 07 08 2w 09

[

Figure B.1: Ratios of the integral breadths of the Cauchy (8¢ ) and Gaussian (Ba)
components to the total integral breadth (8) as a function of the ratio between the FWHM
(2w) and the total integral breadth ([3). Figure obtained from [230].
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From the fit of the Voigt function, we obtained the integral breadth and the
FWHM of the peaks. Then, the ratios of the integral breadth of the Cauchy (8¢)
and Gaussian (3¢) components to the total integral breadth () are calculated. The
constitutent Cauchy and Gaussian components are obtained from Figure B.1 [230].

The Cauchy component allow us to calculate the values of the grain size while
the Gaussian component allow us to calculate the microstrain using the equations

below:

KA\
R — B.1
" B cos b ®.D
Ba
= B.2
¢ 4tand (B-2)

Figure B.2 displays the calculated grain size with and without the contribution

of the microstrain and the values of microstrains as a function of the position on
the substrate for samples with different discharge currents.
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Figure B.2: Comparison between the calculated grain size with and without the
microstrain contribution. The circle and the triangle markers represent the grain size with
and without the contribution of the microstrain, respectively. The values of the microstrain

are illustrated by the ’+’ marker.
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From this figure, it is observed that the difference between both grain sizes
is not large. The values of microstrains are also small. It is noticeable that the
microstrain increases with the decrease of the position on the substrate (closer
to Y target). It is known that this approximation to the position of the Y target
leads to higher content of Y and consequently smaller grain sizes. From literature
[285] it is expected that smaller crystallites will have higher values of microstrain,
agreeing with the obtained results. Based on these results, the error on the analysis
performed in Part 5.1 is not significant when comparing to the results of the grain
size with the contribution of the microstrain.






Microstructure and texture of thick
films

In Chapter 5, the change on the characteristics of YSZ thin films were discussed
as a function of some deposition conditions. The effect of the deposition time
was not longer discussed in Parts II to V (5.2 to 5.5) because it only affects the
final thickness of the film and therefore no variation is expected on the other
characteristics of the YSZ system such as, texture and microstructure.

Figure C.1: SEM images for different deposition times, samples deposited during: a)
40 min (1.4 pm and 8 at.% Y) and b) 80 min (2.8 um and 8 at.% Y). The change in
thickness does not affect the final microstructure.
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In this appendix we focus on the microstructure and texture of thicker films
showing that these characteristics are invariable. From the images shown in
Figure C.1 we observe that the variation of thickness from 1.4 ym to 2.8 ym has
indeed no effect on the microstructure. The measured columnar angle are the
same, being 30.7 + 2.2° and 29.6 + 1.9° for sample deposited at 40 and 80 min,
respectively. In addition, both films grow in zone T.

Figure C.2: Surface images of: a) glass substrate and of YSZ films deposited during: b)
40 min (1.4 pm); ¢) 100 min (3 um) and d) 150 min (5.4 pum).

As we know that the growth in zone T is the same, we can observe how the
thickness affects the final shape of the film surface. Figure C.2 illustrates the
surface view of (a) the glass substrate and of YSZ films deposited at (b) 40 min
(1.4 pm), (c) 100 min (3 pm) and (d) 150 min (5.4 pm). These images clearly
show the thickening of the pyramidal surface structure of the film deposited on a
flat glass surface. Note that the grains are faceted and nicely aligned.

And finally, the texture is represented in Figure C.3 by the XRD 6/20 spectra
deposited during 20, 40, 60 and 80 min. From this image the [200] is shown to
be the preferred orientation independently of the deposition time. This behavior is
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evident since the deposition conditions remain the same and therefore no possible
zone transition should be identified. Moreover, based on these results, it is
possible to conclude that the grain tilt remain constant. However, the intensity
peak is different which can be correlated with the improvement of the alignment
previously reported in Appendix A.
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Figure C.3: XRD 0/20 spectra for different deposition time (20, 40, 60 and 80 min) and
thickness (0.6 um, 1.4 pm, 2.0 pm and 2.8 pm) deposited at low pressure.
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