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Abstract 

The aim of this project is to determine wether Scandia Stabilized Zirco
nia is a good alternative for electrolyte material in Solid Oxide Fuel Cells 
by looking at the oxygen uptake at the surface and the diffusion of oxygen 
into the first couple of monolayers. ScSZ has a higher ionic conductivity 
than the generally used Y ttria Stabilized Zirconia and can thus be used at 
a lower operating temperature (750°C instead of 1000°C) which has eco
nomical benefits. Oxygen uptake at the surface is important because it is 
believed to be the bottleneck of the oxygen ion diffusion process. LEIS is 
suitable to investigate these surfaces due to its high surface sensitivity. 

11 mol% ScSZ samples are made from Zr02 and Sc2Ü3 basic powders by 
mixing, pressing and sintering. Also two basic powder samples are prepared. 
XRD measurements revealed that the llScSZ sample consists of cubic and 
rhombohedral phases and the basic samples contain a cubic phase (Sc2Ü3) 
and a monoclinic phase (Zr02). 

Surface analysis was done using 3 ke V Hé LEIS which showed that 
during sintering of the llScSZ sample, Ca and Si have segregated to the 
surface. These contaminants originate from the Zr02 basic powder. It also 
revealed that Se has segregated to the surface. A layer with a different phase 
than the bulk phase can be present near the surface. 

Isotopic 160 / 180 exchange experiments were performed on a llScSZ 
sample using different temperatures and pretreatments. During these ex
periments, 160 and 180 exchange and 180 diffuses into the electrolyte ma
terial via vacancy diffusion. By using LEIS, values for k (surface exchange 
coefficient) and D* (180 diffusion coefficient) can be determined. 

SEM images are made from the llScSZ sample to investigate the grain 
and pore sizes of the sintered material. 

The general conclusion of this research project is that ScSZ is a good 
alternative for YSZ looking at the oxygen exchange and oxygen diffusion 
properties. Comparison with the literature is difficult because LEIS is used 
instead of SIMS. The SIMS method used by Kilner et. al. in the literature 
probes another depth region than LEIS and surface characteristics aren't 
analysed this way. This is why the values for D* differ seven orders of 
magnitude. Here oxygen exchange at 400°C shows the best result compared 
to the other treatments, because at this temperature no contaminants will 
segregate and block the surface. The measurements are infl.uenced by the 
used ion beam which is concluded from ion beam mixing simulations and 
measurements. 
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Chapter 1 

Introduction 

Clean energy is a hot topic nowadays. Not only are waste products of 
traditional energy sources harmful to the environment, also a time will come 
that these fossil ( oil, co al, etc.) fuel stocks will be exhausted. N ext to 
research on alternative, clean energy sources like fusion reactors, solar cells 
and windmills there is also a lot of interest in trying to make the sources 
that are used nowadays more efficient and less harmful to the environment. 
Fuel cell technology is a compromise between these two ways. In order to 
replace familiar, traditional energy power supplies, a (more) clean energy 
power supply should fulfil the demand of high efficiency and low production 
costs. The fuel cell can be a good alternative power supplier which can meet 
the above requirements [l]. 

A fuel cell converts chemical energy directly into electrical energy with 
a high efficiency and a low emission of pollutants. Different types of fuel 
cells are developed, among which the alkaline fuel cell which was used in the 
Apollo spacecraft that landed on the moon in 1969. 

This project focusses on the Solid Oxide Fuel Cell (SOFC). It consists 
of a solid oxide gas tight electrolyte material with a porous cathode on 
one side and a porous anode on the other side. The electrolyte of interest 
here is oxygen ion conductive, but not conductive for electrons. Oxygen 
is provided at the cathode side and hydrogen at the anode side. Oxygen 
dissociates, picks up two electrons, travels through the electrolyte material 
and recombines with hydrogen atoms to form water. The two electrons 
that are left over after the water is formed, can travel through an external 
circuit back to the cathode. By putting a load on this external circuit, the 
generated energy can be converted. 

SOFCs operate at high temperatures (500°C-1100°C) and can reach an 
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efficiency between 50% and 70%. 

The first solid state oxygen ion conductor was discovered by W.Z. Nernst 
in 1899. This conductor was made of Zr02 with 15% Y2Ü3. E. Baur and H. 
Preis used the same material to build the first high temperature solid oxide 
fuel cell (SOFC) in 1937 [2]. In the 1990's Siemens Westinghouse built in 
Westervoort near Arnhem, the 100 kW SOFC Cogeneration System using 
YSZ as electrolyte material. This system had an electrical efficiency of 46% 
and could produce a peak power of 140 kW which was used to feed the local 
electricity grid and heating up the district heating system [3]. 

Yttria Stabilized Zirconia (YSZ) is still the mainly used electrolyte mate
rial for SOFCs. Although M. de Ridder concludes that a lower temperature 
is possible [4], the generally used operating temperature still is 1000°C. The 
drawback of this high temperature is that it makes the production process of 
SOFCs expensive. Expensive construction materials have to be used instead 
of cheap stainless steel, because steel will degenerate at this temperature. 

Scandia Stabilized Zirconia (ScSZ) can work between 700°C-850°C be
cause of its higher ionic conductivity. In this temperature regime, stainless 
steel can be used which makes the production cheaper [1]. 

The target of this project is to create ScSZ electrolyte material and to in- . 
vestigate the oxygen uptake at the surface and diffusion into the first couple 
of monolayers. The oxygen uptake process is believed to be the bottleneck of 
the fuel cell performance and can be investigated by isotopic 160 /180 oxy
gen exchange experiments in which 180 is used to visualise the uptake and 
diffusion [4] . Samples are created by sintering and X-ray Diffraction (XRD) 
is used to check the crystallographic ordering of the samples. Surface in
vestigation is done by using Low Energy Ion Scattering (LEIS) .which has 
the ability to investigate the outermost atomie layer of the electrolyte ma
terial. Scanning Electron Microscopy (SEM) images are made to determine 
the grain size of the electrolyte material. 

Basic Zr02 and Sc2Ü3 and 11 mol% ScSZ samples are prepared. These 
samples are investigated and oxygen exchange experiments at different tem
peratures are performed. 

This report consists of 5 chapters. In between this introduction chapter 
( chapter 1) and the appendix, the theory used for this project is discussed 
in chapter 2 including the theory behind the analysing techniques used and 
the theory of oxygen exchange. Chapter 3 describes the experimental setup 
and procedures. The setups and their measurement characteristics are men-
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tioned, including LEIS and XRD equipment, and sample preparation meth
ods are explained. In chapter 4 the results and discussion of the measure
ments are presented. The crystallographic ordering and depth profiles after 
sintering of the Zr02 , Sc2Ü3 and 11 mol% ScSZ are discussed, together with 
the grain size of sintered llScSZ. Results of oxygen exchange at 300°C and 
400°C after different preparation / measurement methods are given and the 
possibility of ion beam mixing is investigated using simulations and exper
imental data. Finally chapter 5 gives the conclusions of this project and 
recommendations for further research. 
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Chapter 2 

Theory 

2.1 SOFC 

A SOFC is depicted in figure 2.1. A flow of 02 is separated from a flow of 
H2 by a gas tight electrolyte. At the 0 2-side, a porous cathode is mounted 
on the electrolyte and at the H2-side, a porous anode is mounted. At the 
cathode side, the 02 dissociates and an oxygen atom picks up two electrons. 
Ion transport through the electrolyte takes places via vacancy diffusion and 
at the anode, the oxygen ion reacts with H2 and water is formed ( equation 
2.1 and 2.2). While water is formed, the electrons are released and the result 
is a potential difference over the SOFC. An external electrical circuit makes 
the fuel cell operational. A SOFC has an operating temperature of ll00°C 
or below. 

1 
Cathode reaction: 202 + 2e--+ 0 2- (2.1) 

(2.2) 

A good SOFC electrolyte should have good bulk ion conducting char
acteristics and a low electron conductivity and it should be chemical stable 
in reducing and oxidizing atmospheres. The high temperature is needed to 
stimulate the oxygen ion transport from the cathode to the anode. The 
mainly used electrolyte material for SOFCs is Yttria Stabilized Zirconia 
(YSZ, a sintered mixture of Y 203 and Zr02), because it has the above men
tioned characteristics [5]. 

A disadvantage of YSZ as SOFC electrolyte material is that its operating 
temperature is 1000°C. This high operating temperature makes the produc
tion process of the YSZ SOFC expensive, because special alloys which can 
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Figure 2.1: Schematic representation of a SOFC 

resist this temperature should be used for supporting the SOFC. Scandia 
Stabilized Zirconia (ScSZ, a sintered mixture of Sc203 and Zr02) can be 
used in the intermediate temperature regime as electrolyte in SOFCs (700-
8500C). 

The oxygen ion conductivity in doped Zr02 depends on the concentra~ 
tion, the valence of the dopant cation and the difference in ion size between 
the dopant cation and the Zr ion. By using trivalent cations as dopants, 
the charge difference between Zr4+ and the dopant3+ is compensated by the 
production of oxygen ion vacancies which improve the oxygen ion conduc
tivity. Se has the same valence as Y, but the ion radius of Sc3+ is closer 
to the zr4+ ion radius than y3+. ScSZ electrolyte material seems to be a 
better candidate for an intermediate temperature SOFC than YSZ [6, 7]. 
An additional advantage of Se over Y is the ability to distinguish Zr and Se 
in a LEIS spectrum. For YSZ, isotopic enriched Y is needed to distinguish 
between Y and Zr [4]. 

The focus of this project is on ScSZ as electrolyte material. Especially the 
oxygen exchange at the surface and diffusion of oxygen into the electrolyte 
has been investigated using Low Energy Ion Scattering (LEIS). 

lt has to be mentioned that only the electrolyte material is investigated 
here. At a complete SOFC, electrodes will be attached which can influence 
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the performance of the electrolyte. With this in mind, the choice was made 
to investigate only the electrolyte material without other components of the 
SOFC. 

2.2 LEIS 

2.2.1 LEIS 

Low Energy Ion Scattering (LEIS) is an ion beam analysis technique which is 
used to analyse the outermost atomie layer of a material (figure 2.2) . Mono
energetic noble gas ions with an energy between 100 eV and 10 keV are 
directed towards the sample of interest. An ion undergoes a binary collision 
with an atom in the sample and the energy of the scattered ion is a measure 
for the atom it interacted with. With LEIS, only ionised particles and no 
neutral particles are detected. The neutralisation probability of low energy 
noble gas ions is very high which means that the probability that ions are 
still ionised after more than one interaction is strongly reduced. Almost all 
the ions that penetrate beyond the first atomie layer are thus neutralised 
and only ions scattered from the outermost atomie layer are detected. This 
makes LEIS extremely sensitive for surface analysis [8, 9]. 

Because the interaction between an incoming ion and a surface atom is 
a binary collision, the scattering process can be described using the equa
tions for conservation of energy and momentum. The final energy (Et) of a 
scattered ion is then given by: 

Et = Ei (cos(}+ Jr2 - sin2 (}) 2 =Ei . k2 
l+r 

Ei: initial energy of the ion ( e V) 
(} : scat tering angle ( degrees) 
r : mass ratio (.Mill...) 

Mi on 

k : kinematic factor 

(2.3) 

The kinematic factor (k) depends only on the scat tering angle and the 
mass ratio of the colliding particles. Here the scattered ions are collected at a 
fixed scattering angle (142°) thus the energy of a scattered ion depends only 
on the mass of the surface atom it interacted with. The energy spectrum 
of all the scattered ions at a certain angle gives the composition of the 
outermost atomie layer. 
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Figure 2.2: Schematic representation of Low Energy Ion Scattering (LEIS) 
of an ion at a sample surface 

The final energy of the scattered ions given by equation 2.3 is only cor
rect if all the ions interact elastically with the surface atom. Because of 
inelastic scattering processes and interaction with the material, the energy 
of a scattered ion is lower than the elastic final energy and the signal peak 
is broadened to the low energy side of the spectrum. To identify a peak in 
a LEIS spectrum, the edge of the peak at the high energy side should be 
taken and this energy can be used to identify a surface atom using equation 
2.3. 

The peak area of a LEIS peak of atom i can be described by: 

Si = ItaiT P/ Ni (2.4) 

I: primary ion current ( A) 
t: time of ion bombardment (s) 

O" i: differential scat tering cross section of at om i ( ~;~~) . 
T: instrumental factor including acceptance angle and analyser efficiency 

( rvsrad x eV) 
P/: ionic fraction of the ions after scattering from atom i 
N i : atomie surface density of detected atoms i (cm-2) 
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In this project, equation 2.4 is used for determining the 180 fraction 
which can be written as: 

N16 0 +N1s0 

1 

1 + (S16o*a1so*T1so*Pito) 
S1so*a 160 *T16o*Pii;o 

(2 .5) 
The differential scattering cross sections are determined using the pro

gram XSec and it is assumed that the instrumental factor is proportional to 
the final energy of a scattered ion. The used values are given in table 2.1. 

(j T 
100 2.391x10-4 

rv 1201 
uso 2.465 x 10-4 

rv 1336 

Table 2.1: Differential scattering cross sections and instrumental factors 
used for 16 0 and 18 0 

P11s 
The value for -tr2- is 1.06. This value is not taken into account while 

160 
determining the 180 fraction, which means that all the fraction figures are 
63 too low. However this 63 difference in the fraction is within the error 
margin and will thus not have any significant influence in the outcome. 

The used ion beam is often characterised by its dose, the number of ions 
which are bombarded on the sample ( equation 2.6). The unit of dose is 
ions/cm2 . 

I: ion beam current (A) 

D = .!!._ 
qA 

t: time of ion bombardment (s) 
q: charge of the used ions ( C) 
A: area of the ion beam probing the sample ( cm2) 

(2.6) 

In the literature it is often assumed that the dose needed to sputter 
off 1 ML is l.5 x 1016 3 keV He ions/cm2. For 3 keV Ar ions this dose 
is ten times smaller (l.5 x 1015 ions/cm2). This assumption appears to be 
valid for sputtering the basic powder samples, but needs to be adjusted 
when sputtering the llScSZ sample. In section 4.3.3 it will be determined 
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that the dose needed to sputter off 1 ML of llScSZ is 4.5x1016 3 ke V He 
ions/cm2. For 3 keV Ar ions this dose is assumed to be ten times smaller 
(4.5x1015 ions/cm2). 

2.2.2 Ion beam mixing and ion ranges 

When an ion with an energy of 3 ke V enters the solid, it collides with atoms 
and electrons in the target and lose energy. If the energy of the ion after a 
collision is still sufficient, it collides again and eventually it comes to rest at 
a certain distance from the surface. If the energy transferred to the atom 
at a collision is high enough (20 to 50 eV) , this atom is moved from its 
position and it can hit other target atoms. A 3 ke V ion causes a collision 
cascade and set many target atoms in motion either directly or indirectly. If 
a target atom moves to the surface and leaves it due to the collision, physical 
sputtering has occurred. If the target atom is moved deeper into the sample, 
mixing has occurred [10]. 

After oxygen exchange, a sample surface is partially covered with 180. It 
is conceivable that an incoming ion hits an 180 atom and due to the collision 
this atom is pushed into the sample. This can result in a higher 180 ratio 
at a deeper layer than diffusion has caused and the collected data can be 
inaccurate. To check this phenomenon, TRJM simulations have been done 
using SRJM-2000.40 [11]. This program makes a Monte-Carlo calculation 
which follows the ion into the target, making detailed calculations of the 
energy transferred at every target atom collision. All target atom cascades 
are followed in detail and range distributions of ions and moved target atoms 
are made. 

2.3 XRD 

X-ray Diffraction (XRD) is a technique which is used to determine the 
atomie and molecular arrangements in solids. X-rays with a wavelength (>.) 
comparable or smaller than the lattice constant of the investigating solid (in 
the order of Á) impinge the material and are scattered in all directions by 
the electrons associated with each atom/ion that lies in the beam path. In 
figure 2.3 three parallel lattice planes are depicted. 

If the path difference of the two rays satisfies Bragg's law, constructive 
interference will occur and we speak of diffraction. Bragg's law is given by 

2dsin8 = n>. (2.7) 
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Figure 2.3: Schematic representation of the diffraction process of X-rays on 
an ordered structure 

in which d is a function of the lattice parameters and the crystallographic 
plane from which the rays are diffracting. With a diffractometer, the inten
sity of the diffracted X-rays is measured as a function of the diffraction angle 
which is defined as 28. By comparing the XRD spectra with the literature 
[12], the phase structure of the solid can be determined [13, 14]. 

2.4 Oxygen exchange 

It is interesting to investigate the oxygen ion transport through the elec
trolyte because oxygen ions are responsible for the actual electricity produc
tion. The more oxygen ions reach the H2-side, the more power is generated. 
Rate determining for the amount of oxygen ions diffusing through the elec
trolyte, is the oxygen ion uptake at the surface [4]. This oxygen uptake can 
be visualised by using 1802 in oxygen exchange experiments combined with 
LEIS. 

A sample is brought at thermodynamic equilibrium by putting it in an 
1602 environment at a certain temperature. A possibly damaged stoichiome
try will be recovered during this treatment. After this, the sample is brought 
in an 1802 environment at the same temperature used for 1602 for a much 
shorter time. During this treatment, 180 and 160 exchange at the sample 
surface and 180 diffuses into the sample. This process is visualised in figure 
2.4. 

An 1802 molecule arrives at the sample surface. It dissociates into two 
180 atoms which diffuse over the surface. 180 uptake can happen in two 
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• Zr, Se 
0 160 

Figure 2.4: Schematic representation of the oxygen exchange process. (1) 
dissociation of 18 02, surface adsorption of 18 0 and surf ace diffusion of 
18 0 ; (2) 18 0 incorporation via vacancies; (3) 18 0 incorporation via 16 0-

180 exchange; (4) vacancy diffusion path of incorporated 18 0; (5) recom
bination of exchanged 16 0 with 18 0 or other 16 0. 
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different ways. One way is that the 180 atom occupies an oxygen vacancy 
at the surface. The other way is that an 180 atom changes place and charge 
with a surface 160 ion. The released 160 atom recombines with an 180 or 
other 160 to form an 02 molecule and is pumped off. The incorporated 180 
diffuses into the sample due to vacancy diffusion. 

Oxygen exchange experiments are done at a certain temperature, be
cause at room temperature no significant exchange takes place. This means 
that when a sample is quenched to room temperature after treatment for 
a certain time in an 1802 environment, the process freezes and no signif
icant diffusion takes place anymore. This makes it possible to investigate 
the oxygen exchange at the surface and to look at the diffusion depth of 
the 180 ions. Two important parameters can be deduced this way: k, the 
surface exchange coefficient (cm s-1) and D*, the 180 diffusion coefficient 
( cm2 s-1) [15] . These parameters are deduced by using Fick's second law 
for a semi-infinite medium with the following boundary condition [16] : 

k (cg - c5 ) = -D* [~c] 
X x=O 

cg : 180 fraction in the gas phase 
c5 : 

180 fraction at the surface 

(2.8) 

The solution of the diffusion equation using this boundary condition is 
given by [15, 16]: 

Cx - Cna =erf c [ ~] - [exp (hx + h2D*t)] erf c [ ~ + hYD*t] 
Cg - Cna 2 D*t 2 D*t 

(2.9) 
Cx : 180 fraction at depth x 
Cna: natural abundance of 1802 
t: time the sample was in the 180 2 environment 
h - k 

- D* 

Fitting this formula in the 180 diffusion profile in which the 180 fraction 
is a function of depth (cm), gives values for k and D* . 

It is possible that there are two different regions with different diffu
sion characteristics present in the sample, caused by dopant segregation, as 
reported for YSZ [4]. Then the boundary conditions are different than equa
tion 2.8 and the solution of Fick's second law is much more complex than 
equation 2.9. By looking at the gathered diffusion profiles here, these two 
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different regions are not observed clearly and the 1-region solution is used 
to describe the diffusion. 

The technique of fitting the 1-region diffusion formula is widely used to 
determine the 180 diffusion in an kinds of materials, but depth profiling 
is mostly done using Secondary Ion Mass Spectroscopy (SIMS) Kilner et. 
al. used SIMS to investigate bulk characteristics by sputtering off many 
monolayers before analysing. By doing this the surface and first couple of 
monolayers under the surface are not analysed which can result in different 
values for k and D* comparing with LEIS measurements. 
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Chapter 3 

Experimental setup and 
procedures 

3.1 The NODUS 

The NODUS (NOn-Destructive Ultra Sensitive) is an ion scattering appara
tus, which was developed to perform LEIS measurements [17]. The NODUS 
consists of two interconnected UHV-parts, called pretreatment and analysis 
or main chamber. There is also an ion source section. All these sections are 
separated by valves. The pretreatment chamber is equipped with an oven 
for annealing purposes and an atomie oxygen plasma source, which is used 
for cleaning sample surfaces. The analysis chamber contains a CMA-based 
LEIS apparatus for determining the composition of the outermost atomie 
layer of the surface. To be able to measure on insulators, a neutraliser is 
present to prevent surface charging caused by the incident ion beam. With 
the NO DUS it is possible to do LEIS using 4Hé, 20Ne+ and 40 Ar+. There 
is also a connection for 3He. 

The noble gas flows into the ion source section. The pressure inside the 
ion source section is set manually in between 9.5x10-5 mbar and 2.0x10-4 

mbar. Noble gas ions are produced in the ion source from which they are 
extracted by the extractor. Via several focussing elements, including several 
Einzel lenses, deflection plates and a mass filter, the noble gas ion beam is 
led through an aperture into the main chamber. The beam travels through 
the centre of the CMA (see figure 3.1) and hits a target situated in the 
target carousel. Twelve different targets mounted on special target holders 
can be placed in the carousel and the carousel can be rotated and shifted 
along the beam line direction to put the right sample in analysing position. 
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The target holder positions on the carousel are placed in such a way that 
no cross contamination of neighbouring targets occurs. The pressure in the 
main chamber during measurements is of the order of 10-9 mbar. 

Analysis of the scattered ions is clone by the Cylindrical Mirror Analyser 
(CMA) (figure 3.1). After the ion beam has hit the target, ions are scattered 
in all directions. Only ions scattering over an angle of 142° enter the CMA. 
An electric field between the two defiection plates curves the trajectories of 
the entering ions in such a way that the ions move through the slit toward 
the channelplates. If an ion hits a channelplate, secondary electrons are 
emitted and these electrons cause the detected signal. 

The curved trajectory of the particles is determined by the electric field 
strength and the ion energy, thus only particles with a certain energy reach 
the channelplates at a certain electric field between the defiection plates. If 
the electric field is varied, an energy spectrum of the scattered ions can be 
collected. In the experiments performed here, the electric field is changed 
automatically in a way that an energy spectrum from 0 to 3 ke V is obtained 
in steps of 4 or 10 eV. During every step, ions are collected for 300 ms. 

ion beam 
trom ion 
source 

Einze! lens 

post-accellerator 
channelplates 

collector 

neutraliser 

electron 
beam 

sample 

Figure 3.1: Schematic view of the CMA with its components 

Because a ScSZ sample is non-conductive, the ion beam will charge it 
up during measurements. When a sample is charged positive, the incoming 
ions decelerate in the neighbourhood of the sample and hit the target with 
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an energy less than 3 keV. After scattering the ions are accelerated by the 
charged sample and the detected energy is not equal anymore to the final 
energy given by the LEIS formula. Scattered ions from light elements are 
infiuenced more than scattered ions from heavy elements [8]. To prevent this, 
a neutraliser is installed between the CMA and the target. The amount of 
neutralisation needed can be deduced from a spectrum by looking at the 
shift of the sputter peak. If neutralisation is too small, the sputter peak 
has shifted to the high energy side of the spectrum. By turning up the 
neutralisation, the sputter peak shifts back to the low energy side of the 
spectrum. A drawback of the neutraliser used here is that F is emitted 
when the neutraliser is turned on. This is caused by F containing ceramic 
(Macor) insulators inside the neutraliser which emit F when heated. 

The pretreatment chamber (transfer chamber) is situated perpendicular 
to the main chamber and is separated by a valve. Before a sample can be 
placed in the main chamber, it has to be introduced into the pretreatment 
chamber. The pretreatment chamber is equipped with an oven for cleaning 
and annealing purposes and an atomie oxygen plasma source ( atom/radical 
beam source, Oxford Applied Research, model MPD 21). There is a 160 2 
and 1802 gas inlet. The 1602 is used for the atomie oxygen production and 
annealing purposes and the 180 2 is used for the oxygen exchange experi
ments. Samples can be moved between the main chamber carousel and the 
pretreatment chamber by a movable rod. The pressure in the pretreatment 
chamber is in the order of 10-7 mbar. 

3.2 Sample preparation 

The used samples are made from Sc203 (99.993 pure, Aldrich Chemical Co.) 
and Zr02 (technical pure, E. Merck AG) powders. The required amounts are 
weighted with a balance (Sartorius BP 61) and mechanically mixed using 
a mortar. The mixed powders are uniaxial pressed into discs (0 = 9.5 
mm) using a load of 3000 kg. The samples undergo the following sintering 
procedure: 

• sintering at 1000°C for 6 hours in 160 2 

• sintering at 1200°C for 12 hours in 160 2 

• sintering at 1350°C for 24 hours in 160 2 

The samples start at room temperature and temperature increases with 
1°C/s to 200°C. During this part, water evaporates slowly without cracking 
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the samples. From 200°C to the desired sintering temperature, temperature 
increases with 5°C/s. After the desired sintering period, the oven is turned 
off and the sample cools down to room temperature. 

After the 1000°C and 1200°C sintering cycles, the samples are crushed 
to powder using a mortar, mixed and new samples are pressed from this 
powder. 

The pure Zr02 and Sc20 3 samples undergo only sintering at 1350°C for 
6 hours. 

During the sintering process, the pressed sample shrinks and experiences 
a reduction of porosity. The powder particles coalesce and the density in
creases. After the sintering procedure, the mixed Zr02 and Sc2Ü3 samples 
have a stabilized phase. This means that a high temperature phase is present 
at low temperatures. When cooling such a heated sample, part of the high 
temperature phase is retained at low temperatures [13] . The phase diagram 
of Zr02-Sc2Ü3 is depicted in figure 3.2 and an enlargement of the region of 
interest in 3.3 [18]. 

Figure 3.2: · Phase diagram of the Zr02-Sc2 03 system. /3, 'Y and f; are dif
ferent rhombohedral phases, tet and tet' indicate different tetragonal phases. 
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Figure 3.3: Enlargement of the region of interest of figure 3.2. (3, / and 8 
are different rhombohedral phases, tet and tet' indicate different tetragonal 
phases. 
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3.3 Sample treatment 

Samples are prepared in an ambient atmosphere. This means that the sur
face of the samples is covered with mainly water and hydrocarbon molecules. 
Apart from (partially) blocking the surface for analysis, these contaminants 
also infiuence surface processes like oxygen exchange in a negative way. Be
fore any measurements can be done, the surface has to be cleaned so that 
all the contaminants are removed. 

M. de Ridder has developed a cleaning procedure for cleaning samples 
that are introduced from an ambient atmosphere into the pretreatment 
chamber [19]: 

• Samples used for LEIS measurements are mounted on special sample 
holders. All the components used to mount the sample are rinsed 
ultrasonically in ethanol. 

• After the sample is introduced into the pretreatment chamber, it is 
positioned on the oven and heated for 15 minutes at 500°C in vacuum 
(p~10-6 mbar). During this part of the treatment, adsorbed water 
evaporates from the sample. 

• The sample is moved into the main chamber and the pretreatment 
chamber is cleaned using the atomie oxygen plasma source for 10 
minutes. The atomie oxygen reacts with the hydrocarbons inside the 
pretreatment chamber and the reaction products are pumped off. The 
1602 pressure during this part of the cleaning procedure is l.l x lü-4 

mbar. 

• The sample is moved back to the pretreatment chamber and the sam
ple is cleaned using the atomie oxygen plasma source. Hydrocarbon 
contaminants are removed from the sample and pumped off. 

After this treatment, the sample is ready for sputter profile measure
ments. 

After sputter profile measurements, oxygen exchange measurements are 
done. Before these oxygen exchange measurements can be done, the sample 
has to be treated as follows: 

• The sample is first sputter cleaned using a 3 keV Ar+ beam (0 = 5 
mm). 
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• The clean sample is moved into the pretreatment chamber and put on 
the oven. It is heated up to 400°C for 1 hour in 1 mbar 160 2. Every 
15 minutes, the 1602 is pumped off and new 160 2 is introduced into 
the pretreatment chamber. During this heating process, a thermody
namic equilibrium will be reached. The temperature of 400°C is used, 
because no Ca segregation occurs at this temperature. Ca segrega
tion results in Ca coverage of the surface which hinders the oxygen 
exchange process (section 4.5.5). In fresh 160 2, the oven is turned off 
and the sample stays on the oven until the temperature has dropped 
to 300°C. Then the 160 2 is pumped off again and the sample is moved 
to the main chamber if the pressure is below 10-6 mbar. 

• The pretreatment chamber is cleaned using the atomie oxygen plasma 
source for 10 minutes. 

• The sample is moved back into the pretreatment chamber and treated 
twiee with the atomie oxygen plasma source. 

• The sample is moved to the main chamber and the pretreatment cham
ber is cleaned with atomie oxygen. 

• The sample is measured using a 3 keV 4He ion beam (0 = 2 mm). Mea
surements are repeated until the spectrum is stable (and thus clean). 
This is done because hydrogen from the pretreatment chamber / main 
chamber has adsorbed on the sample during transfer. 

• The sample is moved to the pretreatment chamber and placed on the 
oven. It is heated up to 400°C in 1.2 mbar 180 2 (96.5 % pure, A.R.C. 
Laboratories BV). After 10 minutes at 400°C, the sample is taken off 
the oven immediately so the sample cools down rapidly, the oven is 
turned off and the 1802 is pumped off. When the pressure in the pre
treatment chamber is below 10-6 mbar, the sample is moved to the 
main chamber and it is now ready for LEIS oxygen exchange measure
ments. 

3.4 Measurements 

Three different measurement techniques are used. X-ray Diffraction (XRD) 
for determining the ordering of the samples after sintering and Low Energy 
Ion Scattering (LEIS) for analysing sample surfaces and depth profiling. 
Scanning Electron Microscopy (SEM) is used to determine the size of the 
grains inside the sintered llScSZ sample. 
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3.4.1 XRD 

XRD measurements are done using a diffractometer. A diffractometer is an 
apparatus that measures the angles at which diffraction occurs. An X-ray 
source, sampleholder and a detector are mounted as depicted in figure 3.4. 
The source is at a fixed position and the sampleholder and the detector are 
coupled such that a rotation over B of the sample is followed by a 28 rotation 
of the detector. The incident angle of the X-rays is marked B, the scattering 
angle 28. The detector can move with a constant velocity (in ° /s) over the 
range 0° to 180°. 

1200 
900 

Figure 3.4: Schematic representation of a diffractometer 

XRD measurements are done using a PHILIPS X'pert PW1830/25 dif
fractometer at room temperature in air. Cu Ka1,2 X-rays are emitted from 
a source with wavelengths >. = 1.54050 A and 1.54434 A. Data is collected 
using the X'pert software. The measuring range is from 3° up to 90° (28) 
in steps of 0.020° /s. A sample is mounted using glue dots on an ethanol 
cleaned sample holder. 
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3.4.2 LEIS 

With the focussing elements of the NODUS, ion beams with two different 
reproducible diameters can be made. 

The first focussing method is focussing on maximum current. A Cu 
reference sample is placed in measuring position and the beam is adjusted 
until the beam current has a maximum value. The diameter of the ion beam 
is now 5 mm. A 5 mm beam is used. for sputtering purposes using 40 Ar+ 
ions. After the beam is focussed, the beam current is determined, because 
this current is needed to determine the sputterrate of the beam. The beam 
current is around 25 nA. 

Another focussing method is focussing on maximum intensity. A Cu/ Au 
reference sample, made of a Cu plate with a hole in it (0 = 2 mm) on top of 
a Au sample, is placed in measuring position. The ion beam is adjusted until 
the intensity of the Au signal is at maximum. The diameter of this beam 
is 2 mm. A 2 mm beam is used for analysing the surface composition using 
4He+ ions. The beam current is determined for normalization purposes and 
is around 10 nA. The incoming ion beam has an energy of 3 keV and two 
different types of spectra are collected. Spectra from 0 to 3 ke V in steps of 
10 eV (300 ms/step) are taken for determining the amount of neutralisation 
needed and getting an overview of the spectrum. Spectra from 900 to 2700 
eV in steps of 4 eV (300 ms/step) are measured to get better statistics in 
the region of interest. 

After focussing and current determination, the sample of interest is 
placed in measuring position, the neutralisator is switched on and mea
surements can start. 

3.4.3 Reference samples 

Because some peaks of interest overlap with peaks of contaminants, it is 
necessary to make reference samples to get to know the peak widths of the 
separate peaks. These widths are crucial for separating two overlapping 
peaks and for further peak analysis. 

The Se and Ca signal overlap. The peak widths of Se and Ca are assumed 
to be similar. This assumption is based on the positions of the peaks which 
are close to each other (2180 eV for Se and 2096 for Ca) and the peak width 
which roughly satisfies b.f = const.. This assumption is confirmed after 
comparing the widths of the Se peak of the Sc2Ü3 basic sample and the Ca 
peak of the Zr02 basic sample. 

Also the 180 peak and the F peak overlap. A good F reference is polyte-
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trafluoroethylene (teflon). A piece of teflon is mounted on a sample holder 
and introduced into the NODUS. No cleaning is necessary because teflon is 
inert and nothing will attach to it. Measurements on teflon give a good F 
peak. 180 adsorbed on Pt is used as 180 reference. Because Pt is a metal, 
no neutralisation is needed for measuring and no F is visible then. A piece 
of Pt foil (99.9983 pure, Johnson Matthey GmbH) is mounted on a sam
ple holder and cleaned using the cleaning procedure of section 3.3. In the 
main chamber, the sample is sputtercleaned with 3 keV Ar+. The cleaned 
sample is transferred back to the pretreatment chamber where it is put in 
an 1802 environment of 1.2 mbar for 20 minutes at room temperature. 180 
has adsorbed on the Pt and a 3 keV 4He+ beam is used to measure the 180 
signal. 

3.4.4 SEM 

SEM is done to get an idea of the size of the grains inside the sintered 
llScSZ sample. This way the grain structure and the presence of pores can 
also be investigated. Before a SEM measurement can be done on llScSZ, 
a layer of Au has to be sputtered on the sample, because of its insulating 
properties. SEM is done on a JEOL JSM-840A scanning microscope using 
10 kV electrons and a current of 6 nA. 
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Chapter 4 

Results and discussion 

4.1 Introduction 

The SEM images are made after all the other measurements. This because 
after the Au layer is deposited, the sample is useless for any other surface 
analysis. 

XRD measurements are done on a different 1 lScSZ sample than the 
one used for LEIS analysis and oxygen exchange. These samples are made 
together and followed the same preparation procedure. XRD measurements 
of Zr02 and Sc203 are done on the same samples prior to oxygen exchange 
and after depth profiling. 

In the gathered LEIS spectra, F is visible. This F is not a sample con
tamination but it is emitted by the neutraliser. In the neutraliser ceramic 
(Macor) cylinders are present for insulating purposes which contain F. When 
the neutraliser is turned on, the ceramic heats up and emits F. The amount 
of F deposited on the sample could not be determined here, but from previ
ous measurements on the NODUS is concluded that this coverage is in the 
order of 53 . 

Peak areas of LEIS spectra are determined in two ways. The Zr peaks of 
the llScSZ sample and the Zr02 sample, the Si peak of the llScSZ sample 
and the Se peak of the Sc203 sample are determined using the program 
XMGR which calculates the area under the collected signal without back
ground. The other peaks (160, 180, F, Ca together with Se of llScSZ) are 
determined by fitting Gaussian functions through the peaks. These func
tions consist of two overlapping Gaussians in the case of 180, F and Ca, Sc. 
The area (without background) under these Gaussians is determined. 
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4.2 Samples 

From the basic materials, a Zr02 sample and a Sc2Ü3 sample were prepared 
q.fter sintering for 6 hours at 1350°C. XRD analysis revealed a monoclinic 
ordering in the Zr02 sample and a cubic ordering in Sc2Ü3. The XRD 
spectra are given in figure 4.1 and 4.2 including identification of the most 
intense peaks. 
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Figure 4.1: XRD spectrum of monoclinic Zr02 ; the most intense peaks are 
identified 

Several attempts to prepare ScSZ samples with different compositions 
were made, but only one composition was made successfully. 4, 6, and 9 
mol% Sc2Ü3-Zr02 containing a high temperature phase couldn't be made 
but 11 niol3 Sc2Ü3-Zr02 (llScSZ) containing the correct phases was made. 
l lScSZ was chosen to make because it <lid not show any change in phase and 
electrical conductivity during annealing at 1000°C and it had the highest 
electrical conductivity at this temperature [6 , 20, 21]. The XRD spectrum 
of this sample is depicted in figure 4.3 and matches with the XRD spectrum 
given in [7] . 

The spectrum reveals a rhombohedral and a cubic phase, which means, 
according to figure 3.3. that not only the high temperature cubic phase is 
present, but also the low temperature rhombohedral phase. 
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Figure 4.2: XRD spectrum of cubic Sc2 Oa the most intense peaks are 
identified 
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Figure 4.3: XRD spectrum of sintered 11ScSZ. The peaks are identified as 
C (cubic) and f3 (rhombohedral) 

30 



Table 4.1 gives an overview of the samples that are investigated further. 

1 Composition 1 Phase 

Zr02 monoclinic (Zr02ss) 
llScSZ cubic and rhombohedral 
Sc203 cubic (Sc2Ü3ss) 

Table 4.1: Phases of the different samples determined using XRD 

The 1 lScSZ sample is also investigated using SEM. Two pictures are 
given below. Figure 4.4 is a picture of a quite large area of the sample. 
A magnification of 2000 is used and the length of 10 µm is indicated. The 
grains are visible and also some pores. To determine the grain size, a zoomed 
picture is made (figure 4.5) using a magnification of 6000. From this picture 
can be concluded that the structure is not fully tight and pores between the 
grains are clearly visible. The diameter size of the grains is estimated at 1.5 
µm. 

Figure 4.4: SEM picture of a region of sintered 11 ScSZ. 10 k V electrons are 
used and the magnification is 2000. 
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Figure 4.5: SEM picture of a region of sintered 11 ScSZ. 10 k V electrons are 
used and the magnification is 6000. 

4.3 Depth profile 

When a sample has been sintered, it is transported through air to the 
NODUS. The sample is introduced into the pretreatment chamber and it 
undergoes the cleaning procedure as described in section 3.3. The cleaned 
sample is now ready for LEIS investigation. Before oxygen exchange mea
surements are clone, the samples are investigated to see what the surface 
and the first couple of monolayers look like. 

4.3.1 Zr02 

The Zr02 sample is probed using a 3 keV He+ beam (0 = 2 mm) with a 
close of 2x 1014 ions/cm2 per collected spectrum. Energy steps of 10 eV are 
used because the whole spectrum is investigated. After 6 spectra, an Ar+ 
beam (0 = 5 mm, D=2x 1015 ions/cm2) is used to sputter off 1.5 ML and 
subsequently a 2 mm He+ beam is used again to investigate the sample at 
this depth. The spectra are given in figure 4.6. Each spectrum is an average 
of 5 spectra (D5 spectra=l x l015 ions/cm2 = 0.07 ML) to suppress noise. 

The surface of the sintered Zr02 sample is covered with the contaminants 
Si and Ca. These elements have segregated to the surface during sintering 
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Figure 4.6: 3 ke V 4 He+ LEIS spectrum of sintered Zr02 ; surf ace and 1. 5 
lvf L depth are depicted 

and they cover the surface in such a way that Zr is not visible at the surface 
anymore. The step at the place of the Zr peak is caused by ion scattering at 
Zr situated in deeper layers. The 160 signal stays constant which means that 
the segregated elements are present as oxides at the surface. It is clear that 
the contamination is a surface contamination, because it has disappeared 
after 1.5 ML. At 1.5 ML clear Zr and 0 peaks are visible with no detectable 
impurities present. 

The Sc2Ü3 sample is investigated using a 3 keV He+ beam with a diameter 
of 2 mm and a dose of 2.2xlü14 ions/cm2 per collected spectrum. The same 
beam is also used for sputtering. The spectra are given in figure 4. 7 and 
again an average of 5 spectra is taken for noise suppression. 

At the surface of sintered Sc203 no unexpected elements are visible. 
Fluorine is emitted by the neutraliser so this is no powder impurity. The 
160 signal and the Se signal are almost constant in depth. 
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Figure 4.7: 3 keV 4 He+ LEIS spectrum of sintered Sc203; surface and 1.5 
ML depth are given 

4.3.3 1 lScSZ 

A 3 ke V He+ beam with a diameter of 2 mm is used to investigate the 
llScSZ sample. Energy steps of 4 eV are used here in an energy range of 
900-2700 eV, because the elements of interest are in this region. The used 
dose per collected spectrum is around 3.5x1014 ions/ cm2. The He+ beam is 
constantly on the sample resulting in a depth profile of the llScSZ. Because 
this measurement took several days, the beam is focussed every morning 
again and pointed on the same spot as the day before to correct for small 
shifts in the opties during the night. After 2.8 ML, an Ar+ beam (0 = 2 
mm) is used to sputter further to a depth of 5 ML where is switched back 
to a He+ beam again for further analysis. Spectra at different depths are 
given in figure 4.8. 

At the surface, the same contaminants as at the Zr02 surface are visible, 
which means that they originate from the Zr02 basic powder. Si and Ca 
are covering the surface. Zr and Se are not visible, only a step at the Zr 
peak position originating from ion scattering at Zr in deeper layers. After 
sputtering off 1. 7 ML there is still some Si visible, Ca has disappeared and 
Se and Zr are clearly visible. Some Fis present coming from the neutraliser. 
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Figure 4.8: 3 keV 4 He+ LEIS spectrum of 11ScSZ; Surface, 1.7 ML and 5 
ML depth are shown 

At 5 ML, all the contaminants are removed and only the expected elements 
are present. 

From the collected spectra, peak areas are extracted to -get a better 
insight in the behaviour of the elements as a function of depth. This is 
presented in figures 4.9 and 4.10. To improve statistics, averages of areas of 
10 peaks are depicted. The XMGR determined areas have an error of 53, 
the Gaussian determined areas have a 153 error. 

The peak area figures indicated that the assumed sputterrate of 1.5 x 1016 

3 keV He ions/cm2 for sputtering off 1 ML was too low for llScSZ. It is 
known that impurities (Ca, Si) segregate to the surface of a sample when 
heated. Segregation continues until the surface is completely covered with 
contaminants after which segregation stops. At this moment it is assumed 
that one monolayer of contaminants is covering the sample [4, 8]. This 
monolayer can be sputtered off by using 3 ke V Hé. After analysing figure 
4.10 with the assumption that the sample is covered by 1 ML of contami
nants, it was concluded that the sputterrate of 1.5x1016 3 ke V He ions/ cm2 

per monolayer mentioned in section 2.2.1 is too low and has to be adjusted 
to a three times higher sputterrate. Using this adjusted sputterrate is in 
accordance with the theory of a one monolayer impurity coverage of the 
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Figure 4.9: Depth profile of Zr, Se and 16 0 in 11ScSZ using 3 keV 4 He+ 
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Figure 4.10: Depth profile of Ga and Si in 11ScSZ using 3 ke V 4 He+ 
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sample. The used sputterrates for llScSZ are 4.5x1016 3 keV He ions/ cm2 

per monolayer and 4.5x1015 3 keV Ar ions/cm2 per monolayer. 
From the peak area figures it is clear that the Zr signal keeps rising. 

A jump is visible in the Zr line at 1.8 ML. After the jump, a new day of 
measurements has started, which means that the ion beam was a bit less 
braad than the day before the jump or the current used for normalization 
was not determined accurately. This is not harmful here, because the trend 
is of interest here and no absolute values. Se is constant from 1 ML and 0 is 
constant from the start indicating oxidised contaminants. Si and Ca drop to 
a constant value which is assumed to be zero. Due to noise, there will always 
be measured a signal for Ca and Si, but from the averaged spectra it can 
be assumed that these elements are not present anymore. This means that 
from 1.3 ML, no Ca is present anymore and from 2.3 ML, no Si is visible. 

4.4 Surface concentrations of sintered llScSZ 

It is interesting to see wether the surface composition of Sc2Ü3-Zr02 is the 
same as the bulk composition. If this is not the case, perhaps segregation 
of an ~lement has occurred and it is possible that regions with a different 
phase are present in the sample as measured for YSZ [4] . This can be done 
by platting the Se signa! as a function of the Zr signa!. From the pure Sc2Ü3 
sample, the normalized peak area at 1.5 ML depth is determined and the 
same is dorre for Zr02. For the llScSZ sample, the normalized peak areas 
of Se and Zr are determined at different depths (figure 4.11). The diagonal 
indicates the place where the Zr and Se signals of mixed Zr02 and Sc2Ü3 
compositions are expected if no contaminants are present. 

By using the densities and the mol masses of Sc2Ü3 and Zr02 ( table 
4.2), the surface area of each molecule is determined. This is related to the 
measured signa! and this way the surface composition of Sc2Ü3 and Zr02 , 
normalized to 100%, is determined. The results are given in table 4.3 and 
pointed out in figure 4.11. 

1 1 p (g cm-3)[22] 1 M (g mol-1)[22] 1 

1 :~~: 1 ~:~ ~~~:~ 
Table 4.2: Densities and Mol masses of Sc2 03 and Zr02 

Table 4.3 shows that the intended 11 mol% ScSZ is not present at the 
surface but becomes visible at deeper layers. From this table and figures 
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Figure 4.11: Concentration determination of Sc2 03 and Zr02 at different 
depths. 

4.9, 4.10 and 4.11 can be concluded that, next to the impurities Ca and Si, 
also Se has segregated towards the· surface and that there is a preferential 
impurity coverage of Zr02 . The preferential impurity coverage is deduced 
from comparison of the Zr and Se peak areas as function of depth in figure 
4.9. The Se signal is constant after sputtering off 1 ML while the Zr signal 
keeps rising and the impurity signals keep dropping after 1 ML. Thus the 
contaminants left after sputtering off 1 ML are preferentially attached to 
Zr and not to Sc. The concentration difference as a function of depth is 
not only caused by preferential impurity coverage of Zr02, but also by Se 
segregation. Next to the impurities, also Se has segregated and farms a 
Se enriched area under the surface. If there was much Se segregation, the 
Se signal would first rise and then drop to a constant value as function of 
depth, as seen for Yin YSZ [4]. Here the Se segregation is not that clear 
and no bump in the signa! is visible. If the to.p layer of contaminants is 
slowly sputtered off, the Se enriched area is getting visible. In time not only 
contaminants are sputtered off, resulting in a higher Se signa!, but also Se 
that is already visible is sputtered off, resulting in a drop of the Se signal. 
Due to these effects, a change in the Se signa! is cancelled and the Se signa! 
stays constant in depth. If the concentration difference between Sc2Ü3 and 
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Surface 97 3 
0.3 ML 41 59 
1.3 ML 24 76 
2.7 ML 16 84 

1 Bulk 1 11 89 

Table 4.3: Sc203 and Zr02 compositions in 11ScSZ at different depths nor
malized at 100%. The bulk composition is the initial compostion 

Zr02 differs much from the bulk composition, the Se enriched layer can 
have another crystalline ordering than the bulk (see figure 3.2) . This is not 
visible with the used XRD technique, because with this technique, the bulk 
composition dominates the spectrum. 

4.5 Oxygen exchange 

After the depth profiling measurements, the neutraliser broke down and 
new wires had to be installed. The samples had to be taken out of the main 
vessel and when the main vessel was closed and cleaned, the samples were 
introduced into the setup again. After cleaning, the samples were prepared 
for oxygen exchange measurements as described in section 3.3. Oxygen 
exchange at the pure samples (Zr02 and Sc20 3) has been clone at 400°G 
and at the llScSZ sample twice at 400°C, at 300°C and at 400°C after an 
1602 treatment at 750°C. LEIS analysis of the oxygen exchanged samples is 
clone using a focussed 3 keV He+ beam (0 = 2 mm) with a close of around 
3x1014 ions/cm2 per collected spectrum. A 3 keV Ar+ beam (0 = 5 mm) 
is used for sputtering off (parts of) the analysed monolayer and 3 ke V Hé 
is used for further analysis. This type of probing gives a depth profile of the 
sample after oxygen exchange. Spectra are taken from 900 to 2700 e V in 
steps of 4 eV, because the elements of interest are in this energy range. The 
data used in the figures for peak area analysis is averaged over 10 spectra to 
improve statistics. The errors are given in the figures. Errors for peak areas 
determined by using XMGR are 53 and if Gaussians are used, the error is 
determined at 153. After one treatment, a measurement is clone toa depth 
of 25 ML to get an idea of the 180 fraction at this depth. 

The order of discussion here is not a chronological one, but this order 
is chosen for clarity. Chronologically first the oxygen exchange was clone at 
llScSZ at 400°C using 3 keV Ar+ sputtering, then at Zr02, Sc203 (both 
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at 400°C) and llScSZ at 300°C. After this, the sample was turned around 
to prevent doing measurements in a deep hole and measurements continued 
with exchange at llScSZ at 400°C using 1 keV Ar+ sputtering. Finally 
llScSZ was 160 2-treated at 750°C before exchange at 400°C. 

4.5.1 Zr02: Oxygen exchange at 400°C 

The sample is probed with 3 keV Hé . Two spectra are given in figure 4.12. 
Each given spectrum is an average of 5 spectra to suppress noise. 
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Figure 4.12: 3 keV 4 He+ LEIS spectrum of Zr02 after oxygen exchange at 
4 00° C ; Surf ace and 10 ML depth are given 

180 is clearly visible next to 160 and also the Zr peak is clear. F is 
included in the 180 peak. No contaminants are visible, which means that 
no segregation has taken place during the annealing at 400°C. 

Graphs with peak areas as a function of depth give better insight in the 
behaviour of the several elements (figure 4.13). 

Figure 4.13 shows that the Zr signal is rising in the first monolayer and 
stays at a constant value after the first monolayer. The same goes for 160. 
180 is first rising a bit and after the first monolayer it drops. llising of the 
signals in the first ML can be explained by removal of H covering a part of 
the surface. H is adsorb~d during transfer from the pretreatment chamber 
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Figure 4.13: Depth profile of Zr, 16 0 and 18 0 in Zr02 after oxygen exchange 
at 400°c using 3 keV 4 He+ 

to the main chamber and is easily sputtered off again. The total 0 signal 
(160 + 180) doesn't stay constant as expected, but drops. 

From the 160 and 180 peak areas together with equation 2.5, the 180 
fraction as a function of depth can be determined. This is done in figure 
4.14. 

The 180 fraction at the surface is 0.45 and drops to 0.21 over 10 ML. 
Froin figure 4.14, k and D* can be determined. These are given at the 

end of this chapter where they are compared with values of other samples. 

4.5.2 Sc20 3 : Oxygen exchange at 400°C 

The Sc203 sample is also probed with 3 keV Hé. In figure 4.15 two spectra 
collected from different depths are given. Each spectrum is again an average 
of 5 spectra to get better statistics. 

Se and 160 are clear peaks. 180 coincides with F and together they form 
a clear peak. At 10 ML, this combined peak has reduced enormously. No 
contaminants are detected. The peak areas have been analysed and depicted 
in figure 4.16. 

The signals in figure 4.16 don 't rise significant with depth, so almost no 
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Figure 4.14: 16 ~:q80 as a function of depth of Zr02 after oxygen exchange 
at 400°c 
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Figure 4.15: 3 ke V 4 He+ LEIS spectrum of Sc2 03 after oxygen exchange 
at 4 00° C ; Surf ace and 10 ML depth are depicted 
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Figure 4.16: Depth profile of Se, 16 0 and 18 0 in Sc20s after oxygen ex-
change at 400°C using 3 keV 4 He+ 

H has adsorbed during transfer. The Se and 160 signals stay almost constant 
during the whole depth interval. 180 is dropping within a monolayer from 
almost 400 toa value around 150 counts*eV /nA which is held for the rest of 
the interval. The total 0 signal (160 + 180) drops within the first monolayer 
and at deeper layers it is constant. 

The 180 fraction as a function of depth is depicted in figure 4.17. 
The 180 fraction drops within a monolayer from 0.34 to around 0.12. 

Almost no 180 2- diffusion has taken place by comparison with Zr02 , where 
the drop of the 180 fraction is more gradually in depth. The k and D* 
values are discussed at the end of this chapter. 

4.5.3 llScSZ: Oxygen exchange at 400°C ; sputtering with 
3 keV Ar+ 

After the 160 2 and 180 2 treatments at 400°C, the sample is analysed using 
3 keV Hé. A 3 keV Ar+ beam (0 = 5 mm) is used for sputtering. After 3.3 
ML, a focussed 3 keV Ar+ beam (0 = 2 mm) is used to sputter toa depth 
of 5 ML where a Hé measurement is done. This is repeated to a depth of 
10 ML with measurements at every 1. 7 monolayers. Two spectra are given 
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Figure 4.17: rn~:qsa as a function of depth of Sc2 Os after oxygen exchange 
at 400° C 

in figure 4.18. Each spectrum is an average of 5 spectra to suppress noise. 
Zr gives a clear peak, Se is not clear at the surface but gets more clear 

at deeper layers. The 180 peak (including F) is comparable with the 160 
peak. At 3.3 ML, still 180 is visible. In figures 4.19 and 4.20, the peak areas 
are analysed as a function of depth. 

The Zr and Se signals rise up to 0. 7 ML. From 0. 7 ML, the signals stay 
constant. The Ca signal is small and drops fast toa constant value. This Ca, 
together with H, can cause the rise of the Zr and Se signal when sputtering 
it off. The 160 signal stays almost constant over the whole probed depth. 
180 drops from the surface to 6. 7 ML and stays constant at deeper layers. 
This means that the total oxygen signal (16 0 + 180) drops as a function of 
depth. 

From the 160 and 180 peak areas together with equation 2.5, the 180 
fraction as a function of depth is determined. This gives an insight in the 
180 diffusion into the sample during the oxygen exchange (figure 4.21). 

Oxygen exchange has resulted in an 180 fraction of 0.53 at the surface. 
This means that 533 of the 160 is replaced by 180 . The 180 fraction drops 
slowly in depth and seems to arrive at a constant value at a depth of 6. 7 
ML. Fitting equation 2.9 gives k and D* which are discussed at the end of 
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Figure 4.18: 3 ke V 4 He+ LEIS spectrum of 11 ScSZ after oxygen exchange 
at 400° C; Surface and 3.3 ML depth are depicted 
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Figure 4.19: Depth profile of Zr, Se and Ga at 1 JScSZ after oxygen exchange 
at 400°c using 3 keV 4 He+ 
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at 400° C using 3 ke V 4 He+ 
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this chapter. 

4.5.4 llScSZ: Oxygen exchange at 300°C 

Oxygen treatments are clone at 300°C and the sample is analysed almost 
the same way as the sample treated at 400°C. A 3 keV Hé beam is used 
for analysing and a 3 keV Ar+ beam (0 = 5 mm) is used for sputtering. 
After 3.3 ML, a 3 ke V Ar+ beam with a diameter of 5 mm is used to sputter 
to a depth of 6. 7 ML where a measurement is clone. This is also clone at a 
depth of 10 ML. The spectra aren't given here, because there is almost no 
difference with the spectra collected after oxygen exchange at 400°C. The 
same goes for the peak area graph of Zr, Se and Ca, which can be found in 
the appendix as figures A.l and A.2. The 160 and 180 behaviour as function 
of depth is given in figure 4.22. 
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Figure 4.22: Depth profile of 16 0 and 18 0 at 11 ScSZ after oxygen exchange 
at 300° C using 3 ke V 4 He+ 

The behaviour of 160 is comparable to the behaviour of 16 0 after treat
ment at 400°C. The signal stays almost at a constant value. 180 drops 
within a monolayer to a constant value. The total oxygen signal (160 + 
180) drops a little. The 180 fraction is determined as a function of depth 
and given in figure 4.23. 
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Figure 4.23: i6~:q80 as afunction of depth of 11ScSZ after oxygen exchange 
at 300°C 

The 180 fraction at the surface is 0.32 and drops within a monolayer to 
a constant value. In comparison with the exchange at 400°C, the drop of 
the fraction at 300°C is much steeper and becomes constant at 1 ML where 
at 400°C it stays constant from 6. 7 ML. k and D* values are determined 
and can be found at the end of this chapter. 

4.5.5 llScSZ: Oxygen exchange at 400°C after 160 2 treat
ment at 750°C 

The sample is taken of the sampleholder, it is placed in the tube oven and 
heated for 1 hour in 1602 at 750°C. After the sample has cooled down, it is 
transported through air to the setup and introduced into the pretreatment 
chamber. In here the sample is cleaned as described in section 3.3 and the 
cleaned sample is treated with 1802 at 400°C to get oxygen exchange. 3 
keV He+ is used for analysing and 3 keV Ar+ (0 = 5 mm) for sputtering. 
Here only to a depth of 3.3 ML is measured because signals were constant 
several measurements before 3.3 ML and no changes at deeper layers were 
expected. Two spectra are given in figure B.l in the appendix. The peak 
areas as function of depth are given in figures 4.24 and 4.25. 
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Figure 4.24: Depth profile of Zr, Se and Ga at 11ScSZ after 16 02 treatment 
at 150° C and oxygen exchange at 400° C using 3 ke V 4 Hé 
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Figure 4.25: Depth profile of 16 0 and 18 0 at 11ScSZ after 16 02 treatment 
at 150° C and oxygen exchange at 400° C using 3 ke V 4 He+ 
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Ca has segregated to the surface during the 1602 treatment. This Ca is 
partially covering the surface which can be seen at the low signal of Zr and 
Se at the surface. The Ca is sputtered off after 0. 7 monolayers and at this 
depth the Zr and Se signal have reached their final value. The 180 signal is 
almost constant in depth. The 160 signal is rising in the first half monolayer 
and constant at deeper layers. The total oxygen signal is rising in the first 
half monolayer and constant after that. The rising of the total oxygen signal 
can be explained by sputtering of H that is adsorbed at the surface during 
transfer. 

The 180 fraction as function of depth is given in figure 4.26. 
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Figure 4.26: 16~:q80 as a function of depth of 11 ScSZ after 16 02 treatment 
at 150° C and oxygen exchange at 400° C 

By comparing figure 4.26 with the other fraction graphs, almost no drop 
of the fraction is visible which means that almost no oxygen exchange has 
taken place and thus no diffusion of 180 into ·the sample. This is caused by 
the Ca that has segregated to the surface. This Ca is blocking the surface 
and hinders the oxygen exchange. 

Values for k and D* are given further on. 
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4.5.6 llScSZ: Oxygen exchange at 400°C ; sputtering with 
1 keV Ar+ 

After oxygen exchange at 400°C, the sample is probed with a 3 keV He+ 
beam. Sputtering is done using a 1 keV Ar+ beam (0 = 5 mm). After 3.3 
ML, the 1 ke V Ar+ beam is used to sputter to a depth of 6. 7 ML where a 
measurement is done and after this to 10 ML where another measurement is 
done. From 10 ML, the Ar+ beam sputters to a depth of 25 ML where the 
last measurement is done. The spectra and peak area graphs look almost 
similar to the ones after the oxygen exchange at 400°C using a 3 ke V Ar+ 
beam. They are given in the appendix as figures C.1 , C.2 and C.3. The 180 
fraction as function of depth is given in figure 4.27 and looks almost similar 
to the situation of oxygen exchange at 400°C using 3 keV Ar+ for sputtering. 
Only the steepness of the decay is higher and it looks like the startingpoint 
of the curve is a bit lower. This last feature can be explained by the starting 
point of the measurements. In this figure , not the outermost surface is 
probed, but a depth of 0.03 ML is first measured due to neutralisation 
problems. Extrapolating can give an estimate of the right starting point. 
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Figure 4.27: rn~:qso as a function of depth of 11 ScSZ after oxygen exchange 
at 400° C; Sputtering is done using 1 ke V Ar+ 

Fitting equation 2.9 gives values for k and D* which are discussed in the 
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next subsection. 

4.5. 7 Summary of oxygen exchange experiments 

All the 180 fraction figures are joined together in figure 4.28. For clearness, 
the error bars are left out . 
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Figure 4.28: 16 ~:qs0 as a function of depth of 11ScSZ after different oxygen 
exchange temperatures or sputter treatments 

These curves can be fitted with equation 2.9. The fits give values for 
k and D*. These values for the four curves are given in table 4.4. Also 
values for Zr02 and Sc2Ü3 are given. The order of the k and D* values is 
of interest here and not the absolute values because the errors are too large 
to determine them accurately. 

The best surface oxygen exchange takes place at 400°C. At this temper
ature the k and D* values are significant higher than at other temperatures. 

In table 4.5 some values are given for k and D* from the literature 
including the used analysing technique. 

In comparison with the literature values, it can be concluded that there is 
a difference of the order of 107 between the values of D* determined by using 
LEIS and SIMS. The explanation for this difference is that LEIS looks at 
the surface monolayer and SIMS was used to probe much deeper. By using 
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material temperature sputtering k D* 

1 

h= g. 
(cm s-1) (cm2s-1) 

llScSZ 400°C 3 keV Ar+ 6.0 x 10-11 1.1 x 10-ir 5.5x10° 
llScSZ 400°C 1 keV Ar+ 6.5 x 10-11 l.l x lü- 11 5.9xlüö 
11ScSZ 300°C 3 keV Ar+ 3.0 x 10-u l.5 x 10-rn 2.0 x 107 

llScSZ 750°C/ 400°C 3 keV Ar+ 4.5x 10-u l.5 x 10-Hi 3.0 x 10° 
Zr02 400°C 3 keV Ar+ 4.l x lü-11 l.2 x 10-11 3.4 x l0° 

Sc203 400°C 3 keV Ar+ 5.0 x 10-1 :l 2.o x 10-ni 25.0x 10° 

Table 4.4: k and D* values for the measured samples and treatments. The 
errors for k and D* are approximately 10% 

material ref. temper at ure method k D* 
(cm s-1) (cm2s-1) 

Ceo.9Gdo.1 Üi.95 [23] 400°C SIMS l.O x 10-iu 2.0 x 10-iu 

9.5YSZ (se) [24] 400°C SIMS 3.0 x 10-11 8.0 x 10-11 

lOYSZ [4] 400°C LEIS 6.0x 10-10 l.O x 10-1ö 

Table 4.5: k and D* values /rom literature. The values for Ceo.9 G<kJ.1 01.95 
and 9.5YSZ are derived by extrapolating literature data; se = single crystal 

SIMS, the region that is investigated by LEIS is missed and measurements 
start way beyond the point where the LEIS analysis has ended. The values 
for k measured here cannot be compared with the SIMS literature values, 
because of the difference in analysis depth. The k values measured here 
are surface k values, the SIMS values are bulk values. Comparison with 
the lOYSZ values should be done with special care, because the k and D* 
values of lOYSZ are determined using a 2-region model. The D* value for 
lOYSZ in table 4.5 is the value of the surface region. The values for k and 
D* of lOYSZ differ an order with the values measured at llScSZ at 400°C. 
The value for h is almost equal. With the above notations in mind can be 
concluded that as far as oxygen exchange and diffusion is concerned, llScSZ 
does not differ much from lOYSZ. 

It is hard to determine wether at deeper layers 180 is still measured , 
or only noise is measured. Although fitting peak areas occurs at averaged 
spectra, there is still noise, visible. Another problem is the hole which is made 
due to sputtering. The sputtered hole is not cylindrical, but inhomogeneous, 
cone shaped which means that at deeper layers , not only one monolayer is 
measured but also a part of the edge of the hole. For these reasons, the 180 
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signals at deeper layers are not accurate enough to draw conclusions from. 
This is proved by the measurement done at 25 ML at the 400°C 1 keV Ar+ 
sputtered sample. At this depth, the signal is almost the same as the signal 
from 6. 7 and 10 ML. These two effects cause that the origin of the signal is 
not clear at deeper layers anymore. In figure 4.28 a horizontal line marks 
the border under which the origin of the signal is not clear anymore. 

Because of this border, nothing can be said for sure about the deeper 
layers. One possibility is that there is no 180 at all at deeper layers. Another 
one is that there are two different regions in the material with different 
diffusion coefficients as described for YSZ by M. de llidder [4] . This could 
explain the slope difference in figure 4.28 that occurs at a depth of 6.7 ML 
at the samples treated at 400°C. 

4.6 Ion beam mixing and ion ranges 

Investigation of ion beam mixing is done in two ways. First Monte Carlo 
simulations are done and after these simulations, experimental investigation 
is done by comparing the measurements on oxygen exchanged llScSZ at 
400°C using 1 keV Ar+ and 3 keV Ar+ sputtering. 

In the simulation, a sample is created containing a surface layer of 180 
atoms with a thickness of 1 monolayer (3 Á) on top of a Zr02-Sc2Ü3 part 
with a stoichiometry and density corresponding to llScSZ. This sample is 
a simple model for a llScSZ sample at which just oxygen exchange has 
occurred. Diffusion processes are not taken into account here, which means 
that there is initially no 180 present in deeper layers. The sample is probed 
with 10000 1 and 3 ke V Ar+ ions and 3 ke V Hé ions and the program 
gives a distribution of the ions and recoiled atoms in the sample. These 
distributions are given in figure 4.29 and 4.30. 

The distribution with Ar+ is determined using a dose of 4.5x1015 ions/ cm2 , 

comparable with an Ar+ beam used for sputtering off 1 ML. For the distri
bution with Hé a dose is used of 2.7 x 1015 ions/cm2 , comparable with the 
ions deposited after ten spectra (one measurement cycle). The 180 layer 
depicted in the figures is the monolayer of 180 atoms at the surface. Points 
within this area are not interesting, because they haven't reached the elec
trolyte material. In the first monolayer under the 180 layer (3 to 6 Á) more 
180 atoms are found due to 3 keV Ar+ sputtering compared with 1 keV Ar+ 
sputtering. At deeper layers, the distribut ion is almost equal for 1 and 3 keV 
Ar+. With Ar+, 233 (using 1 keV) and 293 (using 3 keV) of the surface 
180 atoms will reach the edge of the first and second monolayer under the 
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180 surface layer. Ion beam mixing occurs due to Ar+ sputtering. 
For 3 keV He+ only 1 to 53 of the surface 180 atoms will reach the 

first monolayer under the 180 surface layer. No detectable ion beam mixing 
occurs due to He+ sputtering. 

In real life not a full monolayer 180 covers the llScSZ surface, but in 
the best case 533 of the 160 is replaced by 180. 

In this simulation, the ion probes the sample every time at the same 
place. No particles are sputtered off the sample, thus an incoming ion always 
hits an undamaged sample. This is not the case in the experiments. 

Experimental evidence of ion beam mixing can be deduced by comparing 
the 180 fractions as a function of depth of the oxygen exchanged samples 
at 400°C using 1 and 3 ke V Ar+ sputtering. These are given in figure 4.28, 
next to two other curves. Ion beam mixing should result in more 180 at 
deeper layer's, thus a less steeper 180 fraction curve. The 180 fraction . of 
the 3 keV sputtered sample is slightly higher than the fraction of the 1 keV 
sputtered one. Ion beam mixing influences the measured 180 fraction at 3 
ke V sputtered 1 lScSZ slightly more than at 1 ke V Ar+. 

The simulation program also determines the average ion range in the 
sample. Just to get an idea how <leep the ions penetrate into the sample, 
this data is given in table 4.6. In figure 4.31 the trajectory of 100 Ar+ ions 
(3 keV) in llScSZ covered with a monolayer 180 is given. 

ion 1 Average ion range (Á) 1 

1 keV Ar+ 22 
3 keV Ar+ 41 
3 keV He+ 252 

Table 4.6: Jon ranges for different ions in 11ScSZ covered with a monolayer 
180 
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Chapter 5 

Conclusions and 
recommendations 

The research in this project is focussed on the oxygen exchange characteris
tics of 11 mol% ScSZ and its constituents. Oxygen exchange experiments are 
performed and the results are investigated using LEIS. Because the surface 
uptake of oxygen is believed to be the bottleneck of the oxygen exchange 
process, LEIS is a suitable analysis technique because of its surface sensitiv
ity. Oxygen exchange experiments are performed at different temperatures 
on self made sintered samples with a crystalline ordering. This ordering 
is investigated using X-ray diffraction analysis. Also the size of the grains 
and the infiuence of the low energy ion beam on the exchanged oxygen is 
investigated. 

In this chapter the conclusions of this project and recommendations for 
further research are given. 

5.1 Conclusions 

Samples 
The basic samples, Zr02 and Sc2Ü3, have the expected crystalline or

dering after sintering (monoclinic and cubic resp.). From the LEIS depth 
profiles of these samples can be concluded that the contaminants (Ca and 
Si) are originating from the Zr02 basic powder. No detectable contaminants 
where found in the Sc2Ü3 powder. 

The 11 mol% ScSZ consists of cubic and rhombohedral phases. Only 11 
mol% ScSZ samples could be made using the available equipment. Attempts 
to make 4, 6 and 9 mol% samples failed, because the high temperature phases 
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.of these compositions couldn't be stabilized. 

The assumed sputterrates for 3 keV He ions (1.5xl016 ions/cm2 per ML) 
and 3 ke V Ar ions (1.5x1015 ions/ cm2 per ML) are only valid for the basic 
samples. LEIS depth profiling of sintered llScSZ shows that the sputterrates 
at this material are three times higher than the assumed values. These are 
determined at 4.5x1016 3 keV He ions/cm2 per ML and 4.5 x 1015 3 keV Ar 
ions/ cm2 per ML. 

LEIS investigation of sintered llScSZ revealed surface contamination of 
Ca and Si originating from the Zr02 basic powder. Direct after sin tering 
and cleaning, no Zr and almost no Se is visible at the surface due to Ca and 
Si surface coverage. Ca is visible up to a depth of 1.3 ML and Si up to 2.3 
ML. After sputtering off 2.3 ML, the sample surface is clear of contaminants. 

Analysis of the LEIS depth profiles and the sample composition as a 
function of depth revealed that contaminants are preferentially covering Zr 
above Sc. Also Se, next to Ca and Si, has segregated to the surface resulting 
in a Se enriched area under the surface layer. This Se enriched area can have 
another . crystalline ordering than the bulk. 

The SEM images show that some pores are visible in the sintered 1 lScSZ 
sample, thus it is not fully tight. The grain size is determined at a diameter 
of 1.5 µm. By comparing these SEM images with images from the literature 
[5, 25], the conclusion is that the simple sample preparation method used 
here is not sufficient to produce ultra fine grained gas tight electrolytes. This 
can be caused by the grinding method which is not capable of producing 
ultra fine grains and/or the sintering temperature which is too low to fuse 
the separate grains together. 

Oxygen exchange 
The llScSZ samples made here are, despite the presence of pores, suit

able to investigate the oxygen exchange properties of the material. The 
infiuence of the pores is negligible, because under a pore a grain is present 
which will participate in the oxygen exchange process. _ The probing depth 
is between 1 to 3 nm (in one experiment 7.5 nm). This is between 0.073 
and 0.23 of the grain/ pore size which means that the influence of the grain 
size on the measured oxygen exchange and diffusion is negligible 

Different oxygen exchange experiments at llScSZ show that oxygen ex
change and oxygen diffusion at 400°C are better than at 300°C or at a 
contaminated sample at 400°C. Almost no exchange/diffusion is visible in 
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the latter cases. At the 750°C pretreated sample, the oxygen exchange is 
blocked by Ca that has segregated to the surface and 300°C is just too low 
to enable significant exchange and diffusion. 

Exchange experiments at 400°C at Zr02 and Sc20 3 show that Sc20 3 
allows almost no oxygen exchange and diffusion and Zr02 is much better 
in this than Sc2Ü3. These samples c;mnot be compared with the llScSZ 
because the grain and pore sizes haven't been investigated. The basic sam
ples are only sintered for 6 hours. This is one sintering treatment and thus 
also one grinding treatment compared to the three grinding treatments of 
1 lScSZ. This was enough to get the desired phases, but it is not sure that 
the sample pores and grains are comparable with the llScSZ sample. 

From the composition determinationit is known that an area under the 
surface could consist of another crystalline ordering than the bulk. Oxygen 
exchange can be different at different phase structures and this can infiuence 
the whole oxygen exchange process. It is not clear if this effect is happening 
at the oxygen exchanged samples. Oxygen exchange is clone on sputtered 
samples with a bulk composition and ordering. If the Se segregation takes 
place at the exchange temperature, then it is possible that a film of atomie 
layers consists of another phase than the bulk. No clear Se segregation is 
detected at the exchanged samples and it is not sure if at deeper layers 180 
is measured or only noise. Due to this (no clear Se segregation at exchange 
temperatures and no clear 180 at deeper layers) it is not justified to assume 
two different diffusion regions and the 1-region solution has to be used to 
describe the diffusion process here. 

By comparing the values for k and D* measured after oxygen exchange 
at 400°C at llScSZ with the values for lOYSZ from literature, it can be 
cautiously concluded that as far as oxygen exchange and diffusion is con
cerned, llScSZ does not differ much from lOYSZ. Looking at this outcome, 
it can be said that llScSZ is just as suitable as lOYSZ for use as electrolyte 
material in SOFCs. 

It is hard to compare k and D* determined here with other literature 
values determined using SIMS, because the SIMS data originates from an
other depth region. The values for D* differ of the order of 107 with the 
values measured with LEIS. The surface is not analysed at the compared 
SIMS data, resulting in a bulk k value which cannot be compared with 
the surface k value determined by LEIS. Because the surface isn't analysed 
at these SIMS measurements, it cannot be verified if the surface is clean. 
Also a possible enrichment area under the surface is missed which can cause 
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differences in the obtained D*. 

Ion beam mixing and measurements 
Possible effects of ion beam mixing were investigated both by simula

tions and experiments using different energies for Ar+ sputtering. From the 
simulations is concluded that ion beam mixing of 180 occurs due to sputter
ing with Ar+. Using 3 keV Ar+ for sputtering off 1 ML, 293 of the surface 
180 atoms reach the edge of the first and second monolayer under the 180 
coverage. At 1 ke V Ar+ this is 233. By using 3 ke V He+ for the time of a 
measurement cycle, no detectable mixing occurs. 

Because the simulations simplify the real life situation, the simulation 
data is compared with the experimental data. There is a slight difference 
in the 180 fraction of the 1 ke V Ar+ and 3 ke V Ar+ sputtered sample as a · · 
function of depth. This means that ion beam mixing infiuences the measured 
180 fraction at 3 keV sputtered llScSZ more than at 1 keV Ar+. 

Despite of the applied cleaning procedure, still some H adsorbs at the 
sample surface during transfer from the pretreatment chamber to the main 
chamber. This is visualised by the rise of the Zr and the Se signal at the 
beginning of an experiment. This adsorbed H can decrease the oxygen ex
change if it is already on the sample surface when the oxygen exchange 
should take place. 

From the oxygen exchange measurements performed here it is not possi
ble to draw conclusions about the performance of 1 lScSZ at the operating 
temperature of 750°C. This because of the contamination of the sample. 
When using higher exchange temperatures than 400°C, Ca will segregate 
to the surface and hinder the oxygen exchange process. At 300°C, almost 
no exchange has taken place which means that no reliable extrapolation to 
750°C is possible here. Only comparison with literature values at 400°C is 
possible. 

5.2 Recommendations 

The size of the grains in the sintered llScSZ can be reduced by using another 
sample preparation method like co-precipitation [6, 25]. The basic powders 
are dissolved in liquids, mixed at an elevated temperature for a longer time 
(12 hours or more) and the precipitates are filtered, washed, dried, and 
calcined. The resulting powder consists of grains with a size ten times or 
more smaller than the grains produced here . 
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Because of the limited temperature of the oven used for sintering (1350°C) , 
no other concentrations of ScSZ could be made next to the 11 mol% ScSZ. An 
oven which can reach a higher temperature (up to 2000°C) would make this 
possible and also the sintering procedure used for llScSZ could be adapted 
toa faster procedure. A higher sintering temperature can also help to make 
the structure of the electrolyte more tight, because the separate grains will 
fuse together more than has happened now. 

The oven used for oxygen exchange experiments has a limited temper
ature of 550°C. If this oven could reach the operating temperature of the 
SOFC (750°C) in combination with a clean sample, then oxygen exchange 
experiments could be done at the temperature at which the fuel cell works 
when operational. 

Sputtering on the NODUS setup cause craters in the sample. Because 
the crater is not a cylindrical one but cone shaped, the edges of the crater 
infiuence the measured signal when probing deeper layers. In the ERISS 
setup, the ion beam can be rastered over the surface and a square shaped 
crater can be made with dimensions that are much larger than the used ion 
beam. This way, measurements at deeper layers won't be infiuenced by the 
crater edges. 

The ERISS has a double toroidal electrostatic analyser which has a much 
better sensitivity ( x 1000) than the CMA of the NO DUS. Because, with the 
NODUS, it is hard to determine the origin of the signal at deeper layers 
( noise or 180) a solution would be to redo the oxygen exchange measurement 
at 400°C with 3 keV He ions on the ERISS to investigate the differences and 
conclude wether the deeper layer 180 signal from the NODUS is disturbed 
by noise/crater edges. Also measurements at deeper layers have to be done 
to investigate the 180 fraction in the bulk. 

To determine wether the surface of a sintered llScSZ sample consists of 
another phase than the bulk, XRD using grazing angles can be used. With 
this technique only the first couple of monolayers are probed with X-rays 
and the bulk ordering does not dominate. 

It has to be kept in mind that the experiments here are performed on 
electrolyte material only. With these measurements, the behaviour of a 
complete SOFC cannot be investigated. It is possible that the behaviour 
of a complete fuel cell is different than the behaviour concluded here. To 
be sure of this, investigation has to be done at complete SOFCs, including 
anode and cathode, at operational temperatures. 
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Appendix A 

llScSZ: Oxygen exchange at 
300°C 
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Figure A.1: 3 keV 4 He+ LEIS spectrum of 11ScSZ after oxygen exchange 
at 300°C; Surface and 3.3 ML depth are shown 
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Figure A.2: Depth profile of Zr, Se and Ga at 11ScSZ after oxygen exchange 
at 300° C using 3 keV 4 He+ 

65 



Appendix B 

llScSZ: Oxygen exchange at 
400°C after 1602 treatment 
at 750°C 
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Figure B.l: 3 keV 4 He+ LEIS spectrum of 11ScSZ after 16 02 treatment 
at 750° C and oxygen exchange at 400° C; Surface and 3.3 ML depth are 
depicted 
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Appendix C 

llScSZ: Oxygen exchange at 
400°C; Sputtering with 1 
keV Ar+ 
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Figure C.l: 3 keV 4 He+ LEIS spectrum of 11ScSZ after oxygen exchange 
at 400°C; Sputtering with 1 keV Ar+; Surface and 3.3 ML depth are given 
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Figure C.2: Depth profile of Zr, Se and Ga at 11ScSZ after oxygen exchange 
at 400° C and sputtering using 1 ke V Ar+ 
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Figure C.3: Depth profile of 16 0 and 18 0 at 11ScSZ after oxygen exchange 
at 400° C and sputtering using 1 ke V Ar+ 
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