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Summary 

The research, of which this graduation project is a part, focuses on a performance 
improverneut of the Solid Oxide Fuel Cell. This type of fuel cell employs Yttria Stabilised 
Zirconia (YSZ) as its electrolyte. The fuel cell has an operating temperature of 1000 °C, 
which results in considerable material problems. In an attempt to lower the operating 
temperature, a sub-mono-layer of iron oxide is deposited on the YSZ surface. The deposition 
is performed with the Atomie Layer Epitaxy method, which is based on an alternation of 
saturating surface reactions. During the project, the LP-ALE apparatus to perform the 
deposition was made operational. Hereafter, a growth procedure for the deposition of iron 
oxide on YSZ was developed. It was proven that this deposition works according to the ALE 
growth mechanism. Finally, quantitative results of multi-cycle processing were analysed. 
The measured cation fraction ranges from 18% after the first to 65% afterseven cycles, in a 
consistent but non-linear manner. The non-linearity can largely be accounted for by growth of 
the iron oxide in a multi-layered fashion. Sputter profiles of the first five cycles could not give 
condusion on whether this is indeed the case. Nevertheless, the current project has 
demonstrated the capability of the LP-ALE apparatus to deposit a sub-monolayer of iron 
oxide on YSZ with a high degree of controL This provides a good basis for a successful 
continuation of the project. 

Summary 1 



Table of contents 

Summary 

Table of eontents 

Introduetion 

Chapter. 1 The Solid Oxide Fuel Cell 

1.1 Fuel Cell Principle 

1.1.1 Fuel Celllay-out 
1.1.2 Reaction scheme 

1.2 Project definition 

1.2.1 Goal of the project 
1.2.2 Problem description and previous research 
1.2.3 Current research 

Chapter 2 Atomie Layer Epitaxy 

2.1 

2.2 

The ALE mechanism 

ALE deposition of iron oxide on YSZ 

2.2.1 Fe( acac )3 

2.2.2 Proposed reaction mechanism 

Chapter 3 Analysis methods 

3.1 

3.2 

3.3 

3.4 

3.5 

LEIS principles 

Choice of primary beam and interpretation of the spectra 

Compositional depth profiling 

Quantification of the surface composition 

X-ray Photoelectron Spectroscopy 

Table of Contents 

1 

3 

5 

7 

7 

9 

11 

11 

12 

17 

17 

18 

19 

20 

23 

3 



Chapter 4TheLP-ALE apparatus 

4.1 

4.2 

4.3 

4.4 

Initial design 

New design 

Experimentalset-up 

4.3.1 Procedure of the growth step 

Modifications totheset-up 

Chapter 5 ALE deposition procedure 

5.1 

5.2 

5.3 

5.4 

5.5 

Sample preparation 

Growth step 

Oxidation step 

5.3.1 Oxidation with atomie oxygen 
5.3.2 Oxidation with molecular oxygen 

Prove of the ALE mechanism 

5.4.1 Growth step 
5.4.2 Oxidation step 
5.4.3 Multi-cycle processing 

Reproducibility of the procedure 

Chapter 6 ALE growth of iron oxide on YSZ 

6.1 Multi-cycle processing 

6.1.1 Quantitative results 
6.1.2 Correction for the cation fraction 
6.1.3 Discussion 

6.2 Substrate and container temperature 

6.2.1 Dummy runs 
6.2.2 Container temperature 
6.2.3 Subsequent dummy runs 

Chapter 7 Conclusions and recommendations 

7.1 

7.2 

Conclusions 

Recommendations 

7.2.1 
7.2.2 

Bibliography 

Dankwoord 

Table of Contents 

The Solid Oxide Fuel Cell project 
Capabilities of the LP-ALE apparatus 

.. 

25 

25 

26 

26 

29 

31 

31 

32 

33 

35 

37 

39 

39 

44 

47 

47 

48 

51 

53 

4 



Introduetion 

Fuel cell technology is considered to be one of the most promising methods for electricity 
generation in the future. Although strictly not a renewable source, fuel cell technology does 
offer a high efficiency and low waste gas pollution. The basic reason for this is that the 
chemica! energy stored in the fuel is directly converted into electrical energy, in contrast to 
the current methods of buming fossil fuels. 

Fuel cell technology can at this moment already be employed in small power plants. An 
example of this is the demonstratien 100 kW power plant in Arnhem in the Netherlands. 
Furthermore, fuel cell powered busses are already in use and most car manufactures have 
demonstrated prototypes of fuel cell powered cars. 

A fuel cell consists of an electrolyte sandwiched between a cathode, where oxygen is supplied 
and an anode, where hydragen is supplied. In our present research, we concentrate on the 
Solid Oxide Fuel een (SOFC), which employs Yttria-Stabilized Zirconia (YSZ) as its 
electrolyte. At the cathode-electrolyte interface, the oxygen adsorbs, dissociates, ionises and 
diffuses into the electrolyte towards the anode. At the anode side the oxygen ion reacts with 
the hydragen into water. Hereby the electrans are released. These electrans are transported 
back to the catbode through an extemal circuit on which a load can be applied. 

An important problem in this processis formed by the cathode-electrolyte interface. Since 
YSZ has a low electronic conductivity, the supply of electrans to the oxygen atoms is 
insufficient. This rate limiting process results in an operational temperature of 1000 oe, which 
causes appreciable material problems. Furthermore, this results in a voltage drop over the 
cathode-electrolyte interface. 

In our research, we concentrate on facilitating this reaction at temperatures considerably 
lower than 1000 oe. In order to do so, we deposit a sub-monolayer of iron oxide on the YSZ 
substrate. It is expected this will increase the surface electronic conductivity and thus the 
supply of electrons. 

The deposition of the iron oxide is performed with the Atomie Layer Epitaxy (ALE) method, 
named so because the deposition is self-limiting toa (sub)-mono-layer. The resulting iron 
oxide load is characterised by the Low Energy Ion Scattering (LEIS) and X-ray Photoelectron 
Spectroscopy (XPS) methods. LEIS is used since it provides compositional information of the 
outermost atomie layer, which is of course a strong combination with the deposition of a sub
monolayer. XPS is used to give information on the chemical environment of the iron oxide . 

• 
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The graduation project described in this report concemed the start-up of this research. Firstly, 
the Low Pressure ALE (LP-ALE) apparatus which was designed by dr. R. van Welzenis, was 
made operational. This will be described in chapter 4, after an introduetion to SOFC 
technology, ALE and the analysis methods in the first three chapters. The development of a 
procedure for the ALE deposition of iron oxide on YSZ will be the subject of chapter 5. The 
results of the growth of iron oxide itself will be discussed in chapter 6 ending with 
conclusions and recommendations for future research in chapter 7. 
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Chapter 1 

The Solid Oxide Fuel Cell 
The research peiformed during this project is aimed at a 
pelformanee impravement of the Solid Oxide Fuel Cell. This will he 
discussed in more detail in this first chapter. The fuel cell principle 
will he outlined in the first paragraph. In the second paragraph the 
link towards our project will he made. 

1.1 Fuel Cell Principle 

1.1.1 Fuel Celllay-out 

A fuel cell is a galvanic cell in which chemica! energy is converted directly into electrical 
energy. In this way, it worksalot like a normal battery. However, a fuel cell will continue to 
produce electricity as long as fuel is supplied. 

Figure 1.1 Schematic of afuel cell. 

In figure 1.1, a schematic.of the solid oxide fuel cellis given. Basically it consistsof three 
parts: a cathode, where oxygen is supplied, an anode, where fuel in the form of hydrogen is 
supplied and sandwiched betweenthem the electrolyte. The processes that go on inside this 
system are described in the following. 
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1.1.2 Reaction scheme 

At the catbode electrode interface, the supplied oxygen adsorbs and dissociates. Subsequently, 
the oxygen atoms take up two electrons. These oxygen ions diffuse through the electrolyte 
towards the anode. In order to transport the ions the electrolyte bas to be ionic conductive. 
Other requirements are that the electrolyte should not conduct electrons, since this will cause 
short-circuiting. Moreover, the electrolyte bas to be gas-tight. A range of matenals satisfies 
these criteria, and fuel cell classification is based upon the electrolyte materiaL The current 
research focuses on fuel cells that employ solid oxides as their electrolyte and in particular 
Yttria Stabilised Zirconia (YSZ). 

This oxygen reduction process is illustrated in figure 1.2 and is governed by the following 
reaction [1]: 

(1.1) 

where, in Kröger-Vink notation, V0•• is an oxygen-ion vacancy and 0 0x a normal 0 2- ion in 
the electrolyte lattice. In Yttria Stabilised Zirconia (YSZ) the oxygen-ion vacancies originate 
from the replacement of Zr02 with Y 20 3. The voids associated with this replacement are 
responsible for the ionic conductivity of the electrolyte. 

V2?2 

V20?ad ~ o•d ~ o2- f- 2e-
catbode 

)2e 'V 

electrolyte Oox 

I 

anode 
'V 

H2ad ~ 2Had ~H20 ~ 2e· 

t t 
H2 H20 

Figure 1.2 Overall reaction scheme of a Solid Oxide Fuel Cell 

At the anode side, hydragen is supplied. This hydragen can either be supplied directly, or it 
can be extracted from fossil fuels by means of a fuel reformer. The hydragen adsorbs and 
dissociates at the anode surface. An oxygen ion that diffused through the electrolytereacts 
with the actsarbed hydragen according to the reaction: 

(1.2) 

The electrans that are released in this process are gathered at the anode and lead back to the 
cathode. On this external circuit, a laad can be applied. This way, the electrans involved in the 
process deliver the electrical energy for power consumption. 

The total process scheme is reviewed in figure 1-2. As becomes clear, the overall reaction is 
nothing but the reversed electralysis of water: 

( 1.3) 

In this reaction a heat of formation is released. Due to an entropy loss, part of this energy is 
converted into heat. The remaining energy is the maximum of consumable electric energy that 
can be generated with the fuel cell. 
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1.2 Project definition 

1.2.1 Goal ofthe project 

The solid oxide fuel cell requires a high operational temperature of 1000 oe. In itself, this is 
not a problem. It enables intemal fuel reforming, thus excluding the need for extem·al 
reforming. Secondly, it guarantees high-quality waste heat, so that efficient co-generation is 
possible. This ensures a high overall efficiency. 

However, material problems are encountered at these temperatures. For example, steel starts 
to degenerate above 900 °C, which means it can't be used for the fuel cell's body. As a result, 
SOFe's have to be constructed with ceramic materials. Also, problems emerge in the gas tight 
sealing of the electrolyte. Furthermore, differences in thermal expansion of the applied 
materials become probiernatie at these temperatures. These problems reduce the fuel cell's 
commercial competitiveness. 

It is the goal of the research performed in this project, to lower the operational temperature to 
about 600 or 700 oe. This would mean that the material problems are largely solved, while 
leaving the advantages intact. 

1.2.2 Problem description and previous research 

In previous research, the rate-lirniting step in the process scheme of figure 1.2 was shown to 
be the ionisation ofthe oxygen at the cathode-electrode interface [2]. What is commonly 
believed to be the problem behind this, is illustrated in figure 1.3. The left side shows a 
representation of a possible construction to supply an electric current as well as an oxygen 
flow to the YSZ surface. In figure a) the cathode-electrolyte interface is enlarged. Due to the 
negligible electronk conductivity of the YSZ, the electrons are confined to the regions where 
the electrode and the electrolyte conneet This means that adsorbed oxygen atoms have to 
diffuse to these regions before they can be ionised. As a result, the exchange area of the 
oxygen is geometrically limited to regions near these three phase boundaries. 

Figure 1.3 

electric 
current 

Exchange area 

Schematic representation of the oxygen exchange at the cathode electrode, 
a) in case of an absent electronic conductivity ofthe YSZ surface and b) in 
case of a mixed conductive YSZ surface. The exchange area is illustrated 
with the thick grey line. 
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One could try to solve this problem by establishing mixed, thus electrooie as well as ionic, 
conductivity at the YSZ surface. Thüo can be done by applying an electrode material onto the 
surface. This should result in an increase of the supply of electrans onto the YSZ surface and 
thereupon an increase of the exchange area. This is illustrated in figure 1.3 b ). Such an 
increase in exchange area will automatieally result in an increase in the exchange current. 
This will increase the performance of a fuel cell and might enable operation at significant 
lower temperatures. 

Preferably, the electrode material should also show good catalytic activity for the reduction of 
the oxygen. This is expected to be the case for the transition metals, whieh passes multiple 
valence. Furthermore, the electrode material should passes a long lifetime. Therefore, it 
should be stabie under the operating conditions of a fuel cell, that is high temperatures and an 
oxygen atmosphere. This means that the volatility should be sufficiently low, no phase 
changes should take place and segregation into the bulk should nat occur. It is expected that 
iron oxide satisfies these criteria. 

In the past, proruising results have been obtained with the implantation of iron in YSZ [ 1 ,3-7]. 
This implantation led to an iron distribution in the YSZ to a depth of about 30 nm with a 
Fe20 3 surface layer of about 2 nm thickness [3]. It was shown, that this increased the 
electrooie conductivity ofthe YSZ [1] as wellas the exchange current [3]. This means that the 
implantation would have a positive effect of the overall performance of a fuel cell. However, 
the positive effect is reduced by the damage done by the implantation, which hindered the ion 
transport [ 4] . 

1.2.3 Current research 

In the course of our research we will attempt to increase the exchange current of YSZ without 
interlering with the ion transport. We will do this by depositing a sub-mono-layer of iron 
oxide on the surface. This is being done with a technique called Atomie Layer Epitaxy, which 
will be discussed in detail in the next chapter. Another advantage of this alternative way of 
producing the mixed conductive surface is that it is fit for large scale applications, in contrast 
with the implantation technique. 

After the deposition of the iron oxide layer, it should be checked that it is indeed stabie under 
operating conditions. If this turns out to be the case, the effect of the iron oxide on the 
performance of the YSZ as a fuel cell electrolyte should be determined. The current research 
however, focussed on first step: ALE deposition of the iron oxide. 
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Chapter 2 

Atomie Layer Epitaxy 
The ALE method allows the deposition of extremely uniform and 
pinhole free thin layers, as well as sub-monolayers. Besides 
epitaxial layers, also polycrystalline and amorphous layers are 
grown with ALE. Therefore the name ALE is not very appropriate 
in its literal meaning. However, in this report the name ALE is kept 
to as a reference to the growth mechanism it employs. In the first 
paragraph, this ALE mechanism will he explained. The second 
paragraph will focus on the ALE deposition of iron oxide on YSZ, 
including a proposal for the reaction mechanism. 

2.1 The ALE mechanism 

The ALE metbod is a modification ofthe Chemical Vapour Deposition (CVD) technique. In 
CVD the gaseous precursors (i.e. reactants) are simultaneously supplied to the substra~e. 
Reactions between the vapours of the precursors produce species that are deposited on the 
surface of the substrate. In the ALE metbod on the other hand, the gaseous precursors are 
altemately pulsed onto the substrate. The unique feature of ALE is that the surface reactions 
taking place are saturating, which makes the growth self-limiting. 

In the first reaction step of an ALE cycle a precursor is supplied to the substrate where it 
chemisorbes on the surface. After the deposition of a full monolayer, or when no more 
reaction sites are available, the reaction is saturated. Hereafter, physisorbed and excess 
material is removed by purging with an inert gas. In the second reaction step, another 
precursor is introducedon the substrate. This precursor reacts with the first precursor, 
producing the species that cause the desired film growth. Reaction byproducts and the 
precursor excess are than again purged out. Hereafter, the obstruction for chemisorbtion of the 
first precursor is removed, and the cycle can be repeated. 

The film growth per cycle which results in this way is influenced by the reaction temperature. 
This influence is characterised in figure 2.1. lt shows the occurrence of a temperature 
window, in which the growth per cycle is constant over a temperature range. The actual ALE 
growth takes place within this temperature window. Often, this window is fairly wide, which 
means that accurate temperature control is not required. 
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The possible effects that disturb ALE growth outside the temperature window are (see figure 
2.1): 

a. Condensation of the precursor on the substrate; 
b. The reaction temperature is too low for the reaction to take place; 
c. Decomposition of the precursor foliowed by condensation of the decomposition 

products and 
d. Evaporation of the precursor from the surface. 

c 

! ALEwindow 
i ... 

Temperature 

Figure 2.1 Characteristic ALE growth as ajunetion ofreaction temperature. 

Within the ALE window, the growth per cycle is not necessarily a full monolayer. There are 
. two mechanisms that can obstruct this. The first is an insufficient number of surface reaction 

sites on the substrate. The other mechanism is steric hindrance by the chemisorbed precursor, 
for example when precursors with large organic ligands are used. 

2.2 ALE deposition of iron oxide on YSZ 

The growth mechanism implies that for every combination of substrate and deposition 
material, precursors need to be found that comply with the conditions for ALE growth. 
Besides the primary condition of saturating surface reactions, also important secondary 
requirements are imposed on the precursors. For example, it is required that the precursors 
react aggressively with each other, i.e. the reaction should posses a Gibbs free energy which is 
as negative as possible [8]. Another important requirement which is imposed on solid and 
liquid precursors, is sufficient volatility. This is to ensure effective mass transport of the 
precursor. Both features are required to minimise cycle times. The importance of this is 
obvious in regard with the growth rate. 

Iron oxide deposition on YSZ is a combination which is new to ALE. However, in many 
cases the acetylacetonate complex of a metal M, Mn\acac)n, satisfies the primary and 
secondary criteria. Among others Cu, Co, Fe, Pd, Pt, Mo and V acetylacetonates have been 
ALE deposited on various oxides [9,10]. It was therefore decided to use Fe(acac)3 and oxygen 
as precursors for the deposition of iron oxide on YSZ. 

2.2.1 Fe(acach 

Fe(acac)3 is a red coloured trivalent complex (figure 2.2) composed of an iron atom 
symmetrically surrounded by three acetylacetonate ligands in an octahedral arrangement. 
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Figure 2.2 a. Th ree dimensional representation of Fe( acac h. b. Structure of a single acac 
ligand, including mean va lues for the bond lengths in A [12]. 

In figure 2.3 the logarithm of the vapour pressure is given as a function of reciprocal 
temperature. Th is data has been adapted from literature [ 13-15]. The fit through this data, the 
Clausius-Clapeyron relation [15], is given by: 

lnP (Pa)= -
13988 

+38.39301 
T(K) 

(2.1) 

ALE cycles were not performed below the ambient temperature of about 30 oe during this 
project. This temperature yields a vapour pressure of 1.9.10-7 mbar. 

4 •• I • 
3 • 

0 

-1 

0.0024 0.0025 

• • ••• 
• • 
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• 

0.0026 

1ff (1/K) 

Figure 2.3 Clausius-Clapeyron relationfor Fe(acach. 
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The heat-stability ofFe(acac)3 in absence of oxygen, has been determined by von Hoeneet al 
[ 17]. They found that the temperature at which decomposition first becomes appreciable was 
found to nearly coincide with the melting point, namely 180 oe. This means that for 
successful ALE, the reaction window should lie below 180 oe. 

2.2.2 Proposed reaction mechanism 

In accordance with the mechanism introduced in paragraph 2.1, the first reaction step of the 
ALE procedure is the chemisorbtion of Fe( acac )3 on YSZ. In the following of this report, this 
will be denoted as the growth step. 

The chemisorbtion can take place through either a hydragen bonding with a surface hydroxyl 
group (figure 2.4 a.) or through chemisorbtion ofthe Fe atom (figure 2.4 b.) [10]. In both 
mechanisms spherical hindrance will prevent the chemisorbtion of Fe(acac )3 itself. 
The spherical hindrance is canceled by the release of at least one of its ligands through ligand 
exchange. This can occur through two reaction mechanisms [9]. 

a. b. 

Figure 2.4 Chemisorbtion of Fe(acac)z on the surface through a. hyarogen bonding and b. 
chemisorbtion ofthe Fe atom. The H atoms have been omittedfor clarity. 

The first requires the presence of hydroxyl groups OH; on the surface. This allows ligand 
exchange according to the reaction: 

Fe(acac) 3 +OH;~ Fe(acac) 2 +0; + Hacac (2.2) 

in which the subscript s denotes a surface specie. The number of hydroxyl groups on YSZ is 
not known from literature. However, it is known that on oxides they are in general no Jonger 
present after sintering at high temperatures. Since our YSZ samples have been sinteredat 
1200 oe, it is expected that hydroxyl groups will nat be present on the YSZ surface. This 
would exclude chemisorbtion through hydragen bonding. 

The second mechanism requires the presence of coordinately unsaturated (c.u.s.) reaction 
sites. These can be c.u.s. Y3

+ or Zr4
+ sites, but also c.u.s. Fe3

+ resulting from previous 
deposition cycles can contribute. In this case, ligand exchange takes place according to [9]: 

Fe(acac)
3 

+ Zr,4+ (Y,3+, Fe.~+) --7 [Fe(acac)3_J~+ + [Zr(acac)J;4-x)+ (2.3) 

Hereby, it is leftopen whether the ligands are transferred to c.u.s. Y3
+, Zr4

+ or Fe3
+. For the 

number of ligands x that is transferred, different values have been found. Van Veen et al. 
reported that their measurements of Fe(acac)3 deposition on aluminia could be best explained 
assuming that x=2 [9]. These measurements were done after deposition of the Fe(acac)3 with 
liquid impregnation. On the other hand, Kenvin et al. reported a value of 1 for the er(acac)3 

deposition on silica in case of anALE reaction using gaseaus precursors [18]. 
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In order to obtain more information on the growth step, a collaboration has been set up with 
the University of Antwerp. This will enable Fourier Transfarm Infra Red (FTIR) 
measurements of the reaction mechanism. This technique measures the molecular structure of 
the acac ligands after deposition of Fe(acac)3 with liquid impregnation. The first provisional 
measurements showed the presence of Zr(acac)x species. This supports the possibility of 
ligand exchange through c.u.s. Zr4+ reaction sites and subsequent chemisorbtion of the 
Fe(acachx molecule. However, more definite FTIR measurements will be done in the near 
future. 

The chemisorbtion of the Fe(acach.x saturates when no more c.u.s. reaction sites are available 
or until the surface is completely covered with acac ligands [ 19]. 

The second reaction step in the ALE deposition of iron oxide is the remaval of the acac 
ligands from the surface and oxidation of the deposited iron. In the following of this report, 
this will be denoted as oxidation step. For the oxidation we have both molecular and atomie 
oxygen to our disposal. The temperature range at which decomposition of c.u.s. bound ligands 
takes place is 300-400 oe in case of molecular oxygen [20]. For atomie oxygen, such 
information has notbeen found, but due to its larger reactivity it is expected that oxidation 
occurs at lower temperatures. 

After the oxidation step, a sub-monolayer of iron oxide is deposited on the surface. Hereafter, 
the procedure can be repeated to increase the iron oxide load on the surface. 

Atomie Layer Epitaxy 15 



Chapter 3 

Analysis methods 
The Low Energy Ion Scattering (LEIS) method is unique in that it 
selectively analyses the single outermost atomie layer of a sample. 
Naturally, this is a strong combination with the ALE method, in 
which a sub-mono-layer is deposited on the sample. For this 
reason, LEIS has been our primary analysis tooi during this 
project. In the first paragraph of this chapter its principles will be 
discussed briefly. The second paragraph wil! focus on the choice of 
primary beam and the interpretation of spectra. This will be done 
accordingly the present research. The third paragraph wil[ be 
about depth profiling with LEIS. The LEIS introduetion be 
concluded with a paragraph on the quanti.fication of the surface 
composition. In order to gain information on the chemica[ 
environment of the deposited iron, an X-ray Photoelectron 
Spectroscopy (XPS) measurement was also conducted. This method 
will be briefly discussed in the fifth paragraph. 

3.1 LEIS principles 

In LEIS, a mono-energetic beam of keV inert gasionsis directed to the sample. The projectile 
ions undergo collisions with target atoms and the energy spectrum of backscattered projectile 
i ons is measured. Since the final energy of the ions depends on the masses of target atoms, 
this energy spectrum can be converted into a mass spectrum. As was already mentioned, the 
most unique feature of LEIS is that the compositional information exclusively concerns the 
atomie surface layer. This feature finds its origin in the high neutralisation probability which 
can be as high as 99,9% per collision. This ensures that virtually all ions that penetrated 
beyond the first atomie layer, and therefore underwent multiple collisions, are neutralised. 
When one only detects ionised particles, signal contributions from deeper layers are thus 
effectively eliminated. 

A schematic overview of a binary callision on a surface atom is given in figure 3.1. The final 
energy Er of the primary ion is given by [21]: 

(3.1) 

where E; is the incident energy and k is the so-called kinematic factor. This factor solely 
depends on the scattering angle E> and the mass ratio R between the target atom and the 
incident ion. 
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lts value can be simply obtained by solving the equations for conservation of energy and 
momenturn and is given by: 

k = 
[

cos 8 + ~ R 
2 

- sin 
2 

8 ]
2 

with R > 1 
l+R 

( 3.2) 

Since projectile ions cannot be backscattered from atoms lighter than itself, LEIS detection is 
restricted to elements heavier than the projectile element. 

a target atom 

• 
V • Ej,Mi 

·.. .• .. ...... \:"""'' .•. 'è • ..... "....------+----

•. ··················ê······ .... 
• Mt . ··. ·~·· __ ___ 

• •• neutralised partiele 

Figure 3.1 Schematic overview of a binary collis ion of an ion with energy E; and mass M; on 
a target atom of mass M1 under an angle of e degrees. The partiele that 
scattered from the second layer, underwent multiple scattering events, and is 
therefore neutralised. 

3.2 Choice of primary beam and interpre/ation of the spectra 

LEIS measurements are generally performed with helium, neon or argon ion beams of 
energies ranging from 1 to 5 keV [21]. Since oxygen is lighter than both neon and argon, the 
choice is restricted to helium. Figure 3.2 shows a spectrum taken with a 3 keV He+ beam of a 
sample that was produced during our research. 

One can observe three peaks, resulting from the four present elements: oxygen, iron, yttrium 
and zirconium. They are denoted to in the spectrum at the final energies of the elements. The 
mass resolution does not allow to resolve the Y and the Zr peaks of masses 89 and 91 
respectively. In the following this peak will be denoted to as the YSZ peak, since it reflects 
the visibility of the YSZ substrate. 

The peak broadening towards lower energies is due to energy losses. They result from 
inelastic binary collisions as well as elastic effects such as a spread in acceptance angle. The 
background signal is due to an effect called reionisation. In this case, projectile particles are 
reionised prior to leaving the sample after multiple scattering events in the bulk. Because of 
its open structure and the high reionisation probability, this effect is strong when working 
with oxides. 

The signa} of an element is determined by subtracting the background signa! and calculating 
the peak area. One therefore needs to avoid that one peak is located on the low energy tail of 
another peak. Figure 3.2 shows that the Fe peak is just separated from the YSZ peak for the 3 
ke V He+ beam with which the spectrum was taken. This lead to the choice of this beam to be 
used throughout our project. 
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Figure 3.2 LEIS-spectra of a Fe-deposited YSZ sample. 
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One can furthermore ob serve the so-called sputter peak below 500 eV. It results of sputtering 
of ionised molecule fractions from the sample by the primary ion beam. The fact that 
sputtering occurs, means that the surface composition changes during the measurement. 

Finally, when one is performing LEIS on an insulator, as YSZ is below temperatures of about 
600 °C, another effect has to be taken into account. In this case the sample surface will 
positively charge since the incoming charge cannot be drained. This effect has to be 
compensated for by spraying electrans on the sample with a neutraliser. 

3.3 Compositional depth profiling 

Besides surface analysis, also compositional depth profiling is possible with LEIS by using 
the primary ion beam for sputtering. The bombardment time is in this case a measure of the 
depth. One should keep in mind, however, that direct conversion of the bombardment time 
into a depth scale is very difficult. It is hindered by effects such as surface roughness or 
preferential sputtering. This is very camman in oxides, where oxygen atoms are aften 
preferentially removed in comparison to the metal atoms. 

a) b) 

Signa! Signa! 

Sputter dose Sputter dose 

Figure 3.3 Schematic illustration of depth profiling with LEIS, a) in case of monolayer 
dispersion of a deposited specie and b) in case of cluster formation. 

Analysis methods 19 



Nevertheless, LEIS is very well suited to determine the dispersion of a deposited species on a 
sample, as is shown in figure 3.3. For monolayer dispersion, an exponential decay of the LEIS 
signa} is expected, according to [22]: 

Y·d 

s = So. e No (3.3) 

Here, S0 and No are the initia} signa} and number density, Y is the sputter yield and dis the 
sputter dose. 

In the case of cluster formation however, the signa} will remain constant until the top layers 
are sputtered away. Clearly, this will yield valuable information when multiple ALE cycles 
are performed and cluster formation might occur. 

3.4 Quantification of the surface composition 

When one wants to quantify the surface composition, one needs to know the relation between 
the signa} and the number density of surface atoms. Several parameters are involved in this 
relation, which is given by [23]: 

where: 
S; 
I 

c 

R 

S I E ; R p+ dO'; N .- ·t· .·c· ·. ·--· . 
I f I dQ I 

= the signa} for element i; 
= the primary ion current; 
= the measurement time; 

( 3.4) 

= the final energy enters the equation due to a linear energy dependenee of the 
transmission of the analyser; 

= an instromental factor. This factor can be corrected for by dividing the signal 
through a Cu reference signal; 

=factor for rough surfaces to correct for physical shielding (defined as 1 fora flat 
surface and about 0.5 for extreme rough surfaces); 

= ionisation fraction of the incident i ons for element i; 

= differential scattering cross section of element i and 

= the number density of the surface atoms of element i. 

Between different measurements, the ion current, the measurement time and instromental 
factor differ. This means to that to campare signals measured on different occasions, the 
signals have to be corrected forthese factors. 

Within the same measurement, these factors do nat play a role. Equation (3.4) is than given 
by: 

dO' + 
S. - E · - 1 

• P · N. = s · N. 
I f dQ I I I I 

(3.5) 

In order to quantify the signa} of a certain element i, the sensitivity s; has to be determined. 

The final energy can be easily calculated with equations (3.1) and (3.2), while the differential 
cross section can be accurately determined by central force scattering calculations. The values 
for the elements in our samples are [24,25]: 

Analysis methods 20 



Element Et (eV) dcri ( Á2 sr-1) 

dQ 

0 1201 2.39Ll0-4 

Fe 2250 L400.10-5 

y 2554 2.224.10-j 
Zr 2560 2.284.10--

Since the values for Y and Zr are close together, the values for the YSZ signal are taken equal 
to those of Zr, which makes the largest contribution to this signal [27]. 

The last remaining factor, the ionisation fraction, is more difficult to determine. A reasonable 
approximation can be made with a simple model that dictates that the ionisation fraction 
depends on the interaction time t and a constant a, that reflects the identity of the callision 
partners [23]: 

P/ = exp (-a· t) ( 3.6) 

The interaction time t is the addition of the interaction time during the incorning and outgoing 
trajectories. Equation (3.6) can therefore be rewritten in termsof the incorning velocity vi and 
the outgoing velocity vr: 

+ ( 1 1 J ~ =exp -vc · (-+-) 
V; vf 

(3.7) 

where a new constant Vc, the characteristic velocity, is introduced. Taking the logarithm of 
equations (3.5) and (3.7) yields: 

(3.8) 

Herecis a constant in which the other factors of equation (3.5) are expressed. This means that 
the characteristic velocity for a certain element can be deterrnined by taking energy dependent 
measurements. The logarithm of the signal should than give a linear relation with the 
(llv1+ llvt) value, of which the slope equals Vc. 

These measurements have resulted in a separate project performed by Tim Mulder in the 
scope of a traineeship. At this moment, a measurement has been performed to deterrnine the 
characteristic velocity of the YSZ signal, Vcysz_ 

A measurement of v/e of the iron oxide on the YSZ sample has notbeen conducted yet. 
However, a measurement of VcFe of a Fe20 3 reference sample has already been performed. 
Since the iron oxide deposited on the sample is expected to be in the highest oxidation state, it 
is expected that both samples will yield the same v/e. Therefore, the VcFe obtained with the 
Fe20 3 sample is expected to be sufficiently accurate fora provisional quantification of the 
iron on the YSZ sample. The measurement of vc0 has notbeen performed at this stage. 
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The signal vs. (1/vi+llvr) plots for the YSZ and Fe2Ü3 samples are given in figure 3.4 a) and 
b) respectively. The Yc and (1/vi+llvr) that result from these measurements are the following: 
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Figure 3.4 The signa[ vs. (llv1+ l!v1)Jor YSZ (a) and Fe20 3 (b). Thefirst data point has been 
omitted in the linear fit through the data points infigure a. 

Herewith, all the information is obtained to relate the number density of iron to the number 
density of the YSZ substrate. This relation is expressed in the cation fraction which is defined 
as: 

cation fraction = N Fe 

NFe +Ny +Nzr NFe + Nysz 

1 

1 + SFe Sysz 

Sysz S Fe 

where relation (3.5) was used. The relative sensitivity Spe/svsz equals: 

(3.9) 

EFe . p+ . da Fe 
s Fe _ f Fe dQ = 2250 ·1.4 ·10-:

3

· exp( -5.8 · 0.56) = 0_28 Y- 0_02 (3.lO) 
Sysz Eysz .P,+ . daysz 2560·2.28·10- ·exp(-4.7·0.55) 

f YSZ dQ 
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3.5 X-ray Photoelectron Spectroscopy 

In this metbod an X-ray beam is directedat the sample. The X-rays induce photoemission 
processes, as is illustrated in figure 3.5. The kinetic energy Ek of an emitted electron is given 
by [28]: 

(3.11) 

where hv is the energy of the photon. In our measurement a monochromated Al Ka souree of 
1.486 ke V is used. BE Is the binding energy of the atomie orb i tal from which the electron 
originates. This binding energy depends both on the identity of the atom as well as its binding 
state. This means that XPS provides compositional information as well as information on the 
chemica! environment of the atom. 

Figure 3.5 Photoemission processin XPS. 

Only atoms that leave the surface without energy loss, contribute to the peaks in the measured 
energy spectrum. These electrans must originate from the first few tens of Ángstroms beneath 
the surface. XPS therefore gives information of the first few atomie layers. Electrans that are 
released beneath this depth undergo loss processes and form the background signa! of the 
measured energy spectrum. 
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Chapter 4 

The LP-ALE apparatus 
The total experimental setup consists of three interconnected 
vacuum chambers: the transfer chamber, the ALE apparatus, called 
LP-ALE and the LEIS apparatus, ofwhich the acronym is NODUS. 
With two rods, a sample can be transported through the transfer 
chamber between the NODUS and the ALE apparatus. For a 
description of the NODUS, the reader is referred to existing 
literature [24]. The LP-ALE apparatus wilt be discussed in greater 
detail in this chapter. 

4.1 Initia[ design 

Currently, most ALE research is aimed at optimising the production of thin layers. This 
generally means thousands of ALE cycles have to be performed. Much of the current research 
therefore focuses on maximising batch size and minimising the time length of one ALE cycle. 

At the Physics of Surfaces and Interfaces group of the Eindhoven University of Technology 
(TUE), an ALE apparatus has been developed which is specialised in research on the first tens 
of ALE cycles. In particular, the apparatus is intended for the study of the growth of sub
mono-layers of metals on ceramic supports. 

The ALE apparatus was first constructed in 1995 by the Central Teehuical Services (CTD) of 
the TUEaftera design by dr. R. van Welzenis. The design requirements of the apparatus are 
the following: 

• Easily attachable to inputportsof load-locks of diverse surface analysis apparatus'. 

• Is-situ sample transfer between the ALE apparatus and the analysis chamber without 
exposure to a contaminating environment. 

• Controllable and measurable surface temperature of the substrate during experiments. 

The apparatus was first used in a project in 1996. During this project the apparatus was made 
operational and its performance was tested with the growth of CuO on Ah03, using Cu(acach 
and oxygen as precursors [11]. It was proven that ALE deposition was achieved with the 
apparatus. 

However, an important difficulty in the design came to light, conceming an impraper sealing 
of the reaction chamber. This sealing is performed by placing a conical shaped piston, 
supporting the sample, into the likewise conical reaction chamber. Being improper, the 
sealing caused leakage of air from the environment into the reaction chamber. This results in 
the presence of oxygen which might initiate CVD processes in the reaction chamber. 

The LP-ALE apparatus 25 



4.2 New design 

Unfortunately, the salution to this problem could not be found in improving the existing 
construction. Therefore, it was chosen to instaU an extra chamber surrounding the reaction 
chamber, also to be pumped to low pressure. This jar willlevel out the pressure difference 
between the reaction chamber and the environment. Consequently, the leakage into the 
reaction chamber will be greatly reduced. 

This adoption to the apparatus, which from hereon took the name Low Pressure ALE (LP
ALE), has a second important advantage. It allows a construction in which a controlled 
amount of precursor material can be deposited on the substrate. In particular this concerns 
amounts in the pre-saturation region of the ALE reaction. This will further enhance the 
amount of control on the deposition. The enhanced deposition control is obtained by a buffer 
chamber which can be filled with precursor material and then isolated. The confined precursor 
material is then released onto the substrate. 

A third impravement realised during the upgrade, was the installation of a PLC 
(Programmable Logic Control). This has two important advantages. Firstly, this allows a 
computer controlled operation of the set-up, whereas the original design was manually 
controlled. Secondly, growth of multiple layers can become automated by programming the 
PLC with a series of opening and closing commands to the computer controlled valves. This 
greatly reduces the cycle time of the ALE process. Since the LP-ALE apparatus is aimed at 
allowing analysis of the first tens of cycles, substantial gaining of time can be achieved. 

After these improvements the LP-ALE apparatus should be able to operate in three modes: 

• A single ALE cycle in the pre-saturation regime, by'releasing a limited amount of 
precursor enclosed in the buffer chamber. 

• A single ALE cycle in the saturation regime, by an open conneetion of the container with 
the substrate during the experiment. 

• Automated growth of multiple ALE cycles (in either of the first two modes), by 
employing the program of the PLC. 

4.3 Experimentalset-up 

The experimentalset-up is schematically shown in figure 4.1. It consistsof two vacuum 
chambers, the isolation chamber and the jar. They can be isolated from each other by means 
of a manual valve. Furthermore, the set-up contains a gas inlet system and a pumping system. 
In the following these parts will be successively discussed. 

The isolation chamber contains the mechanical equipment to move the sample to and from the 
LEIS apparatus and the reaction chamber. The sample is placed on the piston befare the 
experiment. This piston contains a temperature control system, consisting of a heater and a 
thermocouple, which can be regulated by the computer. To start the growth procedure, the 
piston is moved upwards into the jar and into the reaction chamber, hereby closing off the 
reaction chamber. 
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Figure 4.1 Experimentalser-up ofthe LP-ALE. 

lsolation 
Chamber 

The jar contains three inner chambers. These are the container and the already mentioned 
buffer andreaction chamber. In the container, a liquid or solid precursor material can be 
stored. The three chambers are connected by the Ti tubes visible in figure 4.2 and separated 
by computer operated valves. Also present in the jar are two computer controlled heaters and 
thermocouples, to heat the container and the buffer chamber. The container can also be cooled 
with water or liquid nitrogen. A fourth thermocouple is present in the reaction chamber to 
provide a measurement of the surface temperature of the sample. 

Thermal isolation between the three heating systems is accomplished by ceramic supports and 
the surrounding vacuum. However, with the piston in upward position, thermal conductivity 
exists between the heaters of the main chamber and of the substrate. They can therefore not be 
controlled completely independent. Finally, to prevent overheating of the set-up, water 
cooling is installed in the bottorn of the jar. 

The inlet system of gaseous precursors and the purge gas N2 is shown intheupper leftof 
figure 4.1. It is controlled by means of five computer operated valves, a single manual valve 
and a flow control meter. The flow control meter is installed as a computer operated reduction 
valveto reduce the high gas pressures of the gas cylinders. 

The whole of this system is pumped with a rotational pump and a Turbo molecular pump. By 
means of three additional computer operated valves, separate pumping of the isolation 
chamber, the jar and the internal chambers of the jar is possible. A pressure gauge is installed 
to measure the pressure in the vicinity of the turbo molecular pump. 
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Figure 4.2 Photograph of the jar of the LP-ALE. The size of the large flan ge is about 30 cm. 

4.3.1 Procedure ofthe growth step 

During an ALE experiment, the sample is first to be heated on the piston in the isolation 
chamber. Once the sample has reached its desired surface temperature, the piston can be 
moved upwards into the reaction chamber. 

On opening the valve separating the buffer chamber and the container, the buffer chamber is 
filled with precursor vapour driven by the vapour pressure of the precursor material itself. By 
changing the temperature of the container, the vapour pressure and therewith the amount of 
material that is confined in the buffer chamber can be controlled. 

Hereafter the buffer chamber can be isolated and then opened towards the reaction chamber. 
The sample is then exposed to the precursor. In case measurements in the saturation regime 
are undertaken, an open conneetion between the container and the reaction chamber should be 
established for the desired reaction time. 

A flow of a gaseous precursor over the sample can be established simply by opening the flow 
control meter and all valves between the gas cylinder of the gas of choice and the molecular 
turbo pump. If the flow control meter is opened for 5%, a sufficient and reproducible flow 
results . 

Since gas phase reaction between the two precursors should ·he prevented, the internat workof 
the jar is purged with nitrogen gas in between exposures. The nitrogen is lead over the sample 
in the same way as a gaseous precursors. 

After the desired number of exposures, the sample can be transported through the isolation 
and transfer chamber into the analysis equipment for measurements. 
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4.4 Modifications totheset-up 

The first part of the project was to get the set-up, as described in the previous paragraphs, 
operational. In the course of this start-up, a number of repairs or replacements needed to be 
conducted. Furthermore, the PLC programrning took place in the start-up of the project. More 
radical were several adaptations to the original design that had to be made. Dm~ to these 
problems a period of about four months was taken to get the apparatus operational again. 
The modifications that were made totheset-up are the following: 

• The five valves within the jar, turned out nat to be vacuum tight in the UHV regime. 
Consequently, leakage of precursor material in the reaction chamber could be expected to 
occur. The initia! Ti closing needies were therefor replaced by plastic ones. These tumed 
out to be sufficiently vacuum tight. However, the plastic needies do nat withstand 
temperatures exceeding about 200 oe. 

• The gas inlet system turned out nat to reach a low enough vacuum of about 10·6 mbar. 
This is due to the high pumping resistance of the gas inlet system, which results from the 
long thin tube connections to the Turbo molecular pump. This could lead to 
contarnination being led over the sample tagether with the purge or precursor gas. 
Therefore, a pumping system was installed to allow separate pumping of this part of the 
system. This system is controlled manually and consequently the automated operátion of 
the ALE procedure is reduced in the current set-up. 
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Chapter 5 

ALE deposition procedure 
Once the apparatus was operational, the next phase of the project 
consisted of the development of a procedure, which allows ALE 
deposition of iron oxide on YSZ. This procedure basically consists 
of three steps: the sample preparation, the growth step and the 
oxidation step. The development of these. steps wilt be discussed in 
detail in the flrst three paragraphs of this chapter. In the fourth 
paragraph, it wilt be proven that the developed procedure indeed 
allows deposition according to the ALE principle. In the flfth 
paragraph, the reproducibility of the procedure wilt be discussed. 
In the next chapter, the quantitative results of deposition according 
to this procedure wilt be discussed. 

5.1 Sample preparation 

In order to obtain a reproducible starting surface, the sample is cleaned before used in an 
experiment. This cleaning procedure takes place in the transfer chamber and consists of two 
steps. Firstly, the sample is heat treated fora duration of 20 minutesin an oven which is at a 
temperature of 500 oe. During this treatment, the sample slowly heatstoa temperature of 
about 300 oe. This heat treatment removes weakly bound contamination such as water from 
the surface. Hereafter the sample is fully cleaned by means of an oxidation. During this 
oxidation, the sample is exposed to the atomie oxygen souree (Oxford Applied Research 
Ltd.). This is done at an oxygen pressure of 4.10-4 mbarfora duration of 10 minutes. During 
this oxidation strongly bound contamination such as hydrocarbons are also removed from the 
sample. 

The effect of this cleaning procedure is shown in figure 5.1, in which the LEIS spectra of a 
sample is given before and after the cleaning procedure. Prolonged annealing or oxidation 
does not further improve the spectrum. Therefore, the sample is considered to be clean after 
this cleaning procedure. 

In the project two different samples were used. The first is called YSZ3 and has been 
produced in Australia. The second is called YSZ7 and is produced at the University of Kiel in 
Germany. Both samples contain 8 mol% Y, have a diameter of 6 mm and a thickness of 2mm, 
and were sinteredat 1200 oe. The difference between the LEIS spectra of both samples after 
the cleanit'lg procedure lies within the measurement inaccuracy . 

. .. 
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Figure 5.1 LEIS spectra ofthe sample befare (lower spectrum) and after (upper spectrum) 
the cleaning procedure. 

5.2 Growth step 

During the growth step the sample is exposed to Fe(acac)3 for two minutes at a substrate 
temperature equal to ambient temperature, which is about 30 °C. Hereafter the sample is 
purged with N2 at a pressure of 1.10·3 mbar for 6 minutes. The resulting spectrum is shown in 
figure 5.2. The yield is set on the same scale as the spectrum of the clean sample in figure 5.1. 
Clearly, the surface peaks can no longer be observed. It is expected that this is due to the 
coverage ofthe surface with acac ligands. 
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Figure 5.2 LEIS spectrum aft er exposure to Fe( acac h at a substrate temperature of 30 oe 
fora duration of2 minutes and purging with N2 for six minutes .. 
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5.3 Oxidation step 

5.3.1 Oxidation with atomie oxygen 

In first instance, atomie oxygen was used as the precursor for the oxidation step. The sample 
is exposed to the atomie oxygen souree in the transfer chamber. This is done at an oxygen 
pressure of 4.10-4 mbar, at 30 °C and fora duration of 10 rninutes. The spectrum of figure 5.3 
shows that the contamination could successfully be removed with the oxidation, since the 
YSZ peak has remerged. The spectrum now also shows an iron peak besides the YSZ peak. 
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Figure 5.3 LEIS spectrum after oxidation with atomie oxygenfor JO minutes. 

In order to see whether the iron is in an oxidation state, an XPS measurement was conducted. 
The resulting spectrum is shown in figure 5.4. The elements to which the peaks could be 
assigned are also given in the spectrum. 
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Figure 5.4 XPS spectrum ofthe sample after the oxidation with atomie oxygen. The Is peak 
is presumably due toa transport to the XPS apparatus through air. 
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The literature gives the following values for the 2p312 binding energy of iron and its oxidation 
states [28]: 

Oxidation state Binding energy (eV) 

Fe 706.7 

FeO 709.3-710.3 

711.3 

710.7-711.3 

The measured value equals 710.6 +1- 0.6. This means that the iron is indeed in an oxidised 
state. The measured value lies ciosest to the highest oxidation state, Fe20 3. However, both 
FeO and Fe304 fall within measurement accuracy. It cannot therefore be excluded from this 
measurement that also iron in other oxidation states is present. Nevertheless, it can be 
concluded at this point that deposition of iron oxide on YSZ with Fe(acac)3 and 0 as 
precursors is possible. 

5.3.2 Oxidation with molecular oxygen 

The oxidation step with molecular oxygen was performed in the transfer chamber at a 
temperature of 500 oe for a duration of 40 rninutes and at an oxygen pressure of 1 o-4 mbar. 
The resulting spectrum is the lower spectrum of figure 5.5. Since the peaks emerge, oxidation 
with molecular oxygen proves possible. However, the result after oxidation with atomie 
oxygen is also shown astheupper spectrum of figure 5.5. It becomes clear that the oxidation 
with molecular oxygen is not complete after 40 rninutes at 500 oe. 
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Figure 5.5 The lower spectrum shows the sample after an oxidation with molecular oxygen 
at a pressure of 1.10·4 mbar at 500 °Cfor40 minutes. The upper spectrum shows 
the effect of oxidation with atomie oxygen. The spectra have been taken after two 
ALE cycles were performed, with the container temperafure at 140 oe and the 
substrate temperafure at 150 °C. The iron peak is therefore larger than in earlier 
spectra. The Na peak is a one time effect due to the heat treatment at 
500 °C. 
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Since the atomie oxygen oxidation only requires 10 minutes and no heat treatment is 
necessary, it was chosen to use the atomie oxygen plasma souree for the oxidation intherest 
of the project. 

A downs i de of this choice is that the sample has to be transported between the ALE apparatus 
and the transfer chamber toperfarm a growth cycle. This makes automated multi-cycle 
processing impossible. Oxidation within the ALE apparatus is thus preferred, but only 
molecular oxygen is available here. On top of this, the temperature in the ALE apparatus in 
bound toa maximum of 200 oe at this moment, due to the plastic needies in the valves (see 
paragraph 4.4). This means that oxidation in the ALE apparatus might proveto be very 
problematic, even if a more heat-resistant alternative for the valve neediescan be found. 

5.4 Prove of the ALE mechanism 

In the previous three paragraphs, it was shown that the discussed procedure allows the 
deposition of iron oxide with Fe(acac)3 and 0 as precursors. In this paragraph, it will be 
proven that this is a deposition according to ALE mechanism. In chapter 2.1 this principle 
was described as a process of an alternation of saturating reactions. This means that in order 
to prove the occurrence of the ALE mechanism, three features of the growth have to be 
proven: 

• The growth step has to be saturating, 
• The oxidation step has to be saturating and 
• It is needed that multi-cycle processing results in further growth 

5.4.1 Growth step 

To prove the saturation of the growth step, the deposition procedure has been executed at two 
different exposure times. One was with an exposure to Fe(acac)3 for two minutes and one 
with an exposur~ for two days. This means an increase in the exposure time of over a 
thousand-fold. In figure 5.6, the spectra of these two experiments are shown. As can be seen, 
the resulting iron loads are about identical. Herewith, it could be proven that the growth is 
saturating. Furthermore, this saturation is accomplished after 2 minutes. Therefore the 
exposure time was set to 2 minutes in further experiments. 
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Figure 5.6 LEIS spectra after growth procedures with exposure times of 2 minutes and 2 
days. The measurements we re taken with a substrate temperafure of at ambient 
temperafure and an oxidation time of 10 minutes. 
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5.4.2 Oxidation step 

Figure 5.7 shows the spectra of a sample after the cleaning procedure and after the completion 
of the ALE deposition procedure. As can be seen, the YSZ peak slightly decreased in favour 
of the emerged iron peak. Using the relative sensitivities of iron and YSZ as determined in 
paragraph 3.4, the total number of cations changes with 2%. Since this is within measurement 
inaccuracy, it can be concluded that all acac ligands were removed in the oxidation step. This 
means that the oxidation step is saturated after an oxidation with atomie oxygen for 10 
minutes. 
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Figure S. 7 LEIS spectra of the sample aft er the sample preparation and the ALEprocedure. 

In the XPS spectrum of figure 5.4, a C peak has been observed. This can possibly contradiet 
the condusion from the LEIS measurement, since it can indicate the presence of acac ligands. 
However, the sample has been transported to the XPS measurement apparatus in air and the C 
peak can be well explained by the contamination, which results from this transport. . 

5.4.3 Multi-cycle processing 

The last feature of the ALE mechanism that needs to be shown is that multi-cycling 
processing results in an increasing iron oxide load. The spectra after the first seven cycles are 
shown in figure 5.8. As can be seen, the iron signa} increases and the YSZ signal decreases 
with each cycle. Herewith, the occurrence of the ALE mechanism at a substrate temperature 
of 30 oe could be proven. 
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Figure 5.8 LEIS spectra after thefirst seven cycles. Measurements were taken with a 
substrate temperafure of 30°C, an exposure time of2 minutes and an oxidation 
time of 10 minutes. 

5.5 Reproducibility of the procedure 

In order to be able to determine the iron oxide deposition with varying process parameters, it 
is important that the growth procedure is otherwise reproducible. Within the procedure as 

. discussed in this chapter, two factors remain of which the reproducibility cannot yet be 
guaranteed. They will be discussed in the following. 

The first uncertainty concerns the substrate temperature. As described in paragraph 4.3, the 
substrate temperature is measured with a thermocouple in the reaction chamber. However, 
this turned out to be probiernatie since the thermocouple measured not the surface of the 
sample, but the metal of the cup in which the sample is placed. Therefore, an accurate 
measurement of the substrate temperature is not possible without adapting the apparatus. 

This may be probiernatie in conneetion to the heat treatment during the sample preparation. 
When one wants to take measurements with the substrate temperature near the ambient 
temperature of 30 °C, care should be taken that enough cooling down time is granted after the 
heat treatment. 

To make an estimate of the required time, a simple model for the heat exchange of the sample 
with the environment has been developed. A large uncertainty in this model is the heat 
exchange coefficient between the sample and the sample cup. However, with a relatively low 
value of 10 W m·2 K 1 for this heat exchange coefficient, the model prediets that an hour will 
be sufficient time for the sample to cool down to within a few degrees of the ambient 
temperature. This is about the time, one needs to finish the cleaning procedure and to take 
LEIS spectra of the clean sample. lt is therefore expected that the substrate temperature is 
reproducible if the ALE deposition procedure is hereafter immediately performed. 
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U se of a pyrometer can further support this by measuring the temperature profile of the 
sample cooling down. However, this measurement is still to be performed. 

The second uncertainty is the starting surface. After the performance of the growth procedure, 
the iron oxide is removed by means of sputtering. During the sputtering, the oxygen is 
preferentially sputtered. This is visible as a decolouration of the sample. The sample 
preparation as described in paragraph 5.1 is expected to restore the oxygen balance. This is 
reasonable since the sample preparation restores the original colour of the sample. However, a 
variation in the surface morphology after the sample preparation cannot be excluded, which 
may yield a variation in the resulting iron oxide deposition. 
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Chapter 6 

ALE growth of iron oxide on YSZ 
The goal of the ALE deposition is to obtain the capability to 
produce YSZ samples with a sub:mono layer of iron oxide, as 
controlled and well-defined as possible. This will allow the study of 
the influence of the iron oxide laad on the petformanee of the YSZ 
as an electrolyte. With the growth procedure developed in chapter 
5, three ways are in principle available to control the growth of the 
iron oxide. These are multi-cycle processing, variation of the 
substrate temperafure and deposition in the pre-saturation regime. 
The exact amount of deposited material can than be controlled by 
the container temperature. The first paragraph will discuss the 
quantitative results of multi-cycle processing. Measurements 
concerning the substrate and container temperafure will be 
discussed in the second paragraph. 

6.1 Multi-cycle processing 

6.1.1 Quantitative results 

In figure 5 .8, the spectra of the YSZ sample after the first se ven ALE cycles we re already 
shown. In figure 6.1 the quantitative results of these measurements are given. 

Figure a), b) and c) show the signals of oxygen, iron and YSZ as a function of the number of 
performed cycles. The signals have been normalised for the ion beam current and the Cu 
reference signal, as was described in paragraph 3.4. In the figures, an estimate of the 
measurement inaccuracy is shown. This inaccuracy has contributions resulting from the 
normalisation of the spectra and the determination of the peak areas. Since less spectra were 
taken of the fifth, sixth and seventh run, the inaccuracy is largerinthese cases. 

As can he seen in figure 6.1 a), the oxygen signal remains about constant within the 
measurement inaccuracy for the first five measurements. Hereafter, the oxygen signal seems 
to decrease. This is probably due to the fact that iron is in a lower oxidation state (Fe20 3) than 
Zr (Zr02). Figures b) and c) show that the iron signa} indeed increases in favour of the YSZ 
signal, as could already he seen in the spectra. 
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Figure 6.1 Quantitative results ofmulti-cycle processing. Figure a), b) and c) show the 0, 
Y/Zr and Fe signa!. The signals are normalisedfor the beam current and the Cu 
reference signa[, as discussed in paragraph 3.4. 

Sputter profiles were taken after one, three, five and seven cycles. The results for one, three 
and five cycles are given in figure 6.2. The Cu signals were not taken during these 
measurements and the iron signal is therefore given in counts. During the measurement of the 
sputter profile of the seventh cycle, the sample was not positioned in the focus of the ion 
beam. As a result, the sputter dose was reduced with about a factor 2. A correction with this 
factor results in a sputter profile, which is in accordance with the other profiles. However, 
since the correction can only he determined with a large inaccuracy, conclusions cannot be 
drawn from this sputter profile. It is therefore not displayed in the figure. The out-of-focus did 
not occur in the measurement of figure 6.1, which means this measurement remains valid. 

The best fits for the exponential decays are also displayed in the figure 6.2. As was discussed 
in paragraph 3.3, this is only valid in the case of monolayer dispersion. Although the first 
three data point of the sputter profile could be regarcled as a plateau, this is very disputable. 
Multi-layered growth therefore doesn't seam to appear inthesputter profiles of the first five 
cycles, which would mean that fitting with exponential decays is valid. 
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Figure 6.2 Sputter profiles after, thefirst, third andfifth measurement, including 
exponential fits. 

The values ofY/No in equation (3.3) that are determined this way are given in the first column 
of table 6.1. The values of N0 are not known in absolute numbers, but they are linear to the 
values of the ironsignalas given in figure 6.1.c). With these values, a relative value for the 
sputter yields can be calculated. The results are given in the third column of table 6.1. 

Table 6.1 Calculation ofthe sputter yields. 

Y!No N0 - Fe signal Y (a.u.) 

(10-17 cm2/ion) (a. u.) 

1 cycle: 4.3 +1- 0.7 0.14 +1- 0.03 0.6 +1- 0.2 

3 cycles: 5.0 +1- 0.6 0.33 +1- 0.03 1.6 +1- 0.2 

5 cycles: 5.9 +1- 0.5 0.43 +1- 0.03 2.5 +1- 0.3 

If equation (3.3) is iudeed valid, one would expect the sputter yields to remain constant. Since 
the sputter yield increases, the sputter mechanism is apparently much more complicated. An 
explanation for this behaviour cannot be given at this stage of the project. 

6.1.2 Correction for the cation fraction 

With equations (3.9) and (3.10), the Fe and YSZ signals can be expressed in the cation 
fraction. The results are shown in figure 6.3. As can be seen, the cation fraction shows a clear 
pattem except for the fourth_cycle, which is relatively low. This is due tothefact that the 
spectra of the first four cycles were taken on the same spot on the sample. The total dose of 
these measurements equalled 4.1015 ion/cm2

. As can be seen in the sputter profiles of figure 
6.2, this results in a significant decrease of the iron signal. 
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Figure 6.3 Cation fraction for the first seven cycles. 

With the sputter profiles of the cation fraction, a correction can be made for this sputtering. 
These profiles are equivalent tothesputter profiles of the iron signa] as given in figure 6.2. 
Using the best fit through the sputter profile after the first cycle, it can be estimated that the 
cation fraction decreases with about 1.1% during the measurement of the first cycle. The 
measured cation fraction of the second cycle therefore has to be corrected by increasing the 
measured value with 1.1 %. Similarly, a correction of the third and fourth cycle can be made. 
Hereby, the sputter profile for the second cycle is assumed to be in accordance with the 
profiles after one and three cycles. This results in an increase in the cation fraction for the 
third and fourth cycle of 3.2% and 5.9% respectively. A correction for the other cycles was 
not necessary since these were measured on different spots and with a much lower dose. The 
cation fractions resulting after the correction forsputtering are given in figure 6.4, including 
an estimate of the measurement inaccuracy. 
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Figure 6.4 Cationfraction after correctionfor non-static measurements, tagether with a 
linear curve assuming 18% growth per cycle. 
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6.1.3 Discussion 

In this paragraph, the cation fractions obtained after a single cycle and during multi-cycle 
processing will be discussed. It is hoped that this will yield information on the mechanism of 
the ALE deposition of iron oxide on YSZ. 

First cycle 

As shown in figure 6.4, the cation fraction yields 18% after the first cycle. This cation fraction 
constitutes about 33% of the surface coverage. This estimation results from the fact that 
mostly Zr02 is present in the sample. The number of cationsin proportion to the number of 
oxygen ions thus is about 113. 

A cation fraction of 18%, therefore denotes a Fe surface coverage of about 6%. The 
maximum surface coverage that can be expected, results from the case in which sterical 
bindrance is the limiting factor in the chemisorbtion of the Fe( acac )3. If the number of 
reac!ion sites is the limiting factor, this yields a lower surface coverage. 

The maximum surface coverage due to sterical hindrance, which is realised for ALE 
deposition of acetylacetonate complexes, is generally higher than 6%. An example is the 
deposition of Cu(acac)2 on aluminia, in which case the maximum surface coverage is 13% 
[18]. The maximum surface coverage for the deposition of Fe(acac)3 on YSZ, cannot be 
determined at this moment, since the precise reaction mechanism is not yet known. However, 
a surface coverage of 7% indicates that the number of reaction sites could be an important 
limiting factor. 

Multiple-cycle processing 

As can be seen in figure 6.4, the increase of the cation fraction is not linear. There are two 
possible effects, which can contribute to this. 

The first effect is a decrease in the total amount of deposited iron oxide. This is possible when 
the growth per cycle is limited by the number of reaction sites and the total number of 
reaction sites reduces with every cycle. This is the case when the iron oxide deposition 
removes more c.u.s. Zr4

+ o~; Y3
+, than that it creates c.u.s. Fe3

+. Assuming this effect, a simple 
model for the resulting cation fraction can be made. Suppose that no Fe3

+ is created at all, thus 
that the iron oxide is completely inactive in this aspect. Furthermore, suppose that the cation 
fraction is 18% after the first cycle and that this deposition removes 18% of all available 
reaction sites. Than, in the second cycle, only 0.82·18% = 14.8 % will be grown. The cation 
fraction therewith increases to 32.8%. A continuation of this reasoning results in a cation 
fraction, which is displayed as the solid curve in figure 6.5. As can be seen, this model yields 
a good fit through the first three data points, but fails after more cycles are performed. 

The second effect is deposition of iron oxide on previously grown iron oxide. Since LEIS 
only measures the outermost layer, this second layer iron oxide does not result in an 
increasing cation fraction. Assuming this effect, again a simple model for the resulting cation 
fraction can be made. Suppose an 18% increase in the total iron oxide load with each cycle, 
with an even distribution on the iron oxide and the YSZ substrate. Then, after the first cycle 
the cation fraction will be 18%. In the second cycle 0.18 · 18% =3.2% is deposited on the 
iron oxide load of the first cycle. The cation fraction therewith increases with 18 - 3.2 = 
14.8% to 32.8%. This model thus leads to the samecurve for the cation fraction as the 
previous model. 
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Figure 6.5 The measured sulface cationfractions shown tagether with the curve resulting 
from a model with an inactive iron oxide laad or iron oxide growth in a multi
layered fashion. 

Bath effects can thus largely account for the non-linearity of the cation fraction. Ho wever, the 
measured cation fractions diverge from the developed models after more than three cycles are 
deposited. This can be due to a false assumptions that were made to develop the simple 
models. Also the occurrence of both effects tagether can explain tbe measured cation 
fractions. 

Support for the effect of growth in a multi-layered fashion can be gained by taking sputter 
pro files. However, as was discussed in paragraph 6.1.1, the sputter profiles of the first five 
cycles do not give condusion on whether or not multi-layered growth takes place. It is 
therefore recommendable to take sputter profiles after more than 10 cycles have been 
deposited. This might give condusion on which effect accounts for the measured non
linearity of the cation fractions. 

6.2 Substrate and container temperafure 

6.2.1 Dummy runs 

The avai1ability of the substrate and container temperature as process parameters is not 
established beforehand. For this, it is necessary that no Fe(acac)3 contamination is present 
outside the container. This will be explained in the following. 

In case Fe(acac)3 contamination is present in the jar, the sample is exposed to Fe(acac)3 

during the upwards movement of the piston into the reaction chamber. If this exposure is 
significant, this leads the loss of the capability to perform measurements in the pre-saturation 
regime. 

In case Fe(acach contamination is also present in the isolation chamber this has further 
consequences. As was explained in paragraph 4.3.1, the sample is heated in the isolation 
chamber until the sample has reached the desired substrate temperature. If Fe(acac h 
contamination is present in this chamber, the deposition already takes place during this 
heating. Consequently, the surface temperature at which the deposition took place, becomes 
undefined. Also, measurements in the pre-saturation regime become impossible in this case. 
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This means that the Fe(acac)3 distribution in the apparatus has to be determined befare 
measurements with varying substrate or container temperatures can be performed. This is 
done by performing two dummy runs. 
In the first dummy run, the sample is placed in the isolation chamber for a certain time. 
Hereafter, it is retracted into the transfer chamber and oxidised. The sample thus never enters 
the j"ar or the reaction chamber. If this dummy run yields an iron signal, this means that 
Fe(acac)3 contarnination is present in the isolation chamber. 

If the first dummy run does nat result in an iron signal, the second dummy run can be 
performed. In this dummy run, the sample is placed in the reaction chamber, but conneetion 
with the container is nat made. If this dummy run yields an iron signal, Fe(acac)3 

contamination is present in the jar outside the container. 

6.2.2 Container temperature 

Initially, bath dummy runs did nat result in an iron peak. This enabled measurements in the 
pre-saturation regime. Three measurements were performed with the container temperature at 
60 °C, 100 oe and 140 °C. During these measurements, the substrate temperature was 150 °C. 
As can beseen in figure 6.7, the iron laad increases with increasing container temperature. 
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Figure 6. 7 LEIS spectra at container temperatures of 60 °C, 100 oe and 140 CC. 

The cation fractions, as calculated with equation (3.9), are as follows: 

T container (°C) Cation fraction (%) 

60 6.7 +1- 3 

100 16.8 +1- 3 

140 24.7 +1- 3 

The increasing cation fraction indicates that these provisional measurements in the pre
saturation regime were successful. However, after the measurement at 140 °C the container 
was opened. It turned out that the Fe(acac)3 had turned into a brown substance, most likely 
due to oxidation. Therefore, the identity of the precursor may nat have been Fe(acac )3 in these 
measurements. The occurrence of CVD processes can for this reason nat be excluded. 
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Definite proof can therefore not be given that these measurements in the pre-saturation regime 
were successful. 

6.2.3 Subsequent dummy runs 

After the measurements performed in the last paragraph, Fe( acac )3 grains were found in the 
set-up. These grains originated from a calarnity in which a gas flow was tumed on, with the 
container in open conneetion to the rest of the system. This created a pressure change which 
blew the Fe( acac )3 grains into the rest of the system. At the time this occurred, grains we re 
found in the jar as well as the isolation chamber. 

After the grains were removed, dummy runs were executed to test whether no contamination 
had remained. Unfortunately, the dummy run of the first type resulted in an iron peak 
indicating a saturated growth step. This means the contarnination was not successfully 
removed from the isolation chamber. Hereafter, it was attempted to remove the Fe(acach by 
baking theset-upat 130 °C for two days. This proved unsuccessful since a renewed dummy 
run showed the same iron peak. The isolation chamber was hereupon taken apart and cleaned 
with alcohol. Since Fe(acac)3 dissolves in alcohol, it was expected this could remove the 
contarnination. Indeed, more contarnination was found, namely on the end of the rod in the 
isolation chamber. Unfortunately, also this cleaning procedure proved insufficient:· Finally, 
the whole of the apparatus was taken apart. The souree of contamination tumed out to be the 
holder of the manual valve connecting the isolation chamber with the transfer chamber. 

However, this last action was only performed near the end of the graduation project. As a 
consequence, surface temperature and container temperature could not be used as process 
parameters during the remaining of the graduation project. 
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Chapter 7 

Conclusions and recommendations 

7.1 Conclusions 

After the recent upgrade of the LP-ALE apparatus, the first phase of the project was to get the 
apparatus operational again. This succeeded after a few modifications to the apparatus were 
made. 

A procedure could be developed for ALE deposition of iron oxide on YSZ, using Fe(acac)3 

and 0 as precursors. This procedure starts with a sample preparation consisting of a heat 
treatment foliowed by an oxidation with atomie oxygen for 10 minutes. Hereafter, the sample 
is exposed to Fe(acac)3 for 2 minutes and purged with N2 for 6 minutes: Finally, the sample is 
again oxidised with atomie oxygen for 10 minutes. 

At a substrate temperature of about 30 oe, LEIS showed that deposition according to this 
procedure results in a cation fraction of 18%. With XPS it could be shown that the iron oxide 
is presumably in the Fe20 3 state although other oxidation states cannot be excluded. It was 
shown that each reaction step in the processis saturating and that multi-cycling processing 
results in an increased iron laad. This proves that the deposition goes according to the ALE 
growth mechanism. · · 

ALE deposition using Fe(acac)3 and 0 2 as precursors was also attempted. It could be shown 
that remaval of the acac-ligands is possible with 0 2. However, an oxidation at a temperature 
of 300 to 500 oe fora duration of 40 minutes showed an incomplete remaval of the ligands. 

The cation fraction after multi-cycle processing at a substrate temperature of 30 oe showed a 
non-linear but consistent behaviour, ranging from 18% to 65 % for the first seven cycles. For 
the non-linearity, two possible contributions were given. The first is a decreasing growth per 
cycle, due to a decreasing amount of reaction sites. The second is growth of the iron oxide in 
a multi-layered fashion. It was shown that bath effects can largely account for the non
linearity. However, after more than three cycles are performed, the measured cation fraction 
diverge from the simple models that were developed to simulate the cation fraction. 

Support for the growth of iron oxide in a multi-layered fashion, could nat be given with 
sputter profiles of the first five cycles. A sputter profile after more measurements therefore 
has tobetaken to give condusion on which effect accounts for the observed non-linearity of 
the cation fractions. Strangely enough, the sputter profiles after one, three and five showed an 
increasing sputter yield. An explanation for this effect has nat yet been found. 
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Deposition in the pre-saturation regime showed an increasing amount of iron oxide deposition 
with increasing container temperature. This indicates successful measurements. However, the 
Fe(acac)3 might have underwent a phase-change during these measurements. It could 
therefore not be proven that the measurements resulted from the ALE deposition with 
Fe(acac)3 and oxygen as precursors. 

After these initia! eneomaging measurements, persistent contamination of Fe(acac)3 in the 
isolation chamber resulted in the inability to perform measurements with varying substrate or 
container temperatures for the rest of the project. 

The final condusion is that deposition of a sub-monolayer of iron oxide on YSZ with a high 
degree of control has been proven possible with the LP-ALE apparatus. This is a crucial 
condition for a successful continuation of the project. 

7.2 Recommendations 

7.2.1 The Solid Oxide Fuel Cell project 

The degree of control that can be obtained with multi-cycle processing at 30°C is sufficient 
for the purposes of this project. However, the iron oxide load after multi-cycling processing 
also needs to be well defined. Although an extensive measurement was done in this light, this 
work has not been completed yet. Measurements have to be taken afterat least 15 cycles to 
give condusion on whether of not growth in a multi-layered fashion takes place. The FTIR 
measurements, which will betaken in collaboration with the University of Antwerp in the 
near future will also be important in this aspect. With the FTIR measurements, information on 
the reaction mechanism of the growth step can be obtained. Together, these measurements are 
expected to result in a sufficient degree of definition of the iron oxide load. 

Hereafter, the stability of the iron oxide load under operating conditions of the fuel cell has to 
be tested. If this tums out successful the projects reaches the phase in which the influence of 
the iron oxide load on YSZ as an electrolyte can be studied. 

7.2.2 Capabilities of the LP-ALE apparatus 

Recovery of the container and substrate temperature as process parameters would further 
increase the degree of control on the deposition. For this, it is necessary that the Fe(acac)3 

contamination is removed from the apparatus, by taking it completely apart. It is expected that 
this will successfully reeover the availability of the two process parameters. Nevertheless, the 
current project showed a great sensitivity of the ALE growth towards contamination. This 
means that contamination building up, might after a while become the deterrnining factor in 
the degree of control again. Periodic measurements of the Fe(acac)3 distribution in the 
apparatus with dummy runs are therefore advisable. 

One would also like to reeover the mode of automated multi-cycle processing. For this, it is 
necessary that the manual valves which were placed to allow separate pumping of the gas 
inlet system are automated. Also, a more heat-resistant alternative for the valve needies has to 
be found. This is necessary to allow for oxidation with molecular oxygen at temperatures of 
about 500°C. Even than, automated multi-cycle processing with the current the 
substrate/deposit combination might proveto be very difficult. 
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Furthermore, the iron signal which is measured after a single cycle is too small to allow for a 
very accurate determination of the iron oxide laad. It is doubtful whether the influence of 
substrate and container temperature on the iron oxide laad will be sufficiently significant in 
comparison to the measurement inaccuracy. Th is problem can be overcome by measuring 
after multiple cycles, but this work will be very laborious. 

Therefore, it might be advisable first to focus on progress in the SOFC projecr. Hereafter, a 
new substrate/deposit combination could be chosen to focus on improving the LP-ALE 
apparatus. The new precursor should deposit a metal, which possesses a high sensitivity 
towards LEIS analysis. 

Finally, a few small improvements in the ALE apparatus can bemadein short term. To 
prevent another occurrence of the calamity which caused the contamination, the PLC should 
be programmed so that a gas flow cannot be tumed on with the container in open conneetion 
to the buffer chamber. Also, the volume of the buffer chamber should be determined while the 
apparatus is not operational. This will obtain information on the requirements that will be 
opposed on future precursors towards vapour pressure and stability. 

... .... 
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