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Abstract 

Thermionic dispenser catbodes are used to produce high electron current densities for devices 
such as catbode ray tubes in television. The low work function of about 2eV, essential for high 
electron emission, is obtained due to a layer of Barium and Oxygen at the surface. How this layer 
serves to lower the work function is not fully understood. 

Low energy ion scattering (LEIS) is used to study the surface of various types of commercially 
available cathodes. Only few farmer LEIS studies on catbodes have been carried out. The low 
work function of the catbode is found to influence the LEIS signa!. With decreasing catbode 
work function the LEIS signa! also decreases due to an increased neutralisation probability. The 
ion beam can be used to sputter the Ba-0 from the surface and monitor the surface composition 
at the same time. This combined process gives valuable information about the accuracy of the 
quantification models often used in LEIS experiments. 

An experimental set up to carry out emission tests has been realised. With an emission test the 
electron emission capabilities of the catbode can be measured. The work function of the catbode 
can be determined directly from the electron emission capabilities. 
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Introduetion 

Thermionic dispenser catbodes are used to produce high electron current densities for devices 
such as catbode ray tubes in television. Fora high electron current density, a low work 
function is essential. The low work function is obtained due to a layer of baruim and oxygen 
at the surface the cathode. To imprave the performance of future cathodes, it is important to 
understand how this layer serves to lower the work function. 

The surface of a catbode will be studied with low energy ion scattering (LEIS). This is a 
technique that effectively only probes the outermost atomie layer. The high neutralisation 
probability for the noble gas ions which gives LEIS its unique sensitivity for the outermost 
atomie layer, also complicates quantitative analyses. In order to learn more about catbode 
studies with LEIS, several types of catbodes will be investigated. lt will be studied whether 
the standard LEIS quantification metbod can be applied. The closely related neutralisation 
mechanisms for the noble gas ions will also be discussed. An experimental set up to 
determine the emission capabilities and the work function of a catbode will be realised 

In the first two chapters of this theses, the basic theory about catbodes and work function will 
be discussed. General ideas about the reduction of the work function due to the surface layer 
of barium and oxygen, will be explained using the well studied Cs adsorption layers. In 
chapter three the dependenee of electron emission on temperature and applied voltage is 
discussed. lt will be explained that the catbode work function can be determined from 
emission tests. General properties of the LEIS technique and the experimental set up are 
outlined in chapter four and five. Some catbode specific measurements concerning among 
others the high temperature of the catbodes are discussed in chapter six. The results of the 
experiments concerning the quantification of the surface elements present is reported in 
chapter seven. The last chapter of this report, chapter eight, contains the conclusions and 
suggestions. 
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Thermionic dispenser Cathades 

1.1 Introduetion 

Thermionic dispenser catbodes are used in devices that require high electron current densities 
such as catbode ray tubes in a television. In this chapter the operating mechanism of a basic 
catbode is discussed. This type of catbode was developed in the 1950 's. Modifications of 
this basic catbode that will yield even higher electron emission are discussed subsequently. 

1.2 Basic catbode 

The probability that electron is emitted from a metal is proportional to T2e·cplkT, with <1> the 
work function and T the temperature. The electron emission from a metal at room 
temperature is of no practical interest. Higher electron current densities can be obtained by 
increasing the metal temperature. At elevated temperature, the metal should have sufficient 
emission and notevaparate to rapidly (high melting temperature) which reduces the number 
of materials suited to use as a thermionic catbode appreciably. In this respect rhenium, 
tantalum and tungsten are mostsuitedas a materialfora thermionic catbode [1]. 

Rhenium is the best suited material for a thermionic catbode consiclering undesirable 
reactions with ambient gases at the surf ace. lts disadvantage is its high cast and rarity. 
Tantalum has the disadvantage that hydragen embrittels it. As a campromise tungsten is 
generally chosen as the materialfora thermionic cathode. 

However, the electron emission of pure tungsten at an elevated temperature is still nat 
enough for most practical conditions. To further increase the electron emission, the work 
function of the tungsten surface should be reduced. As discovered by Kingdon and Langmuir 
in 1932, a large work function reduction of about 3 e V relative to pure tungsten ( 4.5 e V), can 
be obtained by adsorbing a near monolayer of Cs on the surface. Due to the high volatility of 
the Cs it is only possible to maintain the activating layer by operating the tungsten in Cs 
vapour. A near monolayer of a Ba-0 mixture, being less volatile, also gives a large work 
function reduction (2.5 e V) and is therefore more practical. 

Although less volatile than Cs, the Ba-0 will usually be evaporating appreciably at the 
operating temperature and so must be continuously replenisbed to maintain the low work 
function. Therefore, a tungsten pellet with 25 % porosity as shown in figure 1.1 a, is 
impregnated with a 4:1:1 male ratio Ba0-Ca0-Ah03 mixture. This catbode with an emission 
current density of 1 Ncm2 is referred to as B-type cathode. At operating temperature 
( 1 030°C) , the impregnant dissociates and a mixture of Ba and BaO diffuses through the 
pores and across the surface. This farms a near monolayer Ba-0 as was shown with Auger 
electron spectroscopy (AES) studies [2-4], maintaining the low work function. The 
mechanism responsible for the reduction of the work function will be explained in chapter 2. 
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Figure l.l:a) Secondary electron microscopy (SEM) image, clearly showing the porosity of 
the suiface. b) Schematic representation of the cathode holder. 

The impregnated W pellet is mounted in a holder as shown in figure 1.1 b [27]. The catbode 
heater is positioned directly below the pellet The temperature of the catbode can be set with 
the heater current. A dynamic equilibrium exists between the Ba-containing species that is 
removed from the surface by evaporation or sputtering and the Ba-containing species 
diffusing to the surface from the bulk: hence the name of thermionic dispenser cathodes, from 
bere on referred to as cathode. Damage due to sputtering may occur in practical tube 
conditions where residual gases like Ar are ionised by the electron beam and accelerated to 
the catbode due to tube screen voltages. 

1.3 Improved catbode 

Theemission of catbodes bas been improved over the years as shown in figure 1.2. By 
coating the tungsten surface with third-row transition metals a further reduction of the work 
function can be obtained. One of the best such metals is Os which reduces the work function 
by a further 0.1 eV. This catbode with an emission current density of 10 Alcm2 is referred to 
as M-type cathode. A W/Os alloy coating produces an even further reduction of 0.1. Latest 
development is a top-layer scandate catbode prepared by Laser Ablation Deposition (LAD) 
with a workfunction of about 1.4 eV with a emission current density of 400 Alcm2 [28]. 
However, the ion bombardment resistivity of these catbodes is limited. To imprave the 
performance of future cathodes, it is important to understand how the Ba-0 layer serves to 
lower the work function. The basic concept of work function reduction due to adatom layers 
will be explained in the next chapter. 
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Figure 1.2: Historica! development of cathode emission capabilities. The current density is a 
measure for the emission capabilities of a cathode. 
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Workfunction 

2.1 Introduetion 

At the surface a potential harrier exists which prevents the escape of electrans unless they 
can be given enough energy. This potential harrier is called the work function <:p. In a cathode 
this energy is provided by heating. A decrease in work function and an increase in 
temperature increases the number of emitted electrons. These are typical characteristics of a 
cathode; a low work function combined with a high operating temperature. Increasing the 
temperature to obtain even higher electron emission is limited due to evaporation. To further 
increase the electron emission, the work function must be reduced. In the first paragraph, a 
more precise definition of the work function will be given. Then the origin of the work 
function will be discussed using the jellium model. As mentioned in the previous chapter, the 
toplayer of a cathode surface consists of Ba and 0. This effectively reduces the work 
function of the W pellet The basic principles responsible for the reduction of the work 
function due to the Ba-0 toplayer, will be explained using a classica} system; Cs on W. 

2.2 Definition of the work function 

The solid state analogue of the ionisation potential in atoms or molecules is called work 
function. The work function cp is defined as the minimum energy needed to remove an 
electron from a sample at zero temperature. 

A more precise definition of the work function is the energy difference between two states of 
the whole crystal. In the initial state the neutral crystal containing N electrans is assumed to 
be in its ground state EN. In the final state the electron is removed infinitely far outside the 
surface. There it is assumed to be at rest and accordingly has only electrastatic energy <I>( oo ). 
The crystal with the remaining N-1 electrans is assumed to be in its ground state EN-I· 
Therefore the work function is 

For temperatures greater than zero the removal of an electron from the metal is to be 
considered as a thermadynamie change of state. The difference EwEN.J has to be replaced by 
the change in free energy F as a function of the number of electrans N whereby the 
temperature Tand the volume V are kept constant. This derivative is the electrochemical 
potential of electrans Jl(T). The work function is now given by 

q> = <1>( oo)- p(T) (2.2) 

<I>( oo) is also referred to as the vacuum level Ev and generally chosen as the energy zero. For a 
free electron gas 
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where EF is the Fermi energy and T F is the Fermi temperature. Combining equation 2.2 and 
2.3 results in the definition of the work function which is given in many textbooks 

The work function is suggested here to be thermodynamically defined and thus a 
macroscopie quantity. So far, only different definitions of the work function have been given. 
The physical effects that cause this potential harrier that prevents most of the electrans from 
escaping the metal, is discussed in the next paragraph. 

2.3 The physical nature of the work function 

The work function can be divided in a bulk and surface contribution [5]. The physical nature 
of these contributions can be explained by the jellium model as illustrated in figure 2.1. In 
this model the positive charge of the metal i ons is smeared out uniformly over the volume of 
the crystal. The structureless sea of electrans behaves as a free electron gas. 

Jellium n!zl 

t 

-15 -10 -5 

Vocuum 

pos i live 
background 

5 10 [o 9 J z 

Figure 2.1: Jellium model of a metal sulface showing the spilt outofnegative charge beyond 
the positive background. 

Although this model is obviously a simplification of the real electron density in a metal, it 
enables a good qualitative description for the physical contributions to the work function. 
First the bulk (1) and then the surface contribution is discussed. The surface contribution is 
divided in a short range contribution, the surface dipole (2), and a long range contribution, 
the exchange-correlation potential (3). 

1. The bulk contribution to the work function is formed by the lowering of the energy of the 
electrans due to the chemica! bonding i.e. the formation of the me tal. Th is is called the 
bulk chemica! potential ~ *. 

2. The attractive potential due to the positively charged cores is not strong enough to keep 
the valenee electrans inside the metal. As a result the electrans spill out into the vacuum 
i.e. the electron density just outside the surface is not zero as shown in figure 2.1. 
Because the charge of these electrans is not compensated by positive ions, a dipole layer 
exists at the surface with its negative end directed towards the vacuum. Any charged 
partiele crossing this surface dipole undergoes a change in potential energy <l>(z). The 
potential energy of the electron inside the solid is lower because it is closer to the 
positive si de of the surface dipole. The height of this surface dipole harrier ~<I> is equal to 
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the difference in potential energy of an electron in the me tal <I>( -oo) and outs i de the metal 
<I>( oo) as illustrated in figure 2.2. The thickness of the surface dipole layer is of the order 
of a few Á. 

t t 
+ -
+-

<%> 1·-1 

<%> lzl 

<Ol--I 

+ -

~ + 

Figure 2.2: Schematic representation ofthe surface dipale harrier L1l/> caused hy a 
surface dipale layer D. 

The surface con tribution of the work function ~<I> depends to a large extent on the 
structure of the surface. On an atomie scale, the electron density not only spilis beyond 
the surface in z-direction but also parallel to the surface. According to Smoluchowski this 
can be visualised as follows. In the bulk each metal ion can be surrounded by a simple 
cubic Wigner-Seitz cell which represents an electrically neutral elementary cell with 
dipole moment zero as sketched in figure 2.3a. However, at the surface the Wigner-Seitz 
cells of the individual atoms would result in a rough charge density distribution. This 
charge distribution is energetically unfavourable. The energy can be lowered when the 
charge density is smoothed corresponding to the wavy line in figure 2.3b. As a result of 
this charge redistribution the charge deficiency on the peaks of the Wigner-Seitz cells 
give rise to a net positive charge while the valleys contain a net excess of negative 
charge. The resulting extra dipole counteracts the normal surface dipole due to the spill 
out effect. 

Figure 2.3: Illustration ofthe Smoluchowski electron smoothing effect. a) Unstahle 
charge distrihution in unperturhed Wigner-Seitz cells at the surface. h) Smoothed out 
charge density distrihution causing lower surface dipale harrier. 

Important is now that the more open a surface is, the more pronounced the smoothing 
effect will be. This means that in a more open surface the total surface dipole harrier is 
lower and therefore these surfaces have lower workfunctions. Indeed for the fee metals 
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the ( 111) surface is the most densely packed surface and it has the heighest work function 
because the dipale harrier is high. 

3. The third contribution to the work function is caused by mutual interaction between 
electrans and is also referred to as a many body effect. The electron-electron interaction 
has bath a quanturn mechanica} and a classical origin: 

• Quanturn mechanically, according to the Pauli principle, electrans with parallel 
spin repel one another due to the exchange force. Therefore the electrans in the 
bulkjellium may be pictured to be surrounded by aso called exchange or Fermi 
hole, where the probability of finding another electron with parallel spin is nearly 
zero. 

• Electrans with antiparallel spins will also move away under the influence of 
electrastatic Coulomb farces. It means that they will correlate their motion so as to 
create a so called correlation or Coulomb hole, where the probability of finding 
another electron with antiparallel spin is nearly zero. 

Because each electron interacts with other electrans due to the exchange and correlation 
force at the same time, it will be surrounded by a hole where the change of finding 
another electron at all is nearly zero; the combined exchange-correlation hole. The radius 
of the exchange-correlation hole surrounding each electron is such that the electron 
charge is just compensated (all electrans tagether withall exchange-correlation holes 
have to be neutra!). Therefore, each electron in the interior of the bulk je Ilium is 
surrounded by a spherically symmetrie exchange-correlation hole with total charge +e. 
These mechanisms give rise to the so called exchange-correlation potential. A rough 
estimate of the exchange-correlation potential is provided by consirlering an electron at 
three different positions as illustrated in figure 2.4: 

• 

Figure 2.4 : Schematic representation of the electron density profile near an electron due 
to the exchange-correlation potential, at three different positions. The hatched areas 
indicate regions of decreased electron density surrounding the electron, the exchange
correlation hole. 

• When the electron is well inside the metal the positive hole surrounding it is 
spherical symmetrie. It can be shown that the potential of the electron in the field of 
the hole charge is of the order of some e V i.e. the electron does not want to leave 
the hole. 

• At the surface the electron charge density is larger on the metallic side of the 
electron. Therefore the centre of gravity of the exchange-correlation hole is shifted 
from the electron position toward the metal interior. Consequently the potential for 
the electron increases in the direction to the outside of the metal. When the electron 
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gets outside the metal surface the exchange correlation hole remains inside the 
metal. The energy an electron requires to escape from the exchange-correlation hole 
is in the order of a few eV i.e. the exchange-correlation contribution to the work 
function is considerable. 

• When the electron is assumed to be well outside the metal at distance x, the 
exchange hole becomes completely delocalized and spread tbraughout the metal. 
The correlation hole however flattens at the surface region and remains localised at 
the surface. This correlation hole forms an image charge at the surface. The best 
way to analyse the electric potential for such problems is to apply the classica! 
metbod of images. In this metbod the induced surface charge may be replaced by 
the image charge -q located at the distance -x. The corresponding potentialis called 
the image potential, -il4x. 

Concluding, repulsion of neighbouring electrans results in a positive exchange
correlation hole surrounding the electron inside the metal. To escape from the exchange
correlation hole at the metal surface, the electron needs an energy in the order of a few 
eV. Outside the metal the exchange-correlation potential merges into the long range 
image potential (104 Á). This exchange-correlation potential and image potential bas to 
be superimposed on the surface dipole potential <I>(z). 

To estimate the relative surface contributions to the work function of the surface dipole and 
many body effects, Smith [6] calculated work functions and surface potentials systematically 
fora series of metals, ranging from low electron densities (alkali metals) to high densities 
typical for transition metals. According to bis calculations the work function is, in most 
cases, largely due to many body effects. For alkali metals the surface dipole harrier is found 
to be small but it becomes quite large for transition metals. 

Resuming, the work function can be subdivided into a surface dependent part Ll<l>=<I>( +oo )
<I>( -oo ), containing the surface dipole and the exchange-correlation contribution, and the 
chemica! potential J.L* which depends on bulk properties only as illustrated in figure 2.5. 

cp = !let>- 11 * (2.5) 

Figure 2.5: Potenfiat energy diagram explaining the components ofthe workfunction cpof 
metals. 

As discussed so far, the origin of the work function can be divided in a bulk and surface 
contribution. The surface dipole contribution to the work function is important for transition 
metals. Kingdon and Langmuir discovered in 1932 that Cs adsorption on different transition 
metal surfaces greatly reduces the workfunction and described the decreased work function to 
a decreasein surface dipole strength due to the adsorbed Cs. For catbodes a low work 
function is essential to obtain a high electron emission. However a Cs toplayer is not suitable 
for cathodes. Due to the high volatility of the Cs it is only possible to maintain the activating 
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layer by operating the tungsten in Cs vapour. A Ba-0 mixture being less volatile, also gives a 
large work function lowering and is therefore more practical. The basic principles for the 
work function reduction due to an adsorption layer of Cs or Ba-0 are the same. Because the 
Cs on W system has been studied since the 1930 's, we will discuss the observed work 
function change for this system. We will start with the classica! picture. 

2.4 Langmuir's classic al model 

Alkali-metal adsorption on metal surfaces has been studied fora long time as one of the 
simplest chemisorption systems. In their pioneering work Kingdon and Langmuir discovered 
that the electron ernission rate of W, Ni and Mo filamentsis greatly increased by a Cs 
adsorption layer, which implied a considerable lowering of the work function. They also 
found that these Cs atoms may be desorbed from the surface in the form of positive ions. 
Therefore according to Langmuir the bonding to the surface is purely ionic. 

Typ ie al changes of the work function of metals induced by Cs adsorption are shown in figure 
2.6. For Ba-0 adsorption, similar behaviour is found [7]. For a small number of adsorbed 
atoms the work function drops rapidly with increasing number of adsorption atoms and 
attains a certain minimum. Then the work function increases to saturate at the coverage 
corresponding to a full monolayer and approaches a value approximately equal to the work 
function characteristic for the bulk adsorbed metal. From experimental data it follows that the 
dependenee of the work function on coverage is more sensitive to the kind of adsorbate than 
to the metal substrate [8] 

5.0 ,---.--y---r---.------.---.---, 
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2.5 

2.0 
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2 Cs/Mo 
3 Cs/W 

l 0 L--____,..L..--..L--.L..--'---------l'----'------' 
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Figure 2.6: The workfunction dependenee on adatom concentrationfor three different 
substrates covered by cesium. 

Based on a classica! picture, the result was explained as follows: As the ionisation energy of 
Cs is smaller than the work function of the substrate (i.e. Cs is electropositive relative to the 
substrate), Cs is ionised while its conduction electron is transferred to the metal conduction 
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band. The positive ion induces its image in the metal (all ions together withall images have 
to be neutral) and produces a dipole of the moment p. This dipole counteracts the surface 
dipole due to electron spill out which means the work function is effectively lowered. 
Apparently a shift in surface charge density influences the work function. Helmholtz defined 
this work function change as 

flep = 4npN (2.6) 

with N the number of adsorbed atoms. This expression describes the linear decrease of the 
work function with increasing number of adsorption atoms, for low coverage. However as the 
number of adsorption atoms increases a deviation from this initially linear dependenee occurs 
as shown in figure 2.6. This may be interpreted as if the ionicity of the adatoms becomes 
smaller, or as a depolarisation of each dipole by the adjacent dipoles. 

The deviation of the straight line can not be explained well with the classical description. The 
classical description also fails to explain the Cs-like lowering of the work function of a 
tungsten substrate ( cp-4.5 e V) caused by adsorption of Ca, Sr or Ba. According to the simple 
picture they should not give up their electrons because the ionisation potentials are larger 
than the work function; respectively 6.09, 5.67 and 5.2 eV. 

2.5 Gurney's quantum-mechanical model 

The deviation of the straight line at high adsorption atom coverage and the reduction of the 
work function due to Ca, Sr or Ba adsorption, can be understood basing on the quanturn 
mechanical model proposed by Gumey [9]. 

Consider an atom approaching the metal surface. Let the energy of the valenee s-level, Ea, be 
close to the Fermi level of the me tal as illustrated in figure 2. 7. In the vicinity of the surface 
the wave function of the valenee electron of an atom and the wavefunctions of electrons in 
the metal begin to overlap and the atomie level broadens. In the adsorption equilibrium 
position the atomie resonance level attains the width 2T, and its average energy is shifted by 
11Ea due to the image potential. The centre of the atomie level is now located above the Fermi 
level and the valenee electrons can tunnel into the metalleaving on the surface an ion with a 
net positive charge. The positively charged ions (ionic bonding) induce their image in the 
metal and produces a dipole counteracting the surface dipole. Consequently, the resulting 
dipole reduces the work function. x 

', A " ....... 
AA / -------f; / 

I I 
\ I 
\ I 
I I 

El I I : 
0 I 1 

--------~~~ \l! 
1 I I 

-L--- Ea 
l i 
I I 

I 

x-0 x-s 
Figure 2. 7: Schematic energy level diagramfora metallic substrate-adsorbate system. I 
denoted the ionisation energy, A the electron affinity. 
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The adsorption atom ionisation is not complete. The degree of ionisation, or its effective 
positive charge, de termines the magnitude of the dipole moment. The ionisation degree is 
determined by the halfwidth r and the position of the centre of the shifted level Ea'. An 
increase in the coverage leads to a decrease of the energy Ea' as a result of Coulomb 
interactions with the remaining adatoms and their image charges. This in turn lowers the 
degree of adatom ionisation (the bonding becomes more metallic) and consequently its dipole 
moment, which leeds to non-linear changes in the work function. 

With the results of these simplified models of the Cs-W system in the back of our mind, an 
explanation of the mechanism and structure of the Ba-0 complex that is responsible for the 
lowering of the work function is discussed, using a more recently developed method. As will 
become clear, the exact structure of the Ba-0 complex, which is very important for the 
understanding of the work function lowering mechanism, is not fully understood. 

2.6 Ba-0-W surface structure 

As discussed before, the surface dipole layer depends to a large ex tent on the structure of the 
surface. The models of Langmuir and Gurney are in this respect more macroscopie in nature 
and do not give detailed information about the local electron density. The more recently 
developed self-consistent Full-Potential Linearized Augmented-Plane-Wave (FLAPW) [10] 
metbod calculates the local electron density surrounding the surface atoms in great detail. 
The results of such calculations depend on the exact structure of the Ba-0-W complex 
because overlap of the wave functions are taken into account. A detailed discussion of the 
FLAPW metbod is beyond the scope of this thesis. 

On the bases of a Surface Extended X-ray Absorption Fine Structure (SEXAFS) study on 
real catbodes Norman et al. proposed a model with the Ba-0 axis normalto the surface [11]. 
Shih et al., using the same method, proposed a model with the Ba-0 axis tilted about 30° 
with respect to the surface with Ba in the higher position [12]. Also structures with Ba and 0 
in the same plane have been introduced [13]. Recent LEIS studies rule out the in plane model 
[14]. 

Using the FLAPW metbodfora Ba-0 layer on W(001), Hemstreet et al. [15] concluded that 
the tilted model of the Ba-0 complex turned out to be favourite when miniruising the total 
energy of the system. Using this configuration they calculated the local electron density 
distribution at the surface which gives more information about the origin of the various 
surface dipole layers. 

In simple models the lowering of the work function of the tungsten substrate has been 
attributed to the formation of an ionic Ba2

+ -02
- surface dipole layer. From the FLAPW 

metbod it becomes clear that in particular, the role of the localised d states at the surface, 
which are known to dominate the surface electronic properties of transition metals as 
tungsten, may not be ignored. 

Hemstreet et al. [15] concluded that hybridisation (mixing of atomie orbitals to forma new 
molecular orbital) involving the Ba 6s valenee electrons and the localised 5d-Iike tungsten 
surface states near the Fermi level has the effect of moving electronic charge out of the 
tungsten surface spheres and the vacuum region and into the Ba spheres and the Ba/W 
interfacial region rather than Ba ionisation. This leads to an increase of electronic charge in 
the interfacial region and a depletion of charge in the vacuum outside the adsorbed overlayer 
and gives rise toa dipole layer which opposes the spill out dipole of the clean W surface. 

12 



The Ba 5p semicore electrons are polarised away from the W substrate, increasing the charge 
density directly above the Ba nuclei and decreasing the charge density directly below the Ba 
atoms. This smaller dipole is in the same direction as the electron spill out and therefore 
raises the work function. 

The interaction between the oxygen 2p states and the tungsten substrate tends to restore the 
charge in the tungsten spheres to the free surface value and leads to a substantial 
redistribution of charge out of the oxygen spheres and into the region between the spheres. 

The charge redistribution caused by the absorbates is localised mainly outside the surface W 
atoms. This means the charge distribution in the interlor does not change very much and 
therefore the exchange-correlation contribution remains approximately the same. This means 
that the change in work function should be described almost completely to modifications in 
the surface dipole layer. 

The samepicture as with the Ba-0 toplayer has also been found for Cs on W. Wimmer et 
al.[16] used the FLAPW metbod for Cs/W(OOI) and concluded, as Hemstreet et al. did for the 
case of Ba, that the work function lowering is caused by the polarisation of Cs due to the 
hybridisation of Cs 6s and W 5d rather than Cs ionisation. (at low coverage the FLAPW 
model can however not explain the ionic character of the desorped Cs atoms as discovered by 
Langmuir). 

We have discussed the concept of the work function and shown how the catbode is able to 
have a low work function. In the next chapter the emission capabilities of the catbode is 
discussed. 
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Electron emission 

3.1 Introduetion 

The purpose of a catbode is to emit electrons. For high electron emission a low work function 
is essential. In the previous chapter the concept of a low work function due to an 
electropositive surface dipole layer was discussed. The number of emitted electrans depends 
not only on the work function but also on the temperature. The temperature dependenee will 
be explained using the Richardson equation. Next, a means todetermine the electron 
emission is presented and discussed. Finally it is shown how the catbode work function can 
be determined from the electron emission. 

3.2 Temperature 

The total density of occupied states per unit volume as a function of energy E for the free 
electron model is shown in figure 3.1 with cp=Ev-EF. At absolute zero temperature all states 
are filled up to the Fermi energy EF. No electron has sufficient energy to escape from the 
metal, independent of the work function. When the temperature is raised, the electron 
distribution changes according to the Fermi-Dirac distribution as shown in figure 3.1. 
Therefore at nonzero temperatures there will always be some emission of electrans from the 
metal surface, the amount depending on temperature and work function. The total number of 
electrans with sufficient energy to escape can be calculated by integrating the density of 
occupied states from Ev to oo resulting in the Richardson equation: 

4nme 
J = --(kT)z erptkr =A Tze-rptkr (3.1) 

0 h3 R 

where <p is the catbode work function, T the catbode temperature and AR the Richardson 
constant (=120.4 A cm-2 K 2

). The number of emitted electrans is expressed in the current 
density lo. 

T=O 

EF 
Figure 3.1: Total density of occupied stat es per unit volume as a function of energy E for the 
free electron model. 
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3.3 Electron emission measurement 

The current density la of a catbode can be determined in a diode configuration. This means 
the catbode is placed on a fixed distance from an anode. If a voltage is applied, electrans 
emitted from the catbode are accelerated to the anode. The resulting current density, for 
constant temperature and work function, is a function the potential difference between the 
catbode and anode as shown in figure 3.2. When the anode is made increasingly positive the 
current grows, first at an increasingly, then at a decreasingly rate. According to the 
Richardson equation the current density is independent of applied voltage. This is due to the 
assumption that all electrans contribute to the emission current, regardless the applied 
voltage. Apparently this is not the case. In going from low to high anode voltage, the curve 
can be split in two parts: the space charge region and the saturation region. 

a 

--v 

"space charge" "saturation" 

) 

Figure 3.2: Current-voltage characteristics of a cathode at operating temperature. The curve 
can be split in two parts: the space charge region and the saturation region. 

3.3.1 Space charge region 

For space-charge limited emission there is a potential minimum in front of the cathode, 
caused by an electron cloud just outside the catbode surface. The potential distribution within 
the diode is illustrated in figure 3.3a. Only those electrons reach the anode that have initial 
veloeities greater than that corresponding to the depth of this minimum. The Richardson 
equation is not valid because not all electrans contribute in the current density. 

The current density inthespace charge region is obtained from solving Poisson's equation. 
This leads to the Child-Langmuir space charge law[17] for the current density Jas a function 
of the applied voltage V: 

v3'z 
J = 2.335 ·106 7 (3.2) 

with d the distance between anode and cathode. This relation is valid only as a first 
approximation because the initial veloeities of the electrons and the height of the space 
charge potential hili have been neglected. 
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Cathode Anode 

Figure 3.3: Schematic representation of the potential dis tribution within the diode for: a) 
space charge reg ion, b) zero field emission, c) saturation ( Schottky) reg ion. Remember 
E=dV/dx. 

3.3.2 Transition region 

When the anode potential is increased, both the depth of the minimum and its distance to the 
catbode decrease. The zero field current density ]0 occurs when the minimum is situated at 
the catbode as illustrated in figure 3.3b. lts value characterises the transition between the 
space charge region and the saturation region. The zero field current density is determined by 
the Richardson equation. 

3.3.3 Saturation region 

With a further increase in anode potential, the value of E=dV(O)Idx becomes positive. The 
image potential, which causes an electric field for the electrons directed towards the metal, is 
counteracted by the external electric field. As a consequence the work function is reduced. 
This is known as the Schottky effect. When the increase in current density is ascribed to the 
Schottky effect, the current density in the saturation region can be represented by the 
Richardson equation, modified for the change in work function: 

eGr 
J _ J kTV~ - oe (3.3) 

However, due to space charge, Ed < V i.e. the electric field is unknown as illustrated in figure 
3.3c. 

3.4 Determination of the work function 

According to the Richardson equation, measuring the electron current as a function of 
temperature provides a metbod for the determination of the work function of a metal. A plot 
of ln(J0r 2

) as a function of 1/T should give a straight line with slope -qJ/k. From the 
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intersection with the y-axis the Richardson constant AR can be de termin ed. Because it is not 
clear from the emission curve at what point zero field emission starts to occur, normally the 
electron emission capabilities of cathorles are characterised by the 10% deviation from the 
Child-Langmuir space charge law 110%. 

When the Richardson constant AR is assumed to be its theoretica! value and the temperature is 
known, the so called effective work function can directly be determined from 110%. as shown 
in figure 3.4. By assuming the Richardson constant to beits theoretica! value it is assumed 
that the electron emission is uniform. This methad has been used to determine the work 
function of the various cathorles used in our experiments. 

100 

10 

1 
10 

J =14.4 
10% 

100 
Voltage [V] 

1000 

Figure 3.4: Determination of 110% as the JO% deviationfrom the space charge law 
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LEIS 

4.1 Introduetion 

The electron emission of a catbode is, to a large extent, determined by its work function. The 
work function itself is determined mainly by the composition and structure of the catbode 
surface. Clearly it is important to know and understand these surface characteristics. A 
technique that probes only the outermost atomie layer is Low Energy Ion Scattering (LEIS), 
also called Ion Scattering Spectroscopy (ISS). In this chapter, a general introduetion of LEIS 
and the quantification methad used will be given. 

4.2 Basicprinciplesof LEIS 

In LEIS a beam of man oenergetic noble gas i ons in the range of 1-5 ke V, is directed onto the 
target. When an ion impinges on a solid surface it may be backscattered at the outermost 
atomie layer or penetrate the solid. The penetrated partiele will slow down and will remain in 
the solidor emerge from the solid aftera sequence of collisions. Due to the high electron 
affinity of noble gas ions, most of the i ons are neutralised after interaction with an atom. So, 
ions that undergo a sequence of collisions will be (almost) completely neutralised. Therefore 
it is reasanabie to assume that most of the backscattered particles that survive as ions (which 
are the only ones detected) only had a single callision with an atom of the outermost atomie 
layer of the target. 

These collisions can be considered as binary elastic scattering events. During such a callision 
the incident ion loses kinetic energy. The energy loss depends on the energy befare the 
callision E;, on the masses of the ion m1 and the surface atom m2 and on the scattering angle 
8. The energy of the scattered ion E1 can be calculated from the classicallaws of conservation 
of energy and momentum, using a model for free particles. If m1<m2 we obtain: 

E -f-

cosO+ (: J -sin
2 

0 

m 
1+-2 

mi 

·E. 
I 

(4.1) 

In a typical LEIS experiment the mass and the kinetic energy of the incident ions are known 
and the scattered ions are detected at a fixed scattering angle. Therefore the energy 
distribution of the scattered particles represents a mass spectrum of the elements in the 
outermost atomie layer. 
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4.3 Scattered ion intensity 

Fora quantitative analysis of the surface composition of a material it is important to know the 
relation between the measured signal and the surface concentration. The signal intensity S; of 
the ions scattered from element i is proportional to the surface concentratien n; of element i: 

n; 

lp 
da;/dQ 
P/ 
ê 

a 

area of elastic peak, 
number of surface atoms (atoms/cm\ 
incident ion flux, 
the differential cross section for scattering from element i, 
the ion fraction after scattering from element i, 
an instromental factor including the efficiency of the detector and the 
transmission of the analyser. Fora cilindrical mirror analyser (CMA) the 
transmission is proportional to E1, 

a factor taking into accountshielding by neighbouring atoms. 

The incident ion flux can be determined by measuring the electron current that flows between 
ground potential and sample due to ions that are neutralised at the surface of the sample. The 
number of ions hitting the surface can be determined by dividing the beam current by the 
elementary charge. The differential cross section can be calculated reasonably well with a 
screened Coulomb potential, using e.g. the Moliere approximation to the Thomas-Fermi 
potential. The ion fraction p+ is defined as the number of scattered ions from the surface into 
the analyser divided by the total number of scattered particles (ions and neutrals) from the 
surface into the analyser. At the moment no theory can predict the ion fraction accurately. 

The number of atoms that can be detected by a single callision with the noble gas ions is 
influenced by physical shielding or by shielding due to neutralisation as illustrated in figure 
4.1a. Due to the repulsive interaction between incident ions and a surface atom, an area 
referred to as shadow cone exists bebind the surface atom where penetratien of the primary 
ion is impossible. This reduces the visibility of atoms in the second layer. Not only physical 
shielding by the shadow cone but also shielding by neutralisation influences the visiblity of 
atoms at the second atomie layer. A noble gas ion (before or after scattering from the target 
atom) may pass by the shadow cone of a neighbouring atom but still become undetectable 
when it is close enough to this neighbouring atom to be neutralised. On a larger scale similar 
process take place as illustrated in figure 4.1 b. 

0 
l &

~---, 
' ' I \ 

: 0 /; '- schadow cone 

...... ___ ... , ~ oo-·-
0 0 

a) 

Figure 4. I: Blocking on an atomie se ale (a) and blocking on a largerse ale (b ). The detection 
angle is representative for most LEIS experiments. 
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4.4 Quantification 

In surface science one of the most interesting parameters is the surface density n; of the 
different elements. A direct calculation of the surface density n; from equation 4.2 is not 
possible. Although the incident ion flux and the differential cross section can be determined, 
p+, E and a are in principle unknown. One way of determining the surface density is by 
measuring the signal on a calibration sample with a known surface density of element i. The 
signal can be compared with the signal from the same element on the sample of interest. If 
both samples have the same surface roughness and if they are measured under identical 
conditions, a, lp, a and E cancel out. It has been shown that in a number of cases the ion 
fraction is independent of the chemical environment (no matrix effects) in which case p+ also 
cancels out. The unknown surface density can now be calculated from: 

si,.wmple ni,sample 

si,cal ni,cal 

(4.3) 

The independenee of the ion fraction of the chemica! environment is however by no means 
the general picture. For noble gas ions the ion fraction p+ in some cases is known to be 
sensitive to the chemica! environment of the conceming surface atom. Denier van der Gon et 
al.[14] showed that this was clearly the case for ion scattering on cathodes. Therefore the 
unknown surface density must be calculated from 

si,sample n. I p+ I l ,samp e l,samp e 
(4.4) 

With equation 4.4, p+ has been linked directly to the problem of quantitative analyses and has 
therefore become an important parameter. The ion fraction p+ is determined by different 
charge exchange mechanisms between the ion and surface atom. Although different charge 
exchange mechanisms have been identified, it is not yet possible to have a universa! 
evaluation and determination of the ion fraction. 

4.5 Ion fraction p+ 

To understand more of the factors that determine p+, a qualitative description of the charge 
exchange mechanisms, given by Aono et al. [18] for He+ scattering, will be discussed. There 
are three different spatial regions where different electron exchange processes are thought to 
take place: 

1. In the outermost region where the ion-surface distance is about 5Á, resonance 
neutralisation and ionisation with the valenee band electrons of the target can take place 
as shown in figure 4.2b. These processes involve the tunnelling of an electron from the 
solid valenee band into an unoccupied state of the ion or visa versa. Their occurrence 
depends on the position of the projectile exited levels with respect to the work function 
of the substrate. It is independent of the exact ion trajectory because the resonance 
mechanism takes place fairly far away from the surface where the electron distribution is 
smooth (5Á). 
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2. In the intermediate region where the ion surface separation is -2À, the ion core orbitals 
overlap appreciably with the valenee electron cl oud of the target and Auger neutralisation 
becomes dominant. An Auger neutralisation process involves two electrans from the 
solid valenee band. One electron is filling the ground state of the noble gas ion which 
releases enough energy to emit another electron above the vacuum level as shown in 
figure 4.2a. The ion fraction depends on the exact ion trajectory. 

3. At very short ion surface separation ( <0.5À), core level quasi resonant charge exchange 
between the target core level and the projectile ground state level is possible as shown in 
figure 4.2c. This is a rather special phenomenon which is realised only when the surface 
atoms have an energetically favourable level. Quasiresonant behaviour in He+ ion 
scattering was found for elements which have a d level within ± 10 e V of the He ground 
state (24.6 eV) such as Sn and In [19] and can easily be recognised by the oscillating 
LEIS signal with energy. 

Radiative neutralisation as shown in figure 4.2d is excluded from discussion since its 
transition rate is much smaller than those of other mechanisms. 

(a) (b) (c) (d) 

Figure 4.2: Possible neutralisation mechanisms of nobel gas ions at solid surfaces 

Usual target materials have work functions of about 4.5 eV. The excited levels of He+ ions 
are below the Fermi level of the target material thus one might conclude that valenee level 
resonance neutralisation can occur. However, when an ions approaches a target material, 
energy level shift and broadening due to interactions of the ion energy levels and the surface 
valenee band occur. Therefore, it is not possible to determine, simply from the energy levels 
of a free ion relative to the surface valenee band, which neutralisation process is dominant. 
As discussed by Woodruff [ 19] the excited state of He crosses the typical Fermi level ( 4.5 e V 
work function) some 12 À from the surface and is 0.5 eV above this levelsome 6 À away 
from the surface. This suggests that resonant neutralisation does not occur for target materials 
with work functions of about 4.5 e V 

For target materials with a work function less than 2 e V resonant charge transfer between 
excited levels and the target valenee band seem plausible, also when the energy level shift is 
taken into account. Also an Auger neutralisation process between the valenee band and 
excited levels of the ion becomes possible. In the case of Auger neutralisation the excited 
state should, during the encounter, be more than 4 eV (2<p) below the vacuum level. It is 
expected that these extra neutralisation mechanisms that become possible will reduce the ion 
fraction. 
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Indeed a decrease of the ion fraction by lowering the work function has been observed by 
Beckschulte et al. for Ne+ ion scattering on Cs on Ni(lOO) [20]. It was concluded that Auger 
neutralisation is the major neutralisation mechanism but that the additional neutralisation is 
caused by aresonant charge transfer between the excited levels of Ne and the valenee band. 
The lowering of the ion fraction was also observed by Denier van der Gon et al.[14] for He+, 
Ne+ and Ar+ ions on low workfunction cathodes. They also concluded that Auger 
neutralisation is the dominating process. The extra neutralisation however was not only 
contributed to resonant charge transfer from the valenee level to the exited levels of the ion 
but also to Auger processes between the valenee band and the excited levels of the ion. 

As mentioned in the previous paragraph, in a number of cases the ion fraction is independent 
of the chemica! environment. This means that in these cases the lower energy levels are 
responsible for the charge exchange processes instead of the valenee band and the ion ground 
state or excited levels. This has been demonstrated for systems such as Al-Ah03• 

Several models have been developed to describe the charge exchange mechanisms as 
discussed above. The conventional theory for charge transfer is based on the solution of the 
time dependent Anderson model [21]. A model that approximates the ion fraction fitting 
experimental results has first been proposed by Hagstrum [22], later refined by Godfrey
Woodruff [23]. In this thesis the latter approach is used. 

4.6 The Hagstrum model 

Hagstrum stuclied the neutralisation probability at metallic surfaces. He showed that the ion 
fraction depends exponentially on the ion velocity perpendicular to the metal surface and a 
characteristic velocity Vc : 

(4.5) 

In the theory Hagstrum developed, vc is determined by the exponential decay of the ion
surface interaction with distance (the wave functions descrihing the ion and surface decay 
exponentially in the vacuum), and a constant dependent on the neutralisation probability. The 
vc is characteristic for the metal ion system under consideration and determine the ion 
survival probability, tagether with the total interaction time which is determined the ion 
velocity. At me tal surf aces, the electron density can be considered homogeneous. Therefore 
Hagstrum assumed that only the distance and ion velocity perpendicular to the metal surface 
determine the ion fraction. 

4. 7 The Godfrey-W oodruff model 

Godfrey and Woodruff found an angular dependenee of the characteristic velocity which is 
not predicted by the Hagstrum model. Therefore they refined the Hagstrum model by 
proposing a local model for the neutralisation instead of consirlering the electron density as 
homogeneous. The ion fraction depends now on the magnitude of the veloeities rather than 
on their components perpendicular to the surface: 

(4.6) 
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The Hagstrum and Godfrey-Woodruff models are limiting cases of the unified model by 
Verbist et al. [24] which describes the neutralisation process fora periadie array of atoms as 
illustrated in figure 4.3. A detailed outline of the theory goes beyond the scope of this thesis. 

a) 

b) 

c) 

Figure 4.3: the Godfrey-Woodruff(a) and Hagstrum model (c) as limiting cases ofthe model 
by Verbist et al.(c). 

In time-of-flight (TOF) experiments, the ion fraction can be measured. In the TOF analyses a 
pulsed ion beam strikes the target and the scattered particles travel to a detector which detects 
bath i ons and neutrals. The contribution of ions and neutrals can be separated by deflecting 
all i ons out of the beam. Since we cannot do TOF analyses, the Hagstrum or Godfrey-
W oodruf model will be used to de termine the ion fraction. 

4.8 Determination of p+ by experiments 

Hagstrum and Godfrey-Woodruff expressed the unknown neutralisation behaviour of an ion 
colliding with a surface atom in a characteristic velocity Vc. With known Vc the ion fraction 
can be determined. How todetermine the vc predicted by the Godfrey-Woodruffmodel is 
outlined below. The vc using the Hagstrum model can be obtained by replacing the veloeities 
with its component perpendicular to the surface. 

To obtain the characteristic velocity, the measured LEIS signal according to equation 4.2 will 
be expressed in termsof vc by substituting equation 4.6 for P+. When the naturallogarithm is 
performed on bath sides, this leaves 

ln(s/)=ln(1 ;; .J=-vc(+-+-
1 

]+ln(n;ae) (4.7) 
p J a, tn V out 

This equation shows that if we vary the interaction time and measure the signal s*, the vc can 
be determined from the slope as illustrated in figure 4.4a. The reason why the peak area has 
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to be divided by the final energy is discussed in appendix A. The interaction time is varied by 
Ei and ln(naê) is constant. The differential crosssectionis calculated for different energies 
using the Moliere approximation to the Thomas-Fermi potential. Using vc the ion fraction can 
be determined. The ion fraction is plotted as a function of the initia! energy of the ions in 
figure 4.4b. 

4 

1 
1.0 

a) 

vc = 3.12 

0.0 
10·3 

2.0 

Figure 4.4: a) Determination ofthe neutralisation constant Vc using the Godfrey-woodruff 
modelfor Ne+ scattering on Os/Ru M-cathodes b) The ionfractions calculated using the Vc 

determined infigure (a). 

Some general remarks about the Hagstrum and Godfrey-Woodruff mode Is: 

1. The determination of the ion fraction, is based on the following assumptions: 
• The ion fraction p+ is well described as a function of energy by the Hagstrum or 

Godfrey-W oodruff model over the measured energy range and v c,i is a constant for 
a given ion-surface atom combination. This implies one neutralisation process is 
dominant (see appendix B). 

• All atoms have the same visibility in the measured energy range. 
• The energy dependenee of the instromental factor is only determined by the 

transmission of the CMA (proportional to E1). 

2. An observation of straight lines in the investigated energy range is only a partial 
validation of the used model. The roodels give no guarantee about the absolute value of 
the ion fraction. 

3. When LEIS experiments are performed with a fixed scattering angle it is not possible to 
distinguish between the Hagstrum and Godfrey-woodruff model. In both cases a straight 
line is found. The roodels only differ in the resulting absolute values of Vc .All observed 
trends and determined surface compositions using equation 4.4 will stay the same. 
Therefore in this work the more common Godfrey-Woodruff model will be used. B y 
substituting equation 4.6 in 4.4 arelation between the ion fraction and vc of two different 
samples is obtained: 

The Llvc=vc,rVc,I is a measure for the relative ion fraction of two samples. 
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Experimental 

5.1 Introduetion 

The LEIS experiments have been carried out in the ion scattering set up the Mini Mobis. In 
this chapter a general description of the Mini Mobis, including some special features for 
catbode measurements will be given. 

5.2 Mini Mobis 

The Mini Mobis is a ultra high vacuum (UHV) system with a base pressure in the low 1 o·9 

mbar range. During measurements the pressure increases to the low 1 o·8 range due to noble 
gas influx and evaporation from the catbode surface. The primary noble gas ions He+, Ne+ or 
Ar+, are mass selected, focused and accelerated perpendicular onto the target with a 
maximum energy of 5keV. Only ions backscattered at a fixed scattering angle of 136° are 
accepted by the analyser. 

ion beam 

inner cylinder 

outer cylinder 

target 

Figure 5.1: Schematic representation of the cylindrical mirror analyser ( CMA). 

The analyseris a cylindrical mirror analyser (CMA). In figure 5.1 a schematic representation 
of the CMA is given. The CMA consistsof two concentric cylinders, the inner cylinder is 
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grounded and the outer cylinder is set at a positive potential. The adjustable electric field 
between the cylinders selects ions with a specific energy pass through the discriminator slits 
of the CMA. The fini te size of the discriminator slits causes a finite energy range to be 
transmitted by the CMA. The detector is positioned behind the discriminator slits. By 
connecting the front side of the detector to a negative potential, the energy selected ions are 
accelerated before they hit the detector. Therefore the detection efficiency increases and the 
energy dependenee of the detectors decreases. The detectors used in the Mini Mobis set up 
are micro channelplates. The working mechanism and the determination of the energy 
dependenee of the channel plates are discussed in appendix C. All measurements have been 
corrugated for the energy dependenee of the channel plates. 

In LEIS investigations sample dimensions usually are larger than 5 mm. The diameter of the 
cathode pellet is only 1 mm. Investigating the cathode surface with LEIS therefore requires a 
narrow incident ion beam and a possibility to accurately position the catbode under the ion 
beam. The Mini Mobis satisfies both requirements. The FWHM of the ion beam profile is 
0.12 mm2 (see appendix D) thus the incident ion beam only hits the cathode surface. In order 
to fulfil the second requirement, the set up has an accurate positioning mechanism with an 
accuracy of 50 J.lm in both x and y direction. In addition the carrousel height and therefore the 
position of the cathode in z direction can be changed with an accuracy of lOJ.lm. 

5.3 Cathocles 

The measurements are performed on a commercially available Philips B-type cathode as 
described in chapter 1. Also B-type catbodes with the surface covered by a metallayer of 
approximately 300 nm have been investigated. These catbodes arealso referred to as M-type 
cathodes, or Philips I type cathodes. The metallayer is composed of Re, Ir, Pt or a mixture of 
Os (80% )/Ru (20% ), resulting in a total of five different kinds of cathodes. Cathades with a 
metal top layer of Re, Ir or Pt have been especially prepared by PFL-Aachen either via 
sputter deposition or by Laser Ablation Deposition (LAD) on standard Philips B-type 
cathodes. Before the catbodescan be stuclied at their operating temperature of 1030 °C, the 
cathode has to be activated. This activation procedure is required to remove oxidising gases 
from the surface and from the near monolayer of Ba-0, and usually require the cathode to be 
held at T >Top for halfan hour. After the activation procedure the cathode is set at its 
operating temperature, by regulating the cathode heater current to 109 mA. 

To obtain a high workfunction surface the cathode was poisoned with oxygen by an exposure 
of 30 Langmuir (1 Langmuir = p*t [10.6mbar*s]) in the UHV chamber. This was done at 
room temperature (RT) because oxygen doesnotstick at operating temperature. From former 
experiments the work function of the poisoned cathode surface is estimated to be 4.4 +1- 0.7 
eV [25]. 

5.4 Emission measurements 

The work function of a cathode can be determined by emission measurements as described in 
§ 3.4. An emission measurement also gives the possibility totest if the cathode has been 
damaged during LEIS experiments. To be able to perfarm emission measurements, a 
Tantalum anode (10x10 mm) is mounted in the vacuum chamber above the carrousel. With 
the cathode positioned under the anode (diode configuration, typical distance 250 J.lm), a 
voltage can be applied to measure the I-V curve. As a continues voltage would overlaad the 
cathode, a pulsed voltage is used. The voltage rises linear from 0 to 1600V and drops back to 
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zero in 5,10,50 or lOOJ..ls with a maximum current of SA. This voltage can be applied as a 
single shot or with a frequency of 50Hz. 

In normal catbode research the I-V curve is plotted on a logarithmic scale. This gives a clear 
picture of the space charge region. The emission measurement is completely automated and 
all I-V curves are acquired with the aid of a digitising scope which is read out by the 
computer system. In order to have a uniform distribution of data points on the logarithmic 
scale, the voltage and current are amplified logarithmically. With the aid of the I-V plot the 
work function of the catbode can be determined using the Richardson equation as discussed 
in§ 3.4. Using this methad the work function can be obtained with an accuracy of ±0.02 eV 
as discussed in appendix E. 
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Methad 

6.1 LEIS spectra 

Typical LEIS energy spectra of aB-type catbode at operating temperature, obtained using 5 
keV He+, Ne+ and Ar+ ions are shown in figure 6.1. The peaks in the spectrum are caused by 
backscattering from Ba and W. The final energies after these scattering events, as predicted 
by the binary collisionmodel (equation 4.1), are indicated as well. An elastic binary collision 
with one surface atom should result in a infinitely narrow peak at the predicted position. 
However a measured LEIS spectrum deviates from this ideal spectrum due to: 

• Inelastic effects such as excitation, ionisation and secondary electron emission, causes 
peak shifts to lower energy. Therefore the predicted peak position is on the high energy 
si de of the measured LEIS peak. 

• Multiple scattering in combination with inelastic effects gives rise to low energy tailing, 
most prominent in measurements using He+. In genera!, the neutralisation of the primary 
ions is very high, so the ion fraction after multiple scattering is (almost) zero. 
Reionisation of neutralised noble gas ions can occur however above a certain threshold 
energy, depending on the surface atom [18] 

• Small differences in angles of incidence for the ions in the primary ion beam and the 
fini te acceptance angle of the analyser, cause a spread ~e in scattering angle e. 
According to equation 4.1 this results in a spread in final energy ~f. Also Inelastic 
effects and vibrational motion of the surface atoms causes the peak width to increase. 
The peak width increases with energy and mass ratio r=m;0 r/msurface atom· 

A limited mass resolution is responsible for the peak overlap in He+ scattering as shown in 
figure 6.1. In general a good mass resolution can be obtained with a large scattering angle and 
a large mass ratio r. A large r however also increase the peak width. Apparently there is an 
optimal r for the maximum mass resolution. With Ne+ ions a good mass resolution is 
obtained. 

The peak area in a LEIS energy spectrum is used as the signal intensity. It will be clear that 
the effects mentioned above complicate the deterrnination of the peak area. In all cases a 
linear background is subtracted. 

6.2 Beam current measurement 

As a result of the high neutralisation probability for ions at the surface, a sample becomes 
positively charged during LEIS measurements if it is not properly grounded. Assuming every 
ion that hits the surface is neutralised by an electron, a current flows from ground potential 
into the sample, the so called ion beam current lp. Deviding the ion beam current by the 
elementary charge e gives the number of ions that hit the surface per second. The total 
number of i ons that hit the surface per unit area is called the ion dose. The LEIS signal 
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Figure 6.1: LEIS energy spectra of aB-type cathode using (a) 5 keV He+ ions, (b) 5 keV Ne+ 
ions, and (c) 5 keV Ar+ ions. The predictedfinal energies obtainedfrom the binary callision 
model (with scattering angle fJ=l36°) are indicatedfor Ba and W. 
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intensity is proportional to the number of i ons hitting the surface and therefore proportional 
to the ion beam current as mentioned in § 4.3. 

During an ion atom collision secondary electrons are produced. These secondary electrons 
escape from the sample to the vacuum and contribute unwanted to the ion beam current. 
These electrons can be prevented to escape by raising the potential harrier between the 
sample and vacuum. This is realised by placing the sample on a negative potential of 20 V. 

If a catbode is at operating temperature the extra potential harrier of 20 V is not enough to 
prevent the thermionic electrons from escaping. Therefore the ion beam current is always 
measured on a cooled down cathode. This is not a problem since the small size of the catbode 
enables it to cool down and warm up in less than a minute. 

A low ion beam current results in a low peak intensity but only few damage is expected. At 
high ion beam current the result is the opposite. Apparently there is an optima! ion beam 
current which is a campromise between signal and inflicted damage. 

6.2.1 Optimal ion dose 

During a LEIS experiment, a large number of i ons collide with the surface atoms. As a 
consequence, some of these surface atoms will be sputtered from the surface. In case of a 
catbode at operating temperature, the sputtered Ba-0 is replenisbed continuously from the 
bulk. The replenishment from the bulk is limited in speed. The ion beam current should 
therefore be low enough to allow a balance between the removing and replenishing of the Ba-
0 in the surface layer. This way only few damage is inflicted on the catbode surface during a 
LEIS measurement [29]. 
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Figure 6.2: Energy spectrum of 3 keV Ne+ on Os/Ru M cathode measured with different ion 
beam currents at OT. The measurement at higher ion do se is shifted upwards for clarity. 
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The normalised energy spectrum with respect to the ion beam current of an Os/Ru toplayer 
cathode, measured with different ion beam currents is shown in figure 6.2 At low dose hardly 
any Os and Ru are visible. When the beam current is raised more Os and Ru are visible in the 
energy spectrum. Apparently the beam current is too high. No change has been observed at a 
beam current < lnA. All measurements are performed at an ion beam current of 
approximately 0.5 nA unless mentioned otherwise. 

6.3 Cathode eperating temperature 

Due to the Ba-0 replenishment it is possible to scan the energy range without inflicting 
damage to the surface. For the Ba-0 replenishment to be fast enough, during the 
measurement the catbode must be at its operating temperature. To make sure the temperature 
has no influence on the LEIS signa!, the Ba peak intensity has been measured at room and 
operating temperature. The result is shown in figure 6.3. Apparently the ions are not 
neutralised in the electron cloud emitted by the catbode at operating temperature. The 
influence of the shift in chemica! potential due to the higher temperature on the neutralisation 
can also be neglected. Therefore all measurements will be performed at operating 
temperature unless mentioned otherwise. 
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Figure 6.3: Ba peak intensity at room and operating temperature measured using 3 keV Ne+ 
on B-type cathode. 
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Quantification in LEIS 

7.1 Introduetion 

The LEIS signal in catbode studies is not simply determined by the number of surface atoms 
present. As discussed in § 4.3, the LEIS signal is also determined by factors which are 
difficult todetermine like surface roughness and ion fraction. By camparing the LEIS signal 
of a reference sample with the catbode signal, the surface roughness and ion fraction do not 
necessarily cancel out. This complicates quantitative analyses fortheLEIS technique. 
Assuming a reference sample is at hand with the same surface roughness as a cathode, the 
influence of the difference in work function between the catbode and reference sample on the 
LEIS signal remains uncertain. However, the characteristic velocity vc as discussed in chapter 
4 can be used to quantify the influence of the catbode work function on the ion fraction. 

The goal of this chapter is to evaluate whether this standard LEIS quantification metbod can 
be used for studying low work function catbode surfaces, and to gain more insight in the 
relevant neutralisation processes. For this purpose the influence of the work function of the 
B- and M-type catbodes on the LEIS signal will be investigated. To illustrate that the LEIS 
signal can greatly be influenced by the work function of the cathode, the following example 
IS gtven: 

The LEIS spectrum using Ne+ noble gas i ons of a B-type catbode at operating temperature 
is shown by the dotted line in figure 7.1a. Only the energy range containing the Ba and W 
peak is shown. Noother elements are visible in the spectrum. After cooling down the 
catbode to room temperature it is exposed to oxygen (30 Langmuir) from bere on referred 
to as the poisoned cathode. The oxygen is expected to shield at least part of the surface 
atoms. The peakintensity of Ba and Wis therefore expected to decrease. However as 
shown by the solid line in figure 7 .la, the peak intensity of both the Ba and W peak 
mcreases. 

The spectra measured with He+ show that oxygen is clearly visible at the poisoned 
catbode (figure 7.1b, solid line). In contrast, the spectrum at operating temperature shows 
no oxygen at all (figure 7.1b, dotted line). Again the intensity ofthe Ba and W peak is 
higher at the catbode that has been exposed to oxygen. 

The signal increase instead of the expected decrease, suggests that the ion fraction for 
scattering on Ba and W atoms has increased due to the adsorbed oxygen. As discussed in 
§ 4.5, a change in ion fraction might be due toa change in work function, enabling 
different charge exchange processes between the ion and substrate. Indeed the work 
function of the catbode increases about 2.4 e V due to the adsorbed oxygen. Therefore it is 
concluded that the change in ion fraction is caused by the change in work function. This is 
in agreement with observations of Marrianet el.[3] and Denier van der Gon et al.[14]. 
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Figure 7.1: LEIS spectra of aB-type cathode at operating temperafure ( 1030 °C) and at 
room temperature. The cathode at room temperafure has been exposed to oxygen ( 30 
Langmuir). The spectra are obtained using 3 keV Ne+( a) and 3 keV He+(b). 

This example clearly shows that the influence of work function changes on the LEIS signal 
(ion fraction) can not be neglected. The difference in work function of the investigated B
and M-type cathorles is maximalabout 0.2 eV, much smaller than the 2.4 eV for the example 
sketched above. Therefore, first it will be investigated whether the difference in work 
function of about 0.2 e V does influence the LEIS signal or that it can be neglected for 
quantitative analyses. The characteristic velocity vc will be used as a parameter to quantify 
the influence of the cathode work function for ion scattering from Ba, from here on referred 
to simply as ion fraction. Remember that an increase in vc means a decreasein ion fraction 
i.e. an increase in neutralisation probability. 

The observed behaviour of the ion fraction as a function of the cathode work function will be 
attributed to possible charge exchange mechanisms. However, due to the complexity of 
charge exchange mechanisms, the suggested charge exchange mechanisms are merely an 
indication of what might happen. 

7.2 Influence of cathode work function on LEIS signal 

To quantify the influence of the cathode work function on the ion fraction, the vc has been 
determined for the B- and M-type cathorles as well as the poisoned B-type cathode, using 
He+, Ne+ and Ar+. The M -type cathorles have surface metallayers of Re, Os/Ru, Ir or Pt as 
discussed in§ 5.3. These cathorles have work functions <p =1.93 eV, <p=1.85 eV, <p =1.89 eV 
and <p =2.03 eV respectively. The work function ofthe B-type cathode is <p =2.05 eV. The 
work functions have been determined from emission tests as described in § 3.4. 

To demonstrate that the measured data can bedescribed with a constant vc in the measured 
energy range, the ln(S*) is plottedas a function of 1/vi+llvdn figure 7.2 for Ne+ scattered 
from Ba for three cathorles with different work functions. The measured data is well 
described as a function of energy by the constant Vc, and it is clear that different slopes, i.e. 
different vc values, are found for different work function surfaces. 

All vc have been measured with a beam current of approximately 0.5 nA. Equal results are 
obtained with a beam current of 0.1 nA. Therefore it is concluded that the beam current has 
no influence on the measured values of Vc. 
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Figure 7.2: Determination ofthe neutralisation constant vcfor Ne+ scatteredfrom Ba on a B
type, a poisoned B-type and an Os/Ru M-type cathode. The Vc values are determinedfrom the 
slopes of the linear fits through the data. 

The vc obtained from cathocles with different work functions is shown in figure 7.3. The 
uncertainties are the standard deviations from the fit through the data points. The uncertainty 
in the He+ results is larger than the uncertainty in the Ne+ and Ar+ results due to the overlap 
of the Ba and W peak. Some vc have been measured more than once. This also gives an 
impression of the uncertainty in Vc. Por the determination for the vc using He+ as primary ion, 
the peakheight instead of the peak area has been used. This only influences the absolute value 
of the vc. All observed trends remain the same. Figure 7.3 shows: 

1. The vc increases with decreasing work function for He+, Ne+ and Ar+. 
2. The Llvc is a measure for the ratio of the ion fractions for ion scattering from different 

cathodes, as discussed in paragraph 4.8. Within the error, the Llvc relative to the Vc of the 
B-type cathode is the same for He+, Ne+ and Ar+. The Llvc for He+, Ne+ and Ar+ is plotted 
in figure 7 .4. 
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7.2.1 Discussion 

The increase in Vc for the Os/Ru cathode relative totheB-type cathode clearly demonstrates 
that the change in ion fraction due to the cathode work function change of 0.2 eV, can not be 
neglected for quantitative LEIS. The change in vc is about 0.7·105 mis for He+, Ne+ and Ar+. 
The ratio of ion fractions can be determined from equation 4.8. For example for 3 keV Ne+ 
the ion fraction for the B-type catbode is about 2.5 times higher than the ion fraction for the 
Os/Ru M-type cathode. 

The change in vc fortheB-type cathode relative to the poisoned B-type cathode is about 
1.1·1 05 mis. The accompanying change in work function is much larger (2.4 e V) than the 
change in work function between the B-type and Os/Ru cathode, which results in almost the 
samechange in vc of 0.7·105 mis. This suggests that more charge exchange mechanisms are 
possible in the work function range 1.85-2.05 eV compared with the work function range 
2.05-4.4 eV. 

A change in work function influencing the neutralisation probability suggests that the charge 
exchange between shallow energy levels of the ion and substrate are responsible for the 
enhanced neutralisation. Deeper energy levels are not influenced by a change in work 
function. The same ~vc (relative to the Vc of the B-type cathode) for He+, Ne+ and Ar+ 
indicates that the neutralisation probability has increased with the same factor for the 
different noble gas ions. 
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The extra neutralisation processes that are expected to take place at low work function 
surfaces (- 2eV) like Cs on Ni(lOO) and Ba-0 onWare discussed in§ 4.5. In genera!, an 
additional Auger process and resonance charge exchange between the substrate valenee band 
and the excited levels of the ion are thought to be responsible for the increased neutralisation 
probability due to the decrease in catbode work function. Due to the reduction of the catbode 
work function, more states are available in the substrate valenee band from which an electron 
can be released to the energy levels of the ion, hence the neutralisation probability increases. 

7.3 Correction of the sputtered Ba signal for the relative ion 
fraction 

As illustrated in the previous paragraph, the change in ion fraction for the B-type catbode 
relative to the Os/Ru M-type catbode is too large to be neglected when doing quantitative 
analyses in LEIS. A small difference in catbode work function results in a considerable 
change in ion fraction. The ratio of ion fraction fora catbode and reference sample (with the 
same surface roughness) as determined from the v c can be used to corrugate for the difference 
in ion fraction. As mentioned in § 4.8, using the Hagstrum and Godfrey-Woodruff model 
both result in the same ratio of ion fractions. The experiment described in this paragraph will 
be used to determine whether the ratio of ion fractions is predicted well by the Hagstrum and 
Godfrey-Woodruff model. Also the relevant neutralisation processes which are thought to 
occur will be discussed. 

7.3.1 Sputter experiment 

In a LEIS experiment the primary ion beam may be used to sputter Ba from the surface and 
simultaneously monitor the Ba coverage. When the catbode is cooled down to room 
temperature the Ba is no longer replenisbed from the bulk. Monitoring (=sputtering) the Ba 
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Figure 7.5: Height of Ba, Wand background signa/ as a function of sputter time at the 
cooled down cathode, using a 3 keV defocused Ne+ beam. 
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coverage during a certain time period is expected to result in a decreasing Ba signal. 
However, as shown in figure 7 .5, initially the Ba signal increases. Th is is caused by an 
increasing ion fraction due to an increasing work function during the sputter process [14]. 
The work function increases due to the reduced amount of Ba-0 at the surface and possibly 
the disordering of the Ba-0-W surface structure. 

To quantify the influence of catbode work function changes on the ion fraction during the 
sputter process, the vc has been determined after sputtering for different time periods. For 
these measurements, the ion beam is used in two ways. First with a high ion dose, the ion 
beam is used to sputter particles from the surface. Then with a low ion dose, the ion beam is 
used to determine the Ba and W signal intensities in the energy spectrum. This ion dose is 
such that the change in Ba signal during one energy scan due to sputtering is negligible. In 
order to validate that the Ba-0 coverage is the same for each energy scan regarding one vc, 
the catbode is heated (to reeover from the previous sputter experiment), cooled down (no Ba-
0 replenishment) and sputtered for the sametime period, between each energy scan. The 
sputter process was performed with a defocused 3 keV Ne+ beam to obtain a uniform 
sputterprofile (Appendix D). The sputter process foliowed by the energy scan gives 
reproducible Ba signals. The vc as a function of sputtertime for Ba and Wis shown in figure 
7.6. 
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Figure 7.6: The characteristic velocity vcfor Ba and Was a function of sputtertime. 
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7.3.2 Discussion 

The initially increasing background (the amount of signal caused by reionisation after 
scattering from deeper layers) as illustrated in figure 7.5 becomes constant afterabout 300 
seconds, while the Ba signal is still decreasing. This indicates that the background signal is 
independent of the Bacoverage and thus depends only on the ion fraction. Apparently, the 
ion fraction becomes constant after 300 seconds. Indeed, the measured Vc as illustrated in 
figure 7.6 also becomes constant at roughly the same sputter time. The steep increase in the 
W signal in figure 7.5 can be explained by the increase in work function. The visible amount 
of W increases due to the decreasing amount of Ba-0 at the surface. Due to the increase in 
ion fraction the W signal increases even faster. 

To determine whether the ratio of ion fractions is predicted well by the Hagstrum or Godfrey
Woodruff model, the initially increasing Ba signal during the sputter process is corrected for 
the change in ion fraction. The correction is performed on the Ba peak area instead of the Ba 
peakheight (figure 7 .5) because then the background subtraction can be performed more 
accurate. The Ba peak area as a function of sputter time is shown in figure 7.7 (filled circles). 
The change in ion fraction can be determined from the measured change in vc. As shown in 
figure 7.6, the Vc first decreases and then becomes constant. The Ba peak area at high Ba-0 
coverage is corrected for the change in Vc relative to the constant value of vc at low Ba-0 
coverage, according to equation 4.8. Using this method, the Ba peak area for constant ion 
fraction is obtained from the Ba peak area for changing ion fraction. The Ba peak area for 
constant ion fraction should be proportional to the Ba coverage. The results are shown in 
figure 7. 7 on a half logarithmic scale. The Ba coverage is expected to decay exponentially 
during the sputter experiment i.e. a straight line in figure 7.7. However the influence of 
oxygen on the sputter process is unknown. Therefore a deviation from a straight line does not 
necessarily indicate a wrong correction of the Ba signal. 
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Figure 7. 7: The measured Ba peak area and the Ba peak area adjusted for the change in ion 
fraction during the sputter process, according to the Hagstrum or Godfrey-Woodruffmodel. 
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As shown in figure 7.6, the vc for ion scattering from Ba decreases initially with Bacoverage 
and than becomes roughly constant. During the sputter experiment the work function of the 
catbode increases as discussed in § 7.3 .1. Therefore less states are available in the substrate 
valenee band from which an electron can be released to the energy levels of the ion, hence 
the neutralisation probability decreases. Perhaps resonant charge transfer between the Ne 3s 
level and the valenee band of the substrate is possible at high Ba-0 coverage but not at low 
Ba-0 coverage due to the increased work function. 

The vc becomes constant while the amount of Ba still decreases. An explanation would be 
that the resonant neutralisation due to the high work function is not possible anymore. The 
remaining Auger process to the ground state of the ion is not influenced by the change in 
work function because the change in work function is much smaller than the total energy 
difference between the relevant energy levels. 

In the beginning of the sputter process the W atoms are to a large extent positioned under the 
Ba and 0 atoms. The shadow cone as discussed in § 4.3 becomes wider with decreasing ion 
energy. Shielding by neutralisation is also expected to be more effective at low energies. 
Botheffects increases the vc for W (the slope in the ln(S*) vs 1/vi+ llvr plot increases due to 
the decreasing value of ln(S*) at low energy). The exact influence of physical shielding and 
the shielding by neutralisation on the Vc for ion scattering from W atoms is on the rough 
catbode surface is unknown. However, the similar behaviour of the Vc (first decreasing, then 
constant) of Ba and Was a function of sputter time, suggests that both vc 's are determined by 
similar processes. Therefore it is assumed that the observed Vc for Wis determined mainly by 
a change in catbode work function during the sputter process and that shielding by the Ba-0 
atoms is not dominant. 

The absolute difference in Vc for Ba and W indicates that the charge exchange processes are 
localised. For localised charge exchange the absolute difference in v can be explained by a 
different local density of states near Ba and W atoms. Assuming that the neutralisation 
probability is not dominated by charge exchange between deeper energy levels, global charge 
exchange processes can not explain the observed difference in v for Ba and W. The charge 
exchange processes would be determined by the average density of states and therefore be the 
same for Ba and W atoms. Probably the local density of states near the Fermi level is higher 
for W (d-level) than for Ba which can account for the higher vc for ion scattering from W. 

The relative change during the sputter process is probably caused by a change in work 
function. When the Bacoverage decreases the work function increases. The Fermi level 
changes with the same amount near the Ba and W atoms. If the local density of states near the 
Fermi level for both elementsis without gaps (which is usually the case for metals), the 
relative change in local occupied density of states due to the change in work function might 
be roughly the same for both atoms. This explains the observed similar behaviour for the 
change in v for Ba and W during the sputter process. Also the experiment described in the 
introduetion of this chapter showed the same increase for the Ba and W signa! due to the 
adsorbed oxygen. Again this might be explained by the change in work function caused by 
the oxygen adsorption which results in a change in local occupied density of states which is 
merely the same for Ba and W. The absolute difference in work function can be understood 
with different local density of states for Ba and W. 

Concluding, the absolute difference in v for different elements indicates that charge exchange 
processes are localised. The relative change due toa change in work function does not 
necessarily reflect this behaviour. A change in local occupied density of states due to a 
change in work function can be roughly the same for different elements (no gaps). 
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Conclusions and recommendations 

In this work it is shown that it is possible to study commercially available catbodes with 
LEIS. It is found that the LEIS signa! is greatly influenced by the catbode work function. 
With decreasing work function the neutralisation probability increases. This was shown with 
Vc measurements on differentB-andM-type cathodes. The increasing neutralisation 
probability is attributed to extra charge exchange mechanisms that become possible between 
the ion and the valenee band of the cathode. 

The vc 's that have been determined for different types of catbodescan he used to quantify 
the relative amount of Ba at the surface of the cathode. However first the influence of the 
surface roughness on the LEIS signa! must he known. The influence of the surface roughness 
on the LEIS signa! can he determined by adsorbing a few monolayers of Ag on the surface of 
the cathode. The LEIS signal can then he compared with the LEIS signal from a Ag sample 
with a smooth surface. The work function is expected to he the same on both surfaces 
because justas is the case for Ba adsorption on W, the bulk work function value is reached 
by adsorbing a few monolayers. The change in surface roughness of the catbode due to the 
thin Ag layer is thought to he negligible. 

During a sputter process, initially the Ba signal increases instead of the expected decrease. 
This is attributed to a change in work function due to the decreasing amount of Ba at the 
catbode surface. The increasing Ba signal was corrugated for the increasing ion fraction. This 
was expected to give information of the quantification metbod used in LEIS. However, due to 
the present oxygen it is uncertain how the Ba coverage decreases during the sputter process. 
For this purpose it is better to use a model system to adsorb Ba on a W surface in a controlled 
way without oxygen. 

The absolute difference in neutralisation probability for Ba and W indicates that the 
neutralisation processes are localised i.e. the neutralisation probability is influenced by the 
local density of states. The similar change in neutralisation probability during the sputter 
process for Ba and W is attributed to the change in work function resulting in a more or less 
the samechange in occupied local density of states for Ba and W. 
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Appendix A 
v c : peak area or peakheight 

According to equation 4.2, the peak area is proportional with the energy. This is caused by: 

• different angles of incidence for the i ons in the primary ion beam, 
• the finite acceptance angle of the analyser. 

Clearly, when determining Vc, we have to correctforthese effects because the proportionality 
of the peak area is simply a machine property. 

Both the finite acceptance angle of the analyser and the different angles of incidence for the 
ions in the primary ion beam, cause a spread ó8 in scattering angle e. According to 4.1 this 
results in a spread in final energy Lllif proportional to the initia! energy of the ion (Lllir-Ei) for 
fixed scattering angle and mass ratio of ion and surface atom. However an increasing peak 
width does not necessarily mean an increasing peak area. In what way both effects cause the 
peak area to be proportional to the final energy will be discussed below. 

Important aspects for the following discussion: 
• The final energy is according to 4.1 proportional with the initia! energy. Therefore simply 

the energy E instead of Ef or Ei is used. 
• The peak area is assumed to depend only on the energy. The other contributions of 

equation 4.2 to the peak area are neglected. 
• After the background has been subtracted the shape of a peak in the LEIS spectrum can 

be fitted by a Gaussian curve. Fora Gaussian curve the area is given by A=(2n) 112hcr 
where h is the peakheight and cr the standard deviation proportional to the peak width Llli 
thus A-h Llli. 

• the influence of inelastic effects and vibrational motion of the surface atoms on the peak 
width will be neglected. 

A.l Peak area 

As mentioned before, both the finite acceptance angle of the analyser and the different angles 
of incidence for the ions in the primary ion beam, cause a spread ó8 in scattering angle e. To 
understand that the peak area is proportional to the energy, and not only the peak width as 
suggested by equation 4.1, both contributions to ó8 have to be separated. 

In the left part of figure A.1, the acceptance angle of the analyser is assumed to be infinitely 
small. Due to the differences in incident angle of the i ons, the two peaks in the LEIS 
spectrum are not infinitely narrow, as is suggested by neglecting the influence of inelastic 
effects and vibrational motion of the surface atoms . As mentioned before the peak width is 
proportional with the energy. Therefore going from energy E to 2E, the peak width doubles 

. and the peakheight reduces from 2 to 1. The area is the same at both energies because the 
number of scattered particles is the same. 
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Figure A. I: The peak width in a LEIS spectrum is proportional to the energy. Therefore the 
peakheight decreases with energy because the number of scattered particles remains the 
same (a). The analyser accepts particles within a small energy range. The width dof the 
window increases with energy resulting in the same peakheight for different energies (b ). 
Consequently the peak area is proportional with energy. 

If the acceptance angle of the analyser is no longer assumed to be infinitely small, while 
scanning the energy range, it accepts ions within a small energy window instead of i ons with 
one exact energy. At energy E the energy window is pictured as the bar with width d. Wh en 
going from left to right the energy window becomes wider, at twice the energy, twice the 
width because also for the width of the energy window Lili-E according to 4.1. At energy 2E 
the analyser accepts the same amount of scattered particles as it did at energy E, because 
although the peakheight has reduced to halve its value, the energy window has twice its 
width. The result, two peaks with the same height but different width, is shown in the right 
part of the figure. One peak now has area A, the other area 2A. 

Concluding, the L19 due to differences in incident angle of the ions increases the peak width, 
the finite acceptance angle of the analyser causes the peak to become higher, resulting 
together in a peak with area 2A at energy 2E. To compensate for these ion beam and analyser 
effects the peak area has to be divided by the energy when determining the vc. 

A.2 Peak height 

In the right part of figure A.l it is shown that the peak height is the same at energy E and 
energy 2E as a consequence from L\E-E. So why nottake the peakheight insteadof the area 
divided by the energy? 

As shown in figure A.2, the v c determined from the peak height is higher than the v c 

determined from the peak area. Apparently the peak width L\E is not simply proportional with 
the energy. The influence on the peak width of inelastic effects and vibrational motion of the 
surface atoms can not be neglected as assumed previously. 
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Figure A.2: The Vc determined using the peak area divided by the energy (circles) and the Vc 

determined using the peakheight (squares). 

The total contribution to the peak width and their energy dependenee is as follows: 

• different angles of incidence for the i ons in the primary ion beam causes the peak width 
to increase linear with energy according to Llli-E. 

• Inelastic effects which causes the peak width to increase non-linear with energy 
d o A"C El/2 accor mg to Lu:.- . 

• Vibrational motion of the surface atoms which causes the peak width to increase non
linear with energy according to Llli-E112

• 

Lets assume again that the acceptance angle of the analyser is infinitely small. Wh en the 
inelastic effects and vibrational motion are included the peak width increases according to 
Llli-(E+E112

). This means the peakheight decreases more than the factor 2 as shown in the left 
part of figure A.l in going from energy E to energy 2E because the peak width increases 
more than a factor 2. The peak area ho wever stays the same! If the acceptance angle is taken 
into account the peak height doubles and thus again the peak area at energy 2E is 2A. This 
means the proportionality of the peak area with the energy still holds. The peaks however do 
not have the same height anymore. 

Concluding, for the determination of vc, the peak area divided by the energy includes 
inelastic effects and vibrational motion of the surface atoms and should therefore he used in 
determining the V c· 

In figure A.3 the peak width as a function of energy is shown for Ne+ scattering on Ba. The 
peak width behaves not at alllike Llli-E but more like Llli-(E+E112

). This clearly 
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demonstrates that the influence of inelastic effects and vibration of the surface atoms on the 
peak width can nat be neglected. 
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Figure A.3: The peak width as ajunetion of energy for Ne+ scatteredfrom Ba as measured 
on aB-type cathode. The peak width increases with energy as t1E-(E+ë12

) insteadof iill-E 
due to inelastic effects and vibrational motion of the suiface atoms. 
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AppendixB 

Energy dependenee of v c 

Bath neutralisation models described in chapter 4, imply that that one neutralisation 
mechanism is dominant over the energy entire range. That this is not always the case can be 
seen by He+ scattering on Cu. 

Within the measured energy range, the vc for ion scattering on Ba at the catbode surface is 
energy independent, i.e. straight lines are observed. This means one particular neutralisation 
process is dominant. This is not the general case. The ion fraction p+ for He+ scattering on Cu 
is shown in figure B.l (closed symbols). No straight line can be observed in this energy 
range, the vc is energy dependent This is probably related with a change in neutralisation 
mechanism in this energy range. 

When the incident energy of the ion is infinitely high, the interaction time between ion and 
surface atom becomes zero and according to equation 4.6 the ion survival probability p+ 
equals one. This is independent of the neutralisation process. Therefore alllines representing 
a particular neutralisation process should cross the y-axis in p+ = 1 as implicated by the 
Hagstrum and Godfrey-Woodruffmodels. Two possible lines are illustrated in figure B.l as 
vc,J and vc,z . In each case only one neutralisation mechanism is dominant over the whole 
energy range. The He+ scattering on Cu in this energy range can be viewed in this picture as a 
transition from one dominating neutralisation process (vc, 1) to the other (vc,2) as illustrated by 
the open symbols. Note that the open symbols are chosen only to demonstrate the effect, and 
do not represent any measured data. 

1.0 

0.1 
0.0 

•He+->Cu 

0.2 0.4 0.6 
5 

1/vi+ 1/vf [10 s/m] 

0.8 

Figure B.l: A speculative view ofthe energy dependenee ofvcfor He+ on Cu. The open 
symbols represent a possible transitionfrom one dominating neutralisation process (vc, 1) to 
the other (vc,z) and do not represent any data. 
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Appendix C 

Microchannel plates 

For the detection of ions a microchannel plateis used. This is an array of 104-107 miniature 
channels oriented parallel to one another, the inside wall of which is coated with a high
resistance materiaL Typical channel diameters are in the range 10-100 J..lm. Parallel electrical 
contact to each channel is provided by the deposition of a metallic coating on the front and 
rear surfaces of the microchannel plate. If a voltage is applied, the resistive surface becomes 
a continues dynode, electrically analogous to the separate dynodes of a conventional 
photomultiplier in which a resistive chain is used to establish the separate dynode potentials. 

An ion entering the low potential end of the microchannel plate generates secondary 
electrons on collision with the wall of the channel. These are accelerated along the channel 
until they strike the wall again, where they generate further secondary electrons. This 
avalanching process produces a large number of electrons at the positive end of the channel 
where they are collected on a metal anode. The electrical pulse generated is strong enough for 
further amplification. 

An important aspect of the behaviour of a channel multiplier is the saturation effect caused 
by space-charge limitation. At a high voltage the space-charge in the channel multiplier 
repels the emitted secondary electrons so that they strike the wall before acquiring sufficient 
energy from the field to make useful multiplying collisions. The amplitude of all pulses tends 
to have the same value. In this saturation mode, it is analogous to a Geiger counter, producing 
a pulse of a given amplitude irrespective of the manner of its excitation. The output of the 
channel plates however is not necessarily the same as the number of ions collected. This so 
called detection efficiency 11(E) depends on the type and energy of the incoming i ons [26]. 

By varying the potential on the front side of the channel plates, 11(E) can he determined. In 
the following discussion it is assumed that the potentialis -1000 V (on) or 0 V (oft). At a 
poten ti al of -1000 V, the backscattered i ons are postaccelerated and reach the channel plates 
with higher energy. 

If 11(E) of the channel plates is energy independent, postacceleration should notchange the 
from of the spectrum. This is shown in figure C.1 not to he true. However the ratio a(E) of 
the two signals with and without postacceleration does tell us exactly how energy dependent 
the channel plates are; 

( ) 
1J(E + 1000) 

a E = 1J(E) ( C.l) 

This means that 11(E) can he calculated from a(E). This is shown in figure C.2a, the filled 
circles. As in figure C.1 a(652)=2.1 which means that the channelplates are 2.1 times more 
sensitive for Ar+ ions with an energy of 1652 eV than for the same ions with an energy of 652 
eV. The ratio has been determined at 652 eV because the signal to noise ratio is the highest 
for this energy. If 11(652)=1 it follows from (1) that 11(1652)=2.1. Suppose a(1652)=1.5. 
From (1) it now follows that 11(2652)=2.1 *1.5 and so on. This way the energy dependenee of 
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Figure C2: a,b) Determination ofthe energy dependenee ofthe channel plates. See text. 

11(E) can be calculated for the whole energy range of interest. It is assumed however that 
a(E) is measured at energy' s that differ an amount exactly the same as the difference in 
postacceleration potential. 

Let's consider the case when this is nat true, the open circles in figure C.2. As in the previous 
example a(652)=2.1. Suppose nat a(l652) but instead a(750) has been measured. Offcourse 
110652) still can be calculated with equation C.1 if 11(652) is set to 1. But now 11(1750) 
cannot be calculated because 11(750) is unknown. This way it is impossible to construct the 
energy dependenee of 11(E) between E=652 eV and 1750 eV. However this problem can be 
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solved if it is assumed that T\(E+lOOO) is constant over a range of energy's. This is a valid 
assumption only atenergy's above approximately 6 keV [26]. For example, as shown in 
figure C.2b, T\(8001-9000) is constant and all the T\(E) can be calculated from T\(E+ 1000) 
when a(E) is known. As will be shown, the a(E) for the detectors in the Mini Mobis can be 
fit with an exponential function. By extrapolating the fit for a(E) to 9000 eV, ll(E) can be 
determined, startingat T\(9000). It is no longer necessary to measure a(E) atenergy's that 
differ an amount exactly the same as the difference in postacceleration potential. 

This metbod has been applied todetermine the T\(E) for the Mini-Mobis for He+,Ne+ and Ar+. 
First at several energy's the a(E)'s have been determined in the same way as shown iffigure 
C.l. Next a curve has been fitted through the measured points forthen T\(E) can be calculated 
from formula C.l (figure C3). The results are shown in figure C.4. The errors are calculated 
relative to the arbitrarily chosen reference point of 3000 eV. 
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Figure C.3: The ratio of LEIS signals at the relevant energy range. 

As can be concluded from figure C.4 and [26] it is best to use the maximum available 
postacceleration voltage of 1000 V on the Mini-Mobis. Then the correction needed for the 
energy dependenee of the channel plates is smallest (smaller errors) and the signal gained 
from low energy ions is maximaL All the measured energy spectra should be divided by 
T\(E+ 1000) to correct for the energy dependenee of the channel plates. The result of the 
correction on Vc is shown in figure C.S. 
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Figure C.4: The relative energy dependenee ofthe channel plates used in the Mini Mobis 
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Figure C.5: The injluence of the correction for the energy dependenee of the channel plat es 
on the Vc. The postacceleration was set on -1000 V during both measurements. 
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Appendix D 
Ion beam profile 

The diameter of a catbode pellet is 1 mm. To be sure all backscattered ions result from 
collisions with the catbode surface, the ion beam diameter should be smaller than the catbode 
diameter. 

In the Mini Mobis set up it is possible to move a sample in the x or y direction with an 
accuracy of 50 !liD. A sample holder containing two crossed tungsten wires (50 !liD 0) as 
shown in figure D.l is shifted in both directions through the ion beam. 

Figure D.l: Sample holder containing two crossed wires. By shifting the sample holder 
through the ion beam (grey spot) the ion beam intensity profile is obtained. 

The i ons are neutralised at the surface of the wire and as a result electroos flow from ground 
potential into the wire. The resulting current is proportional to the number of ions hitting the 
wire. Measuring the current gives an ion beam intensity profile. To make sure the wire is in 
the ion beam focus position along the z-axis, the ion beam was focused first on a Cu sample 
to determine the correct height. 
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Figure D.2:lntensity profile ofthe ion beam with (a) and withoutfocussing (b). 
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The result for scanning the ion beam in the x direction is shown in figure D.2a. The intensity 
profile can be fitted rather well with a Gaussian function. This experiment has been repeated 
in x and y direction with Ne+ and Ar+ i ons in the energy range of 2 to 5 ke V. The FWHM of 
the intensity profiles are plotted in figure D.3. In the y direction the beam is wider than in the 
x direction. Apparently the ion beam has an elliptical shape with area nab with a and b bath 
axis of the ellipse. Estimating a and b as half the FWHM in x and y directions results in a 
peak area of approximately 0.12 mm2 tbraughout the whole energy range. 

In some cases we required a uniform ion beam over the whole catbode surface. The 
defocused ion beam intensity profile is shown in figure D.2b. The beam profile can be 
considered homogeneaus at the catbode surface (1 mm). Again the intensity profile can be 
fitted rather well with a Gaussian function. 

0.8 I I I I oNe+,M2 

0.7 - -
o Ne+, MI 

e Ar+, M2 

0.6 I- - • Ar+, MI 

• • • ,........, 
a o.s 1- 0 -
a 0 .......... 

~ 0.4 1- -

:r: 0 

~ 0.3 0 0 - • • -

• 
0.2 - -

O.I - -

0.0 I I I I 

1 2 3 4 5 6 
Initia! energy [ke V] 

Figure D.3:FWHM ofthe intensity profile ofthe ion beam at different energies 
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Appendix E 
Accuracy of emission measurements 

Emission measurements can be used to determine the work function of a cathode. As 
mentioned in § 5.4, logarithmic amplifiers are used to take the logarithm of the applied 
voltage and resulting current. To test the accuracy of this logarithmic amplifier, the saw tooth 
pulse has been applied to a resistor. The result for two different resistors is shown in figure 
E.l a The resistance of the two resistors is representative for the resistance of the catbode at 
various voltages. Within an error of ±10% the measured Log(U)-Log(I) characteristic of the 
resistors is correct. 
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Figure E.l: a) Accuracy ofthe logarithmic amplifiers. A pulse shaped voltage (50J.1S) applied 
to two resistors. The straight lines represent the theoretica/ value. The error is within ± 10 
% .. b) Theemission current measured with a DC voltage of JO V as ajunetion of cathode
anode distance. 

The anode-catbode distance d was during all measurements set on 250!lm. As mentioned in § 
5.4, the electron emission current inthespace charge region should be proportional to l/d2

• 

When measuring the current as a result of a DC voltage applied over the anode-catbode 
indeed this behaviour is found. The asymptote of the fitted equation indicates the position of 
the anode as illustrated in figure E.lb. The accuracy of dis estimated to be ±20!lm. 

The work function of the catbode is determined from equation 3.1. Estimating the uncertainty 
in the catbode temperature to be ± 20 K results, tagether with the uncertainty in the anode
catbode distance and the uncertainty in the 110% of ±0.02 eV in the work function. 
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