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STELLINGEN

behorend bij het proefschrift "Interactions of fast noble gas

ions with clean and with oxidized monocrystal1ine copper sur-

faces".

Tijdens beschieting van monokristallijne metaaloppervlakken met

ionen kan een regelmatige ruwheid van het oppervlak ontstaan.

Een model voor het ontstaan van deze ruwheid via samenklonte-

ring van defecten onder het oppervlak, zoals gegeven door

Hermanne, kan deze verschijnselen niet alleen verklaren. Ver-

schillen in de verstuivingsverhoudingen voor de diverse atomai-

re oppervlakte-configuraties kunnen voor ionenenergiën van 0.2

tot 5 keV een aanzienlijke rol spelen.

N. Hermanne, Radtation Effects, 19 (1973) 161

II

Door Ishitani et al. gemeten massaspectra van ionen geëmitteerd

vanuit een oppervlak tijdens ionenbombardement vertonen "dubbe-

le pieken". Deze gesplitste pieken worden door hen toegeschre-

ven aan ionen geëmitteerd vanaf het oppervlak en vanonder het

oppervlak. Deze conclusie is aanvechtbaar.

T. Ishitani, H. Tamura en T. Shinmigo, Surface Sai. 55 (1976)

179



Ill

De door Taglauer et al. beschreven metingen en berekeningen

over de verwijdering van zuurstof vanaf een Ni(MO) oppervlak

tijdens een ionenbombardement wettigen niet de door hen getrok-

ken conclusies dat de positie van het zuurstof een ondergeschik-

te rol speelt voor de mate van verwijdering door het ionenbom-

bardement .

E. Taglauer, G. Marin, W. Heiland en U. Beitat, Surface Sei.

63 (1977) 507

Dit proefschrift, hoofdstuk III

IV

Voor de berekening van de snijpunten van de asymptoten van de

banen van twee botsende deeltjes met een bolsymmetrische wissel-

werkingspotentiaal in het laboratoriumstelsel wordt door ver-

schillende auteurs in binnen- en buitenland ten onrechte verwe-

zen naar het boek "Classical Mechanics" van H. Goldstein. Een

dergelijke berekening wordt in dit boek niet behandeld.

H. Goldstein, Classical Mechanics (Addison-Wesley, Reading, MA,

197A)

Een oppervlak dat deeltjes uitzendt volgens een cosinusverde-

ling (Wet van Lambert) wordt bij verschillende polaire hoeken

met gelijke helderheid waargenomen. Daardoor wordt de cosinus-

verdeling dikwijls isotrope hoekverdeling genoemd. Deze naamge-

ving is verwarrend en incorrect.



VI

Bij beschieting van monokristallijne metaaloppervlakken met en-

kelvoudig geladen edelgasionen kunnen bij verstrooiing van deze

ionen zowel enkelvoudig als meervoudig geladen edelgasionen re-

sulteren. De variatie in de intensiteit van enkelvoudig geladen

verstrooide ionen als functie van de kristallografische rich-

ting waaronder deze ionen uittreden blijkt sterker te zijn dan

die voor meervoudig geladen ionen [ 1] . Dit kan niet verklaard

worden met de gangbare neutralisatiemodellen voor verstrooide

ionen, waarin de neutralisatiekans van een ion niet afhangt van

de atomaire structuur van het oppervlak [2].

1. Ä.G.J. de Wit, G.A. van der Schootbrugge en J.M. Fluit,

Proa. SPIG 76 (Dubrovnic, J976) p. 163

2. H.D. Hagstrum, Phys. Rev. 96 (1954) 336

VII

In massaspectra van enkelvoudig geladen twee-atomige neonmole-

culen dienen de pieken bij massa 40, 42 en 44 in overeenstem-

ming Ce zijn met de isotopenverhouding in het gebruikte neongas.

De verklaring van Gopalaraman et al. over de door hen gemeten

massaspectra, waarin een piek bij 42 a.m.u. ontbreekt, dient

derhalve verworpen te worden.

C.P. Gopalaraman, R.J. Patel en V.K. Rohatgi, Proa. 7th IVC &

3rd ICSS (Vienna, 1977) p. 30 1

VIII

De maximale bijtkracht met de tanden bereikt men in het alge-

meen niet door alle bij het bijten betrokken spieren maximaal

aan te spannen.



IX

Bij het bepalen van de bloeddruk van een patiënt dient men meer

rekening te houden met de factoren (o.a. mee torast andigheden)

die de gemeten bloeddruk-waarden veelal verhogend beïnvloeden.

X

Daar waar men voor het drinkwater is aangewezen op chemisch

sterk verontreinigd water is het om redenen van kosten, gezond-

heid en smaak wellicht zinvol om aan het water voor consumptie

en aan het water voor andere doeleinden verschillende kwali-

teitseisen te stellen en het water via gescheiden wegen aan de

gebruiker te leveren.

XI

Bij de huidige toename van - en verscheidenheid in - het aantal

pleziervaartuigen verdient het aanbeveling om de pleziervaar-

tuigen te verdelen in diverse klassen, die, ingedeeld (en geken-

merkt) naar de "totale manoeuvreerbaarheid" (- manoeuvreerbaar-

heid van het vaartuig + de benodigde inspanning van de beman-

ning) van de vaartuigen, elkaar voorrang dienen te verlenen af-

hankelijk van de omstandigheden. De zeilplank zou tot een van

die klassen gerekend dienen te worden.

XII

Bij de afwijzing van een sollicitant voor een vacature dient de

betrokkene tevens (en automatisch) geïnformeerd te worden over

de (werkelijke) reden(en) van de afwijzing.

A.G.J. de Wit
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INTRODUCTION AND SUMMARY

Interest in surfaces of solids over the past decade has

stimulated the development of many techniques for surface ana-

lysis. One of the most recent approaches involves the back-

scattering of nobliJ gas ions from a solid surface. The "low

energy" scattering (LEIS) in which primary energies are in the

keV region (and below) has become a useful method for the in-

vestigation of the physics and chemistry of surfaces because

of its high selectivity with regard to the outermost layer f 1] .

For example, the energy distribution of scattered ions can be

used to investigate the elemental surface composition [ 2,3] .

One of the main reasons that ion scattering is highly

selective is that most of the ions which penetrate beyond the

surface layer before leaving the target become neutralized

[4,5] and are therefore not detected. This neutralization process

is not completely understood, but it has been known for some time

that charge exchange processes in the surface [ 6] or in front of

the surface [ 7,8] can play a significant or even a dominant

role in low energy ion scattering. Charge exchange processes

must be taken into account in the interpretation of energy spec-

tra of ions multiple-scattered [9,10] from the outermost layer

[7,11,12,13].

The angular and energy distributions of multiple-scattered

ions from monocrystalline surfaces yield information about the

positions of surface atoms relative to each other. Therefore

low energy ion beams have been used to study the topography of

monocrystalline surfaces [ 14, 15] , of ordered sorption of gases

on surfaces [15,16], of defects of a monocrystalline surface [17],

and to investigate the thermal vibrations of surface atoms [ 18] .

In these studies the topography of the surface is often investi-

gated by comparing experimental results with calculations based

on a model in which a suitable test structure is assumed. It

has been shown that in this way qualitative information can be

obtained about the topmost layer. However, in many cases a



quantification of the results is hampered by the distorted shape

of the energy distributions, which is caused by preferential

neutralization of multiple-scattered ions [5,13].

The present thesis reports investigations concerning the

distorted shape of the energy distribution of scattered noble

gas ions, and investigations of angular distributions of these

ions where a quantitative interpretation is less hampered by

preferential neutralization. Last but not least, low energy

noble gas ion scattering is used to study the interactions be-

tween oxygen gas and Cu(MO) surfaces.

In chapter I the experimental method of low energy ion

scattering is discussed briefly. It is shown that the single

binary scattering process can be used to analyse the elemental

surface composition. For ions multiple-scattered from an ideal

surface there is a certain range of possible scattering angles

[19]. This range depends on the distances between adjacent atoms,

on the ion-atom potential energy, on the kinetic energies in-

volved and, especially, on the incidence angles of the noble gas

ions. Scattering of ions at small angles with the surface is

prevented by adjacent surface atoms lying in the original ejec-

tion direction (blocking effect). Large scattering angles for

glancing indident ions are not possible because hard collisions

between ions and surface atoms are prevented by adjacent surface

atoms lying in the original incidence trajectories (shadow ef-

fect). The boundary values of the possible multiple scattering

angles are particularly important for investigations of ion-atom

potentials (chapter II) and for the study of ordered adsorption

of oxygen on a Cu(llO) surface (chapter III). Some attention is

also given to ion-induced ion emission, because this emission is

also used in chapter IV as a method for analyzing surfaces.

Chapter I also contains a description of the experimental

set-up. The performance of the vacuum system, of the noble gas

ion source and of the target manipulator are described briefly.

The particle energy analyzer is treated more extensively.

In chapter II investigations of the ion-atom potential

function and of the neutralization of scattered ions are re-

ported. The experimental results are compared with results of
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calculations based on a model in which the scattering processes

of noble gas ions on a Cu(llO) surface are simulated by a com-

puter. For these model calculations a surface model that has

only two surface layers and a limited surface area is sufficient.

The limited range of values for the ion-scattering angles makes

it possible to determine parameters for an assumed ion-atom po-

tential function. Parameters in a formula for the neutralization

of multiple-scattered ions from a Cu(llO) surface are obtained

by comparing the intensities of measured energy distributions

of scattered ions with analogous results of model calculations.

The obtained parameter values are considered to be an improve-

ment upon the values given in literature [ 7,8,20].

In chapter III investigations of the topography of Cu(IIO)

and of ordered adsorption on a Cu(110) surface are described.

These investigations involved the measurement of the angular dis-

tributions of noble gas ions scattered from such a surface. It

has been shown already that the angular distributions of ions

scattered from a monocrystal1ine surface yield information about

the structure of that surface [21,22,23]; close-packed directions

in the crystal are known to have a noticeable influence on the

distributions. In our investigations we attribute peaks and dips

in the angular distributions to shadowing effects due to surface

atoms, the peaks being related to the boundary values of the

range of possible scattering angles of ions scattered from the

surface. Comparisons between experiments and model calculations

confirm this assumption for clean Cu(110) surfaces. On oxygen

exposed Cu(110) a similar structure was found in angular dis-

tributions of noble gas ions scattered by adsorbed oxygen atoms.

This structure can be attributed to the effects of shadow cones

due to surface Cu atoms. The symmetry in the measured distri-

butions enables us to calculate the position of the oxygen.

In chapter IV investigations of adsorption and desorption

processes on Cu(110) surfaces exposed to oxygen are described.

With low energy noble gas ion scattering and with ion-induced

ion emission experiments, both performed on oxygen-exposed

surfaces, it has been shown how the removal of adsorbed oxygen

j
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can be studied by means of ion scattering | 15,26]. Our in-

vestigations of this ion-induced removal of oxygen from a

Cu(llO) surface suggest that the probability that an adsorbed

oxygen atom will be removed is of the same order as the sputter-

ing probability that a Cu surface atom will be removed from a

clean C u ( M O ) surface. However, sputtering is not the only rea-

son for the removal of oxygen; there are also indications that

removal of oxygen atoms by direct collisions with noble gs s

ions can make a considerable contribution to the total oxygen

removal.

The adsorption process of oxygen on a Cu(llO) surface is

investigated by low energy ion scattering and ion-induced se-

condary ion emission. The results, also described in chapter

IV, indicate a strong increase in the sticking probability of

the oxygen due to the ion bombardment. This increase in the

sticking probability is proportional to the current density of

the noble gas ion beam. The adsorption can be described by a

kinetic model in which dissociative cheniis orp t ion of the oxy-

gen via a mobile precursor state is assumed. The commonly used

models [27,28,29] have to be extended to account for the in-

fluence of ion bombardment on the adsorption process and to

account for the twofold symmetry of the (110) surface. The pro-

posed model seems suitable for describing both the experiment-

ally found spontaneous adsorption results and the experiment-

ally found ion-induced adsorption results for oxygen on Cu(llO).

Comparison of model calculations with ox periraenta 1 results give

indications as to the values of the various parameters used in

the kinetic model. On the basis of the results presented in

chapter IV we suggest several types of investigations of adsorbed

layers on solid surfaces which could be carried out in the fu-

ture .

J
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CHAPTER I

EXPERIMENTAL METHODS AND DESCRIPTION OF APPARATUS

1. Introduction

The aim of the present investigations is to obtain a

better understanding of the noble gas ion scattering process

and of the adsorption of gases on metal surfaces. For this

purpose the clejn metal surface and the gas covered surface

must both be characterized on the atomic scale. This requires

that the investigations are performed on metal single crystal

surfaces.

To minimize surface contamination by adsorbed background

gases, the number of background gas molecules impinging on a

surface area during an experiment must be kept small compared

to the number of surface atoms in that area. The number of im-

pinging molecules can be estimated from the kinetic theory of

gases [1]. It appears that at a pressure of 10 Torr (1 Torr

= 133 Pa) and at room temperature (295° K) the number of im-

pinging molecules per second per surface area is of the same

order of magnitude as the number of metal atoms in the same
15 . 2

area (approximately 10 particles/cm ). If all impinging

molecules were to adsorb on the surface, a pressure below

10 Torr would be necessary to keep the contamination below

one percent of a monolayer for one hour. Fortunately the

sticking probability of most gases is (much) lower than one,

so in practice pressures between 10 and 10 Torr are suf-

ficient to prevent contamination during experiments.

Since ion beams are used in our experiments the adsorbed

gases will be removed from the surface by the ion bombardment

and the surface will be cleaned in a dynamic way. However,

In this thesis an adsorbed monolayer is defined as a layer

in which one atom is adsorbed per metal atom in the topmost

surface layer.
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high doses of ion beams will cause a considerable number of

surface defects. To avoid this the intensity of the ion beam

must be kept low.

The next section contains a short description of the ex-

perimental methods, followed by a discussion of the experimental

set-up.

2. Experimental methods

2.1. Ion scattering

Information about the surface structure and the elemental

composition of a surface can be obtained from low energy (keV

region) ion scattering studies. The energy of peaks in the

energy distribution of low energy noble gas ions scattered

from a surface depend on the mass ratio of the incident

ion to the involved target atom and on the scattering angle

of the scattered ion. So, under single binary scattering

conditions these distributions provide information about the

elemental surface composition [ 2] . A single binary scattering

model can predict the energy of the peaks in the energy dis-

tributions because all ions that are subject to other scatter-

ing processes become neutralized. In this model the surface

atoms are treated as free atoms at rest; thus the energy of

a scattered particle can be calculated from the conservation

laws of energy and momentum [ 3] . It follows that

(1)

where E and E are the energy of the incident particle before

and after scattering, # is the scattering angle and A • M~llA

where M^ is the mass of the target atom and M. the mass of the

incident particle. As an example see fig. 1 where- the ratio

EIE is plotted as a function of the scattering angle for

various ion-atom combinations. The figure shows clearly that

the energy of an ion scattered over an angle <J depends strong-

ly on the mass ratio.
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When the experimental conditions are chosen such that

multiple scattering occurs, then the energy distribution of

scattered ions also depends on the structure of the surface.

If the plane of incidence is chosen along a close-packed sur-

face chain, the energy distribution of ions scattered from

that chain will show two peaks for a certain range of scatter-

ing angles. The low energy peak can be identified with mainly
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Fig. 1. Relative energies (EIE ) of primary particles scattered after single

binary collisions with target particles at rest, given for variors mass ratios

between the colliding particles (see eq. 1) as a function of the scattering

angle i?. The mass ratios (M^jM., with M. L^e mass of the target atom and M.

the mass of the incident particle) are given beside the various curves.
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single binary scattering, and the other one with a multiple

scattering process. The energies corresponding to these peaks

depend on the primary energy E of the incoming ions, the ion-

atom potential , function, the (microscopic) angle of incidence,

the scattering angle, the mass ratio and the distance between

the surface atoms in the plane of incidence (in the case of

multiple scattering) [4,5],

When the energies of the peaks are plotted as a function

of the scattering angle (fixed angle of incidence, primary

20* 40* 60* 80*
SCATTERING ANGLE •$

100 120

Fig. 2. An example of a multiple scattering loop. The relative energies of

primary particles scattered from a surface chain are given as a function of

the total scattering angle. The lower part of the loop arises from particles

reflected from the chain via a nearly single binary scattering process. The

upper part is caused by particles scattered by two (or more) chain atoms.

Scattering over angles larger than i? is not possible because of shadowing

effects (see example given in the insert); scattering over angles smaller

than 0 . is not possible because of blocking effects,
min



energy and mass r a t i o ) , the so-called multiple scattering loops

are obtained [ 5 - 9 ] , Fig. 2 shows such a multiple scattering

loop. The angular limitation of such a loop can easily be ex-

plained by the fact that when the angles of incidence are

small and the primary energy of the incoming ions is low not

all impact parameters are effective because of surface atomic

screening or shadowing effect [ 10] . Therefore, scattering angles

cannot be more than <? . On the other hand, since not all
m ct x

possible ejection directions are effective either due to block-

ing effects of adjacent surface atoms, scattering angles cannot

be smaller than # . .

Computer calculations have shown how # . and # depend
min max

on the assumed potential function for the interaction between

a noble gas particle and the atoms in the surface and on the

distances between adjacent surface atoms. Therefore, multiple

scattering can be used to obtain information about certain

structures of the surface [2,11,12] and to estimate parameters

of assumed ion-atom interaction potential functions [ 13] .

2.2. Emission of secondary (sputtered) ions

Information about the chemical composition of a surface

can be obtained from studies of mass spectra of secondary ions

emitted from a surface bombarded with low energy (keV region)

ions [ 14] . With this technique (SIMS) it has been shown for in-

stance that the oxidation of metals in the tnonolayer range in-

creases the yields of both positive and negative secondary ions

emitted from the surface by more than one order of magnitude

[ 15] . Some typical positive secondary ions whose intensities

increase during oxidation of a Cu surface are Cu , Cu-0 , Cu9O ,
+ +

Cu~ . and Cu., .

Although the process of secondary ion emission is not com-

pletely understood (various models have been proposed), the

increase in the yields of secondary ions emitted from a surface

during oxidation can be used to study the adsorption process of

oxygen on metal surfaces.



- 12 -

3. Experimental set-up

The ultra-high vacuum system used for the experiments

described in this work was constructed by van Veen (State

University of Utrecht) and will be discussed in some detail

in his thesis. A second system constructed by the author (and

manufactured partly by Varian) had not yo.t become available

during the course of this work. The construction and the per-

formance of this more advanced system is described in a

separate paper [ 16] .

3.1. The vacuum system

The ultra-high vacuum system consists of an integrated

ion getter pump ( 50 1 s ), a titanium sublimator (Varian,

TSP 922-0031) and a vacuum chamber (Andar Corp., STV) ad-

justed to our needs. A turbomolecular pump unit (Pfeiffer,

TPU 200) is connected to the vacuum system and an ion source

system is coupled to the system for the delivery of the noble

gas ion beam. The ion source system is pumped separately by

another turbomolecular pump unit (Pfeiffer, TVP 250). A gas

handling system is attached to the ion source system to admit

the noble gas into the source unit. Another gas handling

system is connected to the main vacuum system to introduce

gases into the vacuum chamber for adsorption experiments. A

target manipulator is moted on top of the vacuum system. A

rotatable particle analyzing system is mounted inside the

system to analyse particles emitted from a target surface.

Fig. 3 gives a schematic diagram of the apparatus.

The base pressure of the main system and the ion source
o —9

system after bake-out at about 150 C was 1 to 4 x ]0 Torr and
— 8

1 to 5 x 10 Torr, respectively. During the experiments with— 8noble gas ions a pressure of about 1 to 5 x 10 Torr was

reached in the main vacuum system. In such circumstances the

residual gas consisted mainly of noble gas; the other com-

ponents of the residual gas hardly increased. Between the ad-
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b) '

Fig. 3. Side view of the vacuum system.

(a) fore-pump, (b) valves, (c) pressure gauges, (d) gas-handling systems,

(e) turbo molecular pumps, (f) variable leak valves for gas admission,

(g) titanium sublimator pump, (h) cooling plate feed-through, (i) viewing

window, (j) rotatable feed-through for the particle analyzing system,

(k) UHV chamber, (1) target manipulator, (m) quadrupole mass spectrometer,

(n) ion source system, (p) integrated ion getter pump.
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-8
sorption experiments a pressure of about 5 x 10 Torr in the

main vacuum system was maintained, whereas the partial back-
-9

ground pressure of the used gases did not rise above 10 Torr.

In the ionization chamber of the ion source the noble gas
-4

pressure was typically 2 x 10 Torrj this was established by

maintaining an equilibrium between a continuous flow of noble

gas through a needle valve and the pumping speed of the turbo-

molecular pumps. During the operation of the ion source the

pressure between the ionization chamber and the main vacuum

system was to 1 x 10 Torr.

The pressure in the main vacuum chamber can be measured

with an ion gauge for pressures between 10 and 10 Torr

(V.G., TCS 4). The pressure in the ion source system can be

measured with two ion gauges, one being placed at the ionization

chamber of the ion source and the other being placed between

the source and the main vacuum system (both Varian, VT 971-0015),

A quadrupole mass spectrometer with a control unit (Riber,

QMM 17) is used to determine the gas composition in the main

system. During adsorption experiments this quadrupole mass

spectrometer was also used to measure the partial pressure of

the admitted gas. In such experiments the sensitivity of the

mass spectrometer was calibrated with the ion gauge. The mass

spectrometer was also equipped with a specially constructed

electrostatic lens system by which the masses of secondary ions

emitted from a solid surface could be measured too (SIMS). This

facility will be reported elsewhere [17].

The gas handling system for the noble gas ions consists

of a stainless steel pipe connected to the gas bottles and to

a variable leak valve by which the noble gas is admitted in-

to the ionization chamber of the ion source. The handling

manifold can be evacuated by means of a separate turbomolecular

pump unit. Two types of gas containers were used, (i) glass

bottles of 2 1 under 1 atm. (Philips), and (ii) disposable tins

filled to 25 atm. (L'Air Liquide) , both types of receptacles

contained high purity gases.

A very similar set-up was used for the gas handling system
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that was connected to the main system by means of a valve and

a variable leak valve.

3.2. The ion beam

The ion source system is used to produce noble gas ion

beams for experiments in the energy range between 100 eV and

]0 keV. The gases used were mainly Ne and Ar, but He and Kr

were also available. The operation of this ion source system

will be described and the ion beam properties deduced from

control measurement results will be reported.

3.2.1. The ion source system

The ion source system consists basically of an ionizatlon

chamber, an extraction system and an electrostatic lens system

(at the same time a transport system) so that the ion beam can

be focussed on the target. Fig. 4a gives a schematic diagram

of the source system.

A Nier-type ion source was chosen because of its relative

simplicity, compactness and the small energy spread of this

type of source. Ionization of the noble gas atoms supplied to

the ionization chamber occurs by electron impact ionization.

The electrons are extracted from a tungsten-rhenium filament

(F) and accelerated towards the ionization chamber (B) by

means of an electric field due to a voltage of about 100 V

between the filament and the extraction plate (T). In the

ionization chamber the electrons are confined to a beam-shape

by the magnetic field (B) induced by the magnet coil (M). The

electron beam passes through the noble gas, and the ionized

fraction of the noble gas can be extracted from the plasma in

the ionization chamber. For that purpose the extraction

electrode (R) is set at about - 140 V with respect to the

ionization chamber; this setting ensures that the electrons

are reflected by the electric field. The extracted ions are

accelerated by electrode (P) and focussed with a set of

cylindrical electrostatic lens elements (L) in such a way that
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the ion beam at the end (D) of the lens system is an almost

parallel beam; at the same time the intensity of the ion beam

is kept as high as possible.

The electrode configuration of the ionization chamber,

the extraction elements and the lens elements have been

simulated on resistance paper. The obtained values for the

potentials of the different electrodes, which ensured a good

working of the system, agreed reasonably well with the optimum

values found experimentally. Without a detailed discussion

about the meaning of these values, the experimentally well-

founded optimum values are given in the potential diagram

shown in fig. 4b. Since it is known theoretically that

GAS

Fig. 4. (a) Scheme of the ion source system. Ions created in source (B)

are extracted by electrodes R and P and transported towards the target by

the electrostatic lens system (L , L, and L,). (See text for further de-

tails).

(b) Potential diagram of the ion source system shown in a situation where

the system is working reasonably well. Here V - 0.07 V - 0.82 V " 0.9

f i i dand 7_ •

target).

1.0, all in units of B (the energy of the incident ions on the
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electrostatic lens properties do not change when the energy

of the charged particle and the applied voltages to the lens

electrodes are changed proportionally, the potential values

of the lens electrodes are given in fractions of this energy.

Experimentally, the potential values for the electrodes are

obtained by dividing the voltage of the ionization chamber.

This ionization chamber voltage determines also the kinetic

energy of the ions when they impinge on the target. Except

in the case of very low ion energies (< 200 eV), it was found

that lens properties hardly changed when the ionization chamber

voltage and the lens electrode voltages were altered pro-

portionally.

Since we are interested primarily in the ion beam properties

at the target site we shall not discuss in detail the efficiency

of the source, the efficiency of the extraction system and the

transmission properties of the lens system.

3.2.2. The ion beam properties

We used the target manipulator (section 3.3) and the

particle analyzing system (section 3,4) to measure the ion

beam properties.

The beam profile (diameter and density distribution) on

the target surface was measured with the help of the target

manipulator. For that purpose a sheet of stainless steel with

a hole with a diameter of 0.2 mm was fixed to the inner screen

(see section 3.3.2) in front of the target. This steel-foil

was at - 50 V with respect to the target, which reflects the

secondary electrons emitted from the target surface. In fig. 5

the measured target current is shown as a function of the dis-

tance between the hole and the central beam axis, for different

lens adjustments for a 4 keV Ar ion beam. The beam profiles

were measured in two directions (Y' and Z1) perpendicular to

each other. (The notation Y' and Z1 corresponds with the

notation used in section 3.4). The figure shows that the spot-

size of the ion beam can be varied between 1.2 mm 0 and 4 mm 0

by means of the lens system, whereas the beam density is still
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10- 0

1 0 -1
Y' (mm)

-2 -3

Fig. 5. The Ion beam current through a hole of 0.2 mm 0 in front of the tar-

get, given as a function of the target displacement (a) in the Y'-4irection

and (b) in the Z'-direction (see fig. 8 for the definitions of Y' and Z 1 ) .

The various curves were measured for a 4 keV Ar + ion beam for different ad-

justments of the lens system.
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homogeneous and the beam has a circular cross-section.

The energy spread of the ion beam was measured by placing

the energy analyzing system in front of the ion beam. In fig. 6

a measured result is shown for a 1 keV Ne ion beam decelerated

to 100 eV. Since the energy resolution of the analyzing system

is 3.8 %, this deceleration means that the energy distribution

of the ion beam is measured with a resolution of 0.38 %. The

latter figure shows that the FWHM-value (full width at half

maximum) of the energy spread is smaller than 1 %. This result

may be even better when one takes into account that (i) the

energy resolution of the analyzer causes a broadening of the

energy distribution and (ii) the deceleration causes an angular

spread of the ion beam, which also gives rise to an apparent

broadening of the energy distribution. It appeared also that

the measured energy spread depends on the voltages supplied to

the electrodes R and P. It is possible to decrease the energy

90 100
ANALYZED ENERGY (eV)

110

Fig. 6. The energy distribution of a 1 keV Ne ion beam measured by the par-

ticle analyzing system, while the ion beam was decelerated to 100 eV. From

the curve the energy spread of the ion beam can be estimated to be 1 7. of

the primary energy.
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spread to values below 0.35 % by decreasing the extraction

voltages applied to R and P, but that also causes a decrease

in the intensity.

The angular spread of the ion beam on the target site was

estimated from measurements made with the rotatable particle

energy analyzer. The analyzer was adjusted to measure the beam

ions of a 4 keV Ar+ ion beam. The analyzer was first placed in

front of the ion beam, and was then rotated around an axis

which crosses the beam axis at the place of the target surface

centre (see also sects. 3.3 and 3.4). The number of counts of

the analyzing system as a function of the angle # between the

ion beam direction and the main direction of the analyzer is

shown in fig. 7 for a 2.5 mm 0 spot at the rotation centre

(curve B in fig. 6). When one knows this spot-size and the dis-

tance between the analyzer entrance slit and the rotation centre

(45 mm), one finds that the angular spread is ± 1 . I n the case

of other beam profiles (e.g. A and C in fig. 6) almost the same

angular spread was estimated.

4' 2° 0°
ANALYZER ANGLE •&

Fig. 7. The angular distribution of a 4 keV Ar ion beam as measured by the

particle analyzing system, when this is rotated over the analyzer angle fl.

With the help of this figure the angular spread of the ion beam can be es-

timated (see section 3.2.2).
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3.3. Target and manipulator

3.3.1. The target

Disc-shaped metal mono-crystals were used as targets, most

of which were made of copper. Each target was spark-cut to

within 2° of a low-index plane from a very pure (SN • 99.999 7.)

metal rod from Material Research Corporation. The crystal

orientation was checked with X-ray diffraction. The disc was

ground and polished with diamond paste (7 - 1/4 ftm) and care-

fully cleaned after each process. Finally, the disc was electro-

lap-polished (Steuers) until a mirror-like surface was obtained.

The smoothness of the surface was checked by an optical micro-

scope and (sometimes) by a scanning electron microscope. After

these preparations the target was mounted in the target-mani-

pulator.

The crystal surface was further cleaned by sputtering with

Ne or Ar ions of a few keV energy at small elevation angles

of incidence (20 ) with respect to the surface, until energy

spectra of scattered ions showed hardly any contribution of

impurity atoms. The surface roughness after the sputtering was

checked by looking at a scanning electron microscope image of

the surface and at a transmission electron microscope image of

a replica of the surface. This check indicated that the initial

smoothness of the surface was hardly effected by an ion dose as
1 7 2

high as 5 x 10 ions/cm . Ion scattering energy spectra also

showed hardly any contribution of ion scattering from surface

defects (adatoms, steps) or from crystal imperfections (dis-

ordered surface lattice).

3.3.2. The manipulator

Fig. 8 shows a schematic drawing of the target-manipulator.

The upper side of the manipulator consists basically of two

linear motion feed-throughs and one rotatable feed-through.

One of the linear motion feed-throughs driven by a step-motor

is used to rotate the target azimuthally. The other linear

motion feed-throughs is used to translate the target in the
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Fig. 8, Scheme of the target manipulator (see text).
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Y'-direction (see fig. 8), and also to translate it in the

X1- and Z'-direct ions. With the rotatable feed-through the

target can be rotated around an axis in the surface plane.

The target surface can be tilted with the help of two sphere

segments (see y in fig. 8).

The target temperature can be measured by means of a

thermocouple at the back of the target, where the cooling and

heating system of the crystal is installed. Tvo cylindrical

screens (with slits) are situated in front of the target sur-

face. The inner one is used to collect ion-induced seconda-y

electrons emitted from the surface and the outer one is used

to prevent the inner screen from being hit by the beam ions.

By recoring the combined current on the target and on the inner

screen the ion beam current on the target can be measured

correctly during the experiments.

By means of the linear translations the target surface

centre can be positioned simultaneously in the ion beam and

in the rotation axis of the particle analyzing system. By means

of azimuthal rotation and polar rotation of the target the in-

cidence direction of the ion beam can be chosen with respect

to the crystal directions of the target. The tilt can also be

used for that purpose.

With this manipulator the following values were obtained

for the different quantities. X1 and Z1 translations are

± 4 mm. Y1 translation is ± 5 mm. Tilt angle is ± 4°. The

elevation angle of incidence y between the ion beam direction

and the target surface (= 90° - the polar angle of incidence)

can be varied over 145°, with an accuracy of about 1°. The

azimuthal angle of incidence ^ of the ion beam can be varied

over 160°, with an accuracy of 1°. The angles <p and ^ can be

read outside the manipulator. The target can be cooled to

- 130°C with liquid nitrogen and heated upto about 250°C

with a heating wire.
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3.4. The system for analysing particles from the target

3.4.1. Introduction

The analyzing instrument described in section 3.4 is

capable of measuring the energy and direction of sputtered

ions, scattered ions and neutrals emitted from a solid sur-

face under ion bombardment. Basically the analyzing system '

is composed of two parallel-plate electrostatic energy ana-

lyzers in series. This concept is adopted for the following

reasons:

a. The second analyzer is used to observe the output from the

first analyzer and in this way the properties of the system

(resolution, transmission) can be determined.

b. The energy-analyzed ions can also be mass-analyzed when

the electric fields in both analyzers are pulsed in an

appropriate time sequence (the time of flight (TOF) of

analyzed ions can be measured).

c. The very compact design (11.5 x 6.5 x 5 cm ) enables us

to rotate the analyzer in a small target chamber for the

measurement of angular distributions.

The principles on which the system operates are discussed

in section 3.4.2. The method of control and data acquisition

are described in section 3.4.3. In section 3.4.4 the energy

resolution, the angular resolution and the transmission

properties are described together with the methods used to

measure these analyzer properties. Analytical calculations

in relation to the different properties will be treated here

briefly; they are discussed in more detail elsewhere [ 18] .

3.4.2. Design and operation

A schematic drawing of the analyzing system is shown in

fig. 9. The ions enter the first analyzer at slit S., and

pass through the electric field between the two parallel

plates following a parabolic trajectory which ends at slit

S2 (see fig. 9). This slit serves as the entrance slit for

the second (identical) parallel plate analyzer. In the re-
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versed electric field the ions follow a similar parabolic

trajectory, which ends at slit S_, and the transmitted ions

ultimately enter the ion detection system.

Neutral particles can be measured when an electron im-

pact ion source Q is used in combination with the deflection

plates P which remove ions already present in the incoming

particle beam. The possibility of using this and to analyze

neutral particles is discussed in detail elsewhere [ 18] ; there-

fore, this subject will not be treated in this chapter.

The detection system contains a lens system L for accele-

rating (up to 3 keV) the transmitted ions to the electron multi-

plier M (Channeltron Mullard B 1407). The pulses at the output

side of the multiplier (which is used in the saturation range)

are further processed as indicated in section 3.A.3.

Fig. 9. Scale drawing of the analyzer system. The system consists of two

parallel plate analyzers I and II with a common middle plate, containing the

analyzing slits Sj, S2 and S3- P: ion deflection plates, Q: ionization cham-

ber (the insert Q' is a side view of Q). L: accelerating electrodes, M: chan-

neltron.
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3.4.3. Control and data acquisition

A scheme showing the operation of the analyzing system

is given in fig. 10. This scheme indicates how an energy

spectrum (the energy distribution of scattered ions or of

scattered neutrals (J , I) or the energy distribution of

emitted secondary ions or of emitted neutrals (M*, M)) can

be measured by applying a linear voltage sweep to the field

plates of the analyzer {V , ^ ). The voltage sweep is obtained

from a sweep generator or from a DA-converter controlled by

the computer system.

The output pulses of the multiplier are fed into a pulse

MULTIPLIER

RECORDER

PDP 11/10
COMPUTER

GRAPHIC
DISPLAY

AND
TERMINAL

SWEEP
GENERATOR

— I

Fig. 10. Scheme of operation (see section 3.4.3).
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amplifier, and the amplifier output pulses then pass through

a differentiating discriminator (Dif-Disc) which eliminates

low amplitude noise pulses. The pulses are counted in pre-

scribed time intervals and the resulting numbers of counts

in each interval are applied to the Y-axis of an analogue re-

corder by means of another DA-converter or they are stored in

the computer memory. The stored data can be processed further

by the computer and/or can be plotted on a graphical display.

When the analyzer is used in the time of flight mode,

the voltage pulses V- and I'-r-r, which are applied to the field

plates of the analyzer, are generated in the time of flight

control unit. This unit is controlled manually or by the com-

puter and it also delivers the signal which controls the in-

put gate of the counter. The computer system (within the

dashed frame in fig. 10) contains a PDP 11/10 computer which

is connected to a multiplexer and DA-converters which are used

to drive the analyzing system and auxiliary devices (not shown

here). The computer is connected to a Textronic graphical

storage display with a hard-copy facility.

Details of the analytical calculations and experimental

results relating to the TOF-system will be given elsewhere.

3.4.4. Resolution and transmission

3.4.4a. Transmission- and apparatus-function

In this section the transmission properties of the ana-

lyzing system are derived. The transmission probability of a

particle is determined by its starting position and direction

of motion, by the collimating slit S , and by the two parallel

plate electrostatic analyzers, which have been described to

some extent by other outhors [ 19,20] . The electric fields and

the position of the slits are shown schematically in fig. 11.

The coordinate system is chosen with the origin in the centre

of the first slit (Sj). The x-axis is parallel to the electric

fields and the z-axis is directed to the centres of the slits

S 2 and S_.
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Fig. 11. The middle plane (slit plane) of the analyzer with slits at dis-

tance S. - 19 mm (slit dimensions: Id =• 1.00 /2 mm, 2b j • 1.50 mm, 2b2 -

* 1.75 mm, 24, = 2.00 mm). The particle enters at Sj in the direction in-

dicated by the dashed arrow, which differs from the main entrance direction

# , i3 * ("/4, "/2) by a and B- The particle follows parabolic trajectories

in the fields F and F (normal to the slit plane).
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The moving ions follow parabolic trajectories in the

electric fields F1 and Fj-,' The particles, which enter the

analyzer in a direction making an angle >p(w) with the main

direction (see fig. II) and which have a velocity

# » (tfcos <p, 0, Usin <p), travel a distance I + Aa in the z-

direction before they recross the slit-plane

I + As - M — sin 2»i (2)

where S « J mv is the initial energy of the entering particles,

For values of <p near to n/4 the value of I + Ag depends only

on the energy of the particle in first order approximation.

Therefore the slit S (see fig. 9) is positioned in such a

way that particles can enter the analyzer only if they have

a direction that deviates only slightly from the main direction

(V = -r, $ = -j) . In the description of the analyzer ,the angular

deviations a and $ are now used, and these deviations are

defined by a = (i - j and 6 = \ - & (see fig. 11).

The main energies of the particles transmitted through

the analyzer parts (I and II) are given by E. = | e ^ 1 and

by 2 2 = i e E_ Z . Particles with these energies travel in

the z-direction exactly a distance t between the slits (see

eq. 2). Particles with a kinetic energy of

E 2 = 2 E E I(E. + E2) travel in the z-direction exactly

a distance 21 between the first and third slit.

Particles are transmitted through the analyzer when the

three points of passage through the slit-plane lie within the

areas of the slits S., S, and S,. For a particle that enters

through slit S., has the angular deviations a and 8 (defined

earlier) and an energy E, the conditions for transmission

can be derived from the equations of motion and from the ana-

lyzer dimensions. These conditions are

The definition of <P , 0 and * used in section 3.4 of chapter I

differs from that used elsewhere in this thesis.
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3(1 + ^ - «) + y}| < &. (3)

and

|(i - i) Z(A. - 2a2 - B2) + s,| < d (4)

for slit S i (i - 2, 3).

Here 2. and y. represent the position of the particle when

it enters the first slit. The quantity A. is equal to

Ae j - (£• - E])/E] for £ = 2 and equal to Ae j 2 = (S - £| 2)/E ] 2

for -i = 3.

We now introduce a transmission function G, defined by

G - 1 if a particle with parameters Ae , a, B, y , z is trans-

mitted; if there is no transmission, then (7 = 0. For any dis-

tribution of particles N(E, a, B, y , s.) which are injected

into the analyzing system the number of transmitted particles

can be obtained by integrating the -distribution N weighted with

G over the parameters of the particles. The apparatus function

P(Ae ) is defined by the function G integrated over a, B, y ,

and z . .

The apparatus function P and the transmission function G

can be expressed analytically in simple cases. For instance,

when a uniform parallel beam (a = S = 0°) enters the analyzer

and equal fields are applied to both parts of the analyzer, the

apparatus function can be expressed as

Pf/l&e^ ' max[42>, (d - I \ Ae , |) , 0] (5)

The plot of this function is triangular, as shown in fig. 12.

The same figure also shows the apparatus function P(Ae ) for

the case of a uniform angular distribution of particles enter-

ing the analyzer.

In many cases it is more difficult to find an analytical

expression for P and G. Therefore computer calculations are



- 31 -

performed; the results of these calculations are shown and

described in section 3.4.4e.

3.A.4b. Energy resolution and angular resolution

From the energy resolution, defined as full width at half

maximum (FWHM) of the apparatus function P,,(Aej), the relative

energy resolution becomes:

-4
AE, (10'2)

Fig. 12. a. The apparatus function ^//(^ei) ('n m m ) f° r particle distribution

without angular spread (eq. 5 ) . The FWHM value A E r e s » 3.72 %. P.. gives the

surface area observed by the analyzer at a chosen Ae .
2 '

b. The apparatus function P(Ae.) (in mm sr) for particles with a uniform
angular distribution. The maximum of P appears at Ac

2 2
2<<x > - 0.17 7. (a

is averaged over the transmitted particles). The FWHM value A£ - 3.98 %.

P gives the product of the surface area observed by the analyzer and the

solid angle in which ions ercitted from the surface are transmitted through

the analyzer at a chosen Ac .
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" I " 3'72 7"

If angular spread is included, the same definition when

applied to the function P (Ae ) yields the resolution

A£>res " 3* 9 8 %-

The angular resolution of the analyzer system is deter-

mined by the slits S and S. for a and by the slits Sj and

S _ for 3. From the geometrical configuration of the slits it

follows that particles are transmitted only when |a| is less

than 3.9°. The FWHM value of the intensity function is

Aot « 5.2 in the case of a uniform angular distribution N.

Similarly particles are transmitted only when |B| is less than

1.4°. The resolution of 3 is A3 = 1.7° (at FWHM).

3.4.4c. Unequal fields in the two parts of the analyzer

If the electric fields in the parts I and II of the ana-

lyzer are unequal (F ? -F-rx). only a fraction of the particles

transmitted through the first analyzer (assumed 3 = 0) will

be transmitted through the second analyzer. For a particle

beam which is distributed uniformly in s. and which has no

angular spread (a = 3 = 0°), the apparatus function P_ can
E2

also be derived analytically. In fig. 13 this apparatus function

is shown for different E^lE. ratios.

An interesting result shown in fig. 13 is that the width

of the apparatus function P£ decreases with increasing E^lE

ratio for values Eo/E, > 1.08 * (1 + 2AE ), whereas below

F^/F. - 1.08 the width equals the value that is found if

#2 * £]• Thus in principle the resolution of the analyzer can

be varied simply by varying the ratio of the electric fields.

However, it should be noted that by improving the resolution

this way it is not only the interval of transmitted energies

E which is changed. In cases of angular spread the interval

of transmitted a values will be changed at the same time,
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a!"

• • t o E X R
THEOR.

Z

US

z
UJ
a:

o
Q
UJ

2
z
<

- 5 - 4 - 3 - 2 - 1 0 1 2 3 4 5 6 7 8

Fig. 13. The apparatus functions P^ (&e are given for different ratios

£'2/£
1,, as indicated. Note the decrease of the FWHM values for E2

/E\ > '-08-

The experimental curves (transmitted current us <ie ) are obtained by ana-

lyzing a 500 eV Ne beam. The experimental curves are not triangular, be-

cause the experimental beam has an energy spread (1 7. of E ) .



- 34 -

because the a and E intervals are coupled (see eqs. 3 and 4).

3.4.4d. Partioles emitted from a target surface

Generally the analyzer is used to measure the energy dis-

tribution of particles emitted from a target surface that is

some distance from the entrance slit of the analyzer (see

fig. 14). In this case the points of emission (y ', a') in

the surface plane of the target are related to the points of

passage (y j, 3j) through the first analyzer slit S. by

(o.y,/,)

yZ' S/

\ (o,y,'z')//

TARGET

\X
X

ANALYZER

Fig. 14. Scheme of the particle coordinates defined with respect to the tar-

get surface and with respect to the first slit in the slit-plane of the

analyzer.
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(7)

3. - /2 (s' cos\fr + ar)

where r - the distance between the target centre and the first

analyzer slit.

^ - the angle between the surface normal and the main

axis of the analyzer (defined by V • JT/4) in the

X-Y plane (see fig. 2).

The surface area from which particles can be transmitted

through the analy3er is given by

\y'| < max \y, -

1 s\
Is' I < — — r max I-Ts- - arl1 ' - cos^ a, z j'/2 '

The maxima in the transmission function are found from the

relations between y . and B (eq. 3), between z. and ot (eq. 4)

and from the angular resolutions determined by the slits S

and S. (see fig. 9). When the distance r between the target

and the first analyzer slit (S.) has a value of 45 mm, one

finds

|yT| < 1.6 mm

(9)

3.4.4e. Computer aalaulat-ions of analyzer properties

A computer programme has been developed to determine the

number of transmitted particles for any distribution that is

applied to the analyzer. Input data are the values of the

geometrical parameters and the values of the electric fields.

The values of the distribution parameters are chosen at i d£",

j Aa and k AS, I &y' and m is' for the energy, the angles, and

the surface coordinates of the particles emitted from the tar-
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get, respectively.

For each particle (characterized by the values of i., j,

k, .1 and rn) the transmission function G. . , 1 (= 0 or 1)

is determined by following its trajectory through the ana-

lyzer. The number of transmitted particles is obtained by

means of summation

.- n- r. ,' i.j.k.l.m i,j,k,l,m,

where F. . . , is the number of particles within the inter-l,j,k,l,m,
vals (i - !) Aj < H (t t !) Aff, (j - j) ia < a S (j + |) Aa,

etc.

So that computer calculations and transmission properties

derived analytically (sect. 3.4.4b and fig. 12) can be com-

pared the computer results are presented for aonoenergetic

particles distributed uniformly over various directions of

emission and various positions of emission in the surface

plane. In fig. 15 the transmitted intensity J(Ae ) is shown

as a function of the relative energy difference Ae (Ae is

the difference between the energy of the particles and the con-

stant preferential energy at which the analyzer has been set).

T(Aej) closely resembles the corresponding apparatus function

P(Ae.) derived analytically (shown in fig. 12), although there

are slight statistical deviations.

In fig. 16 the transmitted intensities I. (X1) and

I^e (Z
1) are shown as a function of Y1 and Z1, respectively,

for different Ae -values. The curves specify the surface po-

sition where the transmitted particles originate. For Ae^ = 0

the maximum values of Y' and Z' correspond with the estimated

values given in section 3.4.4(1. For positive Afj-values it are

mainly particles with a positive Z'-value which are transmitted,

and for negative Ae -values it are chiefly particles with a

negative Z'-value which are transmitted. The asymmetric shapes

which result from the transmission conditions (eqs. 3 and 4),

are caused by the quadratic terms of the angular deviations.

The Z'-interval of transmission for all energies is
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| a ' | < 3.2 mm and the # ' - i n t e rva l is | y ' | < 1.6 mm, which

agrees with the resul ts of section 3.4.4d.

The dependence of the transmission on the values of a is

rather similar to the 2'-dependency in f ig. 16, because a and

s ' are related by s ' - a . / /2 - ar (eq. 8) .

Although one might get the impression from the calculated

resul ts (shown in f ig . 16) that the "place" resolution is not

very good, one has to bear in mind that a and z' are related

to each other. This means that for a specific value of 2 ' the

devation in a for transmitted par t ic les is smaller than 2°,

and similarly for a specific value of a the deviation in z1

is smaller than 2 mm. This conclusion (which can be derived

analyt ical ly) was also confirmed by computer calcula t ions .

Otherwise the computer programme has been used mainly

I 
(A

.U
.)

1
- 4

1

- 2
1

0

A£t (10'

i

2
- 1 — _ _
4

Fig. 15. Computer calculation of the intensity I transmitted through the

analyzer at constant electric fields vs. relative energy difference Ae

for (quasi-) homogeneous (in position and direction) emission of mono-

energetic particles from the target, with varying relative energy 1 + Ae
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0 x 10"
T

S

(mm)

Fig. 16. Computer calculation of the intensities transmitted through the

analyzer at constant electric fields &\ I (z' ) and b_: I. (y' ) as a

function of the emission coordinates z' and y' for uniform surface emission

of mono-energetic particles with relative energy I + Ae .
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for calculations on non-uniform distributions of particles

when it is very difficult to give an analytical description.

3.4.4£. Measurement of the transmission properties of the

analyzer

When a beam of monoenergetic particles is applied to the

analyzer a plot of the measurement of the transmitted current

i(ffj), as a function of the main transmission energy of the

analyzer, should give a nearly triangular peak resembling the

apparatus function shown in fig. 12.

When a monoenergetic ion beam cannot be injected into

the analyzer, it is possible to determine its resolution with

a particle beam which is uniformly distributed over the energy.

Generally these measurements are done with scattered or sputter-

ed (secondary) ions in an energy interval where the energy dis-

tribution of the secondary ions, obtained by ion bombardment

on metal surfaces, is sufficiently uniform. In the case of a

uniform energy distribution the transmitted current •£(£.,£"„)

measured by varying E~ with E, ~ constant should be proportional

to

CO

/P £ (Ae j) dAe, (II)
— oo 2

where P_, are the apparatus functions given in fig. 13. The
E2

relative width of the peak represented by z(E.,E^) should be

(12)

In fig. 17 measurements of ^(S.ji?,) are shown as a function

of E^jE. (E. » constant) for sputtered Cu-neutrals in the

energy interval 5 - 9 eV and for secondary ions in the energy

interval 1500 - 2100 eV.

and 4.2 %, respectively.

The apparatus funct

ments of -£(£,,2?_) with E~/E. = constant. These measurements

of E~lE. (E. » constant) for sputtered Cu-neutrals in the

rgy inter

interval 1500 - 2100 eV. The resolution found is AS » 4.1 %
res

The apparatus functions P^ can be determined from measure-
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are shown in fig. 13 for a 500 eV Ne ion beam. The result-

ing peaks do in fact show the behaviour which was derived in

sect. 3.4.4c: the relative width of the peaks remains constant

up to a ratio £,/£. "* 1.08 and decreases for larger ratios.

This demonstrates that the analyzer can be operated with vari-

able resolution.

3.5. Conaluding remarks

Some general observations should be made concerning the

properties of the ion beam and the analyzer. The fraction of

K

2

CD

LJ

LJ

2
111
K

cr

U
Q
ui

2
w
z

1 -

_

f1

• EXP: E,= 7eV.
EXP; E, = 1800eV.
THEOR.

X
\,i i i \ j i

0.9 1.0 1.1

Fig. 17, Two measurements of the current i (£~/E.5 (norma1i zed at maximum

current) transmitted through the analyzer while E is constant and Ej *s

varied. The transmitted particles are ionized Cu-atoms sputtered from a

Cu surface by 5 keV Ar ion bombardment and secondary Cu ions sputtered

from a Cu surface by S keV Ne ion bombardment, measured at analyzer setting

suitable for main energies of E. * 7 and 1800 eV, respectively. The theore-

tical curve follows from formula II.
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the beam spot on the target surface observed by the energy

analyzer depends on the ion beam diameter d', the elevation

angle of incidence <p and on the chosen analyzer angle >?. At

given values for these quantities and with the known analyzer

resolution &z' in the ja'-direction (see section 3.4.4e, fig. 16),

this fraction is found to equal

m i n (13)

when the beam spot on the target is on the main axis of the

analyzer. (In the experiments special attention was paid to

this alignment.) The above-mentioned fraction has to be taken

into account in the experiments. It is essential to keep this

fraction lower than 1, especially in the adsorption experi-

ments .

The angular spread Ai? at a certain measurement depends on

the quantities mentioned above and also on the distance r be-

tween the entrance slit of the analyzer and the target sur-

face. This spread is found to equal

(14)

which means that the angular spread is sometimes much smaller

than the value given in section 3.4.4

The widths (FWHM) of observed scattering peaks in energy

spectra of Ne on Cu surfaces appear to be larger than the

widths that correspond to the energy resolution of the analyzer

(** 3.8 %). One of the reasons for the observed broadening is

the special character of the energy-angular distribution. The

energy E of scattered particles depends on the scattering angle

H (as shown in fig. 1, see eq. ])• For a particle that enters

the analyzing system with energy E + &E and angle a (see section

3.4.4a) the deviations are related by AE = ^ a. Since particles

are transmitted in an angular interval At? (the angular re-

solution), they can be observed in an energy interval
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AE i • | -̂ g- j Ad. For i n s t a n c e , for Ne s c a t t e r e d over 45 by Cu

/ A/ 4 5 %atoms (dff/di5) » _ , 5 O - - 0.0085 E eV/degree and AE,/E » 4 .5 %.

For Ne scat tered by oxygen the corresponding values are

(d£1/di>)tJ^45o • ~ 0.065 E (eV/degree) and &EJE - 34 7.. When

energy d i s t r i bu t i ons of these single scat tered ions are measured

with the analyzer we obtain peakwidths of 6 Z for Ne on Cu and

34 1 for Ne on 0 because of the f i n i t e resolut ion of the ana-

lyzer (3.8 %). The r e su l t of th is ca lcula t ion explains why we

find narrower peaks for the sca t t e r ing of Ne by Cu than for

Ne by 0 (see e .g. chapter I I I ) . Differences between calculated

and measured peakwidths may be caused by thermal displacements

of the surface atoms ( i . e . quasi -s ingle s c a t t e r i n g ) .
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CHAPTER II

ASPECTS OF MULTIPLE SCATTERING AND NEUTRALIZATION OF LOW

ENERGY NOBLE GAS IONS INCIDENT ON A Cu(llO) CRYSTAL

1. Introduction

When a clean monocrystalline metal surface is bombarded

with energetic noble gas ions in certain incidence directions,

some of the ions will be scattered as ions in different directions

and at different energies. Some will become neutralized and be

scattered back as atoms, whereas others will penetrate into the

crystal and will be captured (for a while) in the selvedge or

the bulk of tne crystal. Another possibility is char the inci-

dent ions will cause atoms to become detached from the surface

in a process known as sputtering.
a.

The measurements described in this chapter relate co N<J

ions scattered as ions from a Cu(llO) surface, At fixed primary

energy and fixed direction of incidence the energy distribution

of scattered ions depends on the detection direction of these

ions. When the plane of incidence is along a clcse-packed sur-

face chain, then within a certain range of scattering directions

the energy distribution consists mainly of two peaks. The low

energy peak corresponds to a mainly single collision process,

the other one represents a multiple collision process. At a

certain energy E and a certain direction of the incident ions

the energies corresponding to these peaks depend on the scat-

tering angle, the mass ratio and (in the case of multiple scat-

tering) on the potential energy function between the collision

partners and on the distance between the surface atoms in the

plane of incidence [1,2]. When at fixed angle of incidence,

primary energy and mass ratio the energy of the peaks is plot-

ted as a function of the scattering angle, a so-called multiple

scattering loop is obtained (cf. fig. lb).

Fig. la shows measured energy spectra of scattered ions

for Ne (1 keV) -* Cu(llO), with a (111) plane as plane of inci-



0° 50*
Scattering angle

U0*

Fig. I. (a) Energy spectra of scattered Ne ions measured for 1 keV Ne -»
Cu(110) at different scattering angles 0 (plane of incidence and of scatter-
ing (111); tho angle of incidence <? with respect to the surface is 30 ; the
energies are given relative to the primary energy E ). (b) The relative
energy of the scattering peaks ys. scattering angle - taken from (a).
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.ence, for different scattering angles in the plane of inci-

dence (normal to the surface). The angle of incidence ip was 30

with respect to the target surface for these measurements. The

two peaks become closer as the scattering angle decreases. At

small scattering angles the high energy peak disappears, sug-

gesting that in that case multiple collisions cannot occur.

This is in agreement with reports of Kivilis et al. I 3], Yura-

sova et al. [ 2] , Mashkova et al. [ 4], Ueiland et al. I 5] and

can easily be understood from the fact that especially at small

angles of incidence and when the incoming ions have a low pri-

mary energy not all possible impact parameters are effective

(surface atomic screening [6]). Analogous arguments explain

the existance of a maximum scattering angle above which no mul-

tiple scattering can occur [18]. Fig. 1b shows the energy of

the peaks as a function of the scattering angle <5 . Such a mul-

tiple scattering loop is limited within # . and #

' 6 r ram max
Computer calculations have shown how # . and #• depend

nun max

en the potential energy function for the interaction between

a noble gas particle and the atoms in the metal surface [ 2,3] .

So the values of the parameters of an assumed potential energy

function can be estimated by fitting the calculation results

to the experimental results [17]. The Born-Mayer potential

function has generally been used: V(r) = Aexp (-£>r) . However,

the form of the potential function is not the only factor that

determines the shape of the energy spectra of scattered ions.

In a discussion of the results the following processes have to

be taken into account:

(£) Neutralization processes near the metal surface. These

depend on the distance between the ion and the surface atoms

and on the lenght of time that the ion remains near the sur-

face [7,8,9], and can have an important influence on the

heights of the peaks in the energy distributions of scattered

ions .

(ii) Thermal vibrations of the surface atoms. Owing to vibra-

tions the microscopic surface plane alters and thus the angle

of incidence varies; hence, energy spectra at a fixed scattering
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angle correspond to a superposition of many multiple scatter-

ing loops [10,11]. Moreover, thermal vibrations in combination

with neutralization processes can cause peak shift (especially

of the high energy peak) and also a change in the peak inten-

sity.

(iii) Surface imperfections. Scattering from surface defects

(for instance single atoms on top of the regular metal surface)

[ 12,13] causes an increase in the peak intensity of the "single"

scattered ions, because scattering from these defects can take

place with a very low neutralization probabiliy which makes a

large contribution to the ion peak intensity. Moreover, this

scattering from defects also causes a single scattering peak

at scattering angles outside the range of angles that corres-

ponds to the multiple scattering loop (see e.g. fig. 1b).

These processes, if important, will be included in the

discussion of our experimental and calculated results.

Ion scattering spectroscopy as a tool for surface analysis

is hampered by the above-mentioned difficulties. The purpose

of this study of interatomic potentials and of neutralization

models is to make ion scattering a more reliable and quantita-

tive technique.

2. Experimental set-up

The experimental set-up is described in chapter I and is

shown schematically in fig. 2. A Nier type ion source with an

accelerator system produces a noble gas ion beam with a total
— ft —ft

current in the range of 10 to 10 A. The beam is focussed

on the target in a spot which has a diameter of about 2 mm (at

normal incidence). The ion energy can be varied between 100 eV

and 10 keV, with a relative energy spread of 0.35 %. The back-
-9ground pressure in the target chamber is about 5 x 10 Torr;

the working pressure is 10 Torr (noble gas).

The target can be rotated over 160° around the normal to

the surface; in fig. 2 this rotation is indicated by the azi-

muthal angle \[>. The angle of incidence if can be varied over

145 . A double electrostatic energy analyzer (flat condenser
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type, see section 3.4 of chapter I) can be rotated around the

target in the plane of incidence, which allows the angle £

between the direction of the incident ions and the direction

of detection to be varied between 0 and 145 . In our experi-

ments we normally used an energy resolution of /SE/E = 3.8 %.

The angular resolution of the system depends not only on the

analyzer but also on the spot size of the ion beam and in our

case is given by

sin(iS - tp)
&V = arctg{0.064 x (I)

(FWHM-value) with a maximum of 6.5 , where 0 - $ is the eleva-

tion angle of ejection (see formula 14 of chapter I and cf. the

error bars of the experimental results shown in fig. 6).

After the selected ions have been accelerated towards the

entrance of a channeltron electron multiplier, they are counted

as output pulses of the multiplier.

QAS INLET

. !ii-!_ 1 7 i '

ION SOURCE p u ' M p

Fig. 2. Sketch o£ the experimental ssc—jp.



3. Experimental results and disaussion

Energy spectra have been measured at different scattering

angles and different angles of incidence (see e.g. fig. 1).

All experiments shown here relate to a Cu(llO) single crystal

in a (111) plane bombarded with 1 keV Ne ions. The primary ion
2

current density was 0.2 juA/cm^, the total ion dose per energy
13 2spectrum was 5 x 10 ions/cm target area. Scattering peaks

due to the presence of foreign atoms at the surface or a scat-

tering contribution caused by primary particles penetrating

the surface were not found. Sputtered ions too made hardly any

contribution to the measured energy spectra.

3.1. Scattering energy vs. scattering angle

Fig. 3 shows plots of the energy of scattering peaks (see

e.g. fig. 1) as a function of the scattering angle for different

E/Eo OS -

V 50' 100*
Scattering angle \t

Fig. 3. The relative energy of Jhe scattering peak (see fig. 1) us. the
scattering angle & for I keV Ne -»• Cu(llO), at angles of incidence v - 10c

20°, 30°, 40° and 50° (scattering plane is a (111) p l a n e ) . The continuous
line gives the theoretical relation for single scattering of 1 keV Ne by
free Cu atoms.
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values of the angle of incidence <p (with regard to the surface

plane)• As mentioned in the introduction, computer calculations

show that especially the ends of scattering loops (see e.g.

fig. 1b) depend strongly on the ion-atom potential parameters.

But it should be noticed that both the left-hand side and the

right-hand side of the multiple scattering loops are difficult

to deduce from the energy of scattering peaks as given in fig.

lb. So fig. 3 is not a very good one from which to deduce the

ion-atom potential parameters.

3.2. Scattering intensity vs. scattering angle

In fig. 4 the intensity of the "single" scattering peak

(of an energy spectrum) is plotted as a function of the scat-

tering angle at fixed angles of incidence. There is an obvious

kink in the curves at the small scattering angle side, but not

at V = 10 . We will show that we can estimate i9 . from the
m m

value of the abcissa of a certain part of this kink.

The s'aape of these curves can be understood if we assume

that some of the ions are scattered from a smooth surface and

others from surface defects. For ions scattered from defects

I/)

c
3

O

te
ns

ity

c

m

in

11
1 1
1

y A 3 0

I / n.

0° 50° 100°
Scattering angle •&

Fig. 4. Scattering yield of the (mainly single-scattered) ions (per unit of
solid angle) us. scattering angle 0 measured for 1 keV Ne+ -• Cu (1 I 0) at in-
cidence angle t ' 10°, 20°, 30 , 40 and 50° (scattering plane is a (111)
plane)•
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all scattering angles are possible, while for ions scattered

from a smooth surface there is a well-defined range of possible

scattering angles (between tf . and i9 ). For small angles of
nil n in 3 x

incidence (v> < 20 ) the contribution of ions single-scattered

from defects (adatoms or steps) to the "single" scattering peak

is considerable, because (i) the density of defects normal to

the incoming ion beam direction is greater than for larger

angles of incidence, and (ii) the neutralization probability

of ions scattered from a smooth surface increases with decreasing

angle of incidence. For larger incidence angles the contribution

of ions scattered from defects is not so large and, consequently,

scattering from the smooth surface can be clearly observed.

Therefore, at larger incidence angles the value of i? . corres-
m m

ponds to the renewed increase in the peak intensity curve occur-
ing after the kink (see A in fig. 4, 3 . = 60° at t = 40°).

in I n
In principle it is also possible to obtain from fig. 4 the

value of the maximum multiple scattering angle 0 , because
max

at 0 the intensity of ions scattered from the smooth surface
max

must decrease to zero (if incidence angles are not too large;

in the case of large incidence angles iS does not exist). In

our experiments, however, the yield of ions scattered from sur-

face defects and the very low intensity of scattered ions at

large scattering angles make it difficult to observe this effect.

The low peak intensity is caused by (i) a decrease in the dif-

ferential cross section for increasing scattering angles (see

e.g. fig. 7 ) , (ii) the increase in the neutralization probabi-

lity of ions at large scattering angles (see e.g. fig. 9 ) .

Moreover, the boundary value 0 can be vague because of a
TO 3 X

spread of this value due to the influence of thermal vibrations

(the measured intensity corresponds to a superposition of many

multiple scattering loops).

3.3. Scattering intensity vs. angle of incidence

When the intensity of "single" scattered ions is plotted

as a function of the angle of incidence at fixed scattering

angle, one can obtain more detailed information about the maxi-
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mum multiple scattering angle. The differential cross section

for scattering from defects is nearly independent of <p , at fixed

scattering angle. Therefore, it is to be expected that single

scattered ions will make a more constant and symmetrical contri-

bution (than in fig. 4) to the intensity of the "single" scat-

tering peak. Perhaps this will not hold when neutralization

effects are taken into account.

In fig. 5 the peak intensity of the mainly single-scattered

ions is plotted as a function of the angle of incidence at two

fixed scattering angles (tf . = 60° and i! „ = 80°). At small angles

of incidence very few scattered ions are observed. An increase

in the angle f causes a marked increase in the yield of scattered

0° 10° 20° 30° 40° 50° 60° 70° 80° 90°

Angle of incidence p̂

Fig. 5. Scattering yield of (mainly single-scattered) ions (continuous line)
Us. angle of incidence <e, measured for 1 keV N e + -» Cu(llO) at fixed scatter-
ing angles & * 60 and i> - 80 (scattering plane is a (111) p l a n e ) . The
dashed lines give the peak width (FWHM) of the scattering peak in the energy
spectrum (see fig. la) of mainly single-scattered ions.
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ios at V . Obviously at angles larger than <p . scattering of ions

from a surface chain is possible. Consequently, at the angle v ,

the tf-range of a multiple scattering loop begins at a scatter-

ing angle of 60 (and at 80 ) . In the same way one can expect

that for a large angle of incidence <p „ the multiple scattering

loop ends at 0 = 60° (and at 80°); i.e. at V . the value of

i? =• 60°' (and 80°) and at <? 0 the value of tf . = 60° (and 80°).max i. v\ l n

In fig. 5 the shape of the curves between v> and >P „ can

be attributed to thermal vibrations [ 11] and neutralization

processes. Ions scattered from surface defects are responsible

for the part of the curve beyond these incidence angles.

The results of measurements at fixed scattering angle (as

shown in fig. 5) point to a possible simple experimental method

for determining the boundary values ($ . and 0 ) of multiple
min max

scattering loops. If it can be assumed (at fixed scattering

angle) that the "single" scattering peak shifts only slightly

as a function of the angle of incidence (shifting less than the

energy resolution of the analyzing system, as in our circum-

stances) and that the "single" scattering peak widths remain

constant (within 20 % in our circumstances, cf. fig. 5 ) , then

the intensity of the "single" scattering peak can be determined

by measuring the peak heights at fixed analyzing energy.

4. Calculations and comparison with the experimental results

A.I. Collision process 1 keV Ne •* Cu(llO); the interatomic

potential function parameters

In the computer model of 1 keV Ne •+ Cu(110) the interatomic

potential energy between the noble gas ion and the metal atoms

was approximated by the function Aexp(-br) {A and b are con-

stants, r is the distance between the ion and atom centres).

From this potential function the force F exerted by each involved

metal atom on the ion can be calculated.

The equation of motion of the projectiles reads:



where M. is the mass of the ion, r. gives the position ofion ion

the ion and f. is the force of atom i on the ion. With given

starting conditions (primary energy, starting direction and im-

pact point on the surface) the trajectory of the projectile (the

function v. (£)) was calculated by means of a multi-step method

of the fourth order with sliding time-steps [ 14] . About 20 sur-

face atoms arranged in the first and second surface layer were

involved in the trajectory calculations. (The bindings between

the surface atoms were neglected in the computer calculations,

because comparisons between calculated results with and without

these bindings showed hardly any difference in the calculated

scattering results). At given primary energy and starting direc-

tion of the projectiles a homogeneously distributed set of im-

pact points was chosen in a representative part of the surface.

For each projectile the trajectory calculation was continued

until the final kinetic energy and direction of motion of the

scattered projectile were found. As in the experiments, the

energy of the scattered projectiles was plotted as a function

of the scattering angle, which gave calculated multiple scat-

tering loops.'

Calculations with this model show that the left-hand (low

scattering angle) side of the loops is sensitive to variations

in b} whereas the right-hand side is sensitive to A as well as b•

The values of A and b were varied around the potential

parameters used by Yurasova [2] {A = 1.6 x 10 J and b = 5.) &

for Ne on Cu) and those calculated from data of Abrahamson [ 15]

Ne~*Cu Ne~*Ne Cu**Cu ' '

& for Ne •»• Cu) . For these values of A and b the minimum angle

of multiple scattering, # . , was determined at different angles

of incidence <p . At small angles of incidence it was possible to
determine # as well. These values of iS . and <9 have beenmax ram max
plotted in fig. 6. This figure also shows the experimental va-
lues of <? . and i5 (from figs. A and 5). When the values of

m m max
0 . obtained from the calculations are compared with thosemin r

obtained from the experiments, one sees that the calculations

with the parameter b taken from Abrahamson give beter results
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than those with the parameter h used by Yurasova. However, the

values of <7 obtained from calculations with the parameters
max

taken from Abrahamson are too small compared to the experi-

mental values (see fig. 6 ) . The calculated value of <? can
m 3 x

be increased by using a smaller value for A (of the order of

0.8 x 10~ J) in the calculations.

60"

50°

40°

30'

20"
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-
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^ i i

. (specular reflection)

^ ^ ^ _ ' , ^ 3
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i i i i i i i

"0° trf 20* 30* 40* 50' 60* 70* 80* 90*
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Fig. 6. Relation between Che maximum and minimum scattering angles (i'MX and
'win) a n d tlie angle of incidence V, for multiple-scattered ions (1 keV Ne* ->
Cu(M0), scattering plane (111)). The black dots represent experimental re-
sults (determined from figs. 1 and 5); the remaining symbols represent cal-
culated values computed with the potentie. energy function A e~®p:
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4.2. Collision process 1 keV

parameters

Cu(llO); the neutralization

4.2.]. Introduction

The neutralization probability of a scattered ion depends

on its trajectory above the surface. Hence, the trajectory of

the particles will affect the intensities of the scattered ions.

These intensities also depend on the differential scattering

cross sections between the projectile ions and the surface

atoms. These cross sections are (in their turn) dependent on

the energy and directions of the incoming ions and the inter-

atomic potential function (see section 4.1). The approximation

,4exp(-£>r) leads to a yield N(O)dO of particles (ions and atoms)

scattered from free Cu atoms in an interval 60; this yield de-

creases with increasing scattering angle, see fig. 7. In this

figure too the calculated yield IV(I?) is plotted afi a function

of the scattering angle, for 1 keV Ne scattered from a Cu(llO)

surface (angle of incidence <p = 30°). The upper part of the

dashed curve represents particles which are mainly single-scat-

tered, while the lower part corresponds to particles which are

50° 100°
Scattering angle •&

Fig. 7. Scattering yield of scattered projectiles (per unit of solid angle)
VS. scattering angle i3, calculated for 1 keV Ne •• Cu. Continuous line Ne -»
free Cu atoms, dashed l i n e N e •* Cu(110) crystal (*> » 3 0 ° ) ; potential energy
parameters A « 1.05 x 1 0 " 1 5 J and b - 3.67 8"'. The calculated yields relate
to the peak intensities in the energy spectrum (cf. fig. la).
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mainly double-scattered. These distributions depend en the

potential parameters; in fig. 7 Abraharoson*s potential parameters

have been used.

The experimental peak intensity distribution for if » 30

(figs. A and 8, curve c) does not agree with the calculated dis-

tribution (fig. 7;. The experimental curve has to be corrected

for particles (Ions) scattered from surface defects (that cause

scattering at angles smaller than iV . ) . In other words one must

subtract the distribution of particles scattered from free Cu

atoms from the experimental curve (i.e. the distribution). The

difference that still remains between the corrected experimental

curve (fig. 8, curve b; and the calculated curve (dashed curve

in fig. 7) is due to the fact that up till now neutralization

processes have not been considered in our calculations. Experi-

mental results of Buck et al. ( 19) have shown that most of the

scattered noble gas ions (in keV region) become neutralized

while they are scattered from a metal surface.

4.2.2. Compute? aaleulatione of neutralization probability

In addition to the nrocedure described in section 4.1, we

solve simultaneously with the equation of motion, a dirferential

equation which describes the r.eutralization probability of the

scattered particle. The probability that an ion at a distance

s from the surface plane becomes neutralized in a time interval

it is often [ 16,8,9] expressed by

/(s) = C exp(- as) dt (3)

where C and a are constants which depend on the ion-surface

combination. While the ion follows its trajectory near the sur-

face, the distance s firstly decreases and later increases.

Thus, s is a function of the time t and, therefore, so is f.

The probability Fit) that the moving ion is still an ion

at tne cime t (thus, not neutralized) is related by -T-T- = -fP

to the neutralization probability f. So F can be expressed as:
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e e

P ( t ) = e x p l - I f dt] = e x p [ - C / e x p ( - a s ) d t ] ( A )
o o

where, as mentioned, C and a are constants and s is a function

of time t.

The model described above is based on the assumption that

the surface is smooth and structureless. However, the character-

istic collision processes are closely connected with the atomic

structure of the surface; therefore it is reasonable to intro-

duce this structure into the neutralization processes. In our

model, eq. 3 is replaced by

r V 2 exp(- a (5)

where is the distance between the ion and the atom n in the
n

surface. Fig. 9 shows calculated values of P(°°) as a function

of the scattering angle for different values of a and fixed

a

/ / /

H(I
\ ^

\ . \ \
£.

50° 100°

Scattering angle $

Fig. 8. Scattering yield (ions per unit of solid angle) us. scattering angle
i3 for 1 keV Ne + -> Cu(llO) if * 30°, scattering plane is a (11!) plane),
(a) experimental results for ions scattered from surface defects; (b) exper-
imental results corrected for scattering from defects; (c) uncorrected ex-
perimental results (from fig. 4); (d) calculated results for a a = 2.0 A~'
and <7a - 9.4 x 10J^ s"

1; (e) calculated results for aa » 1.5 X"
1 and

Ca * 3.4 x 10
15 s (see text). Curves d and e are normalized with respect

to the maximum of curve b. Since the experimental results are obtained for
scattered ions, the neutralization probability is taken into account in the
calculated results.
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value of C. The starting position of the ion (s(0)) was chosen

in such a way that P(0) was still approximately equal to 1. In

our calculations Abrahamson's potential parameters were used

to solve the equation of motion in the computer model (f • 30°,

1 keV Ne •* Cu). The upper part of each curve corresponds to

ion scattering mainly from one atom, while the lower part cor-

responds to scattering mainly from two atoms. If such an ion

probability distribution is multiplied by the intensity distri-

bution shown in fig. 7, then the result is an ion scattering

intensity as a function of the scattering angle (fig. 8, curve

d and e). This ion scattering distribution should coincide with

the corrected experimental curve, which was obtained by sub-

tracting the normalized tail of the distribution at <p = 10°

0.5 r

50°

Scattering angle

100°

Fig. 9. The probability that Ne persists as an ion after scattering from
Cu(110) vs. scattering angle tf (Eo - I keV, v> - 30°, scattering plane (111)),
calculated for different values of a a and fixed value of Ca (3.4 x ]o'5 s~').
All curves are normalized with respect to P m a x.

-4

(a)
(b)
(c)
Cd)

3.0
2.0
1 .5
1 .0

P
max

0.5939
0. 1674
0.0158
0.134 x 10
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trom the distribution at f " 30 . The maximum of the corrected

experimental intensity distribution (fig. 8, curve b) can be

best approximated when ct i-3 between 1.5 and 2.0 A . The re-

maining part of the experimental distribution is badly approxi-

mated if the value of C is the one used in fig. 9. The slope
Si

of the calculated distribution is too small at small and large

scattering angles. However, from the relation

In P(t e)
*e

- C a / 2 exp(- o. at (6)

it is apparent that a change in the value of C. influences the

slope of the calculated P(°°) distribution in the case of mainly

single-scattering.

With a suitable value for C a good approximation may be

found for the experimental peak intensity distribution of the

single collision. However, when the value of C, is adjusted to
a

fit with the experimental distribution of the single collisions
(at O = 1.5 and 2 X ) , the calculated multiple-scattering

a ~

yield appears to be lower than the corresponding experimental

distribution. The calculated distributions are plotted in fig.

8 (curves d and e) for the most favourable values of C . The

agreement with the experimental distribution (curve b) is still

not complete. The best agreement between our experimental and

calculated results will be found for a between 1.5 and 2 A

and, correspondingly, C in the range 3 :< !0 to iO s .
a

In table I these values are compared with literature data.

In comparison with Hagstrums results narrower limits for the

values of the parameter a and C are obtained.
3 3.

Table 1

Neutralization parameters on Cu(llO)

Hagstrum ( 16[ [ Van der Heg | 8.9]) This work

Ne

Ar

C ( 1 0 1 5 s " 1 )

coo15 . - ' )

2 5

48 1.b x \oJ

110 2 . 3 x i o 6

2

0 . 2 4

a«(Jr')
C a ( 1 0 1 5 s " 1 )

1.5 2

3 . 4 9 . 4
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5. Discussion and conclusion

The parameters of an interatomic potential between noble

gas ions (keV region) and metal surface atoms can be more easily

determined from the scattering intensity distribution as a func-

tion of the scattering angle (fig. 4) than directly from the

scattering loops. This determination is improved by using the

peak intensity distribution as a function of the angle of inci-

dence (fig. 6). For I keV Ne •+ Cu(llO) the best agreement be-

tween experiment and model was found for b = 3.7 8 and

A < 1.05 x 10 J as parameters for the interatomic potential.

In contrast with the results of Heiland et al. [5] for Ar -• Ni,

the absolute values of the energy of the peaks of calculated

results (cf. fig. 1) are in good agreement with the corresponding

values of the experimental results.

It should be noted that in our model thermal vibrations

are not considered. If thermal vibrations had been taken into

account in the model calculations, then the range of possible

multiple-scattering angles would have been greater at fixed va-

lues of b and A. Thus, probably our estimated values for b and

A are still to large. A better approximation of the parameters

can therefore be expected if thermal vibration are taken into

account in the model.

From the peak intensity distributions it should be possible

to determine the upper and lower values of the parameters of

the neutralization probability (see eq. 6). However, for a more

accurate determination of these parameters more information is

needed about (i) the influence of the number of surface defects

(adatoms or steps on the surface) as a function of the angle of

incidence and (ii) the influence of thermal vibrations on the

measured ion scattering yield. Our experimental results at f =

30 (figs. 4 and 8) were corrected for surface defects by sub-

tracting the normalized tail of the distribution at ip = 10°.

Whether or not this is permissible will depend on the number of

defects and the neutralization probability at these defects,

both as a function of the angle of incidence. The scattering

intensity distributions should be measured at low primary ion
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dose to keep the influence of defects as small as poss ib le . The

influence of thermal vibrat ions on peak in tens i ty dis tr ibut ionri

has been invest igated by others [ 11] . Our experimental set -up,

however, does not permit th i s effect to be inves t iga ted .
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The position of adsorbed oxygen on Cu( 110) surfaces was determined with Low Energy Ion
Scattering (LEIS). The experiments were performed by bombarding the copper surface at small
angles of incidence with low energy Ne+ ions (3-5 keV). Measurements of the Ne+ ions scat-
tered by adsorbed oxygen showed regular peaks in the azimuthal distribution of the scattered
ions due to a shadowing effect. From the symmetry of the azimuthal distributions it follows
that the centre of an adsorbed oxygen atom on the Cu(l 10) surface lies about 0.6 A below the
midpoint between two neighbouring Cu atoms in a <001) row. A comparison of the azimuthal
distributions of Ne+ ions scattered from clean Cu surfaces and oxygen-covered Cu surfaces
showed that hardly any surface reconstruction had occurred in the oxygen-covered surfaces.
The applied method seems to be an appropriate one for locating adsorbed atoms because it uses
only simple qualitative considerations about azimuthal distributions of scattered ions.

1. Introduction

Various analytical techniques have been used in recent years to investigate
adsorbed layers on solid surfaces. The purpose of these investigations is to study the
kinetics of adsorption and diffusion processes and to determine the position and
binding state of the adsorbed atoms or molecules.

To study adsorption kinetics and binding states, work function measurements,
Auger electron spectroscopy (AES), photon electron spectroscopy (ESCA and
UPS), thermal desorption techniques, and static secondary ion mass spectrometry
(SIMS) have been successfully used [1]. However, it should be realized that a mea-
suring technique can change the adsorption processes. Recently ellipsometry has
been combined with AES to study the adsorption kinetics of oxygen on Cu surfaces
[2,3]. Low Energy Ion Scattering investigations were performed to study the ion
bombardment induced desorption of oxygen on metal surfaces [4] and the adsorp-
tion kinetics of oxygen on Cu surfaces [5].

Only very few techniques have been used to determine the position of adsorbed
atoms on metal surfaces. Low Energy Electron Diffraction (LEED) experiments
have shown regular patterns in oxygen—copper combinations [6—8]. However, it is



- 64 -

not simple to estimate the position of adsorbed atoms with this technique; this can
be done only be means of extended calculations. Low energy ion scattering has also
been used to estimate the position of an adsorbed oxygen atom on a metal single
crystal. Investigations on Ag(llO) for example have shown that the oxygen atom
on this surface is in a bridge position in a (001 > chain on the surface [9]. The posi-
tion in this chain has been estimated by using an assumed interatomic potential
between the noble gas ion and the metal atoms. In the present paper it will be
shown that the position of the atomically adsorbed (chemisorbed) oxygen above or
below the surface can be determined more directly by using only the symmetry
aspects of the resulting low energy ion scattering data. For this determination cer-
tain properties of the shadow cone model will be used.

Since the theoretical aspects of shadow cones have been treated extensively by
Martynenko [10,11], only those aspects of the shadow cone model will be dis-
cussed which are relevant for the structure determination (section 2). The model
will be used to interpret the results of the experiments concerning clean and oxygen
covered Cu(l 10) surfaces (section 4).

2. Angular and energy dependence of ion scattering

2.1. Shadow cone model

Possible projectile trajectories are schematically given in fig. 1 for a binary colli-
sion between a projectile (ion) with mass Mt and a target particle (atom) with mass
M2. Fig. la demonstrates the existence of a shadow cone, i.e. an area behind the
target atom where no scattered projectiles will be found. The figure shows that
when the distribution of particles is homogeneous over the impact parameter an
increased intensity of scattered projectiles will occur (at some distance behind the
target atom) just outside the edge of the shadow cone. The scattering angle d (fig.
lb) is determined by the impact parameter P according to a function d(P) [12,13]
which also contains the parameters EQ (the projectile primary energy), M2/M{ (the
mass ratio) and the assumed spherical-symmetric potential between the colliding
particles.

In many cases it is reasonable to suppose that the function d(P) decreases mono-
tonically from ir at P = 0 to zero at P = « . Let S be the distance between the scat-
tered particle and the central axis (in fig. lb) at a distance L behind the scattering
centre; then

S = P + L\md (1)

in first order approximation (L larger than P and small scattering angles).
Because d(P) decreases monotonically to zero, dS/dP will be zero for a certain

value Po of Put fixed L. The corresponding minimum value So defines the width of
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Fig. 1. Possible trajectories of a projectile Mi scattered by a target particle M2 • In (a) the shad-
ow cone behind M2 is shown. In (b), 5 gives the position of the scattered particle for a particle
with impact parameter P and scattering angle d, at a distance L behind the scattering centre.
(The example shown here is calculated for 5 keV Ne* ions on a Cu atom with impact param-
eters varying between 0.1 and 1.0 A, using the interaction potential of fig, 2.)

the shadow cone at a distance L behind the scattering centre. Intensity calculations
with an inverse square power potential [14] result in an intensity distribution
(F(S)), as shown in fig. 2. It is generally assumed that this potential is a reasonable
approximation for interatomic distances between 0.1 and 1 A [15,16]. The curve in
fig. 2 depends (of course) on the distance L behind the target atom and on the pri-
mary energy of the incoming ions.

When a second target particle is situated at (or just outside) the edge of the shad-
ow cone at some distance behind the first target atom the second one will receive
an increased flux of projectiles. However, when the second atom is inside the shad-
ow cone a hard collision between the primary particle and the second atom is impos-
sible. In the case of atom rows (as in monocrystals) this means that no hard colli-
sion is possible between a projectile and any row atom.

The shadow cone model has already been successfully applied to explain differ-
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1.4

Fig. 2. The calculated relative density of 5 keV Ne particles scattered by a Cu atom at the posi-
tion (L, S) in the scattering plane (L fixed). (The primary density is indicated by /0.) The calcu-
lations were performed with an inverse square power potential ar~2 using parameter a = 132
A2eV.

ent types of ion-surface scattering experiments [17-22]. In the present paper this
model is used for the interpretation of the scattering of Ne+ ions on clean and oxy-
gen-covered Cu(110) single crystal surfaces. An ion beam is directed towards the
surface in a direction that permits the detection of double scattering on two neigh-
bouring surface atoms (see fig. 3). More precisely, projectile ions are scattered at
the edge of the shadow cone of a target atom and collide with a neighbouring atom.
The increased flux of projectiles scattered by the second atom permits the deter-
mination of relative atom positions.

2.2. Energy dependence

The experiments were performed by bombarding a Cu(IlO) surface with noble
gas ions (Ne+). The energy of the ions scattered by specific target atoms in a chosen
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Fig. 3. The shadow cone model applied to a crystal surface. Projectiles (M\) incident at an ele-
vation angle <p give rise to the shadow cones. An atom (AT3) at the edge of the shadow cone
causes a large flux of particles into the detector. The target atoms in the second layer are inside
the shadow cone (in this case).

3 keV Ne'—•Cu(110)

I0=6(lA/cms

Fig. 4. Measured energy spectra of "reflected" ions for (a) almost clean Gu(110) (10% of the
oxygen saturation coverage) and (b) oxygen-covered Cu(l 10) (60% of saturation coverage). The
single scattering peaks of Ne scattered by O and Cu should be found at E/Eo = 0.36 and 0.83
respectively according to formula (2).
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scattering angle could be predicted by means of the single scattering model.
In the single scattering model the target atoms are considered to be free atoms.

Then the well-know relation between the energy Kt after scattering and the scatter-
ing angle t? holds for a collision between a projectile and one target atom. This
relation, which follows from the conservation laws for energy and momentum [12],
is given by

(2)

(for a target atom initially at rest) where Eo is the primary projectile energy and
A =M2/M1 is the mass ratio with A/, the projectile mass and M2 the target atom
mass. When tins relation holds, one can measure the scattering that is caused by a
specific kind of target atom in a mixed target. For this purpose one has to adjust
the selective detector to the projectile energy £", which is related to the chosen
energy of incidence Eo and the scattering angle 0 according to formula (2). This is
demonstrated in fig. 4, where energy spectra of scattered (and sputtered) ions for a
given projectile energy are shown. The energy spectrum for Ne+ ions impinging on
an oxygen-covered surface shows 3 peaks, which are caused by Ne+ ions reflected
on O atoms (Ei/E0 = 0.36), O+ ions sputtered from the surface in a single collision
process (EJEO = 0.49 for these recoil ions) and Ne* ions scattered by Cu atoms
(EJEQ = 0.83). The high energy shoulder at EJEO = 0.9 is due to multiple scatter-
ing from a <110) Cu chain.

3. Experimental

3.1. Introduction

The determination of the chemical composition of a surface becomes consider-
ably easier when large scattering angles are used because it is then simpler to differ-
entiate between different atomic species. Furthermore large elevation angles for the
particle directions after scattering are advantageous for the reduction of undesirable
blocking and neutralization effects. Therefore in our experiments we used large ele-
vation angles after scattering.

In reality scattering by an atom at a metal surface is not exactly a single collision
process. Often, however, the energy of the particles after this type of scattering
deviates only slightly from the corresponding energy £", of formula (2). Ions scat-
tered by atoms with a specific mass show a shift of only a few per cent compared to
formula (2) [24] (cf. fig. 4). Only in special circumstances (for instance very low
primary energies and/or small scattering angles) is there a larger shift between
experimental and calculated relative energy [23]. This shift is caused by the binding
of surface atoms and by the proximity of other surface atoms. In both cases the
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secondary energies of scattered ions are higher than with single scattering.
In our experimental circumstances the energy varied for different types of exper-

iments (as shown in section 5), but control measurements showed that the shift was
always less than 3% of the primary energy. The maximum shift was found for dou-
ble scattering in one plane by nearest neighbour atoms for the special case where
projectile ions are scattered slightly by fust target atoms and are then involved in
hard collisions with the second atoms situated at the edge of the shadow cone of
the first ones. Calculations confirm this maximum energy shift for the above men-
tioned double scattering process. This energy shift after scattering is small com-
pared to the experimental energy spread (see fig. 4 and section 5).

Therefore it is possible to study the atomic position of specific atoms on a sur-
face by means of this type of ion scattering experiment, because the detection
energy can be determined from the single scattering model and the measured results
can be interpreted using the shadow cone model.

3.2. Set-up and handling

The experimental set-up has been described in more detail elsewhere [24]. The
main parts of the set-up are a Nier-type ion source (energies 0.1-10 keV, energy
spread 1%, angular spread 1°, current 10 nA to 1 JUA, spot size 4 mm2, noble gas
ions), a target manipulator (6 degrees of freedom) and a flat-plate electrostatic
energy analyzer rotatable in one plane (energy resolution 3.5%, solid space angle
10~3 sterad). The background pressure in the target chamber is 10"8 to 10"9 Torr,
From the energy analyzer the analyzed ions are accelerated towards and counted by
a Mullard B1407 Channeltron multiplier. The energy analyzer can be rotated in the
plane of incidence (defined by the incoming beam direction and the target surface
normal) over the angle 0 (defining the selected scattering angle) from 0° to 145°
with respect to the ion beam. The angular resolution Ad is 2-6° depending on the
values of the angles \p (defined below) and i3. The angular resolution A\}/ is 3.5° (i//
defined below).

The experiments were performed on copper single-crystalline targets at room
temperature. The targets were prepared by mechanical and electro-lap polishing and
were cleaned by ion bombardment (with an ion dose of about 1017 ions/cm2 at an
energy of some keV) before each series of measurements. The measurements were
performed in the following way. A certain elevation angle of incidence <p (the angle
between the direction of the incoming ion beam and the target surface plane) was
adjusted by means of the manipulator (0° < <p< 140°). A certain scattering angle d
was chosen and the analyzer was adjusted for a certain detection energy to measure
a specific scattering process (Ne+ -»• O or Ne* -> Cu). Azimuthal distributions N (\p)
were measured by rotating the crystal around the surface normal. \jj is the angle
between the projection of the incoming beam direction on the surface plane and
the <110) direction. The number of ions detected N(tp) was stored in a computer
memory in circa 1000 channels. The measuring time per distribution was 100 sec.
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The number of detected ions per channel showed only the statistical spread (the
square root of the number of detected ions), which was 3% on the average for the
measured points contained in the results shown in section 4.

The resulting azimuthal distributions measured in this way in different experi-
mental circumstances are shown in the next section as continuous curves (smoothed
manually) without error indication.

4. Experimental and calculated results for Ne+ ion scattering

4.1. Scattering by Cu on clean CufllOj

A clean Cu(l 10) surface (oxygen coverage <1% of the saturation coverage) was
used for Ne+ ion scattering experiments on the Cu surface atoms. In fig. 5 the azi-
muthal distributions for 5 keV Ne+ ions (current density 4 /uA/cm2 perpendicular to

pig. 5. Measured yield of Ne+ ions scattered by Cu atoms on a clean Cu(110) surface (oxygen-
coverage <1% of oxygen saturation coverage) as a function of the azimuthal angle y (relative to
the <110> direction in the surface) for different angles <p (relative to the surface plane). The
curves are separated by a vertical shift of the origin (O(4), 0(6),...).
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the primary beam direction) scattered by Cu atoms are shown at different angles ol
incidence y. The detection direction was normal to the target surface. When the
projection of the direction of the incoming Ne* ions incident on the target surface
is along close-packed directions in the surface plane, such as < 110>, <112) and (001),
corresponding with i// = 0°, 55° and 90° respectively, dips are found for small
angles of incidence (^ < 15°). For larger angles of incidence (<p > 15°) peaks appear
for some of these azimuthal directions (e.g. y= 16° and i// = 90°). At still higher
angles of incidence v? these peaks disappear again leaving only a dip in the <112)
direction at i// = 55°. Minor differences in the measured positions of peaks were
found when different Cu(IlO) crystals were used.

The behaviour of all these curves can be explained with the help of the shadow
cone model mentioned earlier. The intensities as a function of <p and ^ are directly
related to the position of atoms which lie next to a certain Cu atom on the surface,
namely inside the shadow cone, at the edge of that shadow or outside the shadow
cone of that particular Cu atom.

Looking at the model of a Cu(TlO) surface (fig. 6), one can imagine that at very
low angles of incidence $ the atoms A, B and C are inside the shadow cone of
atom M (depending on \}J). This means that in the < 110> direction, for example,
hard single collisions at Cu atoms are impossible because all the atoms are lying in
each other's shadow cones. The same remarks apply to the (001) and the < 112>
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Fig. 6. Schematic presentation of the first two layers of a Cu( 110) surface: («>) Cu atoms in the
surface plane; (®) Cu atoms in the second layer (1.3 A below the surface plane).
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directions. However, when one increases <p at V = 90°, then at a certain value atom
B suddenly comes into the area at the edge of the shadow cone and a strong colli-
sion with this atom becomes possible. Such collisions will produce a large quantity
of reflected ions (see fig. 5, at ^ = 16°, 18°, 20°, i|/ = 90°). The same remarks apply
to the (110) direction 0 = 0°), but at still higher angles of <p (e.g. v?= 18°). If v? is
larger than 18° a hard collision is possible at all surface atoms. At angles greater
than <p « 20-22°, only focussing effects on the second layer (on atoms lying at the
edge of one or more shadow cones) and channelling effects play a part. Trie iatter
effects are seen for instance at ^ = 55° and s0=3O0. In this direction there are
indeed <011) channels in the crystal.

A quantification of these explanations is found in the results of computer cal-
culations given in fig. 7. The calculated scattering yield is plotteu versus the azi-

5 keV
BJ- - -K> IE -TF Calculated results

o | U ; H; jj ; ( 2 . 5 X 1 0 4 shots)

A
I90'* W

1000 -

-100

300

-100

90°

Fig. 7. Calculated scattering yields of 5 keV Ne particles scattered by Cu atoms in a Cu(llO)
surface (firstly by M and then by A, B, C, etc.). The yields are given as a function of azimuthal
angle for different angles of incidence ip as indicated. The peaks are marked with the corre-
sponding letter of the atom where an enlarged flux of Ne atoms is found due to the shadow
cone of atom M.
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muthal angle ^ at different elevation angles of incidence y. In fig. 7 the origin of the
different peaks is indicated by a letter that corresponds to a neighbouring atom
where an enlarged flux of Ne particles has been found due to atom M. The calcula-
tions were performed using an inverse square power interaction potential (ar~2 with
a= 132 A2 eV) between a Ne atom and a Cu atom. Bombardment of the surface
with a homogeneous ion beam was imitated by the calculations. At certain angles <p
and i/> many different impact points of the primary particle were chosen within a
unit surface cell (around atom M lying in the centre of a crystal surface). The scat-
tering angles were calculated for successive binary collisions between the incident
Ne atom and the target atoms of the first two surface layers. The scattering yield
was calculated by counting the number of particles scattered within a certain space-
angle interval and energy interval (analogous to the experimental circumstances).
The calculated results can be compared only qualitatively with the experimental
results (i.e. position of peaks and dips and not magnitudes), because neutralization
effects are not taken into account.

The correspondence between measured (fig. 5) and calculated (fig. 7) peaks and
dips shows the applicability of the shadow cone model for these experiments. Small
differences between the measured and calculated position of the peaks are attri-
buted to the selective detection of the ionized particles and to the somewhat
arbitrarily assumed interaction potential between the incoming atom (ion) and the
surface atom.

4.2. Scattering by Cu on oxygen-covered CufllOj

The experiments on oxygen-covered Cu(110) surfaces were performed by means
of Ne+ ion scattering measurements at an oxygen pressure of 10"6 Torr in the target
chamber. At this oxygen pressure the oxygen coverage varied between 90% and
100% of the saturation coverage for all angles of incidence and at the ion intensities
used [5]. According to a recent AES-LEED-ellipsometry study [3] the saturation
coverage is about half a monolayer.

Fig. 8 shows the azimuthal distributions for 4 keV Ne+ ions scattered by the Cu
atoms. Comparison with results for a clean Cu(110) surface (curve a) shows that the
overall structure of the distributions is almost equal. The only difference is that
there is an extra peak near the <110> direction. This behaviour was also found at
other elevation angles <p smaller than 13°. The extra peak disappears at larger <p
values. There is therefore good reason to assume that this peak is due to the shadow
cone of the oxygen.

This overall correspondence between the azimuthal distributions from clean and
from oxygen-covered Cu(l 10) surfaces leads us to conclude that the displacements
of the copper atoms in and perpendicular to the surface plane of an oxygen-
exposed Cu(l 10) surface at room temperature are less than 4% of the interatomic
distances (2.5^, t\).
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4 keV Ne'—• Cu (110)

I0=6HA/cm2 = 45°

I
45° 90°

<001>
AZIMUTHAL ANGLE l(>

Fig. 8. Measured yield of Ne+ions scattered by Cu atoms on a Cu(IlO) surface partially covered
with oxygen as a function of the azimuthal direction (curve b). The results arc compared with
those on clean Cu (curve a).

4.3. Scattering by O on oxygen-covered Cufl 10)

The experimental conditions (e.g. oxygen pressure and coverage) were the same
as in section 4.2. Again the peaks and dips in the distributions shown in fig. 9
depend on the azimuthal angle \p and elevation angle of incidence <p. An estimate of
the oxygen position on the Cu(T 10) surface can be made before a detailed explana-
tion of these experimental results is given.

At very small angles of incidence y (e.g. ip- 3°) appreciable scattering is found
only near the < 110) direction. At larger values of v? we find hardly any oxygen scat-
tering at $i - 0°. This means that the oxygen atom is always in the shadow cone of
a Cu atom in the <001 > chain for ip values smaller than 15°.

Therefore we can conclude that the oxygen atoms are situated in a (001 > surface
chain, or to be more precise in a (110) plane normal to the surface. Since the oxy-
gen was always found in the <110> direction and the azimuthal distributions were
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I I
3keV Ne*—0 on Cu (110)

<OO1>

I;ig. 9. Measured yields of the Ne+ ions scattered by O atoms chemisorbed on a CU(FlO) surface
as a function of the azimuthal angle <// for different elevation angles of incidence $ as indicated
(v = 2°, 3°,...). The curves are separated by a vertical shift of the origin (0(2), 0(3), ...)•

symmetric around this < 110> direction (which was measured but not shown in the
figures), it is reasonable to assume that the position of the oxygen is at the same
distance from two neighbouring Cu atoms in this <001 > chain. Knowing this aspect
of the position of the oxygen on the Cu(llO) surface we can expect that in a
< 111 > direction (\p = 35°) the distributions will behave in accordance with this posi-
tion. This means that the oxygen atom will sometimes be in the shadow cone of
atom B of fig. 10a.

We do indeed see a peak on each side of this incidence direction (\p = 35°) at <p =
6-14°. These two peaks (in fig. 9 indicated by I and II) can be explained by the
shadow cone model. The two peaks are formed because in these azimuthal direc-
tions the oxygen atom is at the edge of the shadow cone of atom B. In fig. 10b the
position of these two peaks (and also the position of other peaks) represented by
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CU (110)
OXYGEN

AZIMUTHAL ANGLE

Fig. 10. (a) Schematic drawing of the Cu(110) surface plane, with a projected O atom between
two next nearest neighbour Cu atoms, (b) Peak positions (as deduced from fig. 9) shown in
y-4> diagram and given by small circles with bars indicating the peak widths. The large circles
correspond to undisturbed shadow cones belonging to the indicated Cu atoms (see text).

small circles with bars indicating the peak width, are shown in a <p—\l/ plot for the
different angular distributions of fig. 9.

From fig. 10b it follows that the largest angle between the two scattering maxi-
ma around ^ = 35° is found at tp = 9°. This means that at these angles of inci-
dence <p and 4> the oxygen atom is right in the middle of the shadow cone of atom
B.

Knowing the values of y and i// and the distances between surface atoms (2.56 A
and 2.56>/2 A), we can now calculate the position of the oxygen below the surface
layer. The value for the impact parameter, which causes a scattering angle of 45°
for Ne* on 0 , can be estimated as 0.1 A for different types of interaction potentials
between Ne and O (for the used primary energy of 3 keV). The impact area of the
oxygen atom is found to be 0.5 ± 0.1 A below the surface plane. So the distance
of the oxygen atom centre to the surface plane is approximately 0.6 ±0.1 A.

Starting with this calculated position, one may expect that at i// = 35° and y? =
9° + \ X 18° (the value of 18° is the estimated value for the largest angle between
the two scattering maxima around \j/ = 35° at <p = 9°) the oxygen atom will be at
the edge of the shadow cone of atom B. A peak is indeed seen when $ is equal to
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this value (<p = 18°). However, this peak is also visible for ^=16° and $= 17°. It
should be pointed out that thermal vibrations of the surface atoms normal to the
surface plane can cause this spread in tp. So we can conclude that our estimate of
the oxygen atom position is correct. A more detailed discussion of the experimental
results given in fig. 9 is necessary to explain the background of Ne* ions scattered
by oxygen in directions where total shadowing takes place. The background signal
is partly caused by a broadening of the peaks in the distributions due to the angular
resolution of the analyzer system (Aip = 3.5° and Ad = 6.5°) and the angular spread
of the primary beam (1°). Thermal vibrations of the Cu and 0 atoms in the target
surface also give rise to peak broadening. These effects, however, cannot explain the
background in the <001 > direction (see e.g. the distribution for \p = 9° or 10° in fig.
9). The most important contribution to the background is supposed to be supplied
by ions scattered from deeper layers. (This supposition will be discussed in more
detail in section 5). Scattering by physisorbed oxygen or oxygen in the vicinity of
surface defects may also contribute to the background signal.

The calculated position of the oxygen is used to calculate the ip and \}/ values at
which the oxygen atom lies at the edge of a shadow cone of a certain Cu atom. The
results are circles in a ip—\p diagram. This is demonstrated in fig. 10b for different
atoms indicated by A, ..., F. The disturbance of the shadow cones by neighbouring
atoms is neglected in the calculations. If the influence of neighbouring atoms is
taken into account, the given circles will be somewhat distorted. This distortion will
be small, if the distance between a neighbouring atom and the edge of a shadow
cone is relatively large (see for instance fig. 1, where for P> 0.7 A the particle is
only slightly deflected). This situation is valid for atoms A, B and F (see fig. 10b).
The intensity of the peak at C and D (see fig. 9, e.g. at \p = 9°, i/> = 13°) suggests
that the combined shadow cones of atom C and D give a large flux of particles on
the oxygen atom. This is the so-called ion focussing or wedge focussing effect
[25—27]. The combined effects of the shadow cones of atom C and B also give rise
to a high intensity (indicated by I in fig. 9). No peaks are found for atom A because
of blocking effects by atom G; Taking these considerations into account, the overall
agreement between the calculated and experimental results is remarkably good (see
fig. 10).

5. Final remarks and conclusion

The measured angular distributions of scattered ions N(\p) show a large number
of peaks and dips. The used primary energy range (3-5 keV) is an optimum for the
appearance of structure in the measured distribution on the one hand and the inter-
pretation of the structure on the other hand. With low primary ion energies less
structure is visible in the distributions, probably because of neutralization effects.
High primary ion energies increase the influence of deeper layers in the measured
distributions and complicate the interpretation of the origin of peaks and dips. The
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best way of interpreting the presented distributions is to start with the large dips,
which always originate from close-packed directions. The interpretation of the ori-
gin of peaks in the \j/ distributions is sometimes complicated by the fact that the
positions of the peaks may be shifted by simultaneous interaction of neighbouring
Cu atoms on the scattered Ne+ions. Moreover two or more neighbouring atoms can
give rise to a peak at a non-trivial place in the distribution.

Nevertheless the peaks in the distributions, originating from the enlarged flux at
the edge of a shadow cone, are useful to determine positions of adsorbed atoms on
a surface, as we found in the case of oxygen on a Cu(110) surface.

The measurement of angular distributions of scattered ions is a direct method
for determining adsorbed-atom positions above and below the surface plane. In the
special case studied here, Ne+ ions scattered by oxygen, only scattering angles below
53° are possible according to the single collision model. This means that Ne+ ions
scattered on oxygen atoms below a Cu surface layer might be blocked by surface
atoms after being scattered on the oxygen. This blocking effect can also cause a dip
in the angular distribution at certain angles of incidence and certain scattering
angles. The blocking effects possibly influence the measured distributions of Ne*
ions scattered by oxygen on a Cu(llO) surface in the <110> direction (see figs. 9
and 10, where there are no peaks near atom A).

The explanation given for the experimental results was justified in the case of a
clean Cu surface, because of the agreement between the calculated and measured
distributions.

This agreement was not only in the positions of the peaks and dips but also in
the elevated background for ip = 16°-30° (see figs. 5 and 7). The explanations for
this background is that scattering by all surface atoms is possible at these elevation
angles of incidence. The absence of background at smaller elevation angles (in cal-
culated and in experimental distributions) indicates the absence of surface defects
(adatoms and surface steps).

In the case of oxygen on a Cu(IlO) surface, similar calculations are necessary to
explain all the details in the measured angular distributions. These calculations are
not essential for the determination of the position of the oxygen on the Cu surface
as has been shown already. No comparisons of the determined oxygen position on
Cu(110) are possible because no experimental data are available (as far as the
authors know) except LEED data [6-8] , which gives a (2 X 1) structure in the case
of oxygen on Cu(110). Comparisons with LEED data are complicated because
LEED experiments are generally performed with the adsorbed layer in a static situ-
ation, whereas our results are obtained in a dynamical situation, i.e. oxygen was
admitted during bombardment. The oxygen coverage degree results from an equi-
librium between the number of adsorbed oxygen particles and the number of
desorbed and sputtered oxygen particles. Although ion bombardment may influ-
ence the measured oxygen position in the first surface layer, control measurements
in a static situation did not indicate any such influence.

With regard to the experiments on oxygen-covered Cu surfaces another remark
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should be made. In measured energy spectra of Ne* ions on oxygen-covered
Cu(l 10) surfaces (i.e. fig. 4b) an increased number of counts was measured on the
low energy side of the Ne*-Cu scattering peak. This increased number of counts
was also measured for incidence directions in which hardly any oxygen scattering
was observed in the energy spectra (e.g. at \j/ = 90°, where the oxygen atom is inside
the shadow cone of a Cu surface atom). Such behaviour was found on Cu(l 11) too.
On clean copper surface this low energy tail in the energy spectra of Ne+ ions is
absent for the used primary ion energies. The increased number of counts at the
low energy side of scattering peaks can be attributed to particles which followed
rather complicated trajectories in or below the surface layer and most of them have
therefore been neutralized. Since the increased tail in the energy spectra for oxy-
gen-covered surfaces can not originate from multiple scattering from oxygen rows
or Cu—0 rows, this probably means that the oxygen on the surface causes an
enlarged ionization probability or a decreased neutralization probability for Ne
particles scattered below or in the uppermost surface layer. This tail can be used for
studying the neutralization of scattered particles or for investigating second surface
layers.

To conclude, low energy ion scattering experiments are a useful tool for investi-
gating adsorbed layers. In those cases where the adsorbed atoms are in regular posi-
tions above or below the crystal surface, the low energy of the incoming ions makes
it possible to determine the relative position of the adsorbed atoms with the help of
the shadow cone model.
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CHAPTER IV

ADSORPTION AND DESORPTION PROCESSES OCCURRING WITH OXYGEN ON

CU(llO) INVESTIGATED WITH LOW ENERGY ION BEAMS

1. Introduction

The interaction of molecular oxygen with copper single

crystal surfaces of various orientations has been the subject

of investigations since the advent of ultra high vacuum

techniques. The main subjects of interest are still the ad-

sorption and desorption of molecular as well as atomic oxygen

on surfaces and the adsorbate arrangement on the substrate

resulting from the exposure of the surface to oxygen.
— o

The adsorption of oxygen at pressures between 10 and
-410 Torr on Cu(110) has been investigated with Low Energy

Electron Diffraction (LEED) [ 1-41 and work function measure-

ments [5] . Recently the kinetics of oxygen interaction with

a Cu(110) surface has also been studied with Auger Electron

Spectroscopy (AES) and el 1ipsometry f6] . The results of these

investigations suggest that at room temperature the (initial)
* — 1

sticking probability for a clean crystal surface is about 10

and that the adsorption process can be described with a model

where one assumes dissociative chemisorption of oxygen via a

(mobile) precursor state . The LEED patterns initially show

streaks parallel to the <110> directions, changing into a

(2 x 1) structure after exposure to oxygen in the range:

6 - 60 x 10 Torr sec. Further exposure at room temperature

The sticking probability is the probability of an incident

molecule becoming dissociatively chemisorbed on the surface.

The precursor state is assumed to be the physisorbed state

of the molecule on the surface.
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causes an increase in background intensity and the appearance

of weak spots of a c(6 x 2) structure f 1, 21 .

Some aspects of the adsorption of oxygen on single

crystal surfaces have also been investigated with Low Energy

Ion Scattering (LEIS). The oxygen position on an Ag(IIO) and

a Cu(llO) surface could be determined with LEIS \1, 81 . The

results showed the oxygen atom to be lying between two neigh-

bouring surface atoms in a <100> row and, in the case of

Cu(JJO), 0.6 ^ below this row. Studies of the sputtering of

adsorbates by low energy ions showed that the extent of the

adsorbed species removed by the ions depends on the direction

and energy of the ions, on the ion-adsorbate-substrate com-

binations, on the position of the adsorbed species relative

to the matrix atoms, on the binding energies of the adsorbed

species , etc. [9-12],

In a previous chapter the results relating to the deter-

mination of the oxygen position on a Cu(110) surface were

discussed. In this chapter experimental results concerning

adsorption and desorption processes will be presented and

a model for the adsorption kinetics will be discussed.

It has already been shown that the development of a

model for the adsorption kinetics in an experiment is con-

siderably simplified if the residence times of the adsorbed

species are either very short or very long compared with

the time scale of the experiment [ 13-151 . In the oxygen-

copper combinations the results suggest that these lifetime

criteria are satisfied at room temperature f 61 : a short

resident time for the physisorbed oxygen, a long resident

time for the chemisorbed oxygen.

In the kinetic model (discussed in section 6) for the

formation of an ordered chemisorbed layer on a crystal sur-

face with twofold symmetry the influence of possible ion

bombardment on the adsorption process has been taken into

account. Without ion bombardment the model predicts a

similar relation between the sticking probability and the
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fraction of pairwise empty adsorption sites, as derived by

King and Wells [ 15] . With ion bombardment, however, the

ions cause the removal of the chemisorbed oxygen atoms. This

ion-induced desorption process can be studied quite well

separatel> by means of LEIS, particularly now that the oxygen

atom position on a Cu(110) surface is known from previous

experiments. The more Complicated adsorption processes during

ion bombardment are discussed with the help of the results on

ion-induced desorption.

Section 2 of this chapter consists of a short intro-

duction concerning the formation of an adsorbed layer; the

purpose is to provide background information for the experi-

mental methods we used to investigate the stimulated de-

sorption process and the sticking probability of oxygen on a

Cu(llO) surface. The experimental set-up and handling will be

reported in section 3. An introduction to the different ex-

perimental methods is also given in that section. The results

obtained with these methods will be shown and discussed in

sections 4 and 5. In section 6 the model of the formation of

an ordered overlayer on a crystal surface with twofold

symmetry will be presented. The model calculations will be

compared with the experimental results in section 7.

2. Theoretical introduction to the formation of an adsorbed

layer

In this part of the chapter the mechanism for the for-

mation of an adsorbed layer and its consequences for the

degree of coverage of the surface by adsorbed species will

be discussed briefly.

Although many processes may occur f 16, 17] when a

diatomic molecule is incident on a metal single crystal sur-

face with twofold symmetry, only a few assumptions concerning

the formation of an adsorbed layer must be made to justify

the use of the experimental methods we describe. These

assumptions are:



1. There is a probability of the incident molecule becoming

dissociatively cheraisorbed on the surface. This sticking

probability depends on the degree to which the surface is

covered by chemisorbed oxygen atoms. The degree of coverage

6 is defined as the ratio between the number of filled

adsorption sites and the total number 11 of possible ad-

sorption sites on an empty surface,

2. The residence time of the chemisorbed atoms is very long

compared to the time scale of the experiments.

3. The degree of coverage 9, of the surface by physisorbed

molecules is very low, so that in signals that are related

to chemisorbed oxygen atoms hardly any contribution is to

be expected from the physisorbed molecules. This fits in

with the situation that the residence time of the

physisorbed molecules should be very short compared with

the time scale of the experiments.

Since the mean residence time of physisorbed oxygen on Cu can
-9

be estimated in the ordefof 10 s, a rapid establishment of

the 0,-coverage can be expected with a coverage of less than

10 of a monolayer at pressures below 10 Torr [ 18].

The increase in the number of chemisorption sites filled

spontaneously with oxygen per cm in a time dt can now be

is the number of incident

oxygen molecules per cm surface area per sec and S(6) is

the probability of an incident molecule to become dissociative-

ly chemisorbed (sticking probability). (Generally S(") will

decrease with the decreasing number of empty adsorption sites
2

per cm ) The value of i is related to the partial oxygen

pressure P via
0

expressed as S(8)i dt, where i.
m j

0 r

3.6 x 10 2 0 Pr (O

if P. is given in Torr and the gas is at room temperature.

2
In the case of ion bombardment of an oxygen-exposed

metal surface the decrease in the number of filled chemi-
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sorption sites per cm surface area in a time it can be ex-

pressed as a N 0 i dt, where N 8 is the number of filled
SO ty S

chemisorption sites per cm and N the number of possible
2 s

chemisorpt ion sites per cm on an empty surface; o is the

cross section describing the removal of a chemisorbed oxygen

atom by an incident ion (also called: "induced (or stimulated)

desorption cross section" or simply called: "desorption cross

section") and i is the particle current density in the itn-
0 2

pinging ion beam (ions/cm s).

Hence, during ion bombardment the increase in the
o

number of filled chemisorption sites per cm in a time At

can be expressed as

ffdfl = S (B)i dt - a N 6 i dt.
s t m s o (2)

The sticking probability appears to increase as the re-

sult of ion bombardment (see section 5), and can be written

as

S.(0) (3)

in the case of ion bombardment, where S(0) is the sticking

probability due to spontaneous adsorption processes and

S.(8) is the sticking probability due to ion induced ad-

sorption processes.

Generally the sticking probability S(0) will in-
2

crease with the number of empty adsorption sites per cm .

When the probability of an incident molecule to physisorb

molecularly depends only on the fraction of empty adsorption

sites, the physical "sticking probability" is proportional

to (1 - 82). On the other hand, when dissociative adsorption

takes place on the landing site of the molecule, the sticking
2

probability S(0) is proportional to (1 - 0) which is the

The sticking probability of a molecule becoming physisorbed

the surface is generally called: condensation coefficient.
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fraction of pairwise empty chemisorption sites; the latter

is valid when interactions between adsorbed atoms are neglec-

ted. From the experimental results it will appear that these

simple models cannot explain the behaviour of the sticking

probability function. Therefore, in section 6 a kinetic

model will be presented that takes into account the mobility

of the physisorbed oxygen molecule and the arrangement in

the chemisorbed layer.

In the experiments presented, the chemisorbed oxygen

coverage degree 8 w a s determined from ion scattering signals

or from secondary ion emission signals, as a function of

various parameters. By means of different experimental

methods and the relations 1, 2 and 3, the removal cross

sections of chemisorbed oxygen on a C u ( M O ) surface were

determined and the sticking probabilities with and without

ion bombardment were deduced from the experimental results

presented in sections 4 and 5, respectively.

3. Experimental introduction

3.1. Set-up and handling

The experimental set-up has been described in more

detail elsewhere [ 19] . The main parts of the set-up are a

Nier-type ion source (energies 0.1 - 10 keV, energy spread

1%, angular spread 1°, current 10 nA - I A<A, spot size 4 » ' ,

noble gas ions), a target manipulator (6 degrees of freedom),

and a flat-plate electrostatic energy analyzer for the

scattered and secondary ions [20] (rotatable in one plane,

energy resolution 3.5 %, solid angle 10 sr) from which

analyzed ions are accelerated towards and counted by a

Mullard B 1407 Channeltron multiplier. All parts are built
— 8

in an ultra-high vacuum system of iO a 10 9 Torr. The

energy analyzer can be rotated in the plane of incidence

(defined by the incoming ion beam direction and the target

surface normal) from 0° to 145° with regard to the ion beam.
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The different directions in this plane are indicated as follows.

The angle between the main entrance direction of the analyzer

and the incoming ion beam direction is #. The elevation angle

of incidence is <p. Consequently, the elevation angle of ejection

is 0 - 0, The angular resolution AT? varies from 2° to 6 , de-

pending on the values of * and <t .

In the experiments we bombarded a copper monocrystalline

target at room temperature with noble gas ions (typically Ne

and Ar ). The targets were disc-shaped crystals, spark-cut to

within 2° of the (110) orientation from a very pure (99.999 Z)

copper rod from the Material Research Corporation, After

grinding and electro-lap-polishing a crystal was mounted in

the target manipulator. The surface was cleaned by sputtering

(with Ne or Ar ions of a few keV at small elevation angles

of incidence (20°) [22] ) until ion scattering energy spectra

showed no contribution from impurity atoms (typically, applied
1 7 2

ion dose approx. 10 ions/cm ). After the cleaning procedure

by ion bombardment the measured ion scattering energy spectra

showed hardly any contributions of ion scattering from surface

defects (steps, etc.) or crystal imperfections (disordered sur-

face lattice).

The pressure in the UHV system was measured by means of a

Bayard-Alpert ionization gauge and by a quadrupole mass spectro-

meter (QMM 17-Riber). The partial oxygen pressure at low oxygen

pressures was measured by the quadrupole mass spectrometer. The

oxygen was admitted to the UHV system from a gas inlet system

through a leak valve. We established the actual oxygen pressure

by maintaining an equilibrium between the continuous supply of

oxygen and the pumping speed of a turbomolecular pump coupled

to the UHV system (Pfeiffer TPU 200).

3.2. The measuring methods

In our experiments we bombarded a target with low energy

noble gas ions at a certain elevation angle of incidence <P and

at an azimuthal angle of incidence ifi. The emitted secondary

ions and the scattered ions were measured with the electro-
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Fig. I. Energy spectra of ions coming from £ an almost clean Cu(llO) surface

(10 % of the oxygen saturation coverage) and b_ an oxygen-covered CuCIlO)

surface (60 % of saturation coverage), bombarded with 3 keV Ne ions. The

single scattering peaks of Ne scattered by 0 and by Cu are expected at

E/E Q - 0.36 and 0.83, respectively. At 0.49 an 0 + recoil-ion peak is found.

The striped columns indicate the energy analyzer resolutions.
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static energy analyzer at a scattering angle 0. The energy

spectra of secondary and scattered ions showed scattering

peaks (see fig. 1) in accordance with the well-known relation

between the energy of a peak and the target atom mass (single

scattering model [ 22] ).

Fig. 1 shows energy spectra for 3 keV Ne ions incident

on a Cu(llO) surface at an incidence angle of 20°, along a

<110> surface direction. The spectra were obtained at

different degrees of oxygen coverage (at 10 % and 60 % of satu-

ration coverage). At a scattering angle of 45 the scattering

peak for Ne on Cu is found at a relative energy E/E of 0.83

(where E is the primary energy of the Ne ions) and the

scattering peak for Ne on 0 is found at a relative energy of

0.36. The peak at a relative energy of 0.49 corresponds to

the energy of 0 ions (recoil ions) emitted from the surface

as a result of direct (single) collisions of Ne ions with

adsorbed oxygen. At low energies {E < 150 eV) the spectrum

consists of ions emitted by sputtering processes ("secondary

ion emission"). With clean Cu surfaces the contribution to

the emission consists mainly of Cu , Cu, and Cu, ions. With

Cu surfaces exposed to oxygen there is also a contribution of

adsorbate-substrate cluster ions such as CuO , Cu.O , etc.

The contribution of secondary ions (adsorbate-substrate as

well as substrate cluster ions) was found to increase with

increasing oxygen exposure (see e.g. fig. 1), which is in

agreement with the experimental results of Muller et al [23].

For the study of oxygen adsorption and desorption it is

obvious to use noble gas ion scattering by oxygen. However,

this method is unsuitable for heavy projectiles because of

the very small range of usable scattering angles (e.g. Ar

scattered by oxygen: 0° < ft < 23°). Therefore, the scattering

peak of ions scattered by oxygen atoms will be used in the

case of: bombardment with Ne ions and the low energy secondary

ions will be used in the case of Ar ions.

In the experimental results (given in sections 4 and 5)

it is assumed that, the measured scattering signal of noble
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gas ions scattered by oxygen as well as the measured secondary

ion emission signal are both proportional to the degree of

chemisorbed oxygen that covers the first surface layer of the

Cu surface [9-12,24]. It is also assumed that this proportional-

ity is valid up to the saturation coverage of this chemisorbed

layer and that the signals are not influenced by oxygen atoms

situated in deeper layers.

By and large these assumptions appear to be valid for ion

scattering signals for the following reasons. The position of

the adsorbed oxygen is known from previous experimental results;

the position is such that the oxygen atoms are all bound

equally and that the primary beam can be directed in such a

way that each incident noble gas ion scatters by not more than

one oxygen atom, without being influenced appreciably by ad-

jacent oxygen atoms. This means that the number of noble gas

particles scattered by oxygen (whether these are neutralized or

not) is proportional to the surface density of the oxygen scat-

tering centres. The probabilicy that noble gas ions scattered

by adsorbed atoms in the first layer will neutralize is unlike-

ly to depend on the degree of oxygen coverage. Thus, the signal

of noble gas ions scattered by oxygen will be proportional to

the degree of oxygen coverage.

Although there is evidence that on Cu surfaces the

secondary ion emission yield is also proportional to the sur-

face density of oxygen atoms [ 25], it is much more difficult

to make this relationship clear. From SIMS data it is known

that secondary ions originate at a maximum escape depth of

about 5 A, which makes this technique almost as surface sensi-

tive as LEIS. Experimentally, it is found that the yield of

secondary ions increases with increasing oxygen exposure

[ref. 23 and section 5] . The experimental results in the next

section show that our assumption of proportionality between

the secondary ion emission yield and the oxygen coverage

on the first layer is reasonable.

The different experimental methods used to investigate

oxygen adsorption and desorption involve varying combinations
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in which the primary ion beam is switched on or off and the

oxygen gas-flow is on or off while the process to be in-

vestigated takes place. The ion induced desorption can be in-

vestigated when the ion beam is on and the oxygen flow is off

(see section 4). When the ion beam is switched off for a

while the spontaneous adsorption process during oxygen ex-

posure can be studied (section 5.2.1). Experiments during

simultaneous ion bombardment and oxygen exposure deal with

ion induced desorption, spontaneous adsorption and stimulated

adsorption. In section 5.2 two methods involving this com-

bination will be presented; in one of them the influence of

the ion-induced desorption can be neglected to a certain ex-

tent .

4. Experiments to determine stimulated desorption aross

sections

4.1. Desorption aross section and ion signal

According to eq. 2 the decrease of the (chemisorbed)

atomic oxygen coverage degree during ion bombardment is given

by

-dfl B (£) i a At
O

(4)

(see also refs. 9-12), if no oxygen is admitted to the surface

during the bombardment. With the assumed proportionality

between the oxygen coverage degree and the intensity of the

signal of noble gas ion scattering by the oxygen or of secon-

dary ion emission, we get for these signals separately

C i 9(0) exp(-iQ(7t)

(5)

or lnU(t)/Y(0)] -toto

where C contains as essential factors the collision cross

sections and the probability that a particle will leave the
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Fig. 2. The signal of Nc ions scattered by oxygen atoms on an oxygen-ex-

posed Cu(IlO) surface as a function of bombardment time. Primary energy of

the Me* ions was 3 keV. The elevation angle of incidence was 20 and the

scattering angle (*) was 45°. Azimuthal incidence direction was chosen

along the <110> surface direction. The selected secondary energy was 1080 eV.

The dashed line indicates the background signal (signal at t - °°) .
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surface in the form of an ion. With known particle current

density £Q (ions/cm s), which is related to the current density

of the ion.beam I (A/cm ) by i e» I , it is possible to obtain

the stimulated-desorption cross section a from the slope of a

semilog plot of the scattering signal or of the secondary ion

emission signal, as a function of time.

4.2. Experimental results

To determine desorption cross sections of oxygen chemi-

sorbed on a Cu(lIO) surface the oxygen-covered surface was

bombarded with Ne and Ar ions. The copper surface had been

previously exposed to an oxygen pressure of about 10 Torr

for about 100 sec (->• 1000 L*). This dose was sufficient to

achieve the Cu(110) - 2 x 1 - 0 structure in a LEED pattern

[1,2]. After this exposure the oxygen pressure was reduced
-9to values below 10 Torr. At such pressures the ion beam

was switched on and the signal orginating from ions scattered

by oxygen (or the secondary ion emission signal) was measured

as a function of time.

The azimuthal incidence direction of the primary ion

beam was chosen along the <1T 0 > direction in the surface. As

already mentioned, the oxygen atom lies between two neighbouring

Cu atoms in a <001> row and about 0.6 A below this row [ 8] .

Thus, with the elevation angles of incidence y (20 and 30 )

and the azimuthal incidence direction we used the oxygen

atoms were not shadowed by Cu atoms or by each other. (In the

case of Ne ions on 0 tp = 20 was chosen because of the range

of usable scattering angles (0° < 0 < 53°) and the undesira-

bility of using too small elevation angles for the detection

of scattered ions.) Hence, direct collisions between the noble

gas ions and oxygen atoms are hardly disturbed by other oxygen

atoms. Consequently, the assumption that the scattering cross

section is independent of the coverage degree is justified

IL = 1 Langmuir =

3.5 x 1 0 U mol cm2

10~ Torr sec = 1.3 x 10 Pa sec

, at room temperature).
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(provided the involved oxygen atoms are bound equally).

In fig. 2 we see an example of an experimental result:

the intensity of 3 keV Ne ions scattered over 45 by 0 atoms

on a Cu(llO) surface. This result is also shown in fig. 3

in a semilog plot, together with some other results. In this

figure ln[ S(t)/3(0)] is plotted V3 time; Y(t) and Y(0) are ob-

tained by subtracting the background signal (the signal

measured after 10 min.) from the measured signals.

The small background signal obtained after a long period

of ion bombardment is mainly due to scattered Ne ions that

have lost energy as a result of multiple collisions in or

below the surface. The ions cause a small background continuum

in an energy spectrum of scattered ions; see e.g. fig.l. Only

a small fraction of the background signal (< 1 % of the signal

at saturation coverage) is due to Ne ions scattered by oxygen.

The remaining oxygen coverage is due to residual oxygen
— 9pressure (< 10 Torr) or to the re-appearance of oxygen atoms

previously implanted into the bulk of the crystal by the ion

bombardment. In the ion scattering signal it is not possible

to distinguish between the amount of oxygen removed by de-

sorption processes and the amount removed by implantation into

the bulk. However, since our experiment (fig.2) is long enough

(> 10 min.) for at least 4 monolayers of the Cu surface to be

removed, it is in fact this nearly negligible fraction of the

background signal (and its reproducibility on that surface)

which indicates that the removal by implantation can be neglected

under our conditions in the case of Ne ion bombardment.

The results of the scattering measurements show the ex-

pected linear behaviour (see fig.3). The desorption cross
— i f\ *)

sections are about 8 x 1 0 cm at the used angles of in-

cidence. Assuming that a (2 x 1) LEED structure corresponds

to saturation coverage (i.e. tfg = 5 x 10 adsorption sites/cm"

for Cu(110)) we found a value of 1 atom/ion for the desorption

ratio at saturation coverage
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(d In (*<*)) , ; , Lr-L- - , atom/ion, where sin"1 * is
v it i sin v> sin <t>

0 . 2

introduced because the number of incident ions per cm target

area per sec. is proportional to sin >p at constant % ) .

In fig. 4, different desorption cross sections values are

given for different I at the same primary energy. The various

primary intensities used to obtain these desorption cross

section values are given in the insert. The figure shows clear-

ly that there is no systematic relation between the desorption

cross section and the primary intensity; this is in agreement

with the model.

Secondary ion emission measurements were performed on

oxygen-exposed Cu(llO) surfaces bombarded with 0.7 - 5 keV Ar

ions, at an emission angle of 60 with respect to the surface

(incidence angle <p was 30°). Secondary ions with an energy of

120 eV were measured, because it was found that the secondary

ion emission yield per adsorbed oxygen atom in this energy range

was greater than at lower and at higher secondary ion energies

(i.e. y/fl has a maximum at about 120 eV). Furthermore, in

section 5 it will be pointed out that the secondary ion emission

is negligible in the case of unexposed Cu surfaces. Consequently,

the assumption of proportionality between secondary ion emission

yield and oxygen coverage degree becomes acceptable.

The results of these secondary ion emission measurements

also show that there is a strong (exponential) decrease in the

secondary ion emission signal as a function of time fora cer-

tain primary Ar ion energy. The results also indicate that

hardly any of the adsorbed oxygen is removed by oxygen im-

plantation, whereas our experiment was long enough (> 10 min)

for at least 4 or more monolayers to be removed from the Cu

surface. A different result was found when oxygen desorption

measurements were performed on a Cu(110) surface which had

been previously bombarded for a long time (> 1 hr) with 5 keV

Ar ions in the presence of an oxygen background pressure of

10 Torr (coverage degree is 80 - 90 % of maximum value). In

that case, the secondary ion emission signal measured during
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desorption experiments decreases first asymptotically down to

about 15 % of the signal at saturation coverage, but a second

decrease of the signal is observed after a bombardment time

that corresponded with the time required for the removal of

about 4 layers. This behaviour can be attributed to oxygen im-

plantation by the ion bombardment. From the results it can be

estimated that in a dynamic steady state situation the oxygen

density in the 4th surface layer is about 15 Z of the saturation

coverage of the first layer and not much more in the other

layers. From this result the amount of oxygen removed by im-

plantation into the 4th layar can be estimated to be about 5 %

of the adsorbed oxygen surface layer. Thus, the maximum amount

of adsorbed oxygen which can be removed from the first layer

by implantation is about 20 % of this oxygen layer.

On the other hand, the results of secondary ion measurements

on surfaces from which implanted oxygen had been carefully

cleaned by sputtering give a straight line in a semilog plot

of ln[7(t)/J(0)] vs time, similar to the lines shown in fig. 3.

The desorption cross sections determined with our

measurements are shown in figs. 4 and 5 for different primary

energies of Ne and Ar ions, respectively. The errors in-

dicated in these figures are caused mainly by uncertainties in

the primary ion densities and only partly by the uncertainties

in the straight line approximations in the semilog plot.

Figs. 4 and 5 both show rather similarly shaped curves

for the desorption cross section as a function of the primary

energy. However, the maximum desorption cross section for the

Ar ion bombardment seems to be at somewhat higher primary

energies than for the Ne ion bombardment, and the values of

the desorption cross section for the Ar case are a factor

of 4 higher than for the Ne case.

4.3. Discussion

It is possible to envisage two extreme ways in which ad-

sorbed oxygen can be removed from a Cu(110) surface by means

of ion bombardment: a) removal of the oxygen by shooting it
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away with the incident ion, b) removal by shooting away the

copper surface layer which in its turn will cause the oxygen

atoms to become detached. In this connection three types of

mechanisms for desorption have been proposed by Winters and

Sigmund [26].

All these may contribute to the removal of the 0 atoms from

the Cu surface. The first involves direct collisions between

the incident ions and the adsorbed atoms. The second mechanism

involves collisions between the adsorbed species and incident

ions which have been reflected from substrate atoms. The

third mechanism involves the collision cascades created by

the incident ions, which results in the removal of substrate

and adsorbed species by a sputtering process. The transfer of

the oxygen from the surfac.e to deeper layers (implantation)

will not be discussed, since this type of removal has been

shown to be of minor importance under our conditions.

The first and second mechanisms will clearly cause the

desorption cross section to decrease when the primary energy

increases in the energy range considered, since these

mechanisms depend on the size of the scattering cross sections.

With regard to the third mechanism, it is well known from

sputtering data and sputtering theories [ 27] that sputtering

rates increase with increasing primary energies, but above a

certain primary energy they decrease.

A comparison between our desorption results and sputtering

data for clean Cu(110) surfaces is not direct possible, because

there is a lack of data obtained in circumstances identical

to ours. In the case of Ne and Ar ions that are normally

incident on polycrystalline Cu the maximum sputtering rate

has been found to be above 10 keV primary energy. However, on

single crystal surfaces it has been shown that the projectile

energies with maximum sputtering rates are much lower.

Optimum energies of about 3 keV have been found for Ar ions

that are normally incident on a Cu(110) surface [28] with a

maximum sputtering ratio of about 3 atoms/ion. This value is

below the desorption ratio (about 3.5 atoms/ion) of adsorb-

ed oxygen on a Cu(llO) surface as determined by our experi-
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ments. It was also found, however, that sputtering ratios can

increase by a factor of 3 or more when smaller incidence angles

are used [28] . In view of this, a sputtering ratio above

10 atoms/ion seems quite possible in the case of 3 keV Ar

ions on Cu (110) at an incidence angle of 30°. This means that

the removal of oxygen may be directly related to the sputtering

process, because the sputtering ratios will be more than twice

as high as the desorption ratios (this agrees with a coverage

of half of a monolayer) and the primary energy for maximum

sputtering ratios is of the same order as the primary energy

for maximum desorption ratios. On the other hand, if one may

compare the shapes of desorption ratio curves and sputtering

ratio curves for Ar ions normally incident on Cu(110), one

should realise that the decrease in desorption with increasing

primary energy is faster than the decrease in sputtering.

Sputtering ratios for polycrystalline Cu targets and

Cu(110) targets bombarded with Ne ions were found to be

approximately twice as low as the sputtering ratios for Ar

ion bombardment. Since the desorption ratios for the Ne ion

bombardment are also lower than for the Ar ion bombardment

(cf. fig. 4 and 5) the sputtering process may be of major im-

portance for the removal of oxygen.

There is, however, one aspect of the first two mechanisms

which has been ignored up till now. Although relevant scattering

cross sections decrease with increasing energy in the used

energy range, there may be an increased flux of primary ions

that collide with the adsorbed oxygen atoms in a certain

primary ion energy range. This effect can be attributed to ion

focussing f 29] or wedge focussing [ 30] , which cause locally

an enlarged flux of incident particles below the top surface

layer. Since it is known that the oxygen atoms are situated

below the top surface layer, it is possible that this increased

particle flux contributes to the desorption of oxygen through

the first two mechanisms.

Calculations similar to those mentioned in ref. 8 did

indeed indicate a strongly increased flux of particles incident
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on the adsorbed oxygen atoms at primary energies of 2-3 keV

for Ne ions with an incidence angle of 20 and at primary

energies of 3-4 keV for Ar ions with an incidence angle of

30°, Below these energies the oxygen atoms are more or less

shadowed by Cu atoms in the top surface layer and above these

energies the particle flux on the oxygen atoms decreases and

the collision cross sections decrease as well. This means that

under these conditions the first two mechanisms contribute to

the oxygen desorption ratios, with a primary energy dependency

similar to that found experimentally. Since in our circum-

stances the fraction of the primary particle beam which con-

tributes to the first two mechanisms can be estimated to be

maximally about 50 %, one can hardly assume that the first

two mechanisms explain the desorption results alone. E.g.

when at saturation coverage the maximum desorption ratio for

Ne ion bombardment has to be explained by the first two

mechanisms, then one incoming Ne ion would have to remove 2

or more oxygen atoms. The corresponding number for Ar ion

bombardment would have to be 7 or more.

In connection with the abovenientioned considerations, it

is proposed that the desorption of oxygen from a Cu(llO) sur-

face bombarded with Ne or Ar ions is caused mainly by

sputtering processes and only partly by ion focussing processes,

Note, however, that this proposal will have to be checked by

computer calculations relating to the collision processes and

by more experiments on clean and covered Cu(llO) surfaces.

Only a qualitative comparison of our experimental results

with the ion-induced desorption results of Taglauer et at.

[9-12] is possible. Desorption cross section results for

oxygen on a Ni(110) surface bombarded with Ne ions (energy

500 eV - 2 keV, <p = 30°) are shown in ref. II. These results

show an increasing desorption cross section at increasing

primary energies, but the values are about a factor of 2

higher than our results for Cu. It should be noted that in

our experiments another incidence angle was used. Besides,

in the case of Ni(110) surfaces the oxygen atom positions were
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found in or above the top surface layer [9,31,32], which

makes influences of ion focussing effects less probable in

the case of Ni surfaces. Above 2 keV primary energies no com-

parisons are possible because no desorption cross sections

above 2 keV are presented in the papers of Taglauer et al.

In the model calculations discussed in their work, Taglauer

et al. took into account the same contributing processes for

the desorption as those mentioned by Winters and Sigmund [ 26] .

(however, the estimation of the contributions of the different

processes used by Taglauer et al. in model calculations differs

from the corresponding estimation used by Winters and Sigmund

in model calculations.) In their (Taglauer et al.) model cal-

culations, they do not mention to what extent the different

processes contribute to the desorption of the adsorbate, but

they ascribe differences between model calculations and ex-

perimental results to an overestimate of the reflection con-

tribution (process 2) or to an underestimate of the sputtering

contribution in the model calculations.

In view of the results of Taglauer et al. , the mentioned

proposal about the contributions of the different desorption

mechanisms of adsorbed atoms during ion bombardment may ex-

plain the observed desorption results. Discrepancies between

model calculations and experimental results, as found by

Taglauer et al. , may be attributed to a certain extent to a

(partial) neglect of the influence of ion focussing effects. \

It is to be expected that the influence of these effects on i

the desorption depends strongly on the position of the ad- -

sorbed atoms relative to the matrix atoms and on the direction

of the incoming ion beam.

5. Experiments to study adsorption processes

5.1. Introduction; measuring methods

In the previous part of this chapter the ion-induced

desorption cross section o of the oxygen on a Cu(110) sur-

face was determined as a function of the energy of the primary
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ions. Therefore, the decrease of 0 by ion-induced desorption,

8 i. a dt t is known for a certain primary particle current

density i (ions/cm s) and a certain coverage degree 0 by

chemisorbed oxygen. By combining eqs. 2 and 3

i i
jt A ^ C f & \ ^^ Jt ̂  *L O t fl \ ^^ *4 ̂ (\ *f ft r\ t* ^ £ ^

N i / l / O
s s

we see that different types of experiments can be used to study

the spontaneous sticking probability S(0) and the ion-induced

sticking probability S^(0).

The first method we present is one for determining the

sticking probability S(0) only, with the oxygen pressure as

a parameter. In the second method the sticking probabilities

5(fl) and S.(0) will be determined practically without any dis-

turbance from ion-induced desorption, with the primary current

density and the oxygen pressure as parameters. Finally, (the

third method) we shall use the known values of the ion-induced

desorption cross section to obtain results for S(0) and 5.(0).

The phenomenon of the ion-induced adsorption has already been

described in ref.33.

In each of the three methods we make use of the assumption

that a measured ion signal (ions scattered by oxygen or

sputtered ions) is proportional to the primary ion current

and to the surface density of the oxygen atoms (see also

section 3.2), i.e.

X • C iQ6 . (7)

The signal at saturation coverage is consequently equal to

X - C i B ; thus 9/0 - X/X . The ratio X/X is
max o max' max max max

the quantity which is measured in the experiments.

The first experimental method, the method of determining

the spontaneous sticking probability S(0) only, involves

measurements with an interrupted primary ion beam and a constant

oxygen pressure. Wherever the beam is interrupted the coverage

degree 0 changes purely because of spontaneous adsorption
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processes. The method is based on the following principles.

At a constant oxygen pressure in the target chamber and with

a constant number of primary ions incident on a target area

per second, the coverage degree 8 approaches a value 8e >

value 0 is related to the equilibrium between the number
eq

of adsorbed species per second and the number of (ion-induced)

desorbed species. Thus, 8 » 0 if d8/dt » 0 is inserted in

eq. 6. When the ion beam is then switched off for a time T^

(see fig. 6) the coverage degree will increase during that

time, according to eq. 6 with iQ = 0 and S^ » 0:

g ^, (8)

with the starting condition 0 = 0 g at t = 0,

When the ion beam is switched on again after the time T., then

at first the measured ion signal Y will be proportional to the

coverage degree 0(7.) existing at time T.; thus, 1(7]) •

- C i 8 (T ). There upon the coverage degree will again decrease

due to the ion-induced desorption, until once more 0 - 0

(see fig. 6). Then the ion beam is switched off for a time T-,

. switched on again, and the measured ion signal will be pro-

portional to 0(y,)> etc.. With this beam on/off measuring

method the function Y(T) - C iQ0(T) is measured, where 0(T) is

the solution of eq. 8 at the given oxygen pressure and equi-

librium coverage degree 0 . From the function J(T) we can

calculate the sticking probability 5(0) (the sticking pro-

bability without ion-induced processes) using

'Tit T~ ~d^~ 1 • <9>
m m max

where Y „ is the ion signal at saturation coverage 0 andmax max
Ymax * C ^"max' T h e a b o v e method was used to obtain the

experimental results at a constant oxygen pressure, as given

in section 5.2.1.
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Fig. 6. Scheme of the method used to measure the adsorption probability with-

out the influence of ion bombardment. During the times Tj, ™2 and 7^ clle

ion beam is switched off; the dashed lines indicate the increase in the

oxygen coverage caused by spontaneous adsorption at a fixed oxygen pressure.

The scattered ions are measured during the time when the ion beam is switchec

on. The yield values at A, B and C are used as measuring points.
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The second measuring method used to obtain the experi-

mental results given in section 5.2.2 is one which is used

mainly in adsorption studies involving other surface techniques,

such as AES, work function measurements, e1lipsometry and

molecular-beam techniques. The measuring signal is recorded as

a function of the oxygen exposure time t, at a certain oxygen

pressure. If it is assumed with these techniques that the

primary particles (e.g. electrons or photons) do not induce

stimulated adsorption and/or desorption processes, the sticking

probability can be determined from a measuring signal by means

of a simple expression similar to eq. 9. However, if the

primary particles do induce such stimulation processes, as in

our case, then the complete eq. 6 needs to be used:

do)
+ 1(4) ioo)

where Y(t) is now the measured ion signal as a function of

oxygen exposure time at a constant oxygen pressure (t'ffl »

constant) and at a constant ion beam intensity (i • constant).

It should be remembered that S is supposed to be independent

of i and that S- increases with i both should be independent
o i o

of the oxygen pressure. In section 5.2.2 measurements of the

ion signal 3T(t) will be given for different primary intensities

i and different oxygen pressures. The corresponding values

of S(fl) + S.(0) will be also presented.

In the third method used, the ion signal was recorded when

an equilibrium between the number of adsorbed species and the

number of desorbed species was reached while the surface was

bombarded with ions, i.e. 9 follows from eq. 6 with dd/dt « 0.

Keeping the primary ion intensity fixed and increasing the

oxygen pressure we can again use the measured ion signal Y

as a function of oxygen pressure to calc.late the sticking

probability in this situation by means of the relation
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Fig. 7. Ion scattering signals of Ne ions scattered by oxygen on a Cut. M O )

surface exposed to two different oxygen pressures (indicated) as a function

of exposure time. The signals were measured with the method shown in fig. 6

and are normalized by the ion scattering signal at t * °° (Y ; indicated

by the dashed-dotted line). The primary ion energy and the experimental

angles are given in the figure. The agreement between both curves can be

seen in fig. 8.
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where l is the number of oxygen particles hitting a unit

surface area per second, N is the maximum number of available

chemisorption sites and the desorption cross section o is

known from the results in section 4. In section 5.2.3 experi-

mental results will be shown for this third method.

Although all three methods have their own experimental

advantages (and disadvantages), it will be shown (in section

7) that the sticking probabilities derived from the results

obtained with the different methods for various circumstances

give supplementary information relating to the adsorption

and desorption quantities discussed in section 6.

From the measurements discussed in the next section the

quantity S/S can be obtained with eq. 9, eq. 10 or eq. 11.

Therefore, in the figures presented in this next section a

"normalized" sticking probability S/fl will be shown as a

function of 0/6 (- X/Y ). This makes the presented
max max v

curves independent of the assumed maximum coverage degree.

However, since in literature a value of 0 close to 0.5

is assumed for a Cu(llO) surface [ 6] , we shall give some-

times values of the sticking probability using 8 • 0.5.

5.2. Experimental results

5.2.1. Adsorption without ion bombardment

We studied the spontaneous adsorption processes (without

the influence of incident ions) by means of 3 keV Ne ions

on a Cu(110) surface. In our experiments we used the first

method mentioned in section 5.1 (see also fig. 6). The

primary ion beam was directed on the surface at an incidence

angle f of 20° with respect to the surface and at an azimuthal

angle i// of 0 with respect to the <110> direction in the

surface. The scattering signal for Ne on oxygen was measured
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Fig. 8. The "normalized" sticking probability S/8Jnax

surface as a function of the "normalized" coverage degree */ 9
m a x

The presented values are obtained by differentiating the curves shown in

fig. 7. The figure shows clearly that the sticking probability is independent

of the oxygen pressure and of the value of I .
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at a scattering angle of 45° and at an energy of 1.08 keV.

As already pointed out in section 3, under these conditions

the Ne on 0 scattering signal is proportional to the surface

density of the oxygen scattering centres.

In fig. 7 the scattering signal measured at the very

moment the ion beam was switched on after time T is plotted

versus the oxygen exposure time T. The oxygen pressures during
_o _7

the experiments were 10 and 10 Torr and the primary in-
2

tensities were 7 and 15 ^A/cm , respectively. In the figure

the signals are normalized with respect to the maximum ion

scattering signal. This maximum Ne on oxygen scattering

signal was obtained in the oxygen exposure range of 270 - 720 L

(27 - 72 x 10 Torr sec.). Oxygen pressures of at least

10 Torr were used to ensure that the partial oxygen pressure

exceeded the background pressure by a factor of 10.

Eq. 9 can now be used to calculate the "normalized"

sticking probability S{9)/6 frora fig. 7. In fig. 8 the

results of such calculations are shown. In the calculations

the following values for i and N were used: i • 3.5 x 10
.5 m s , m

or 3.5 x 10 oxygen molecules per cm target area per second
15 2and N » 1.08 x 10 sites/cm (which corresponds to one layer

of Cu atoms). Fig. 8 is within experimental accuracy identical

to fig. 3 in ref. 6.

A linear extrapolation of the curve in fig. 8 to

0 /B » 0 gives with 8 - 0.5 a value between 0.15 and 0.2
max max

for the sticking probability 5(0) at room temperature; this

agrees with literature values [6]. In section 7 the shape of

the curve will be discussed and compared with adsorption

models.

5.2.2. Adsorption during Ne ion bombardment

With the second measuring method mentioned in 5.1 the

Ne on 0 scattering signal was measured as a function of

oxygen exposure time during Ne ion bombardment. The ion

scattering signal was recorded for 4 keV Ne+ primary ions
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Fig. 9. Ion scattering signal (X) of Ne ions scattered by oxygen on a

Cu(llO) surface as a function of time. At the time t ' 19 sec the oxygen

pressure is suddenly increased to 5 10 Torr. The signal becomes almost

equal to the equilibrium signal X after t « 40 s. Incident ion energy and

experimental angles are given in the figure. The maximum ion scattering

signal (i.e. the signal after the Cu(I10) surface has been exposed for 600 s

with the ion beam switched off) is indicated by a dashed line.
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incident on a Cu(llO) target surface, at a scattering angle

of 45° and at incidence angles of ip " 2 0 and 0 « 0° (cf.

section 4.2). The Ne+ ions scattered by oxygen were detected

at an energy of 1.44 keV.

In fig. 9 an example of such a measurement is shown for

a Ne ion beam intensity of 8.5 MA/cm . We recorded the Ne

on 0 scattering signal as a function of time by counting the

number of scattered ions in time intervals of 0.1 sec. At the

time t « 19 sec. the oxygen pressure was increased momentarily

from 10 Torr to 0.5 x 10 Torr and we observed a simultaneous

increase in the number of counts until the equilibrium signal

Y was reached. After this measurement the primary beam was

switched off for a while and when an oxygen exposure of 500 L

was reached the beam was switched on again, so that we could

measure the maximum ion scattering signal 7 (at saturation

coverage).

In fig. 10 different ion scattering signals for Ne ions

scattered by oxygen on a Cu(llO) surface are shown (smoothed

manually) as a function of exposure time at different oxygen

pressures and for different primary beam intensities. The

curves shown are all normalized by the scattering signals at

saturation coverage (at 500 L); this is indicated in the

figure by dashed lines. The zero-points of the different

curves are shifted and indicated by 0(a), 0(b), ..., etc.

With relation 10 (given in section 5.1) we were able to

calculate the total sticking probability SAB) - S (8) + Si(9)
-15 2

using these adsorption curves. With a value of 0.8 x 10 cm

for the ion-induced desorption cross section a (see fig. 4),

X (.t) i QO / y is smaller than 0.05 per second, even for the

largest primary intensity used (10 MA/cm ). In most cases

this value is small compared to the value of —-r4—- -s •
d t •'max

Nevertheless, the desorption term has been accounted for in

the calculated results for the sticking probabilities shown

in fig. 1 1 .

In fig. 11 the "normalized" sticking probability S£/0
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Fig. 10. Ion scattering signals similar to those of fig. 9, smoothed manually.

The different curves correspond to different primary ion intensities (and

sometimes different oxygen pressures) which are presented in the insert. The

zero-points of the different curves are shifted (indicated by 0(a), 0(b),...

etc.). The curves are normalized with respect to the maximum scattering

signals (signal after 10 min. exposure with ion beam off). Incident ion

energies and experimental angles are given in the figure.
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Fig. 11, The "normalized" sticking probability SIB of oxygen on a Cu(lIO)

surface during 4 keV Ne ion bombardment at an incidence angle of 20° as a

function of the "normalized" coverage degree 0(6 (* YfY ), The different
max max

curves correspond with different incidont beam intensities. They were ob-

tained by differentiating the adsorption curves shown in fig. 10; the symbols

correspond to those used in fig. 10.
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Fig. 12. The "normalized" sticking probability S 18 , at 8 It » 0.6, of
° * t max' max

oxygen on a Cu(llO) surface during a 4 keV He ion bombardment at an in-

didence angle of 20° as a function of primary beam intensity I . The values

are obtained from fig. II.
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is given as a function of 9/9
max ( " ^ / ^ a x ) •

 T h e sticking

probability curves for different experimental conditions are

marked with the same symbols as used in fig. 10. Fig. II shows

that the sticking probability depends on the intensity of the

primary beam. The expected increase in the sticking probabi-

lities caused by the ion bombardment can be observed in this

figure.

If one compares the shape of the curves in fig. 11 with

the shape of the curves in fig. 8, one may conclude that the

slight change in the shape of the curves in fig. II is due to

the ion bombardment. If so, this means that S . (B ) depends on

9 in 4, different way from S(6), which has its consequences for

the processes on which the sticking probability will be assumed

to depend (see section 6). It should be noticed, however, that

the values of S at low coverages may be estimated too low, be-

cause the initial slope of the adsorption curves (fig. 10) may

be influenced somewhat by the fact that the oxygen pressure

rises up to its final value in approximately 2 seconds (see

fig. 10). On the other hand, for the higher primary beam in-

tensities one cannot expect to find a curve with a shape similar

to that in fig. 8, since the relative increase of S (S./S) due

to the ion bombardment must depend on 8 because of the condition

5 t < 1 (cf. figs. 8 and 1 1).

For the highest ion beam intensity the "normalized"

sticking probability S/8 seems to approach 2 at 0 - 0, and

for the lowest primary intensity used the "normalized" sticking

probability seems to go to a value between 0.3 and 0.4 at 6 » 0.

The latter value is about the same value as was seen in fig. 8

for the unbombarded surface. The fact that S^/8 seems to
t max

approach 2 confirms the assumption that 8 is approximately

a half, because it is physically impossible to find a total

sticking probability greater than 1.

In fig. 12 the "normalized" sticking probability S IB
c ins x

is plotted as a function of the primary beam intensity I (in
2 °

MA/cm ) at a value of 8 IB of 0.6. The figure shows that
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the "normalized" sticking probability S /6 is linearly

dependent on the primary beam intensity. For other degrees of

oxygen coverages similar linear relations are found between

the sticking probability and the number of incident primary

ions. These linear relations are such that the sticking

probability S.(0) could be proportional to both S(6) and i

(i.e. Si(8)
 sstoS(9)) in the used range of coverages. Hence,
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Fig. 13. The secondary ion emission signal of ions, measured at an energy

of 130 eV, emitted normal to the oxygen exposed Cu(llO) surface, plotted

as a function of oxygen pressure. The surface was bombarded with 1200 eV

Ar+ ions, at an incidence angle of 10°, along the <l!0> surface direction.

The signals were recorded when the signal became time independent (typically

after about 3 to 4 min.), at the chosen oxygen pressure. The number of

counts per second at saturation coverage (ymax) ̂
s 2300.
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the sticking probability 5 £ can be rewritten as

St - 5 + Si - S(l + M Q ) (12)

2
where X is a proportionality factor (cm /fA) which can be

estimated from fig. 12. From this figure we find for X a value

of 0.33 cm /AtA at our experimental circumstances (4 keV Ne

ions on Cu(llO) exposed to oxygen, <p » 20° and <S - 45 ) . When

we consider the relation between the sticking probability S t

and the number of incident ions at other degrees of coverages,

it is found indeed that X depends hardly on the coverage degree

of oxygen: i.e. X = 0.33 + 0.06 cm /MA. Within this accuracy

it seems to be allowed to conclude that the sticking probability

for ion-induced adsorption (S.) has a similar relation to the

number of free chemisorption sites on the substrate as the

spontaneous sticking probability (S). In section 7 the physical

meaning of the quantity X will be discussed in more detail.

5.2.3. Secondary ion emission vs oxygen pressure

With the third method, mentioned in the introduction to

section 5, the secondary ion emission signal (sputtered ions)

during Ar ion bombardment was recorded as a function of the

oxygen pressure, at an oxygen coverage fixed by the dynamic

equilibrium. The secondary ion emission signal was measured

at 130 eV secondary ion energy while the Cu(110) surface ex-

posed to oxygen was bombarded with Ar ions at an azimuthal

angle of incidence of 0 = 0 with respect to the <I 10> direction

in the surface.

As already mentioned (sect. 3,1), the secondary ion

emission signal was used in the case of Ar ion bombardment,

because the Ar on 0 scattering signal is unsuitable for such

investigations. The mass ratio of Ar to 0 does not permit the

scattering angles for Ar ion bombardment to be larger than

At these small scattering angles it was hardly

possible to measure the Ar on 0 scattering signal, because
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Fig. 14. Results similar to those shown in fig. 13, but here for 5 keV Ar+

ions at an incidence angle of 30 . (In this case 1650 counts/s.)



- 121 -

of a large contribution of recoil 0 ions in the same energy

range as the scattered Ar ions. Because of this, and also

because of the undesired small incidence angles in that

situation, it was the secondary ion emission signal which

was measured in the case of Ar ion bombardment.

In fig. 13 experimental results for measured secondary

ion signals are shown for a beam of 1200 eV Ar ions with an

intensity of 9.6 /*A/cm at an incidence angle of 10° with

respect to the surface. The detection direction of the secondary

ions was chosen normal to the surface. The results show that

the secondary ion emission signal is considerably increased

by the increasing oxygen pressure (below 1 to 2 x 10 Torr).

At higher oxygen pressures the emission signal increases

slowly. Extrapolation of the results to zero oxygen pressure

strongly suggests that there is no secondary ion emission

when the Cu surface is oxygen-free. However, to verify this

point a more detailed investigation has to be performed in

the low oxygen pressure range.

In fig. 14 results for secondary ion signals are shown

for a beam of 5 keV Ar ions at an angle of incidence of 30
2

and an intensity of 25 f/A/cm . The increase in the secondary

ion emission signal (relative to the maximum signal) as a

function of oxygen pressure in this case is not as strong

as the initial increase in fig. 13. This difference can be

understood qualitatively as being due to the higher primary

ion intensity used to produce the results of fig. 14; the

higher intensity causes a higher desorption yield (in spite

of the different primary energies) and consequently less

oxygen coverage at the same oxygen pressure. This low oxygen

coverage causes a relatively smaller secondary ion emission

signal (relative to the maximum secondary ion emission signal).

Since the induced desorption cross section of adsorbed

oxygen is known in the case of 5 keV Ar ions on an oxygen-

exposed Cu(110) surface (see fig. 5 ) , it is possible to de-

duce the "normalized" sticking probability S 18 using

eq. 11. In calculations of S 18 we used for a a value of
t max



- 122 -

X
a
E

(D
ŝ
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Primary energies and incidence angles are given in the figure. The results
15 2

are shown for 10 adsorption sites/cm target area (i.e. 0 - 1; upper
14 2 m a x

curve) and for 5 » 10 adsorption sites/cm target area (i.e. 8 = 0.5;
lower curve). Results of model calculations are also presented (see section 7).

J
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— 15 2 14 2
2.8 x 10 cm , for i a value of 1.5 x 10 ions/cm s and

15° 2

for N a value of 10 adsorption sites per cm . The results

of the calculations of 5 t /
e
m a x

 a r e shown in fig. 15. The shape

of the curve is roughly the same as that in fig. 8,"which

suggests that the ion bombardment increases the sticking

probability by a constant factor (independent of the coverage

degree). This magnification by a factor of 4 (in this case)
2

gives for the quantity X a value of 0.09 cm /MA if eq. 12 is

used. This value is much smaller than in the case of bombard-

ment with 4 keV Ne ions at an incidence angle of 20 . The

difference in the value of X for Ne and Ar ion bombardment

will be discussed in more detail in section 7.

The "normalized" probability S^/6 for the results
t max

with 1200 eV Ar ion bombardment can only be investigated

relatively, because the oxygen desorption cross section was

not measured at these circumstances. The quantity S (0)/S (0),

however, is independent of the desorption cross section o,

the value of i , and the value of N . In fig. 16 the results

of the calculations of S {6 )IS (0) are shown for the 5 keV

Ar and the 1.2 keV Ar ion experiments. There is a remarkable

correspondence between the results of both experiments; this

may indicate that the induced sticking probability of the

oxygen does not depend on the primary energy of the Ar ions,

at least as far as the shape of the sticking probability

curve S (8 ) is concerned.

5.3. Discussion

The measuring method used to determine the "spontaneous"

sticking probability (first method) gives results which are

in agreement with literature values [6]. However, this method

is very time-consuming because of the long time needed to

obtain the different data points. To ensure that the starting

condition is the same for each data point (equilibrium between

adsorption and desorption), the ion bombardment is continued

for a long period between the measurements.
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Compared to the first method the second method for

determining the sticking probability is very fast. It should

be noticed, however, that in our experiments with the second

method the applied oxygen pressures were too high. Although

the stimulated desorption process can be neglected to a large

extent because of this high pressure, its rise-time causes un-

certainty about the shape of the first part of the adsorption

curves (see fig. 10). Nevertheless, it is obvious that this

measuring method is very suitable for investigating the in-

fluence of the ion bombardment on the sticking probability

(see fig. 12).

As far as the third measuring method is concerned it is

clear that that method depends on the reliability of the

measured desorption cross sections. On the other hand it has

been shown that one can investigate the relative shape of the

sticking probability function S {8 ) without having any know-

ledge of the desorption cross sections (see e.g. fig. 16). More

experiments with Ar ions are needed to study the influence of

the intensity of the Ar ion bombardment on the sticking

probability.

The scattering signals at saturation coverage were pro-

portional to the primary beam intensity. This indicates that

the detection efficiency of the analyzing system was not in-

fluenced by the presence of the oxygen gas nor by the number

of detected particles. Consequently, the results shown in i

figs. 7 to 15 are obtained at a constant detection efficiency. !

When the errors in the sticking probability that is \

calculated from the experimental results are considered, it

should be mentioned that in the case of adsorption there is

less uncertainty about the signals used at t = °° (fig. 7, 9)

than in the case of the desorption (fig. 2). The reason is

that the maximum signal (at t • °°) can be approached satis-

factory -in a reasonable time, but the minimum signal (de-

sorption curves) will never be reached in our case as long as

the oxygen background pressure is significant. As already

mentioned, the values of the sticking probabilities, calculated
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from signals that are measured with the third method, rely

strongly on pre-knowledge of the stimulated desorption cross

section.

Various questions arose with regard to the different

sticking probability functions 5 (fl) and S(0) found experi-

mentally. What is the explanation for the shape of the functions

in figs. 8, 11 and 15? How is the increased sticking pro-

bability during ion bombardment to be explained? And how can

the different ^-values for Ne and Ar be explained? Although

there are indications that 6 = i , we still do not know
nici x

whether this value corresponds with results of model calculation.

In the kinetic model for the formation of an ordered over-

layer presented in the next section such problems will be dealt

with. In section 7 the model calculations and the experimental

results will be compared and discussed in relation to these

problems.

6. Kinetics of the formation of an adsorbed layer

In this part of the chapter we discuss a kinetic model

for the formation of an ordered overlayer on a surface with

twofold symmetry. Since a model for dissociative adsorption

via a mobile precursor state has been discussed before [13-15],

we shall discuss this model only briefly in 6.1. Several

authors have already discussed a model for the formation of an

ordered overlayer on a surface with fourfold symmetry; in this

model the interactions between adsorbed species are supposed

to be equal in both main surface directions [ 15,34] . In our

model the interactions between the adsorbed species are assumed

to be different for the two directions (section 6.2). The in-

fluence of the ion bombardment on the different adsorption and

desorption processes will be considered in section 6.3.

6.1. The kinetics of dissociative adsorption

via a precursor' state

A variety of events may occur when a diatomic gas molecule

is incident on a metal single crystal surface [15,16,17,34]
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Fig. 18. Potential energy curves for physisorption and chemisorption as a

function of the distance from the surface (left) and as a function of the

distance across the surface (right). T^, E E and E act. energies for

desorption, adsorption and migration in the physisorbed state and for

migration in the chemisorbed state, respectively.

(figs. 17 and 18 correspond to fig. I of ref. 15)
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(see fig. 17). The molecule may for instance become trapped in

a physisorbed state (probability a • condensation coefficient).

A molecule that is trapped in a physisorbed state may become

dissociatively chemisorbed (probability F per time it), or
3,

may stay at its physisorption site (probability F per time

& t) or may hop to a neighbouring physisorption site (probabili-

ty F per time St), or may desorb back into the gas phase

(probability F, per time 6t). The probability that these events

will occur depends on the probability 6 that a pair of empty

n.n. chemisorption sites will be found, on the target tempera-

ture T and t>he gas temperature T and on the different acti-

vation energies (see fig. 18). The time St is assumed to be

very small, for instance it is taken to be of the order of

the vibration period of the surface atoms.

On the basis of the above assumptions it is possible to

express the sticking probability S analytically. The probabili-

ty that a molecule, trapped in the physisorbed state at t = 0,

will be chemisorbed after a time t = n it can be expressed
as

V1 "
8 t

 t (13)

where T is defined by e = F^ + F . Similarly, the pro-

bability that the molecule will still be in the physisorbed

state at t can be expressed as G (t ) = exp(-£ IT); from

this it follows that the mean residence time of a physisorbed

molecule is x.
2

The number of physisorbed molecules per cm can be ex-
pressed as S N = cxi T, if T •«£ N n/ai (where 6. is the

2 s2 m s2 m 2

degree of coverage of 0- and N 0 is the number of physisorption

sites per cm ). The increase in the number of filled chemi-

sorption sites in a time At is
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dG ( t )

V 9 " e2*s2 G a ( A t ) " a im [ ~ d F ~

a d

Consequently, the sticking probability can be expressed as

S - ?- IT " F + F. • (15)

m a d

When we define the probability that a physisorbed molecule

will become chemisorbed on empty n.n. pair sites as f , vill
a

become desorbed from an empty pair sites as f, and will become

desorbed from a not empty pair sites as /' , then F and F,

can expressed as F = 0 f and F = Of + (1 - 0 )f.

With these expressions for F and F, the sticking probability

can be rewritten as

(16)

where S is the initial sticking probability (0-=I) and K is

the precursor state parameter. This is the same expression as

derived by King and Wells (eq. 10 of ref. 15).

6.2. Formation of an ordered overlayer

The value of 0 will depend on the degree of ordering in

the adsorbed layer, i.e. on the interactions beteen the ad-

sorbed atoms. For a surface with twofold symmetry the effect

of ordering can be described by the parameters 0 and 0 , ,,

which are the probabilities that n.n. chemisorption sites

in the two directions are empty.

By means of the so-called quasi-chemical approximation

it can be shown [ 34,35] that in the case of thermodynamic

In the description given here, a chemisorption site is

assumed to consist of one surface Cu atom.
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equilibrium

29(1 - 6)
e - i _ o : T u / ;

e e (S - 49(1 - 0)B,) 4 + 1

where B. • (1 - exp(rs—)) and w. is the pairwise n.n. inter-

action energy in one of the surface directions (positive

for attractive interactions). for 0 , , a simila,r expression

is found, except that B. and w. are replaced by B. and u ,

For repulsive interactions the energy CJ. is negative

and thus 0 <B. < 1. If w./T = 0, then B. is equal to
1 X S X

zero and there is complete disorder in the corresponding

surface direction, whereas if w./T = - °°, then B. = 1 and
IS 1

there is perfect order. If B. = 1 it follows from eq. 17

that the adsorption terminates at 6 = 0.5, where all empty

chemisorption sites have adjacent filled sites and vice-

versa .

For the two-dimensional case the quantity 6 f , defined

earlier, can now be expressed as

6f ' * 6 e e + * " e ' e " < ' 8>

if the empty n.n. chemisorption sites in the two surface

directions are assumed to be independent of each other.

In extreme situations (B. = 0 , ] or - °°) it is easy to

calculate 0^ from eqs. 17 and 18. An interesting example

is the situation where B. = 1 and B_ = - °° (i.e. there is

considerable repulsive interaction in one direction and

considerable attractive interaction in the other). Using

eq. 17 for 8 and 8 , ,, we get
i ee e'e' ' 6

6 f = 1 - 1.5 9 for 6 < 0.5 (19 a)

and 0 f = 0.5 - 0.5 0 for 0 > 0 . 5 (19 b)

According to eq. 17 8 cannot be more than 0.5 if B. = 1,

but if 0 = 0.5, eq. 19 yields 0 f = 0.25, not zero. This
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inconsistency arises from the fact that 8 and 8 , , are' ee e e

taken to be independent.

We now introduce the dependence between the probability

of finding empty n.n. pair sites in each direction by re-

writing 8 . as

fl
f ' i9(.s,ee,e,) e e e + tec* , » e e > « e , e , ( 2 0 )

where g is a function describing the fraction (g < 1) of

empty n.n. chemisorption pair sites which is effectively

available for chemisorption when the dependence between 8

and 8 , , is taken into account.
e e'

The function g can be approximated by considering the

different local environments of empty n.n. pair sites.

When, for instance, the two sites of an empty n.n. pair sites

in direction 2 are part of four n.n. empty and filled pair

sites in direction I, and n.n. filled pair sites are not per-

mitted in direction 1 (e.g. because of strong repulsions),

then the empty n.n. pair sites are not available for chemi-

sorption. If n.n. filled pair sites are permitted in direction

1, then a certain fraction h of the mentioned empty pair

sites is still available for chemisorption. This fraction h

can be estimated to be the probability that a single filled

site is part of a filled n.n. pair sites. In view of these

considerations an approximation of g has been attempted (see

pag. 131).

With this approximation for the function g we find with

eqs. 17 and 20 for flj = 1 and 5, - - °°

fl4
e . l(i 2 ) (i - fl) + J(] - 28) (21)

* (1 - 9)

for 8 < 0.5.

This expression fulfills the condition that 8 = 0 at 8 = 0.5

and 8 cannot be more than 0.5 if B. = 1. In principle, ana-

logous though more complicated expressions for 8 can be

found for other values of fl. and B».



- 131 -

Approximation of g

When we assume that in direction 1 the number of n.n. filled and eapty
2

pair sites (AE) per cm is H and the number of n.n. eapty and filled pair
2

sites (EA) per en is I) , the probability that an empty site E' is part of

both the AE and the EA pair sites can be expressed as

N«
e N + IS N + N '

ac ee ea ee

where N is the number of n.n. empty pair sites per cm in direction 1. Con-

sequently, the probability that n.n. empty pair sites E'E1 are part of two

AE and two EA sites is p . Since it seems reasonable to assume that -V •
2

• H , the probability p can be expressed as

2 . *'ea .A

where 8 is defined as 9 - (JV + A? )"T' and » is defined as 8

• N N~l. p can be considered to be the fraction of E'E' sites which is not
' 2

available for chemisorption, except for the mentioned fraction h of p . The

fraction h can be written as h - B 6 t where 0 is the probability that

n.n. filled pair sites will be found in direction 1. Thus, the fraction of

empty n.n. chemisorption pair sites E'E' which is effectively available for

chemisorption can be expressed as
in a

(I - « - 8 ) 5

1

which can be rewritten as

e e (I - 8) "8

since it can be shown that J'ea - 1 - 8 - « e e - 8 - < H 134 ]

we get a similar relation, 8 e e being replaced by 9
e i e i -
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Fig. 19. Computed sticking probability curves for fixed values of the pre-

cursor state parameter K (- 0.9 and 0.1) and various values of the short-

range order parameters B^ and Bj.

e
Fig. 20. Computed sticking probability curves for various values of the

precursor state parameter K and a fixed value of the short-range order para-

meter B. (- -3.0). For K * 1 the influence of the short-range order para-

meter B~ is illustrated as well.
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With the relations 16, 17 and 20 the ratio 5/5 was

calculated for different values of K, B, and B,* ^ n fi-8s-

19, 20 and 21 sone of the calculated S/SQ profiles are shown.

For K « ] eq . 16 becomes S/S = 0,, which is equivalent to

the Langmuir kinetic expression for dissociative adsorption.

In that case the influence of the physisorbed state on the

kinetics is negligible. Smaller values of K correspond to

an increased possibility that molecules in the piiysisorbed

state will migrate and lai'j;er values of K reflect an increased

influence of f' (see eq. 16). When B or B is equal to 1,

i.e. for complete order in one direct ion,the maximum coverage

of a chemisorbed layer is half a monolayer.When B = B^ = 0

we arrive at the Kisliuk model [13] in which there is com-

plete disorder in the chemisorbed overlayer.

6.3. Influence of ion bombardment on the kinetics

Of the processes depicted in the reaction scheme of

fig. 22, the processes a, b and c were taken into account

in the description of the kinetic model in the previous

sections (6.1 and 6.2). The other processes are unlikely

to occur spontaneously because of the strong binding energy

of 0 , and the absence of 0 . However, during ion bombard-ad gas ' s

ment of a surface in an oxygen admosphere the other processes

could occur and the processes a, b and c might change to a

certain extent.

The quantity a (condensation coefficient, process a)

which may depend on T > can be influenced by ion bombardment
s

in two different ways. Firstly, during ion bombardment with

positive ions the electronic state of the surface changes.

Secondly, the primary ions and secondary particles (scattered

and sputtered particles, secondary electrons and photons)

can change the electronic state of the molecular oxygen O2

near the surface.

Direct desorption of physisorbed 0« , (process b) by the

incident ions will contribute only to a negligible extent to

the desorption of 0., because of the low equilibrium coverage
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of 0. d and the rapid establishment of this coverage.

Process c depends on the activation energy E for

chemisorption (see fig. 18) and on the surface temperature.

The crystal temperature does not change measurably during

ion bombardment, so (unless E changes, which does not

seem very probable) it seems appropriate to assume that

the ion bombardment has hardly any effect on process c.

If the molecular oxygen becomes dissociated near the

surface, it can be assumed that processes h and f become

important. If one starts with certain arbitrarily chosen

values for the dissociation cross section of 0n

-15 2 g a s

(0,. * 10 * cm ) and for the sputtering rate (S =

10 atoms/ion; see section 5) and one assumes a cosine

angular distribution of secondary particles, it is possible

to estimate the number of incident (dissociated) oxygen
2

atoms per cm per second. This number is

* * ^ "disVKput + i)d'

where d is the spot-radius of the incoming ion beam
(d - 0.1 cm) and i its density (ions/cm s). If the men-
tioned values of o,. and S are used here, this

dis _2(jsput
number is i Q « 4 x 10 x -i i, for oxygen at

room temperature. Thus, the ion-induced processes h and f

would give an extra increase in the degree of coverage 6

equal to 4 x \O~2Oh(9) 5 °dt, where h{0) is the probabili-
s

ty that an incident oxygen atom will chemisorb on a surface
with degree of coverage equal to 8(h(9) < 1). So when

— 20S > 4 x 10 h(6)i the processes h and f can be neglected.
0 2

(For instance when I" » 100 (lA/cm , one can neglect the
-5

processes if S > 2.5 x 10 ).

.Process e is the ion induced desorption of chemisorbed

oxygen 0 .. The fraction of 0 d which desorbs as a results

of the ion bombardment in a time interval dt is is equal

to 0i adt, where a is the desorption cross section.

It is difficult to suggest what other important in-

fluences the ion bombardment might have in addition to those



- 136 -

«T

0.5

5

1

0 on
i i
Cu (110)
EXP . •
CALC: •

—

I

•
... «

- - K
— K
-- K

s 1

= 1
= 1
= 1.5

,B
, B
:B
:B

x-0 '•
,= 0

,-0 .

J I I
0.2 0.4

0.2

r i i
O on Cu (110)

EXP .
CALC. ... K=2 :Ba = 1 :B,= 0

•-K=25iBa=1 .B, = -3
- K=3 :B,= 1 :B, = - 3 -
- K = 3 :Bj=1 B, = -Q3

0.4 0.6 0.8 10

e

Fig. 23. Comparison between experimental and computed sticking probability
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mai * 1), b: 5 « 10 ' chemisorption sites/cm2 (« m a x - 0.5). Calculated

curves are shown which are expected to fit reasonably well with the ex-

perimental curves (see section 7).
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mentioned already. For the mentioned influences, one can

assume that changes in S induced by the ion bombardment

will be proportional to the ion density (just as for the

processes f and h ) , i.e.

S = S + S. with S. = S* TJ^- (23)
s max

So during ion bombardment the increase in the degree

of coverage 0 in a time interval dt can be expressed as

i i

d0 = 5 _H at + Si jp d t - 8 iQodt (24)
s s

These relations (23 and 24) are similar to those given in

section 2 (eqs. 2 and 3).

7. Comparison of experimental results and model calculations

In this section an attempt will be made to interpret

the experimental results with the help of the models pre-

sented in section 6. To explain the values of S/S(O)

obtained in the absence of ion beams (fig. 8) K values

have to be taken larger than 0.7 (cf. figs. 19, 20 and 21).

Fig. 23 shows a number of reasonable fits (fig. 23a for

6 = 1 and fig. 23b for 0 = 0.5), with K of the orderm 3 x rn 3 x

of 1 to 3, B7 equal to 0 or 1 and B. varying from 0 to - °°.

In view of the limited amount of our experimental data and

the limited accuracy of these data, no further conclusions

are warranted.

LEED patterns obtained for the adsorption of O_ on

Cu(llO) show order in the <100> and disorder in the <110>

direction; this may be attributable to (large) attractive

interactions in the < 100> direction (S •* - °°) and (large)

repulsive interactions in the <100> direction (B, •+ 1)

(cf. ref. 36). It should be pointed out that if B~ were

equal to 1 this would imply a maximum repulsion between

nearest neighbours in the <110> direction and thus a maximum
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coverage 6 « 0.5. Note that our results (especially the
IRaX

model fits shown in fig. 23b) are in agreement with the

above interpretation of the LEED patterns.

The data obtained upon bombardment of the surface with

1.2 and 5 keV Ar + ions may be explained if K - 2 to 3, Bj « -3

to - °° and B , • ' (see fig. 16). The experimental results

obtained with 4 keV Ne ions (fig. II) show an increased

sticking probability and a slightly different shape of the S

vs 6 plot. Although the comparison with model calculations is

hampered by a lack of experimental data at lower coverages

the best fits show a tendency to lower K values, e.g. K

between 0.3 and 1, S = - 3 and B- = I. The smaller X-value

may be related to the increased X-value of Ne (relative to

Ar ) upon ion bombardment. If the quantity X (see eq. 12)

is related to the time that an incoming ion travels through

the uppermost surface layer, then it has to be expected that

this time will be longer for the Ne ions than for Ar , since

the Ne ions can penetrate, more easily into the surface layers.

From this longer travelling time of the Ne ions it might be

assumed that the Ne ion bombardment has a stronger influence

on the adsorption processes than the Ar ion bombardment.

This stronger influence may cause an increase in the conden-

sation coefficient a and the adsorption rate / and, eventually,

a decrease in desorption rates /, and /' , and thus a smaller

#-value (see eq. 16).

The value of S (O.6)/0 (see fig. 12) extrapolated to |
c in s. x r

a zero primary intensity appears to be twice as high as the

value of S(0.6)/9 deduced from fig. 8. Although this diffe-

rence in values cannot be explained on the basis of our assump-

tions, an increase in S (« a/ / ( / + /,)) caused by increased

values of / and a during ion bombardment may hint at a possible

reason for this difference.

Summarizing the proposed model, we can say that during ion

bombardment there is a certain surface area per incident ion,

the extent of which depends on the travelling time of the inci-

dent ion in the uppermost surface layers and in this area the
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adsorption rate is (strongly) increased and the desorption

rates of physisorbed oxygen are eventually decreased.

8. Final vemavks

The techniques used to produce the experimental results

discussed in this chapter were low energy ion scattering and

secondary ion emission measurements. Although both techniques

have proved valuable for surface studies further investigations,

preferably involving the simultaneous use of other surface

analytical techniques (e.g. LEED, AES, etc.), are necessary

for a more reliable assessment of the obtained experimental

results. The experiments do show, however, that LEIS and SIMS

yield information about adsorption and desorption processes.

In section 4.3 three mechanisms have been mentioned

which may contribute to the removal of oxygen from the surface

during ion bombardment. Although there are indications that

in our circumstances the chemisorbed oxygen is removed mainly

by sputtering processes, removal by means of direct collisions

with incident ions is certainly not excluded. If the contribu-

tion of the different mechanisms is to be investigated more

extensively, it will be necessary to perform experiments in

which some of the mechanisms can be excluded or neglected. For

instance, it would be interesting to measure the ion-induced

desorption of oxygen in circumstances where the chemisorbed

oxygen lies within the shadow cone of a surface Cu atom. In

that case a direct collision between the incident ion and the

oxygen atom is not possible, so one of the three mechanisms is

excluded.

On the other hand, a comparison between the secondary ion

emission yield, the yield of recoil oxygen ions and the ion

scattering yield, all taken as a function of primary energy

or as a function of angle of incidence, can also give infor-

mation about the contribution of the different processes. The

secondary ion emission yield is related mainly to sputtering

processes, whereas the recoil oxygen ions originate from direct
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collisions with the incident ions. A comparison of desorption

results with sputtering data and/or secondary ion emission

data from clean surfaces would give additional information

about these processes.

Implanted oxygen was found only in the case of the Ar

ion bombardment at high (5 keV) primary energies. Although

it has been shown that very little oxygen is removed by ion

implantation in these circumstances, the implanted oxygen may

cause more chemisorbed oxygen to be detached as a result of

the ion bombardment, because the oxygen atoms adsorbed on such

a surface are possibly more weakly bound. The influence of the

implanted oxygen can be investigated by means of desorption

measurements taken as a function of the dose of oxygen that

has been implanted into the surface. Further investigations

of secondary ions emitted from an oxygen-exposed Cu surface

(e.g. mass and energy distribution measurements) can also be

helpful for the determination of the influence of implanted

oxygen.

As far as the measurements of spontaneous adsorption are

concerned, it is obvious that sticking .probability profiles

have to be obtained at different surface temperatures (and/or

gas temperatures). Very recent el 1ipsometric results obtained

by Habraken and Bootsma [ 36] have indicated that between

300 - 600 K the sticking probability is nearly independent

of the surface temperature. A temperature dependence outside r

this range make it possible to determine other model parameters i

or relations between other parameters.

Several investigations have still to be performed in

connection with the ion-induced adsorption processes. The

primary energy dependence of the sticking probability needs

to be investigated further, so that its influence becomes

known and the proposed model for the induced adsorption can

be checked. For the same reasons it is necessary to investigate

the influence of the mass of the noble gas ion. A comparison

between adsorption measurements obtained from experiments with

and without ion bombardment, taking different target tempera-

tures into account can also give information about the in-
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duced adsorption processes.

As mentioned above in connection with the desorption,

the influence of implanted oxygen on adsorption processes

needs to be investigated. The results may yield additional

information about adsorption parameters.

It would be interesting to investigate the applicabil i ty

of the proposed model for the formation of an adsorbed layer

on a surface with twofold symmetry to other adsorbate-sub-

s t ra te combinations. A (further) extended model might be

suitable for application to surfaces with other symmetries.
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SAMENVATTING

Het in dit proefschrift beschreven onderzoek heeft betrek-

king op de wisselwerking van snelle edelgasionen met schone en

met zuurstof bedekte monokrista 11ijne koperoppervlakken. Indien

een ion op een oppervlak van een vaste stof wordt geschoten,

kan dit ion reflecteren vanaf het oppervlak, waarbij de energie

van het verstrooide ion samenhangt met onder andere de massa per

oppervlakte atoom waaraan verstrooid wordt en met de verstrooi-

ingshoek. Door deze samenhang tussen energie en massa kan ionen-

reflectie gebruikt worden voor elementanalyse van oppervlakken

van een vaste stof. Daarnaast echter blijken energie- en hoekver-

deling van op éénkristallen gereflecteerde ionen informatie te

bevatten die samenhangt met de atomaire structuur van de opper-

vlakken; de intensiteiten in de verdelingen hangen namelijk sa-

men met het treffen van dichtgepakte atoomrijen in het oppervlak.

Uit de intensiteiten in de energieverdelingen van aan opper-

vlakte-rijen verstrooide edelgasionen konden parameters worden

bepaald voor een benaderende ion-atoom potentiaalfunctie tussen

1 keV Ne -ionen en koperatomen op een Cu(110)-oppervlak. Tevens

konden uit deze verdelingen parameters worden geschat van een

formule die de neutralisatiekans van het verstrooide ion be-

schrij f t.

Via de relatie tussen de hoekverde 1 ingen van gereflecteer-

de edelgasionen en de oppervlaktestructuur kon de positie van op

een Cu(110)-oppervlak geadsorbeerde zuurstof worden bestudeerd.

Daartoe werd de verstrooiing van 3 keV Ne -ionen aan achtereen-

volgens Cu— en O-atomen onderzocht. De ligging van het geadsor-

beerde O-atoom in het Cu(1I0)-oppervlak kon worden vastgesteld

op 0.6 + (0.1) A onder de [ 100] -atoomrij en in het oppervlak.

Via het gemeten intensiteitsverloop van aan zuurstofatomen

gereflecteerde edelgasionen kon de verwijdering van op een

Cu (110)-oppervlak geadsorbeerd zuurstof worden bestudeerd; dit

betrof de vermindering die teweeggebracht werd door de beschie-

ting. Op analoge wijze werd de adsorptie van zuurstof op een

Cu( 1 ] 0)-oppervlak onderzocht. Daarbij bleek dat de hechtkans voor
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dissociatieve adsorptie van een zuurstofmolecuul sterk toeneemt

bij een toenemende intensiteit van het ionenborabardement. De

spontane hechtkans (d.w.z. zonder beschieting met ionen) kon

worden bepaald op 0.2 per invallend zuurstofmolecuul op de be-

schikbare fractie van het oppervlak. Bestaande adsorptiemode1len

werden uitgebreid om de gevonden verschijnselen die onder invloed

van het ionenbombardement plaats vinden te kunnen verklaren.

In hoofdstuk I zijn de principes der meetmethoden en de ex-

perimentele opstelling beschreven. In hoofdstuk II worden de me-

tingen en de berekeningen beschreven die verband houden met de

bepaling van de eerdergenoemde parameters voor ion-atoom poten-

tiaalfuncties en die van de neutralisatiekans. In hoofdstuk III

worden de metingen en berekeningen gepresenteerd die verband

houden met de bepaling van de ligging van geadsorbeerde zuurstof.

Tenslotte worden in hoofdstuk IV de metingen van adsorptie en

desorptie van zuurstof op een Cu(110)-oppervlak beschreven en

vergeleken met modelberekeningen.
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