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STELLINGEN

behorende big het proefschrift van

W.C. Turkenburg

Amsterdam, 15 september 1976



Het omkeerbaarheidsprincipe zoals geformuleerd door
Lindhard voor doortochten in één-kristallen geldt ook
voor strooiings- en blokkeerverschijnselen in twee-,
atomige moleculen.

J. Lindhard, Mat. Fys. Medd. Dan. Vid. Selsk. 34j
no 14 (1965).
Dit proefschrift, hoofdstuk III.

2.

Het maximum in de totale botsingsdoorsnede voor ionen-
paar vorming nabij de drempelenergie bij botsingen
tussen een Li atoom en een twee-atomig halogeen molecuul
X„, zoals experimenteel gevonden door Baede, is te
verklaren in termen van competitie tussen het oprekken
van de X~ band gedurende de botsing en het snelheids-
afhankelijk gedrag van de Landau-Zener overgangs-
waarschijnlijkheid.

A.P.M. Baede, D.J. Auerbach en J, Los, Physica 6£
(1973) 134.
M.H. Hvibers, proefschrift (Amsterdam,1976).

3.

Met de door Eichler voorspelde diabatische correlatie
tussen 3d (u.a.) en 2p (s.a.) in het Ar-Ar correlatie-
diagram kan de door Hoogkamer tijdens Ar-Ar botsingen
waargenomen continue röntgenstraling verklaard worden.

J. Eichler, B. Fastrup en U. Wille, Abstracts of
Contributed Papers of the Sec. Intern. Conf. on
Inner Shell Ionization Phenomena (Freiburg,1976) 47.
Th. Hoogkamer, P.H. Woerlee, C. Foster en F.W. Saris,
Abstracts of Papers of the IXth ICPEAC (Seattle,1975)
300.



Het optreden van inelastische verschijnselen bij laag
energetische strooiingsprocessen aan oppervlakken
beïnvloedt ook de strooihoek en niet alleen de'energie
van de deeltjes zoals vaak ten onrechte wordt aangenomen.

5.

Het zogenaamde "dynamic swapping" mechanisme, dat kan
optreden door promotie van elektronen tijdens twee-
deeltjes botsingen, beperkt de toepasbaarheid van
M.0.-diagrammen.

Experimenteel wordt gevonden dat de door ionen
geinduceerde lichtemissie sterk afhangt van de chemische
toestand van het beschoten oppervlak. Het gangbare
model van scralingsloze deexcitatie waarmee deze
afhankelijkheid wordt verklaard is ontoereikend.

W.F. van der Weg en P.K. Rol3 Nuol. Instr. and
Meth. 38 (1965) 274.

7.

De thermische beweging van het target gas bemoeilijkt
de bestudering van elastische strooiing over 180°. Men
kan dit voorkomen door de massa van het projektiel en
het target deeltje gelijk te nemen.

8.

In het onderzoek van oppervlakken van vaste stoffen
wordt de invloed die schoonmaak procedures gebaseerd
op verstuiving hebben op de configuratie van het
oppervlak veelal onvoldoende onderkend.



9.

Verwacht mag worden dat opgedampt amorf silicium bij
relatief lage temperatuur epitaxiaal aan éën-kristallijn
silicium aangroeit indien het oppervlak van het
één-kristal eerst middels ionenbombardement is schoon-
gemaakt en geamorfiseerd. Onderzoek hieraan is gewenst
in verband met het ontwikkelen van zonnecellen.

10.

De opvatting rlat het in vaste vorm brengen van radio-
aktief afval tot een glas uit een oogpunt van veiligheid
een goede methode is wordt tegengesproken door de
voorlopige bevindingen van Ewing.

"Overwegingen ten behoeve van een Nederlands Nationaal
Program/ia voor energie-onderzoek"3 Tweede Interim-
rcqpport van de LSEO (1976).
R.C. Ewing, Soienae 192 (1976) 1336.

11.

Het verdient aanbeveling vergelijkend onderzoek te
verrichten naar de invloed van huidige maatschappelijke
faktoren op het optreden van het KZ-syndroom.

H. Milikowski, "Sociologie als verzet" (Van Gennep,
Amsterdam, 1973).
"ErmUdung und vorzeitiges Altern ; Folge von Extrem-
belastungen", Medizinisóhe Commission der FIR (1970).
Mittsilungen der internationalen Federation der Wider-
standskampfer 7_ (19?'S) 21.

12.

Het gebrek aan flexibiliteit in het wetenschappelijk
onderzoek in Nederland vertraagt de ontwikkeling van
nieuwe energie systemen.
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introduction

Backscattering of energetic ions by solids is a well established
_ 1-3)

technique to analyse surfaces and thin films

If an energetic ion, for example a proton with an energy of 100 - 200

keV, impinges on a solid it interacts predominantly with the electrons

of the solid as the scattering cross sections from the atomic cores

are small. Throughout its trajectory it loses energy to these elec-

trons by ionization and excitation. As the electronic interactions do

not impart sufficient momentum to deflect the projectile it travels

essentially along an undeviated path through the solid until its

encounters a hard collision with an atomic core which can change its

trajectory into an outward direction. During its outward path it also

loses energy due to electronic interactions until the ion emerges

from the target.

When the projectile collides with a target atom, there is momentum

transfer from the projectile to the target atom. The kinetic energies

of the scattered projectile and recoil particle can be derived from

the conservation of momentum and energy. Therefore the energy of the

scattered projectile, so the elastic energy loss, can be used to

identify the mass of the target atom.
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Knowing the mass of the target material, the inelastic energy loss of

the projectile by electronic interactions enables to determine the

depth to which the projectile has penetrated in the solid.

If the hard collision causing backscattering takes place at a high

energy, then the projectile comes close to the target nucleus and the

interaction can be described by an unscreened Coulomb potential. There-

fore the differential scattering cross section is known and given by

the Rutherford formula.

At lower energies, screening has to be taken into account and the

differential scattering cross section is less well known.

If the energy analysis of backscattered particles is done electrosta-

tically one collects only charged ions. Therefore information or neu-

tralization probabilities is needed for quantitative interpretation

of ESA spectra. At high energies such information is available showing

a strong dependance of neutralization probability or particle exit

velocity and some influence of surface cleanliness .

At low energies neutralization of scattered particles is less known.

Z 2<

energy

Fig.l Surface layer analysis by Rutherford

backscattering under double alignment

conditions.

A heavy element single crystal, covered

by an amorpheous layer of low mass atons,

is bombarded along a major crystallo-

graphic diraction by energetic protons.

Backscattered projectiles along

another major axis are energy analysed

resulting in the lowar part of tht

figure. It demonstrates nass and depth

analysis using the double alignment

technique. The area of the peaks is re-

lated to the number of target particles

involved.
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The discovery of the channeling behaviour of energetic ion beams in
4 5)

single crystals ' has made ion backscattering a very powerful tech-

nique for the analysis of surfaces and surface layers ' . The scatte-

ring yield gives valuable information, not only on the number of im-

purity atoms in the crystal surface, but also on their location within

the unit cell of the crystal lattice. Furthermore channeling consider-

ably enhances the sensitivity for detecting low mass impurity as it

suppresses the yield of the substrate.

This suppression can be extented by applying the double alignment

technique . Then both the incident and the outgoing beam trajectories

are aligned simultaneously with major crystal axes. Particles back-

scattered from a lattice site are prevented from emerging along a

lattice row or plane due to blocking, giving an additional decrease of

the observed scattering yield.

Principles of surface layer analysis by medium energy (50 - 500 keV)

ion (H or He ) scattering, applying double alignment, are shown in

fig.]. A single crystal covered by a layer of low mass atoms is bom-

barded with protons along a major crystal axis. The lower part of the

figure shows the resulting energy spectrum of ions scattered, along

another major axis, from surface region.

Recently it has been shown that the backscattering technique can also

be used to analyse surface structures. Progress in this field has been

made in the low (500 eV - 10 keV) as well as the medium (50 - 500 keV)

and high (E > 1 MeV) energy ranges .

We have developed a new method to study surface structures and more

in particular the location of atoms at surfaces. The basic concepts are

drawn in fig.2. It combines Rutherford scattering, channeling and

blocking. The beam impinges on the target such that it can hit the

first and the second layer only. Particles scattered by the second

layer may be blocked by the atoms in the first layer. If one detects

the position of the blocking cone it is possible to deduce the location

of the atoms in the first layer with a precision of 0.02 A .

The technique, called Medium Energy Ion Scattering Spectroscopy, can be
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used for crystallography of clean and covered surfaces, including

surface expansion or contraction due to a relaxation effect, but also

structural information such as the chemisorption bond-lengths and the

binding locations of adsorbed atoms and molecules can be obtained.

Therefore MEIS seems to be a powerful technique in catalytic research.

It will be clear that the status of the technique is still a primitive

one and somewhat comparable to the status of LEED up to I960 when dif-

fraction patterns were obtained by capturing scattered electrons in a

Faraday box which was moved about over the entire field of the pattern .

On the contrary it should be noted that the interpretation of the

pattern obtained by MEIS is rather straight forward. The information

obtained is direct and quantitative.

In chapter I and II our experimental set-up for the analysis of surfaces

and surface layers is described and experimental parameters like energy

and depth resolution, angular resolution, crystal alignment and back-

ground pressure are discussed. It is shown that the analysis can be done

quantitatively also when an electrostatic energy analyser (ESA) is used.

H\ beam

target atom
in the second
surface layer

Fig.2 Outline of the Medium Energy Ion Scatte-

ring technique using channeling and

blocking to analyse surface structures.
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In chapter III and IV investigations on surface relaxation for Cu (110)

and Ni (110) are presented along with surface composition. Besides in

chapter III the use of Rutherford backscattering for structural analysis

of surfaces is reviewed and the outlook to obtain information about

r.m.s. amplitudes of thermally vibrating atoms at the surface and about

fundamental phenomena in ion-solid interactions is discussed.

In chapter V the (new) equipment was used to study inelastic effects in

ion-solid interactions under multiple scattering conditions. To get in-

formation about the excitation and ionization states of ions moving

through a solid, a subject of conjecture for some time (see Datz ),

charge state distributions of Ar and Cl emerging from carbon foils were

measured. With respect to low energy ion scattering it is discussed that

detailed understanding of excitation, ionization and neutralization

processes during heavy ion - solid surface interactions is required

before it can be used for quantitative analysis reliably.

jj
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chapter 1

experimental parameters for
quantitative surface analysis by
medium energy ion scattering

A new UHV chamber for surface and surface layer analysis by

collision spectroscopy of backscattered ions at medium ener-

gies is described. Experimental parameters like energy,

angular and depth resolution, crystal alignment and background

pressure are discussed.

Formulae, based on the use of an electrostatic energy analyser,

show that the analysis can be quantitative. Effects of beam

induced build-up of a hydro-carbon layer, sputter cleaning

and creation of radiation damage have been investigated for

Cu (110) and Ni (110). detection sensitivity for Carbon, Oxygen

and Sulfur on Cu and Ni has been found to be 0.2, 0.1 and 0.03

of a monolayer respectively.

1. INTRODUCTION

Theoretical and experimental investigations of the interaction of ion

beams with solid surfaces have focussed considerably on fundamental

collision processes like sputtering, channeling, focussing and inelas-

tic effects . More recently ion backscattering has received in-

creasing attention as an analytical technique to characterize surfaces.
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The technique, "ion scattering spectroscopy", is applied in subjects

like impurity analysis, lattice location, surface structure analysis,

adsorption and stoichiometry studies which are discussed in several
8-14)

reviews and reports

For the purpose of ion scattering spectroscopy we have built a collision

chamber in which solid surfaces can be investigated using ion beams in

the energy range of 10 - 200 keV (chargestate 1+) at a background prea-
-9 -10

sure of i0 - 10 torr. Backscattered ions are energy analysed and

detected by means of an electrostatic analyser (ESA) with high energy

resolution.

In this paper a description of the apparatus will be presented. It will

be discussed and demonstrated that the set-up can be used for quantita-

tive analysis of surfaces and surface layers, provided that light ions

(H or He ) in the energy range of 100 - 200 keV are used.

In comparison to the high energy range (E > 1 MeV) this has the advantage

of a high cross section for backscattering and a high depth resolution

due to the high energy resolution of the detector and an optimum stopping

cross section. Compared to analyses at low energies (500 eV - 10 keV)

it has the advantage of being quantitative because scattering cross

sections and neutralization probabilities are known. Moreover radiation

damage due to sputtering or recoil collisions is less important.

It is well known that the analytical power of the backscattering

technique is improved if combined with the channeling and blocking effect.

These enhance the detection sensitivity for impurities and substrate

atoms at the surface by reducing the number of (detected) interactions

of projectiles with bulk substrate atoms. For that purpose the target,

which is a single crystal, has to be aligned along the incoming beam

direction as well as along the direction to the analyser. In this paper

some aspects of crystal alignment will be discussed: the influence of

misorientation on the double alignment procedure as well as the search

for random orientation.

Finally we will report analyzing beam effects on Cu (110) and Ni (110)

surfaces under high and ultra-high vacuum conditions, applying the

double alignment technique. Beam induced build-up of contamination,
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sputter cleaning and radiation damage have been investigated. From these

experiments detection sensitivities for light elements on a heavy element

substrate are derived.

2. EXPERIMENTAL SET-UP

The ion beam used in the experiments is supplied by the 200 kV ion acce-

lerator of the FOM Institute for Atomic and Molecular Physics at Amster-

dam . In this machine ions are produced in a sputter ion source,

extracted at 20 kV and mass analysed by a 30°-magnet. Post acceleration

is possible up to 180 kV. The stability of the high voltage is AV/V -

2 x 10 . Focus;

triplet lenses.

2 x 10 . Focussing is obtained by symmetrical electrostatic quadrupole

Via a beamline the ions are directed into the collision chamber; the

total distance from source to target amounts 7 meters. By electrostatic

and geometric collimation the divergence of the primary beam on target

is <̂  0.13 . Typical beam current on target is 0.5 yA with a current den-

sity of 2.5 yA per mm .

The background pressure in the accelerator is 3 * 10 torr and under

operating conditions 1 * 10 torr. The beamline is differentially

pumped by a turbo molecular pump, a Titanium sublimation pump with a

pumping speed of 800 1/sec for reactive gasses, and a LN„ cooled trap,

resulting in a base pressure of 2 * 10 torr.

The scattering chamber has a diameter of about 1 meter and is about 65

cm high. Schematic diagrams of the scattering chamber, seen from above

and from the side, are shown in fig.1 and fig.2.

Because of alignment considerations all components inside the collision

chamber are in fixed connection with the bottom plate of the chamber. In

the centre of this plate a target manipulator has been installed with a

goniometerhead which permits stepwise target rotations about three axes

with high accuracy. These movements are computer operated and controlled.

In addition the sample can be shifted along two axes perpendicular to

the primary beam direction. The target can be heated up to 500°C and
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Fig,I Schematic view of scattering chamber, seen from above.

1: goniometer

2: ESA

3: electrostic analyser with retarding field

4: turntable

S: drive of the turntable (see also fig.4)

6: cable line

7: beaalina

8: puaping impedance between beamliae and scattering chamber

9: sputter ion gun

10: faraday cup
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Fig.2 Schematic view of scattering chamber, seen from the side,

(see also fig.l)
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cooled down to -150°C. A detailed description of the manipulator and

goniometerhead has been published earlier16)

The beam defining diaphragms, the analyser entrance apertures and the

target centre are aligned optically to within 0.1 (a telescopic system

was used for a laser beam proved inaccurate). The first diaphragm (a),

1150 mm from the ':arget, has a diameter of 2 mm, the second (b), 70 mm

from target, is 0.5 mm (the latter can be varied from outside). Thus the

beam divergence is less than 0.13°. These diaphragms are electrically

insulated in order to detect the. primary beam and to apply a voltage for

secondary electron suppression. A skimmer (c) prevents ions scattered at

(b) from hitting the target. Particles that leave the scattering centre

can enter the electrostatic energy analyser (ESA) through a pair of 1 mm

diaphragms (d) and (e) placed at distances of 45 mm and 147 mm from the

scattering centre. This gives a solid angle for the analyser of

3.6 x 10 sr. When desired this angle can be increased a factor ten by

mounting the ESA 50 mta from the scattering centre.

100.0 keV H2*
measurement of the primary
beam with the ESA

reflection peak

Ó V • 95 '

reflection peak

MX) 105
—•• energy (keV)

Fig.3 Measurement of Che primary ion beam with the ESA, showing a

triangular profile. Beam reflections on the analyser plates

cause snail contributions in the energy spectrum at higher as

well as lower voltages on the plates.
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• 2.1. Electrostatic Analyser (ESA)

The energy and charge state analyzing instrument used in the experiments

is a 90° cylindrical condensor with a radius of curvature of 200 mm

equipped with fringe field correctors. The plate distance is 12 mm. The

entrance diaphragm has a diameter of 1 mm. Up to now the ESA has been

used in a position such that the object distance is 147 mm giving an

image distance of 15 mm. By this set-up a circular beamspot on target of
2 17)

1 mm diameter is image like a vertical band of 0.7 x 6 mm . The
exit slit is adjusted to these dimensions.

From these numbers a geometrical energy width at half maximum
-3 17)

iE = 4 x 10 x E can be calculated . Experimentally a value

AE » 3.65 x 10 x E was found by steering a 100 keV ut beam directly

into the ESA and measuring the transmitted current as function of the

voltage on the plates. The result is shown in fig.3.

Reflections of energetic particles on the analyser plates cause a de-

tector signal at lower as well as higher voltages on the plates. To

suppress the importance of these reflection contributions a set of three

slits have been mounted behind the ESA giving a reduction to l°/oo of

the primary peak intensity.

To detect 200 keV singly ionized particles the analyser plates have a

potential difference of 24 kV such that the centre of the analyser is

at ground potential. Thus during their passage through the analyser the

kinetic energy of the ions is unchanged. The maximum voltage difference

on the plates is 42 kV giving an upperlevel to the energy analysis of

350 keV for singly ionised particles. The ESA high voltage power supply

has a stability of 2 * 10~5.

Energy over charge spectra are recorded by measuring the transmitted ion

intensities as function of the voltage on the plates of the ESA. This

voltage can be changed stepwise using an Analoge to Digital Converter.

The smallest steplength amounts 7.660 eV for singly ionized particles.

Note that the transmission of the analyser decreases if the voltage

decreases due to the energy window character of an ESA.

The outer ESA plate has a hole through which neutral particles can leave
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the analyzing system. It offers the opportunity to study neutralisation

and to measure the total backscattered yield.

The number of secondary particles detected behind the ESA amounts 1 to

10 per second. Ions which have passed the ESA are counted by means of

a Bendix magnetic electron multiplier type M306.

Neutral particles are counted by such an electron multiplier as well.

Both multipliers can be replaced by a surface barrier detector (see

paragraph 4 and 5).

A second energy analyser has been constructed with a retarding field

(maximum 40 kV) and a 127° cylindrical condensor with radius of curvation

of 50 mm. The combination of these two components, shown in fig.1 and
-4

fig. 2, yi-.lds a resolution of AE = 4 x 10 x E for E < 40 keV. It has

been constructed to study inelastic energy losses of heavy ions scattered

Fig.4 The drive of the turntable to vary the

position of the ESA stepwise and with .

high precision.

1: gear of the turntable

2: top-bearing

3: anti-backlash gear

4: bottom place of th« collision chamber

5: U.H.V. rotary fecdthrough

6-8: Harmonic drive with flexspline (6),

vav« gentrator (7) and circular

spline (8)

9: stepping motor

10: rotary potantioaetar
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18)by solid surfaces to allow comparison between ion-gas and ion-solid

interactions. No experiments have been done with this analyser yet so it

will not be discussed in detail here.

• 2.2. Scattering Angle

The ESA and the detectors are mounted inside the vacuumchamber on a turn-

table which can be rotated about the collision centre. The scattering

angle 6 is defined by the incoming beam direction and by diaphragms (d)

and (e) in front of the ESA. It can be varied stepwise (1 step » 0.0375°)

within a region -5 < 9 < 138°. The setting accuracy is 0.02° if

30° < 9 < 100° and 0.1° overall. By counting steps a reproducibility of

0.02 is obtained. (Electronic feed back by potentiometer turned out to

be not accurate enough).

The high accuracy and reproducibility of the setting of the scattering

angle is obtained by combination of a special developed UHV - rotary

feedthrough and a Harmonic drive as shown in fig.4. The Harmonic

drive (reduction 1/200) is connected to the rotary feedthrough driving

an anti-backlash gear (diameter 80 mm) inside the vacuumchamber rotating

the gear (diameter 320 mm) of the turntable. One step of the stepping-

motor (i.e. 30°) is reduced by a factor 1/800 giving a steplength of

0.0375°. The potentiometer shown in fig.4 is used to give a rough (to

within 0.3°) indication of the position of the ESA.

• 2.3. Cable Line

To supply the power to the analysers, fexible high voltage cables have

to be used inside the collision chamber to be able to vary the scatte-

ring angle. Such cables have the disadvantage of a tremendeous out-

gassing, unacceptable for UHV systems. Therefore the cables are put in

a closed system, called cable line, mounted inside the scattering chamber

between wall and turntable (see fig.1 and fig.2). This system partially

consists of a metal bellows to permit the turntable to rotate. The bel-

lows is kept in position by a flexible tube which is necessary due to

pressure differences when the collision chamber is vented. The cable

line is evacuated by means of an oil diffusion pump up to a pressure of

about 1 x 10~5 torr.
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ion beam

high voltage
power supply

DAC

4 stepping motors
1 position ESA
3 target manipuL counter

1 2 3 4

1 2 3 4

U f f
PC 2200
mini computer

x-y plotter

display

printer

interfacing

PDP-15
computer

data
storage

2 3 4

Uil

integrator
PC 2200
CAMAC

2Q=f(N)CAMAC
O=f(t)CAMAC

CAMAC

-
PDP -15

puter

display

x-y plotter

printer

data
storage

Fig.5 Diagram of the data handling system. Two computer systems can

b* used independently to operate and control the experiment.
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• 2.4. Vacuum Equipment

The scattering chamber has been built to study the interaction of ions,

atoms or molecules with well defined surfaces. Therefore the background
_Q

pressure in the target environment has to be below 1 x 10 torr. The

collision chamber is evacuated by a 280 1/sec turbo molecular pump, two

sublimation and ion-getter pumps and a LN~ cooled trap. By sublimation

of Titanium a nominal pumping speed for active gasses is obtained of

approximately 2500 1/sec and by ion gettering 200 1/sec for each pump.

After a bakeout (130°C) for about three days the pressure in the scat-

tering chamber is 3 x 10 torr, provided metal seals are used only.

When replacing the gold-wire for a rubber 0-ring at the top flange of

the collision chamber, samples can be interchanged quickly and a back-
-9

ground pressure of 1 * 10 torr is reached after a moderate bakeout

(80 C) for some hours.

The pressure is measured by a Bayard-Alpert type gauge. The residual

gas is analysed by a magnetic mass analyser.

A sputter ion gun permits cleaning of the target-surface inside the

vacuumchamber.

• 2.5. Data Processing

The method of data processing is schematically shown in fig.5. The step-

ping motors of the manipulator and the turntable and the voltage on the

plates of the ESA are controlled and operated by a computer. Two inde-

pendent computer systems can be used to operate the experiment:

a Philips PC2200 minicomputer via a direct coupling and a PDP-15 computer

via a CAMAC multi-user-system. Both computers use a current integrator

measuring the dose of primary beam on target. The integrator can be

used in a dose, pulse of time mode as shown in figure 5.

Pulses from the electron multipliers are fed into an amplifier with dis-

criminator and then into the computersystem.

Energy or angular scans are obtained in graphical form on a video display

during the measurements, the abscissa representing the voltage on the

analyser plates or the angular position of target or turntable, the or-

dinate being the number of counts collected.

The scans can be plotted on an X-Y recorder or printed-out numerically.

Data storage on magnetic tape can be done via the PDP-15 computer.
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3. QUANTITATIVE ANALYSIS AND DEPTH SPECTROSCOPY

• 3.1. Depth Speatroscopy

The energy of projectiles scattered by target atoms can be calculated

from conservation laws. Assuming elastic scattering and a stationary
2 2

target, the projectile energy after the collision equals k E in which k ,
2

the ratio between the projectile energy before (E) and after (k E) the

collision, is given by:

E

m. cos9

m. + nu

m, cosö

(— )
m, + m2

m2 " ml }|
(1)

where m. and nu are the atomic masses of projectile and target atom res-

pectively and 6 is the scattering angle.

From the energy spectrum of projectiles backscattered by a (solid) tar-

get one can identify the mass of the target atoms. Furthermore such a

spectrum yields depth information via energy loss of the projectiles

due to stopping in the substrate.

When the penetration of the projectile is small one can assume that the

stopping per unit path length, dE/dx, along the incoming and outgoing
o

path is constant and can be evaluated at the energy E and k E respec-

tively, in which E is the energy of "the primary beam. Using this

approximation (called the surface approximation), the energy loss AS

between particles scattered from the surface and scattered from atoms

at a given depth t equals:

AE - (dE/dx)
E

(2)

or simply:

AE - [S3 t (3)
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in which dE/dx = energy loss per unit path length which is a function of

the projectile energy

9. = angle between incoming beam direction and surface normal

&2 - angle between exit direction and surface normal

t = depth at which particles are backscattered into the

analyser by a hard collision
2

k = ratio between the projectile energy before and after

the collision given by equation (1)

From this equation it can be seen that depth resolution At is directly

related to detector energy resolution:

AEdetector = LSl A t = C e ] N A t

where N = target density (atoms/cm )
2

[e] = the stopping cross section (eV cm /atom)

In addition the depth resolution can be improved by

- grazing angles for incident and exit path, so large angles 6, and 8~

- high stopping powers at appropriate energies.

-3
The use of an ESA with AE = 4 * 10 x E yields an energy resolution of

400 - 800 eV for 100 - 200 keV ions. For protons the highest stopping
19}

power is obtained at 100 - 200 keV . Large values, for 6. and 9» can
20 21)

be obtained at high ' as well as low scattering angles. An advantage

of low scattering angles forms the increase of the scattering cross

section. However at too small scattering angles the Rutherford cross

section is not valid any longer.

In our apparatus for 150 keV H •*• Ni at a typical setting of 8. = 8„ =

60° a depth resolution of about 7 8. can be calculated using equation (2)

assuming a stopping power of 22 eV/A '.
22)

A similar value has been reported by van Wijngaarden et al. and by
23)

Feuerstein et al. who also used an ESA.

• 3.2. Quantitative Analysis

Backseattering of medium and high energy light ions is used now for
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quantitative analysis of surfaces and surface layers. An excellent

review of basic concepts and formulae underlying this analysis has been
24)published recently by Chu . His formulae i

use of a surface barrier particle detector.

24)
published recently by Chu . His formulae are based, however, on the

In our case an ESA is used as was discussed in 2.1. Some differences

between these devices have to be taken into account in the interpretation

of the obtained energy spectra and will be discussed here:

- an ESA can analyse and detect ions only.

- an ESA is essentially a one-channel analyser.

To obtain energy spectra many channels will have to be analysed by

variation of the plate voltage.

- in the case of a surface barrier detector the height of a random ener-

gy spectrum as recorded does not vary with the resolution of the de-

tector, whereas with an ESA it does. On the other hand the height

recorded by a surface barrier detector depends on the setting of the

amplifier (i.e. depends on the energy channel width 6E of the pulse

height analyser).

- the resolution, or bandwith, of an ESA is a linear function of the
_3

energy: AE„_. = c E. (In our case c = 4 x 10 ).
£bA

Due to these essential differences basic formulae, used in analysis of

material by means of an ESA, will differ slightly from standard ones as
24)given by Chu and therefore we will go over some of these formulae here.

The number of singly scattered ions from a thickness interval At, in the

target, analysed and detected by an ESA, is given by:

I - n N Atj (da/dfi) AG P+ x (5)

with n a number of projectiles
0 o

N • target density (atoms per cm )

Atj - thickness interval in the target along the beam direction

(cm).(Note that At = Atj cos6j, in which At is the thick-

ness interval along the surface normal).

da/dü • differential scattering cross section (cnr/sr)

AS) • solid angle of detector (sr)

P • probability of backscattered particles to escape as an

ion
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X = efficiency of the detector

Each of these factors is known on an absolute basis. At medium energies

the scattering process of light ions can be described by an unscreened

Coulomb potential, provided the scattering angles are sufficiently large

. Then the differential scattering cross section da/dfi is given by

the Rutherford formula. P for protons and helium-ions and at medium

energies is known from references '

From equation (5) it follows directly that the total backscattered

yield of a thin film with thickness t, with t = t. cos6., is given by:

(6)

By relating the depth interval At. in equation (5) to the bandwidth of

the ESA via equation (4) and via the relation At = At. cos6., the

height H in an ESA random energy spectrum can be derived:

AF
H = no (da/dfl) Afl P

+
 x r i § ^ - _ (7)

• 3.2.1. Examples: Analysis of surfaoe peak and SUPface impurities

From the energy of particles backscattered by surface impurities one can

identify the atomic mass of these impurities. From the area of the peak
2

in the energy spectrum the amount of contaminant atoms (Nt)^ per cm

can be derived.

The total number of (singly ionized) reflected particles in a peak is
27)

given by (see Snoek ):

I(E> 6E

where I(E) « number of reflected ions detected at energy E

AEgg. - bandwidth of the ESA

6E * energy step, i.e. the energy difference between two

measuring points.



- 34 -

For a narrow peak with mean energy E, AE „ can be considered constant

over the entire peak', so AEWC. = c E giving:

S- 2k KB) =|% A' (9)
ESA peak C E

Combining equation (6) and (9) gives:

A! 6E cos6.
(Nt). ^ — (10)

(do/dfl)£ P£ nQ An x c E i

Thus the experimental parameters n , Aft, x and c have to be known.

These parameters can be obtained from a measurement of the height H of

a random energy spectrum of the substrate (see equation (7)):

H Ce] cose
n A« x c = 2 2_ L (ii)

(do/dft) P E
fcr-rsa S S S

Substituting equation (11) in (10) eliminates the experimental parameters:

A: (to/w. p* ES

: rz

It should be noted that the term cos9 cancels only when peak area and

height are measured at the same angle of incidence.

If the height H of the random spectrum can be taken at the same energy

at which the impurity is detected, equation (12) simplifies to:

A! (da/dJl) ._
1 S oE

In this it is assumed that, for a given surface, P depends on energy
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only ' . A special case forms the surface peak, of substrate atoms

obtained under channeling or double alignment conditions. Then in

equation (12) the differential cross sections, the P -values and the

E-values cancel if the height H of the random spectrum is taken at the

surface:

(Nt) , . = — -p—T- (14)
surface peak H [e]

(Note that here the meaning of <$E differs from what is given by Chu ),

4. CRYSTAL ALIGNMENT

The channeling and blocking phenomena of energetic light projectiles in

single crystals can be applied to obtain information on the elemental

t composition at the surface as well as inside the bulk and about lattice

j disorder. It can be used also to study lattice locations in the bulk as

well as at surfaces as we demonstrated recently (ref.14).

To be able to do channeling and blocking measurements, i.e. double

alignment experiments, one needs a well collimated beam, a particle de-

tector with a small solid angle (the aperture angle has to be smaller

than the critical angle for channeling) and special alignment facilities

for target and detector. In this chapter we will discuss and illustrate

this latter point in more detail.

Frequently the surface of a single crystal does not coincide with the

desired crystallographic plane. Besides it is not possible normally

to mount a single crystal in a target holder reproducibly within 0.1°.

The influence of these effects on the angular position of planar minima

when making azimuthal scans at different grazing incidence angles a is

illustrated in fig.6.

It is shown in the right hand part of this figure than one has to change

the azimuthal angle iji in order to stay in the planar minimum if one

changes the angle a.

It is not difficult to derive an expression for the connection between

ip, a and the misorientation T:



The influence of a misalignment (t°) of
the target on the position of the planar
minimum.

crystal
plune^
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sin ij) / tg a = tg T (15)

(Note that the same holds for the outgoing angle (6-<x)).

For single alignment experiments, where one uses the channeling effect

and a large solid angle of the detector, figure 6 indicates that a

goniometer with two axes of rotation to vary ty and a is appropriate,

provided that the axis of rotation (a) is perpendicular to the beam

direction (see also Picraux ).

For double alignment experiments a distinction has to be made between

an experimental set-up in which the scattering plane is fixed in space

and a set-up in which the scattering plane can be varied. (The scatte-

ring plane is defined by the direction of the primary beam and that of

the outgoing beam to the analyser).

In the latter case the scattering plane can be brought to the crystal-

lographic plane of interest by rotating the azimuthal angle of the

detector.

In the first case the crystallographic directions of interest have to

be brought to the scattering plane by rotating the target about a third

goniometer-axis perpendicular to the first and second one. This is de-

monstrated in the left hand side of figure 6. By a tilt of the target

over T the crystallographic plane and the scattering plane coincide.

Now the planar minimum for channeling and for blocking are detected

both at <j/ = 0 for all grazing incidence angles a and outgoing angles

In our set-up discussed in chapter 2, the scattering plane is fixed in

space and a goniometer with three axes of rotation is used. An essential

property of this goniometer forms the coupling of the tilt-axis to the

Fig.6 Schematic ^presentation of the influence of target misorienta-

tion on the detection angle U> of the planar minimum as function

of the glancing angle a.

Two cases have been analysed: with and without a tilt of the

crystal to compensate the misorentation. Crystal settings as

"seen" by the incoming beam have been drawn.
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1000

500-

N
1000-

4000-

2000

160keV H*-»*Cu(110)
a = 30.5°

e = nou*
e = ioo.o#

e= 60.0*

500

90 120 150
W (degree)

180

Fig.7 Azirauthal angular scans of a roisoriented Cu (110) crystal. The glancing angle was kept fixed:

a - 30.5°.

Variation of the scattering angle, so variation of the exit angle (6-cO, results in a shift of

planar blocking minima according to equation (IS).
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azimuthal rotation axis (i.e. the spin-axis). It has the advantage of

a quick alignment procedure and is very appropriate if all the measure-

ments under double alignment conditions are done in one crystallographic

plane. A disadvantage forms the disappearance of the alignment by a

variation of ^ (for example if one goes to another crystallographic plane

as will be demonstrated later).

A crystal aligned for all azimuthal angles i|> can be obtained only if the

tilt and azimuthal movements are independent. Such a goniometer has
29)

been constructed by Feyen et al. and

in a new version of our goniometerhead.

29)
been constructed by Feyen et al. and similar provisions are included

To demonstrate possibilities of our present set-up some characteristic

alignment procedures will be presented now.

• 4.1. Channeling and Blocking

Behind the neutral gate of the ESA a surface barrier detector was mounted

with an energy resolution AE «* 12 keV for 160 keV protons. In the sample

holder a Cu (110) crystal was mounted. Angular scans have been made by

integrating backscattered intensities from a depth interval of about

0 - 1000 X. The results are shown in the figures 7, 8 and 9.

In fig.7 the influence of misorientation of the target on the relative

position of planar channeling and blocking minima is demonstrated. In

fig. 7a, 7b and 7c the grazing incidence angle is fixed: a = 30.5 . This

angle was chosen such that the incoming beam direction coincides with

the [101] channeling direction in the (111) plane. Differences between

the figures a, b and c are due to different outgoing angles (6-a) of

respectively 79.5°, 69.5° and 29.5°. It is clearly observed that for

increasing (6-ot) the displacement of the planar blocking minima increases.

Moreover it is shown that the width of the planar dip depends on (8-ot)

(see also reference 30).

Figure 8 shows how the third axis of rotation enables us to align the

(Til) plane. By tilting the misoriented target over 0.9° the position

of the (Tl!) , ,. and (Til),, , . minima coincide. It is also
channeling 'blocking

demonstrated that this alignment does not apply to other ^-angles as

discussed before. Note furthermore that due to misorientation the



- 40 -

160 keV H*-> Cu (110)
a =79.9' 6=133.5*

a : misorient. (ill) plane s 0.9*
b : misorient. (ÏH) plane s 0.0*

(flDch

N

t

90 120

-vy (degree)

Fig.8 Azimuthal angular scans of a raisoriented Cu (110) crystal with

and without alignment of the (111) plane. Alignment was

obtained by a tilt of the crystal about the third axis of ro-

tation of the goniometer. Due to coupling between tilt and

azimuthal rotation axis each plane has to be aligned seperately.
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160 keV H+—- Cu(110)
scattering plane: (111)
a : 0 = 130.6°
b : 6 = 1340°

K»n
beam

ex.

-* detector

firm \ 7 / 7 7 7 7 ]
target

N

[312]ch [21i]ch [32i]ch

\

[nol'ch

60
+-OC (degree)

Fig.9 Angular scans of 160 keV H ->• Cu (110). The scattering plane

coincides with the (Til) plane. By variation of the scattering

angle over AS axial blocking minima shift over A6.
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.92

je
o
O

3000-

164.9 keV H*-» Ni (110)
angular scans at
different depths
6=60.0'

-20 -X)

V(degree)

Fig. 10 Azimuthal angular scans of 164.9 keV H -*• Ni (110) as function of depth measured by means of

the ESA. For i|i - 0° the incoming beam direction and the outgoing direction to the analyser

coincide with [101] and [011]. Backscattering depths were calculated using equation (2) assuming

a constant stopping power dE/dx - 22 eV/A along the incoming and outgoing path.

Backseattered energies correspond to marker positions indicated in fig.11.
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j

4 (111) , . minimum is detected twice although the analysed range

j is smaller than 180 .

j

j Finally xn figure 9 angular scans by variation of the angle a are shown.

The experimental set-up is such that the scattering plane coincides with

(111). Axial minima due to channeling or blocking can be distinguished

by a variation AG of the scattering angle: All blocking dips are shifted

over AÖ as can be seen in figure 9.

• 4.2. Random Ovientat-ion

As was discussed in section 3, all experimental parameters in quantita-

tive analysis cancel if energy spectra are obtained for random orienta-

tion of the crystalline target. In our set-up however, it is difficult

to find a target setting for which such a spectrum can be obtained.

Rotating the crystal during the measurement of a random energy spectrum

could be helpful to overcome this problem but is complicated if a dif-

ferential energy analyser like an ESA is used.

We have bombarded a clean Ni (110) sample with 164.9 keV protons in the

vicinity of the (Til) plane with a = 31.9 . Backscattered ions were de-

tected under 0 = 60.0°.

To obtain very high index directions (i.e. random directions) for the

incoming and outgoing beam, azimuthal angular scans were recorded at

different depths by means of the ESA.

Fig.10 clearly illustrates the difficulty in finding a proper random

direction. It was chosen outside the shoulder and the channeling/blocking

region for each depth resulting, at i|) = -11.0°, in the "random" energy

spectrum given in fig.11.

Besides fig.11 shows typical examples of energy spectra in the shoulder

and the double alignment direction.

From fig.10 other phenomena can be noted also. Curve (a) has beer

measured at the very surface. The minimum in the yield is a result of

limitated energy resolution of the ESA which makes that at non-channeling

angles scattering from more than one layer is detected.

In curve (d) high shoulders are observed. The asymmetry is probably due
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Fig.11 Backscattered energy spectra for three

azimuchal target rotation angles • as

defined in fig.10.

A double alignment, "random" and "shoulder"

energy spectrum is shown.

Fig.12 Energy spectra of H+ backscattered from

Ni (110) for incidence along channeling

CC 1013 and [3l4])and random directions.
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to a small misalignment of the target. The height of the shoulders

exceeds the depth of the dip by about a factor 4. So far this has been

found only in theoretical calculations . These shoulders are equiva-

lent to the maxima of the oscillations in the energy spectra (see fig.11),
32)

calculated by Barrett and well documented in reference 33).

From the aligned Ni (110) sample we have made total energy scans at a

scattering angle 9 = 60.0°. Four different target orientations with

respect to the incoming and outgoing directions were studied: under

double alignment, single alignment and random conditions. The results

are shown in fig.12.

The difference in the channeling spectra is clearly a result of

blocking in one and not in the other case.

The discrepancy between the random spectra, both measured at 6 = 60.0

but for different glancing angles a, is not understood yet. From the

> energy dependence of che scattering cross section, the neutralization

? probability, the stopping cross section and the analyser band width
\ . . 34)

j: and from beam attenuation at low energies one expects in both cases

?: a random spectrum as obtained at a = 18.0 . It might be that at

a = 31.9° blocking occurs for lower backscattered energies for which

blocking cones are expected to be wide.

5. ANALYZING BEAM EFFECTS

• 5.1. H* •*• Cu (110)

If the interaction of energetic ions with solids is studied under con-

ditions of relatively high background pressure and low sputtering rate,

contamination may be induced at the surface due to the analyzing beam.

An example of this effect is shown in fig.13. A Cu (110) sample was bom-
2

barded by 161.5 keV protons, current density about 2.5 uA per mm , at a

background pressure of 2 x 10 torr. The incident beam was directed

along the [101] direction. Backscattered ions along the [011] direction

were energy analysed by means of the ESA and detected with a surface

barrier detector. Note that the scattering angle is 60.0°.
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Fig.13 Energy spectra of protons backseatCered

from the surface region under double

alignment conditions ([l0l]ch/t0lT]bl).

The spectra show that the copper surface

is covered by a hydro~carbon layer. The

thickness of the layer increases beam-

induced. The contamination on the sur-

face causes an energy shift and a

broadening of the copper surface peak.

The arrows indicate the expected posi-

tions of Cu and impurity atom peaks as

calculated in a binary collision model.
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Fig.14 Energy spectra of backscattered protons

from the copper surface region under

double alignment and random target orien-

tation. From the area of the peakt in tha

double alignment spectrum the number of

impurities and surface substrate atoms

can be calculated. From the height of the

random spectrum of the surface region ex-

perimental parameters can be derived (see

text).
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Due to double alignment light elements can be detected with high sensi-

tivity. From the backscattering spectra it can be seen that a thin

carbon layer is present at the surface also after (electrolytical)

polishing. From the steep increase in fig.13 of the high energy side of

the carbon peak (determined by AE„ . ) , from its position and from that

of the copper surface peak it is concluded that carbon is present on

the very surface on top of the copper crystal. Induced by proton bom-

bardment, the thickness of the carbon layer increases as can be seen

from the increase of the area of the carbon peak and the further shift

of the position of the copper surface peak. The width of the copper

surface peak, far more than AE , and the slowly decrease of the carbon

peak at the low energy side indicate a non-uniform thickness of the car-

bon layer. This may be due to a non-homogeneous proton beam density.

By comparison to a random energy spectrum, shown in fig.14b, the number

of target particles jiving rise to the carbon and surface peak in fig.

14a (fig.14a and fig.13c are identical) can be calculated applying

equation (13) and (14). Using a stopping power of 22 eV/X for 160 iteV
19) *

protons in copper (Northcliffe and Schilling ) gives
(Nt) - , = 1.5 x 10 atoms/cm2 and (Nt) , = 40 x 101" atoms/

surface peak carbon
cm . Assuming an ideal and static crystal surface then one expects to

i c 2
find (Nt) - 1.09 x 10 atoms/cm . This difference in (Nt) can be

sp sp
understood if displaced Cu-atoms are present at the surface. The displace-

32)
ment can be due to thermal vibrations , radiation damage and chemical

binding of impurity and substrate atoms (see also 5.2). The carbon in

the overlayer is distributed randomly across the surface as was verified

from the backscattered yield under different incoming and outgoing

directions.

The copper surface peaks given in fig.13 correspond to 1.5 x 10 atoms/
2 15 2

cm each, the carbon peaks to 15, 29 and 40 * 10 atoms/cm .

From the stopping cross section of carbon E = 13 *.10 eV cm /atom

the expected width cf the carbon peak and shift of the copper surface

peak can be calculated applying formula (2).(Note that e * rr -j—). In

table I these values are compared to the experimental AE, For carbon

AE was taken as the width of the peak at half maximum; for the copper

surface peak AE was obtained from the shift of its maximum,
exp

From table I it is obvious that good agreement between calculated and



- 48 -

TABLE I

Number of

carbon

(.015

atoms/cm )

a

'b

c

15

29

40

Width AE of the carbon peak

(keV)

experimental

value

1.9

3.5

4.5

calculation

for

pure carbon

0.7

1.4

2.0

calculation

for

Cx H3*

1.7

3.2

4.5

Shift AE of the copper surface peak

(keV)

experimental

value

2.0

3.9

4.9

calculation

for

pure carbon

0.8

1.5

2.1

calculation

for

CxH3x

1.7

3.3

4.6

400-

400-

O-IVT

H*— Cu (110)
Eo= 1652 keV lanalyser
target temp. = 100*C ia=305*
backgr. pressure=1*10"9torr

beam direction 101

' 0 ' '

I
@ after Argon sputtering

and annealing

after proton bombardment
(12.55 mC/mm')

C 0

Cu
?

0 145 150 155

• energy (keV)

T--f- 1 t I-

160 165

Fig.IS Backseattered energy spectra of sputter-

cleaned and annealed Cu (110). Target

temperature it 100°C. Above a critical

proton dote the dechanneling level in-

creases as function of dose.
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measured values can be obtained if the build-up of hydro-carbon layers

is assumed in stead of pure carbon. Hydrogen increases the stopping
' —15 2

cross section to 29 * 10 eV cm /molecule if 3 hydrogen atoms are

added to 1 carbon atom .

From several measurements at a background pressure of about 1 x 10

torr (C9H./C0/N9 = 40%, H90 = 25%) and a beam current density of about

2.5 pA/mm an order of magnitude for the build-up rate of 1 carbon-atom

per 1000 protons is derived. From the data, however, it might be con-

cluded also that the build-up has to be explained in terms of a change

in the sticking probability of hydro-carbons due to beam-surface inter-

actions. Under the above experimental conditions this would mean a

sticking coefficient of about 1. X-ray measurements by Khan et al.

show a beam current dependence of the build-up, probably due to sput-

tering effects competing with sticking.

After these measurements the background pressure of the collisioncham-
—10

ber was reduced to 3 x 10 torr by utilizing metal seals and by baking

the whole equipment up to 140 C. The pressure in the beamline was
—7 —ft

reduced from 5 * 10 to 2 K 10 torr.

By sputtering the Cu (110) sample with 7 keV Ar ions in a close packed

direction at a glancing angle a = 7 , the surface was cleaned. During

this process the target was baked at 200 C. The argon pressure in the

collision chamber, due to the sputter ion gun, was 2 x 10 torr. The

cleaning was continued until, after annealing for a few minutes at

500 C, the carbon peak in the RBS spectrum had disappeared. (Before the

bake-out the surface barrier detector behind the ESA was replaced by a

Bendix electron multiplier).

have been published earlier

Bendix electron multiplier). More details about this cleaning process

.14)

At a target temperature of 100°C and a background pressure of 1 x 10

torr (C2H,/N2/CO = 30%, H20 = 10%, Ar = 40%) no build-up of impurities

was observed up to a proton dose of about 1 Coulomb/cm .

At this high dose another beam phenomenon was observed, see figure 15.
2

The dechanneling level which had not changed before 1' Coulomb/cm

strongly increased as function of dose. As this effect is not observed

before the sputter cleaning-process, an explanation could be stress due

to trapping of implanted hydrogen at argon beam-induced damage still
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Fig.16 Energy spectra of protons backscattered

from the Ni (110) surface region under

double alignment conditions. After

polishing carbon and oxygen is found to

be present at the surface. Due to the

analyzing beam the surface is sputter-

cleaned. To increase the detection sensi-

tivity of light elements high doses are

used.

TABLE II

after

polishing

after proton

bombardment

displaced

nickel

(1015atoms/cm2)

2.1

1.4

oxygen

(I015atoras/cm2)

2.0

0.2

carbon

(1015atoms/cm2)

1.8

< 0.2
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present after annealing at 500 C. A similar effect, trapping of implanted
37 38)

hydrogen in predamaged metals has been reported ' . Note that de-

channeling is observed over a depth much greater than the argon range.

However, such deep disorder for ion implanted copper has been reported

before

• 5.2. H+ -*• Si (110)

At a background pressure of 1 x 10 torr (N2/CO/C2H, = 35%, H20 = 20%,

0- • 6%, C-HQ = 5%) the elemental composition of impurities on a

Ni (110) surface after mechanical and electrolytical polishing has been

analysed. Moreover the influence of the analyzing beam, 165 keV protons,

on the elemental composition was investigated. The result is shown in

figure 16. The sample was bombarded along the [101] direction. Back-

scattered ions were analysed along [Oil]. To increase the detection sen-

sitivity, high doses were used to investigate oxygen and carbon conta-

minants. After polishing some carbon and oxygen is found to be present

at the surface. The shift of the nickel surface peak indicates contami-

nant» on top of the nickel surface. Due to the analysing beam the sur-

face is sputter-cleaned. Besides it is found that the area of the nickel

surface peak decreases. Detailed analyses, that will be published

elsewhere, indicate a correlation between the number of oxyg2n atoms and
40)

the number of nickel atoms giving rise to the surface peak . It is

concluded that oxygen is bound to displaced nickel atoms creating at the

surface after polishing.

For quantitative analysis of the number of target atoms giving rise to

the different peaks, random spectra have been measured at "clean" as

well as contaminated surfaces to eliminate the influence of contaminants

on the neutralisation probability. From the height of these spectra we
2

calculated the number of carbo and oxygen atoms per cm at the surface.

Besides the number of nickel atoms displaced more than about 0.2 A from

their ideal lattice sites at the surface was derived by subtracting one
15 2

monolayer of an ideal and static surface, so 1.14 x 10 atoms/cm , from

the calculated number of nickel atoms. In the calculations, applying

formulae (13) and (14), a stopping power for 160 keV protons in nickel

of 22 eV/& was used, given by Northcliffe and Schilling .

The results are shown in table II. From these results and from measure-
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40)ments to be presented elsewhere several conclusions can be drawn.
-9Firstly it is observed that at a background pressure of 1 x 10 torr

no build-up of hydro-carbon takes place. Secondly, due to the analyzing

beam the surface is sputter-cleaned which is probably causing displace-

ment of nickel atoms at the surface also.

Finally the measurements show that in the present set-up carbon, oxygen

and sulfur (see reference 40)) can be detected with an estimated maximum
15 2

sensitivity of about 0.2, 0.1 and 0.03 x 10 atoms per cm respective-

ly.
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chapter 2

a universal target manipulator
for use in

ultra - high vacuum

A target manipulator for use in ultra-high vacuum is described.

It rotates a sample around three different axes with high accu-

racy. These movements are done by computer-controlled stepping

motors. Moreover, the manipulator allows a horizontal and a

vertical translation. The sample can be cooled to -ISO C and

heated up to 500°C. The whole equipment is bakeable up to 150 C.

1. INTRODUCTION

To investigate interactions between ions and solids by means of particle

backscattering, a manipulator to handle a sample has been developed

which provides computer-controlled high-precision movements. This mani-

pulator is used to study ion reflection and secondary ion emission from

monocrystalline surfaces, channeling and blocking phenomena and damage-

and dopant-distributions of implanted ions. By analysis of the energy

and the charge state of backscattered particles and by studying ion-

induced photons it is possible to obtain information about collision pro-

cesses inside the solid or at the surface. Moreover, one gets information

about damage, structure, and contamination of the surface, and also about

the lattice location of foreign atoms within the crystal and disorder
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a
f

Fig.1 The target manipulator.

Fig.2 Schematic diagram of the manipulator; 1: new rotary feedthrough (see text); 2: central shaft)

made of Al-O,, to rotate the target (a); 3: grinded guide rod (3x); 4: linear ball bearing;

5: stepping motor; 6-6a: mobile flanges to rotate the target (Y and 8); the construction is such

that the flanges are compensated for atmospheric pressure; 7: lead screw (2«) to translate

flanges 6 and 6a (C and B); 8: grinded guide rod (2x); 9: screw nut to translate the target in

the vertical direction (Y); 10: sledge to translate the target in a horizontal direction (X);

II: flexible metal tube, 1/4" i.d., to cool the target by means of liquid nitrogen.
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distributions produced by implanted particles.

For ion-implantation studies, surface-reflection experiments, and the

study of channeling and blocking phenomena in single crystals it is

often necessary to align a crystallographic axis and/or plane within

0.1°. Moreover, one must be able to vary the position and the orienta-

tion of the sample during the experiments with high precision. There

are, however, more requirements. Surface studies require a vacuum of

the order of 10 torr, which puts severe restrictions to the use of

materials and the details of the construction. Since our experiments

involve annealing of the target and studies of ion-solid interactions

as function of temperature, provisions have to be made to heat and to
1-4)

cool the sample. Manipulators, known from literature do not meet

all these requirements, so we have developed a new manipulator.

2. DESIGN

A picture of the manipulator is shown in fig.l. Fig.2 illustrates sche-

matically the setup and the available movements of the target and fig.3

shows the head of the manipulator inside the vacuum. The manipulator has

been designed and constructed in the FOM laboratory. It is mounted ver-

tically on an 8" o.d. flange in the middle of a collision chamber . By

means of two linear movements and one rotary movement outside the vacuum

the sample can be rotated around three different axes. Basic principles

for that are a cardan suspension of the sample, and the use of three

concentric tubes to transmit the movements (in fact one rod and two

tubes). The three movements are induced by stepping motors. Two of them

drive a lead screw, moving flange B or C up and down (see fig.2). These

flanges have been mounted free of forces due to atmospheric pressure by

using metal bellows above and below each flange. The setting of each

movement is read outside the vacuum using high-precision potentiometers.

The rotations of the sample are operated and controlled by a computer.

The first rotation happens about the axis of the manipulator, indicated

in the figures by angle a, and has a range of 240 . This trajectory is

covered in 2400 steps of 0.1°. The transmission is one-to-one. The

setting has an accuracy of jf 0.1°. Within a region of 20° the setting
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Target

4 cm

Fig.3 The head of the manipulator. Rotation A causes the rotation of a,

translation B causes the rotation of 8, translation C causes the

rotation of y, HE: heat exchanger, H: heater, TC: copperbraid.
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accuracy is +_ 0.03°. The setting is given by a rotary potentiometer.

Within the whole range (240 ) the accuracy of the potentiometer amounts

to +; 0.15°. Within a region of 3° this is +_ 0.1°.

The second rotation, angle g in the figures, involves a tilt of the

crystal about the axis normal to the former one and situated in the

plane of the target surface. It has a range of 16 and a stepping dis-

tance of about 0.1° (this distance is a function of angle 8). A shift

at B (see figs.2 and 3) of 1 mm is equivalent to a rotation of about 1 .

The setting has an accuracy of +_ 0.015 . The setting is read by a linear

potentiometer. The accuracy of the potentiometer is +_ 0.03 .

The third rotation occurs about the surface normal (the azimuthal angle

Y ) , and has a range of 240°. Making 15 steps causes a rotation of 1°. A

shift at C (see figs.2 and 3) of 1 mm is equivalent to a rotation of 8 .

The accuracy of the setting strongly depends on the provisions for

cooling the target. Without cooling facilities the accuracy of the set-

ting is much better: j+ 0.05° (within a region of 20 also +_ 0.05°). If

the target has to be cooled, the accuracy is limited now to +_ 0.6 .

(Also within a region of 20°). This is due to the copperbraid giving the

connection between target and heat exchanger. The setting is given by a

linear potentiometer. This potentiometer has an accuracy of +_ 0.12 .

Within a region of 3° this is +_ 0.06°.

The three axes of rotation cross each other in one point at the surface

of the sample.

Besides the rotations there are possibilities for shifting the sample

along two axes: along the vertical (Y) of the manipulator axis, and

along a horizontal axis perpendicular to the ion be3m (X). It allows the

choice of another beam spot on the target, but also to shift the target

away and let the beam go straight through. One can shift the sample in

this vertical and horizontal direction over a distance of 20 mm, with an

accuracy of 0.01 mm, manually by means of micrometers.

The target holder has been constructed to allow experiments under

glancing-incidence and backscattering conditions. The temperature of the

sample can be controlled and the ion-beam current on the target can be
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monitored. Typical dimensions of the sample are 16 mm diameter and 6 mm

thick.

The manipulator has been designed for use in a UHV system at a working

pressure of 2 * 10 torr. Therefore, only materials like stainless

steel, copper and aluminium oxide were used for the construction, gold

and copper for vacuum seals and beryllium- and aluminium oxide for in-

sulation.

Metal bellows are used to transfer motions into the vacuum. Ball bearings

were factory-coated with WSj. Sliding rods and tubes have been coated

with a thin MoSj-filin. All fixed connections were made by argon~arc wel-

ding, or hf vacuum brazing.

Behind the sample there is a 200 W tungsten heater (resistance heating)

capable of heating the target up to 500 C. By means of liquid nitrogen,

5cm

Fig.A The new rotary feedthrough. 1: rotary

potentiometer; 2-3: top ball bearings;

*! ball bearings; 5: conflat flange, 2j'

o.d.; 6: central shaft, 3/8" diam.;

7: fore-vacuum.
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two flexible metaï tubes, a copper-stainless-steel heat exchanger

(welded by means of an electron gun), a copperbraid and a BeO-disc

(which conducts heat very well but insulates the target electrically),

we are able to cool the target down to -150°C. The target can be cooled

from 400°C to -100°C within 15 min. The flexible metal tubes are mounted

in loops. One pair of loops, around the three concentric tubes, is

needed because of the a-movement and the translation movements. A second

pair of loops, at a right angle to the first, is needed because of the

$-movement. This system works quite well. It imparts however a torsion

of about 1.4 kg cm at maximum to the sample holder. Therefore the central

shaft of the manipulator has been made from A12O_ to give the required

stiffness at a given length and diameter of this shaft.

For the same reason a commercial UHV feedthrough could not be used.

3. A NEW UHV ROTARY FEEDTHROUGH

To rotate the target about angle a with high precision, an ultra-high-

vacuum feedthrough, shown schematically in fig.4, was constructed. Com-

mercial UHV feedthroughs were inadequate. In our design an inaccuracy

of 0.1 was tolerated for a momentum of 5 kg cm. A significant improve-

ment was obtained by bending the central shaft through an angle of 90

(normally an angle of 15 is used). Then the bearing at the top of the

central shaft is situated as far as possible from the axis of rotation.

This increase the accuracy, but makes it necessary, however, to evacuate

the chamber in which the metal bellow is situated to prevent the bellow

from pressing against the shaft due to atmospheric pressure. It was

found that the new UHV rotary feedthrough is a factor of 10 more accu-

rate than existing ones, if loaded with a momentum.
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chapter 3

surface structure analyst
means of rutherford scatft

methods to study
surface relaxation

The use of Rutherford backscattering for structural analysis

of single crystal surfaces is reviewed, and a new method is

introduced. With this method, which makes use of the

channeling and blocking -phenomenon of light ions of medium

energy^ surface atoms can be located with a precision of

0.02 $. This is demonstrated in a measurement of surface re-

laxation for the Cu(llO) surface.

1. INTRODUCTION

Backscattering of energetic ions is now widely used to analyse the ele

mental composition of surfaces and of surface-layers. The analysis is

based on the fact that the energy of the backscattered particles is re-

lated to the mass of the target atom. Recently it has been shown that

the backscattering technique can also be used to analyse surface struc-

tures. Progress in this field has been made in the low energy range

(500 eV - 10 keV) as well as in the medium (50 - 500 keV) and high

(E > 1 MeV) energy range .

In the low energy range research has been done on surface topography

I
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' and lattice location of adsorbed atoms . In this article we

concentrate on £he medium and high energy range where surface structure

analysis is done by means of the Rutherford backscattering (RBS)

technique • One advantage of this technique is that the analysis can

be done in a quantitative way without substantial radiation damage due

to sputtering or recoil collisions. A disadvantage, compared to low

energy backscattering, is that only single crystal targets can be used.

Utilizing the RBS-technique it is possible to study phenomena like sur-

face relaxation, reconstruction and disorder and the lattice position

of adsorbed atom. One might also obtain information about the r.m.s.

amplitude of thermally vibrating atoms at the surface (giving surface-

Debye temperatures), about potentials describing soft ion-atom

collisions and about double collision phenomena, which will all be dis-

cussed in this paper.

In principle the analysis of surface structures by means of the RBS-

technique can be done in two different ways. Method I makes use of the

channeling behaviour of energetic particles penetrating a single crys-

tal target in an open direction. By measuring the energy of the back-

scattered particles one can discriminate between particles that first

penetrate the solid, before being backscattered via a hard collision in-

to the detector and particles that do not penetrate the solid but are

reflected by surface atoms. The last fraction of particles, which have

a higher energy, gives rise to the so-called surface peak in the energy

spectrum. The area of the surface peak is directly related to the num-

ber of surface atoms, i.e. the number of monolayers, "visible" to the

incoming beam. This offers the opportunity to analyse surface structures

as was pointed out before by B<4gh and by Davies . Up to now this

method of surface investigation based on RBS and channeling, has been

applied by a few groups to study surfaces. Btfgh has found indications

of reconstruction of Au (100) . Recently this has been confirmed by

Appleton and Zehner et al., who reported one extra hexagonal layer of

atoms existing on a clean surface of Au (100) ' . Van der Weg and

Kool et al. studied the correlation between oxygen and carbon contami-

nation of a Si (110) surface with the number of displaced Si surface

; et

,14)

13)
atoms . Davies et al. have used this method to study surface relaxa-

tion of Pt (111)
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Here we introduce another method to study surfaces with the RBS-

technique. Method II is based not only on channeling of the incoming

particles but also on blocking of the backscattered particles. Therefore

double alignment is used. In this case the surface peak is related

to the number of surface atoms that can be "seen" by both the incoming

beam and the detector. In comparison with channeling alone the use of

channeling and blocking gives more information on surface structures in

principle.

In this paper both methods are discussed extensively. To demonstrate the

potentialities and limitations of the two methods we compare their

feasibility in measuring surface relaxation. We have applied method II

to study the relaxation of a Cu (110) surface.

In general the atoms near the very surface of a crystal are expected

theoretically to be displaced on the average compared to the bulk lattice

position. This effect is called surface relaxation and is due to an

asymmetry in the forces acting on the particles near the surface. Fol-
18}

lowing de Wette and Alldredge the shifts in equilibrium positions

near the surface as compared to the bulk positions are called static

displacements for a static lattice. The total displacements (dynamic

displacements) include thermal expansion at the surface due to the lat-

tice vibrations.

To our knowledge the existence of a relaxation effect was mentioned
19)

first by Davisson and Germer in 1927 . The first experimental results,

obtained using Low Energy Electron Diffraction (LEED), date from about
20—23} 18 24^

1960 . Since then many theoretical calculations ' and measure-

ments by means of LEED have been reported ' . Although due to inter-

pretive difficulties LEED results are not unambiguous they seem to in-
,. , 27-31) ...19,22,23,27,32,33,61-67) . .,28,68-73) t.dicate for Cu , Ni » » » » » » > an(j ̂  » / t^ a t

the upper layer spacings for the (111) faces are identical to the bulk

and the (100) face probably is also, but may be expanded a few percent

at higher temperatures. The upper layer spacing on the (110) face is

contracted relative to the bulk at room temperature. These results dis-

prove the expectation set forth in theoretical calculations presented

in ref.24. Therefore it is worthwhile to use other techniques to study

surfaces.



- 66 -

no displacement

displacement

Fig.1 A two-dimensional model showing how under channeling conditions

a displacement of the first layer may lead to an increase of the

number of backscatter centra at the surface.

Fig.2 An example of a shadow cone behind a target atom bombarded by

• energetic ions,

from the atom.

R. is the radius of the cone at a distance
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We believe that the RBS-technique when used in combination with chan-

neling and/or blocking is a relatively simple and quantitative method

for surface structure analysis.

2. SURFACE RELAXATION, METHODS OF ANALYSIS

• 2.1. Method I: HBS and Channeling

Recently several proposals have been made to combine the RBS-technique

and channeling to measure surface relaxation. The basic idea is that

the area of the surface peak in the energy spectrum of backscattered

particles is proportional to the number of monolayers "visible" to the

incoming beam. Consider for example the case of a displacement of the

first atomic layer as shown in fig.1. Along an open direction - not

perpendicular to the surface - two atomic layers are "visible" to the

beam and the yield in the surface peak of the RBS spectrum will be pro-

protional to these two layers. This is true as long as the displacements

are sufficiently large so that the atoms of the second layer are out-

side the shadow cones of the first layer and provided that thermal vi-

brations can be ignored. If there exists no displacement at all then

the surface peak will be proportional to one atomic layer.

In principle there are two possibilities to measure the amount of dis-

placement. They are both based on bringing the second layer inside the

shadow cones of the first layer. This can be done by tilting the crystal

as well as by varying the projectile energy. Davies et al. used these
14')

methods to investigate a Pt (111) surface '. The tilting method can be

used only if the tilt required is smaller than half the width of the

channeling dip or if the particles backscattered from the first and the

third layer can be separated due to a difference in energy loss. These

requirements form a serious limitation to the tilting method.

On the other hand one can make use of the fact that the width of the

shadow is a function of the energy of the incoming beam. Theoretical

aspects of shadow conts have been treated extensively by Martynenko

. An example of the shadow cone is given in fig.2. If the inter-
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action between beam and target can be described by a power potential:

V = A/r", (1)

where r is the distance between target and projectile and A is a poten-

tial parameter which is a function of the atomic number of target atom

(Z„) and projectile (Z.), then an analytical expression of the radius

R of the shadow cone as function of the distance £ to the target
s

particle and of the energy E of the primary beam can be derived.

The shape of the shadow cone is determined mainly by particles deflected

over small angles for which the momentum approximation yields the fol-

lowing expression of the scattering angle :

e = -—• , (2)
E b n

with:

A = A(Z.,Z~) = potential parameter of eq.l,

b • impact parameter,

n = power of the potential,

run)

The distance R of deflected particles to the central axis, which is

defined by b = 0 (shown in fig.2), is given by:

R = b + BZ. (4)

This equation predicts a minimum value for R, indicated as R , since
s

the scattering angle decreases with increasing b. So the radius of the

shadow coi

and thus:

shadow cone R at a distance I is defined by the condition dR/db « 0
5
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Therefore decreasing the energy of the primary beam will broaden the

shadow cone. For a Coulomb potential (n=l) holds R « E
-1/3 s

Firsov potential (n=2) R « E
s

-i and for a

At high beam energies two atomic layers are "visible" to the beam; at

low energies, however, the second layer will be inside the shadow cone

of the first layer. At a critical energy E^ . the atoms of the second

layer can be located on the edge of the shadow cone such that the pro-

jectiles can be scattered just into the detector. The experimental

result will be as plotted schematically in the upper part of fig.3. Near

E . the intensity will increase if the energy is decreased due to a

focusing effect of the primary beam scattered through the first atomic

layer on to the second layer. This effect is well known and equivalent

with the ion-focusing or wedge-focusing effect and the flux

peaking effect (see for example ref.41). It also causes the oscillations

Fi".3 The yield of projectiles backscattered

from the surface as a function of the

primary energy. It is assumed that the

relaxation effect causes a displacement

of the first layer. The incoming beam is

oriented along a channeling direction,

not perpendicular to the surface. At the

energy E . the atoms of the second

layer are located on the edge of the

shadow of the first layer. This causes a

sharp increase in backscattered yield

which is blurred by thermal vibrations.

static lattice
I

2 layers

1 layer

- f

-critical

lattice with thermal vibrations

-critical
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Fig.4 The relation between the initial impact parameter bf and the

total scattering angle 6 obtained by the interaction of a proton

beam with two copper atoms having an internuclear distance of

2.55 8. The internuclear axis makes an angle of 5.0° with the

incident beam direction. Deflection functions have been calculated

for different primary energies in a two-dimensional model using

an unscreened Coulomb interaction and a static target. It

illustrates that at low energies the first atom shadows the second

one.

Fig.5 A two-dimensional model illustrating the relationship between

the displacement x and the radius Rg of the shadow cone belonging

to the primary energy E . . The incident beam enters along a

crystallographic direction that makes an angle a with the sur-

face. The bulk lattice spacing is d .
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42-45)in RBS spectra . It is a form of rainbow scattering as can be seen

from the deflection functions in fig.4. The scattering angle is plotted

as function of the impact parameter in the first collision b,. Above

the critical energy three impact parameters contribute to the same scat-

tering angle 6 whereas below E . only one impact parameter contributes.

At E . there are two contributions. The extreme in the deflection
crit

function where db./d8 = «> classically leads to a scattering cross

section which is infinitely large. Experimentally, however, thermal vi-

brations of the target atoms have to be taken into account. This has

two results, both indicated in the lower part of fig.3. Firstly it

causes a blurring of the shoulder. Secondly, as we know for example from
42)

calculations of Barrett , it causes an increase of the number of atomic

layers the incoming beam can hit. This increase is larger at higher

energies.

Using eq.(5) for the radius of the shadow cone it is not difficult to

calculate analytically an approximate relationship between the displace-

ment due to the relaxation effect and an experimentally obtained E . .
v crit

If we call x the displacement, a the angle between the incoming beam and

the surface and d the distance between two atoms in a string (see fig.5)

then the relaxation A, which is expressed as a percentage of the inter-

planar bulk spacing, is given by (z/d sin a).100%. As can be seen in

fig.5 the critical radius of the shadow cone, in first approximation,

is given by:

R = x cos a. (6)
s

Using Eq.(4) and assuming I = d one gets for the relaxation:

d sin 2a * — ' ^ . ••««- (7)

For a proton beam with an angle of incidence a = 30° and for an atomic

spacing d, taken along a <110> string, we have calculated E . as
C3TXC

function of the relaxation for different single crystal surfaces (see

fig.6). Calculations have been made for two potentials, the Coulomb and

the Firsov potential. Note that the Firsov potential is valid only in
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a low energy region, below the crossing point of the solid curve and

the dotted line.

Some conclusions can be drawn now concerning this method of measuring

relaxation. Firstly the calculated relaxation values depend on the

choice of the interaction potential, especially in the lower energy

range. So for large displacements of the first layer, this can cause a

large inaccuracy. Secondly, one needs exceedingly high beam energies to

measure relaxation values smaller than 5%, especially for heavy target

elements as can be seen in fig.6.

During the course of our research on surface relaxation, using method I,

we developed a new method to locate atoms at single crystal surfaces,

discussed below.

c
o

(Q
x
(0

50- Pt

10:

5-

2-

2
beam direction <11O>
a=3CT

Coulomb pot.
Firsov pot. *.-Pt.Au

«~Ag
^Ni.Cu
*-AI

-20

-2

10 20 50 KX) 200 500 WOO 2000 5000 10000

• critical energy (keV)

Fig.6 The relaxation of different f .cc. -crystal surfaces as function

of the critical energy of the primary beam, calculated for two

potentials. The Firsov potential is valid at low, the Coulomb

potential at high energies only.
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• 2.2. Method II: BBS, Channeling and Blocking

If an energetic ion beam is oriented along a crystallographic direction

such that it can only hit the first and the second layer, then particles

backscattered from the second layer can be blocked by the first layer.

Detecting the angular position of the blocking cone yields the orienta-

tion of the internuclear axis between atoms in the first and the second

layer. The same can be done with atoms inside the bulk. Then blocking

is caused by a string of atoms. If now the relaxation effect causes a

displacement of the first layer, as indicated in fig.7a, one expects to

measure a difference in the angular position of the blocking cone of

the surface and of the bulk atoms. This difference immediately results

into a value of the relaxation.

Experimentally one can discriminate between particles backscattered

from the surface and from the bulk by making use of the fact that the

energy of the backscattered particles is unambiguously related to their

penetration depth. Taking energy scans, as indicated in fig.7b, for

different scattering angles and integrating the backscattered intensity

from the surface and from a certain depth respectively, one gets angular

distributions of the outcoming particles as indicated in fig.7c. The

reduction of the backscattered intensity from the surface is expected to

be about a factor two in the case of blocking whereas the minimum yield

.for the bulk blocking dip will be much smaller. The difference between

the relative positions of the two minima gives the amount of displace-

ment of the first layer.

It may also be possible that the surface relaxation effect causes a dis-

placement of the bulk blocking minimum due to a steering effect. In that

case the value of the relaxation can be obtained by measuring the

angular position of the blocking minimum with respect to the crystal

orientation measured independently (for instance by channeling).

• 2. S. Experimental Requirements

From the description of method II one can define its experimental require-

ments necessary to be able to use this method.
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1) The measurement of blocking cones as describe is in fact a double

alignment measurement and can be applied only if the acceptance

angle of the detector is smaller than the fwhtn of the blocking dip.

Double alignment requires also that the crystallographic plane of inte-

rest coincides with the scattering plane (the plane which is defined by

the incoming beam and the analysed beam of backscattered particles) and

that the incoming beam enters the crystal under channeling conditions.

If the scattering plane cannot be changed then these requirements mean

that one needs a target manipulator with three axes of rotation.

2) Because one has to detect the angular position of blocking cones it

is necessary to be able to vary the scattering angle. Therefore the

detector of the backscattered particles must be rotatable about the tar-

get.

3) An important requirement is that particles backscattered from the

surface can be discriminated from particles backscattered from the

bulk. A high depth-resolution therefore is required to get a well

defined surface p^ak not only under double alignment conditions but also

under single alignment conditions. This requires the use of a detector

with a high energy resolution (AE smaller than a few keV).

Fig.7 An illustration of the method to study surface relaxation experi-

mentally, based on the Rutherford backscattering technique,

channeling and blocking, a) The scattering plane coincides with

the crystallographic plane. A displacement of the first layer

results into different angular positions of the blocking cone

for surface and bulk atoms, b) An energy scan of backscattered

ions detected under an angle 8 by means of an electrostatic ener-

gy analyzer, c) Angular scans of backscattered intensities from

surface and bulk atoms. The displacement due to the relaxation

effect causes a shift A8 of the surface blocking minimum.
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Fig.8 Schematic view of the experimental set-up.
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Fig.9 Energy spectrum of helium-ions backscattered from Cu (110) for

incidence along the [101] direction. Primary energy

E o - 180 keV, a - 30°, 6 » 62°. Reflected ions are detected near

the [0lT]-axis. The arrows indicate the expected positions of Cu

and impurity atom peaks as calculated in a binary collision model.

(Note that in fact energy over charge is measured by an ESA.)
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4) Finally the surface has to be flat on an atomic scale and clean. So

the background pressure inside the collision chamber must be in the

10 torr range or better and techniques to obtain clean and flat sur-

faces under vacuum have to be applied.

3. EXPERIMENTAL SET-UP

We have built an apparatus that fulfils the requirements given above. A

preliminary description of this apparatus was given at the Ion Beam Sur-

face Layer Analysis conference at Karlsruhe and will be published in

detail elsewhere (see chapter I of this thesis). A brief outline of the

experimental set-up, schematically shown in fig.8 will be given here.

A single crystalline target is placed in the centre of a scattering

chamber. It is mounted in a target holder which, permits highly accurate

rotations about three axes perpendicular, in zero position, to each other,

and translations along two axes, all under vacuum conditions. The target •

can be heated up to 500°C and is isolated electrically. A detailed des- '
i

cription of the target manipulator has been given in ref.47. The scatte- '

ring chamber has a diameter of 1 m and is bakeable up to 140°C. The

lowest background pressure during the experiments is 3 x 10 torr

which is achieved by means of a turbo-molecular pump, ion getter and Ti

sublimation pumps and a LN2 cooled trap. The target is cleaned by sput-

tering of low energy heavy ions from an ion gun. Inside the scattering

chamber a rotatable plate has been constructed on top of which a 90° cy-

lindrical electrostatic energy analyzer ESA with an energy resolution of

AE/E - 4 x 10 is mounted. This analyzer is rotatable in steps of 0.1°

around the target in the region of scattering angles from 0° up to 138°

with an accuracy of 0.1°. The beam spot on target, perpendicular incidence,

has a diameter of 0.5 mm. The solid angle of analyzer is An = 3.6 x 10

sr. Ions which have passed the analyzer are detected by means of a magne-

tic Bendix multiplier, coupled to an amplifier with discriminator. A slit

in one of the plates of the analyzer allows neutral particles to enter a

second Bendix multiplier. This detector is used for double alignment of

the target by taking angular scans of the backscattered flux for dif-

ferent rotations of the target and for different scattering angles,

without a voltage on the plates of the analyzer.
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Energy spectra are recorded by measuring the backscattered ion intensi-

ties as a function of the voltage on the plates of the analyzer. This

voltage is changed after a preset dose of the incoming ions on target

measured by means of a current integrator. The apparatus is monitored

and controlled by means of a computer. A typical energy spectrum of

backscattered particles is shown in fig.9. A magnetically analysed beam

of 180 keV He+-ions from the 200 kV accelerator at the FOM-Institute in

Amsterdam was used to bombard a copper (110) target along the [101]

direction. The backscattered ions were energy-analyzed under a scat-

tering angle of 62 , close to the [011] direction. The spectrum clearly
46)

shows a well resolved surface peak and carbon or hydro-carbon conta-

mination on the surface.

4. MEASUREMENTS

• 4.1. Relaxation of a Carbon covered Cu (110) surface

* 4.1.1. Surface contamination effects

In order to test the possibilities of method II we investigated the re-

laxation of i Cu (110) surface. This crystal was chosen in order to
24)

test the large calculated relaxation value of Jackson and because

some experience with copper targets exists in this laboratory.

Jackson's calculation indicates an expansion due to relaxation of about

+15% (although, as he states, it is not more than an indication). From

this number one expects an angular shift of the position of the surface

blocking minimum of 3.6 which is large compared to the detection sensi-

tivity, which is estimated to be less than 0.4°.

In principle surface blocking experiments can be done in many crystallo-

graphic planes. In our set-up the scattering plane coincides with a

{111} plane perpendicular to the surface, the (111) plane.

A proton beam in the energy range of 150 - 200 keV was used for the

analysis. Measurements with helium ions were found to be very much

affected by radiation damage and blistering effects due to the high
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doses needed. This is a consequence of the use of an electrostatic ener-

gy analyzer scanning through the energy spectrum stepwise and also be-

cause of the very small solid angle of the detector.

Examples of spectra, recorded at a background pressure of 2 x 10 torr

and with a beam current of about 500 nanoAmp, are given in fig.10. It

shows the copper surface peak and a carbon peak for two scattering

angles at the [101] incident direction. The carbon contamination of the

surface causes an energy shift and a broadening of the copper surface
46)

peak. A close analysis of this type of spectra, presented elsewhere ,

indicates that the carbon contamination is mainly beam induced, has a

non-uniform thickness, is non-crystalline, and probably contains

hydrogen.

it 4.1.2. Normal beam incidence

-8
At a background pressure of 2 x 10 torr and with an incident energy

E * 165.0 keV protons were directed along the [110] direction on to a

Fig.10 Energy spectrum of protons backscattered

from the surface region under single and

double alignment conditions for incidence

along the [101] direction. The scattering

plane coincides with the (ill) plane. The

spectrum shows that the copper surface is

covered by a carbon or hydro-carbon layer.

The contamination on the surface causes

an energy shift and a broadening of the

copper surface peak.
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o1

(110)-surface

Fig. 11 T!ie (Til) plane perpendicular to the (110) surface. The beam

enters tha crystal along the [110] direction. The atoms in the

first and the second layer shadow the underlying plane. Surface

blocking can be detected near a scattering angle of 120.0 ,

depending on the value of Che relaxation.
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Fig.12 Blocking minima for protons scattered

from surface and bulk atoms along the

L0II] direction. The yield is shown as

function of the scattering angle inside

the (111) plane for incidence along the

[110] direction. The solid line denotes

the Rutherford cross section. The shift

of the surface blocking minimum expected

for a displacement outwards of 0.19 A,

so a '.relaxation of +15%, is indicated.
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carbon covered Cu (110) surface. An angular scan of particles backscat-

tered from the surface in the (111) plane was made by taking energy

spectra for different scattering angles about the [OlT] direction, see

fig.11. The result is shown in the upper part of fig.12. Indeed a sur-

face blocking dip is observed with a minimum yield of about 50%. The

lower part of this figure shows the blocking of particles backscattered

from the bulk and was obtained by counting the total number of particles

backscattered into the detector as function of the scattering angle.

(Note that particles backscattered from the surface are detected also.

However, the contribution of this fraction to the total yield is small).

It very accurately defines the position of the [Oil], .., direction.

This direction was found at a scattering angle of 120.0 , exactly where

it should be. Our conclusion from the position of bulk and surface

blocking dip must be that a Cu (110) surface, contaminated with a hydro-
16 2

carbon layer of about 10 C atoms/cm , shows no displacement of the

first layer due to the relaxation effect to within the accuracy of the

measurements, which is +_ 1.5% of the planar spacing, i.e. 0.02 ft.

* 4.1.3. Beam Inoidenoe along I3l4l

Beam induced build-up of carbon contamination is a serious problem since

high beam doses are required to get reasonable statistics. To obtain a

larger cross section for backscattering the analysis was repeated with

an incident beam along the [314] direction, as shown in fig.13. Again

Fig.13 The (Til) plane perpendicular to the (110) surface. The beam

eaters along the C3Ï4] direction. The atoms in the first and

the second layer shadow the underlying plane. Surface blocking

can be detected at a scattering angle of about 46.1°.
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Fig.14 Blocking minima for protons scattered

from surface and bulk atoms along the

COlT] direction. The yield is shown as

function of the scattering angle insides'

the (111) plane for incidence along the

[3Ï4] direction. The solid line denotes

the Rutherford cross section. The shift

of the surface blocking minimum is in-

dicated for a relaxation of + 152. The

copper surface is still carbon covered.
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Fig.15 Scattering probability as function of depth for 500 keV He-ions

along a <110> axis in gold at room temperature. 100% equals the

normal Rutherford scattering yield. An r potential and a

Gaussian-type atom-displacement were applied (Taken from ref.10).
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only the first and the second layer are "visible" to the incoming beam

provided that displacements due to the relaxation effect are small and

that the thermal vibrations of the target atoms are not too important.

The difference in the Rutherford scattering cross section, as compared

to a scattering angle of 120 , is a factor 23, so the experiments can

be done more quickly.

The results are shown in fig.14. Except for the blocking dip the back-

scattered yield from surface as well as bulk follows the Rutherford

cross section. Again a minimum yield of about 50% is found for the sur-

face blocking minimum. The bulk blocking dip was obtained by counting

the number of backscattered ions at a fixed energy E for different

scattering angles. The voltage on the plates of the ESA was chosen such

that at a scattering angle of 46.1 the detected ions were coming from

a depth of about 200 A. (Note that for different scattering angles ions

are counted from different depths. However, this has no influence on

the detection of the direction of the [Oil], ,, axis). Again the

conclusion must be that a carbon covered Cu (110) surface has an upper-

layer spacing equal to the bulk to within 1.5%.

4-.1-.4-. Beam incidence along

In order to check the one atom blocking model at the surface and to

analyze the importance of thermal vibrations we repeated the angular

measurement of surface scattering with the incoming beam directed along

the [101] axis. Then, for a static lattice, the second layer is situated

inside the shadow cone of the first layer so the observation of a sur-

face blocking dip is not expected. However, due to thermal vibrations of

the target atoms the probability for hitting the second layer is not

zero, as is demonstrated in fig.15, taken from fi^gh . Under these

circumstances one expects to find a surface blocking dip along the

[Oil] direction. The experimental results, however, give no evidence

for such a blocking effect, see fig.16. The measurement supports our

surface blocking model and indicates that thermal vibrations at room

temperature hardly contribute to the number of scattering centres at

the surface in our set-up.
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Fig.16 Yield of protons scattered by the Cu (110) surface as function

of the scattering angle for incidence alone the C'OH directipn.

The solid line denotes the Rutherford cross section. The copper-

target is carbon covered and at room temperature.
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• 4.2. Relaxation of a sputter-cleaned Cu (110) suvfaae

• 4.2.1. The sputter-cleaning of the Cu target

The next step obviously was to measure the relaxation of a clean Cu

(110) surface. We first reduced the background pressure to 3 * 10

torr by utilizing metal seals and by baking the whole equipment up to

140°C. The target was cleaned by means of sputtering with Ar ions at

an energy of 7 keV bombarding the target in a close packed direction

with a glancing incidence angle of 7°. During the sputter-cleaning pro-

cess the target was baked at 200 C. Occasionally the sputtering process

was interrupted to anneal the target up to 500°C and then to record a

RBS spectrum while the target temperature was 100°C. The cleaning pro-

cedure was continued until the carbon peak in the RBS spectrum had dis-

appeared. Fig.17 shows this procedure in various stages. The final

result shows:

1) no contamination on the surface;
f

2) no or hardly any radiation damage below the surface;

3) a very narrow Cu surface peak.

ad.!. The sensitivity of detecting contamination using the RBS-technique

is not large, especially not for light elements. If the counts in

the carbon peak have to exceed three times the square root of the back-
49)

ground then, from fig.17, the sensitivity for detecting carbon is

estimated to be about one raonolayer. (see also chapter I of this thesis)

ad.2. Before and after sputter-cleaning the minimum yield of particles

backscattered from a depth of about 200 X (E « 145 keV) is about

the same as can be seen from the energy scans givsn in fig.17, so hard-

ly any radiation damage is created at this deptl .

ad.3. The fwhm of the surface peak is equal to th' energy resolution of

the detector (~ 700 eV). However, the p-ak is not symmetric. On

the low energy side there is a tail, probably a. -.'I cat ing that scattering

centres are present below the first layer due to disorder or radiation

damage. Other possible explanations are the influence of the target tem-

perature during the measurements (100°C) or inelastic collision proces-

ses. Note that we do not have any evidence for an Ar peak due to implan-

tation after prolonged Ar bombardment.
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Fig.18 Blocking spectra for protons scattered from a carbon covered and

a sputter-cleaned Cu (110) surface. The yield was measured as a

function of the scattering angle inside the (111) plane for in-

cidence along the [314] direction.

Fig.19 Scattering of ions by a diatonic molecule. Particle 1 ac„s like

a point source of projectiles for particle 2, giving rise to the

appearance of a blocking cone behind this particle.
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4.2.2. Beam incidence along

Finally the relaxation of a sputter-cleaned Cu (110) surface was studied

with a proton beam, E = 165.2 keV, entering the crystal along the [314]

axis and moving the detector in the (Til) plane near the [Oil] axis.

The temperature of the target was 100°C. The first results are shown in

fig. 18. For comparison we also plotted the result with a carbon covered

surface. It should be noted that after the measurements we looked for

surface contamination using RBS but no impurities were observed. It is

difficult to interpret the sputter-cleaned surface results, because the

RBS spectra seem to indicate surface roughness on an atomic scale and

because a well defined blocking dip is absent in fig.18 (lower part).

For these reasons we do not want to draw a conclusion on the relaxation

value from the data of this figure.

As far as we know only a few LEED investigations of the Cu (110) are re-

ported in the literature ' . It is found that the Cu (110) surface

even in a vacuum of 10 torr is difficult to maintain clean and flat

for any length of time because of its h;gh reactivity.

5. DISCUSSION

5.1. The diatomic molecule

First we will discuss the interaction of ions with diatomic molecules

because the double scattering process discussed in section 4 can be

considered as the scattering of projectiles by an array of diatomic mo-

lecules fixed in space, all with the same orientation. In the interaction

of ions with diatomic molecules one can distinguish shadow cones from

blocking con> . This terminology is illustrated in fig.19 where the in-

coming beam is oriented perpendicular to the internuclear axis of a di-

atomic molecule. Particles scattered by the first target atom over an

angle of about 90° are scattered once more by the second target atom.

Behind the first atom appears a shadow cone; behind the second one a

blocking cone. The distinction is that in the latter case a "point

source" of primary particles is located at a discrete distance d from
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the blocking atom, instead of at infinite distance. Therefore blocking

cones are geometrically measurable in a direct way, in principle, where-

as shadow cones, appearing in ion-atom collisions, are not. The diffe-

rence is that small scattering angles are absent in the case of blocking,

which causes a rainbow effect.

Still the blocking cone can only be detected if the molecules are fixed

in space, all with the same orientation. The angular position of the

blocking cone defines the orientation of the internuclear üxis of the

diatomic molecule. As noted before the surface layer of a single crystal

can be considered as an array of diatomic molecules with the inter-

nuclear axes parallel for certain directions of the incoming beam.

From fig.19 two other features can be seen. Firstly the blocking cone

has an asymmetry because the energy of the particles scattered by target

atom 1 is a function of the scattering angle. Secondly it is shown that

target atom 1 is not really a point source of projectiles and that, if

we accept the point source picture, the location of this source does not

coincide with the nucleus of target atom 1. However, these refinements

are negligibly small if Rutherford scattering is involved.

cn
c

20-

i,1

H*—Cu (110)
scattering plane (Til)
beam direction [1101
analyzer about [OlT]
relaxation 0.0%

Firsov pot.

Molière
a=0.1525 A

pot.

O 20 50 100 200 500 1000 2000 5000 10000
» energy incoming projectiles (keV)

Fig.20 The width of the surface blocking dip as function of the energy

of the primary beam calculated for three different potentials.

A static lattice is assumed.
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• 5.2. The width of the blocking dip

The width of the blocking dip is strongly related to the potential which

describes the interaction of backscattered particles with the blocking

atoms. The first collision with the "diatomic molecule" can be described

by Rutherford scattering. The second collision, however, is a soft col-

lision so screening of the nucleus has to be taken into account. The in-

fluence of the choice of the potential in calculating the width of the

blocking dip is demonstrated in fig.20 for a static lattice of Cu (110),

bombarded along the [110] axis by a proton beam 20 keV < E < 5000 keV.

Three potentials were used to calculate the width of the blocking dip.

The analysis using the Molière potential was done by means of a computer

trajectory calculation. The calculation of the width using the Firsov or

the Coulomb potential can be done analytically, as will be demonstrated.

If targec particle 1 is regarded as a mono-energetic point source of

projectiles with the energy E defined by:

(8)

M.cos 8 cos 6

M, M,
(9)

in which E = energy of the primary beam,

M. = mass of uhe projectile,

M„ = mass of target particle 1,

6. = scattering angle at the first collision: the angle defined

by the direction of the primary beam and the internuclear

axis of the two target particles,

and if the interaction of these projectiles with target particle 2 is

described by a power potential (see eq.l), then it is easy to derive an

expression for the width of the blocking dip, i.e. the vertical angle

of the blocking cone. Using the momentum approximation one gets for the

width *g b (see ref.50):
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Fig.21 The width of the blocking dip as function of energy E and

distance d for different atomic numbers of the blocking atom.

The interaction between projectile and blocking particle is

described by the unscreened Coulomb potential.
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Fig.22 the width of the blocking dip as function of energy E and

distance d for different atomic numbers of the blocking atom.

The interaction between projectile and blocking particle is'

described by the Firsov potential.
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(1+1/n) (10)

'

in which d - distance between the two target particles,

E = energy of the projectiles coming from the "mono-energetic

point source", given by eq.(8),

c = constant defined by eq.3,

A = A(Z.,Z.) = potential parameter, and

n = power of the potential.

We applied this formula to the scattering of protons by a Cu (110) sur-

face as shown in fig.20. For high energies the curve in fig.20 calculated

with the Coulomb potential (n=l) coincides with the Molière potential

whereas at low energies the Firsov potential fits the Molière potential

as it should.

The analytical expression for the width of the blocking dip shows a

dependence on Z„, the atomic number of the blocking atom, so in prin-

ciple the width of the dip can be used to identify the blocking

element. This is shown in fig.21 and fig.22 for the Coulomb and the

Firsov potential. The width of the blocking dip was calculated for

1000 H

100-

0.1-

H*—» Z,

10 20 30 40 50 60 70 80 90
—»• atomic number Zj

LWOO

-•00

-1

01

Fig.23 the region (E/ti) within which the Firsov potential might be

used to calculate the width of the blocking dip, as function of

the atonic number 2 2 of the blocking target atom.
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different blocking elements as function of projectile energy E, given

by eq.8, and the distance d between the two target particles. As noted

before the Firsov potential is valid only in a low energy region. At

least it is required that the width calculated by the Firsov potential

is smaller than the width obtained by the Coulomb potential. This

requirement is fulfilled if:

I < ¥ Coulomb

'irsov

As function of the atomic rumber Z„ of the blocking atom this is shown

graphically in fig.23.

• 5.3. The shape of the blooking dip

In 1969 Allen and de Wette asked for experimental observations of the
2 2 2 51)

temperature dependence of <p > c /T and <p > r / < ? > , , ,K v surface surface bulk

We believe that RBS, in combination with channeling and blocking, can be

used to answer these questions.

.iscr-

-lecf-
impKtpf.rameter b,

Fig.24 The total scattering angle 9 as function of the initial impact

paraoeter b( for the interaction of an ion bean uith a fixed

diatonic molecule, shoving the blocking phenomenan.
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The shape of the blocking dip is determined not only by the interaction

potentials but also by the thermal vibrations of the target atoms. If we

would deal with a static lattice huge shoulders would have been present

at either side of the dip in the angular scans of figs.12, 14 and 18.

These shoulders are due to a peak in the flux at the edge of the

blocking cone as shown in fig.19. It can be explained also by plotting

the deflection function of an ion on a diatomic molecule. This was

done for a fictitious case in fig.24. The total scattering angle is

shown as function of b,, the impact parameter in the first collision of

the incoming particle with one of the atoms of the diatomic molecule.

In this case a blocking cone is found at a scattering angle of 90 . At

the edges of the blocking cone db,/d6 = °°, so the cross section goes to

infinity. As noted before this is a kind of rainbow scattering. Thermal

vibration causes a blurring which is related to the r.m.s. amplitude of

the vibrating particles.

Theoretically this system has already been treated ten years ago by
52)Oen . He developed a simple model to explain the shape of a dip

caused by blocking due to bulk atoms as measured by Domeij and BjSrk-

qvist .Though this first detection of the blocking phenomenon is

based on blocking by a string of atoms, Oen used as a first approach a

one atom blocking model to explain the results. In Oen's calculation

particle 1, radioactive Rn, emits alpha particles which are blocked by

particle 2, a W atom of the single crystal substrate. Effects of ther-

mal vibrations are treated using a Gaussian probability distribution for

the relative transverse displacement, p, of the emitting and scattering
2 inuclei. The emission pattern he obtaines for different <p > , the

r.m.s. amplitude, is shown in fig.25. Fitting the theoretical results

with the experimental ones gives the amplitude involved. If one knows

the correlation between the two vibrating atoms one can calculate the

r.m.s. amplitude of the individual atom.

The model of Oen can be applied to explain the shape of the surface

blocking dip. Thus the r.m.s. amplitude of the thermally vibrating sur-

face atoms can be obtained from which the surface Debye temperature can

be deduced. However, information is needed about correlations between

the thermal displacements of the two atoms involved. Calculations are

initiated now by Alldredge to give a theoretical value of these
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correlations . The influence of the thermal vibrations on the blocking

pattern is also studied by Sanders . Different parts of the vibration

spectrum can be studied by taking experimentally different positions of

the "point source", i.e. blocking dips along different crystallographic

directions. Another possibility is to move the blocking particles out

of the scattering plane by rotating the crystal or the detector about

the incoming beam.

Note that if the probability distribution for the relative displacement

of the two target particles is asymmetric one also expects to measure

an asymmetric blocking dip.

• 5.4. The energy of doubly soattered particles

Another phenomenon related to double collisions is shown in fig.26. The

energy of protons backscattered by the surface of a Cu (110) crystal,

normal incidence, was analyzed as function of scattering angle by means

of a computer trajectory calculation using a Molière interaction poten-

tial. The result shows that near the edges of the blocking cone the

surface peak in an energy scan will split up into three contributions

with different energies, two of it originating from double collisions.

This phenomenon is well known for low-energy ion backscattering though

only double collisions leading to higher backscattered energies compared

with single collisions have been observed because of the geometry of

the experimental set-ups (see for example ref.56). If the energy reso-

lution of the detector is high enough it must be possible, in principle,

to resolve these contributions in the RBS spectra as is the case for

low energy ion backscattering. Of course in reality it is very compli-

cated because of electronic stopping, inelastic energy losses during the

collisions, isotope effects and thermal vibrations.

• 5.5. Comparison of RBS with low energy ion backsoattering

Not only in Rutherford scattering but also for low energy ion backscat-

tering the blocking phenomenon due to double collisions in surfaces is

observed. At low energies, however, in general only one side of the

blocking cone is detectable: the other side disappears into the sub-

strate because scattering takes place in the very first surface layer.
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This makes an absolute interpretation of the results, concerning lat-

tice location for example, difficult because knowledge of the inter-

action potential is required but very hard to obtain. Othercomplica-

tions are due to charge exchange phenomena, which are not understood

yet , and inelastic processes under multiple collision conditions .

On the other hand it was shown above that with RBS the complete

blocking dip can be measured because of a different geometrical confi-

guration of the target atoms and a smaller size of the blocking cone.

Accurate quantitative surface structure analysis is therefore possible

with RBS. The relaxation measurements demonstrate that lattice location

analysis on surfaces can be done with an accuracy of about 0.02 X. Note

that this accuracy is dependent on the position of the detector rela-

tive to the surface normal. The value of 0.02 ft is an improvement com-

pared to low energy ion backscattering for which recently an accuracy

of 0.2 ft was claimed

6. CONCLUSIONS

The use of Rutherford backscattering for surface structure analysis of

single crystalline material has been discussed. Two methods are in

principle available for the analysis. The first, based on channeling,

has already been applied to study the number of displaced surface atoms

due to disorder, reordering or reconstruction and recently also to

study the location of substrate atoms at the surface. A second method,

based on channeling and blocking, has been introduced in this paper and

was tested in a study of relaxation effects at a Cu (110) surface. From

the results and the discussion it can be concluded that the second

method in principle gives more sensitivity and accuracy to study surface

relaxation than the first one, because an accurate knowledge of the in-

teraction potential is not required and small relaxation values, below

5Z, can be measured also.

Our method can also be used to determine the lattice site of adsorbed

atoms with an estimated accuracy of 0.02 ft which is an improvement

compared with low energy ion scattering spectroscopy (LEIS) and low

energy electron diffraction (LEED). It has been shown that the r.m.s.

amplitude of thermally vibrating atoms at the surface can be obtained
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from the measurements thus giving a value of the surface Debye tempera-

ture, provided thac correlations between displacements of thermally vi-

brating atoras are known.

It should be noted, however, that the present results of our measurements

are still subject to such questions as how flat, stable and clean is

the Cu (110) surface after the sputter-cleaning and annealing treatment.

A carbon covered Cu (HO) surface shows no displacement of the first

layer due to a relaxation effect, to within 1.5% of the planar spacing.
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chapter 4

investigations of surface
relaxation and surface composition

of Ni (110) by medium energy
ion scattering spectroscopy

Medium energy ion soattering measurements were obtained for

clean and contaminated Ni (110) surfaces. The surface com-

position was monitored as function of target preparations

residual gas pressure and proton bombardment. Segregation

of Sulfur and NiO-formation along with hydro-carbon conta-

mination has been observed. By combining MEIS with channe-

ling and blocking, surface relaxation data were obtained for

clean and contaminated surfaces3 showing some minor relaxation

effect (+ 1.6%) when contaminated but none when clean.

1. INTRODUCTION

In this chapter preliminary results of an investigation of Ni (110) sur-

faces will be presented. The interest in nickel descends from its

frequent use in catalysts, for example for the hydrogenation of unsa-

turated hydro-carbons, the refining of petroleum, and for the oxidation

of carbon-monoxide and reduction of nitrogen oxides in exhaust

emissions.

Catalytic research might also be important for our present and future

energy needs because a significant part can be supplied by fossil fuels
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if those fuels can be converted into more usable and pollution-free

forms, as was emphasized by Fischer . An example can be found in the

gasification of coal to methane

To understand the catalytic behaviour of a solid surface, knowledge of

the geometrical arrangement of atoms in the outermost 1 avers of the

solid is required. Therefore this has been a subject for LEED investi-

gations since its discovery.

Demuth et al. concluded recently from their LEED measurements that the

upper layer spacing of a clean Ni (110) surface was contracted as com-
2)

pared to the bulk spacing by as much as 5% • Earlier relaxation

values of -8% , +5% ' and 0% * ' were reported. Little is known

about modifications of the substrate due to surface impurities,

adsorption of foreign atoms or overlayer coverage. Recently a possible

Ni (001) surface expansion of 8.5% due to carbon chemisorption predicted

bulk \

bulk turli»

backscattered energy

X

•ae1

scattering angle

Fig.1 An illustration of the method to study

the location of surface atoms experimen-

tally, based on MEIS combined with

channeling and blocking.

a) The scattering plane coincides with

the crystallographic plane. A displace-

ment of the first layer, due to a

relaxation effect, results into diffe-

rent angular positions of the blocking

cone from surface and bulk atoms.

b) An energy scan of backscactered ions

detected under an angle 6 by means of

an electrostatic energy analyser.

c) Angular scans of backscattered yield

from surface and bulk atoms. The dis-

placement due to the relaxation effect

causes a shift 66 of the surface

blocking ninimum.
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by LEED-calculations was reported by van Hove and Tong .

We have used medium energy ion scattering syectroscopy (MEIS) combined

with channeling and blocking to elucidate the above situation. We will

report relaxation measurements for clean Ni (110) and for Ni (110)

covered with NiO and C. The influence of various cleaning procedures on

surface composition was investigated along with the effects of

analysing beam induced sputtering, damage and overlayer formation.

2. SURFACE STRUCTURE ANALYSIS BY MEIS

The experimental method used in surface relaxation measurements by MEIS
8)has been discussed in the previous chapter , but will be repeated in

short here.

If an energetic ion beam is oriented along a channeling direction, such

that it can hit the first and the second atomic layer of the single

crystal surface only,then particles backscattered from the second layer

can be blocked by the first layer. An illustration of this effect is

given in fig.l. The angular position of the blocking cone is related

clearly to the distance between the first and the second layer. An

expansion or contraction of the surface results into a larger or smal-

ler scattering angle for which surface-blocking will be found.

The angular shift of the position of the surface blocking cone can be

measured accurately in situ by detecting the relative position of the

bulk blocking cone obtained by blocking of projectiles backscattered

from bulk atoms along the crystallographic direction of interest.

As the energy of the backscattered projectiles is directly related to

the penetration depth, it can be used to discriminate between surface-

and bulk-interactions. The same spectroscopie technique can be used to

investigate the surface composition quantitatively. In our case oxygen,

carbon and sulfur were detected at the Ni (110) surface. For that pur-

pose double alignment was used.

It should be noted that the surface sensitivity of the technique is

not restricted to the outermost atomic layer only as is the case at low
9)energies .
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3. EXPERIMENTAL SET-UP

The experiments were performed at the 200 kV ion accelerator at the

FOM-Institute in Amsterdam. Mass analysed proton beams, 160 to 200 keV,

were directed into an UHV system with an ultimate background pressure

of 3 * 10 torr. The Ni (110) sample was mounted on a goniometer,

placed in the centre of the scattering chamber, and could be rotated

about three axes. (In zero position these axes are perpendicular to

each other). The sample could be translated along two directions to be

able to align the equipment and to analyse a new beam spot on target

when necessary. Target-heating was possible up to 500 C. A description

of target manipulator and goniometer has been given in chapter II

2
At normal incidence the beamspot area on target was 0.2 mm . Backscat-

tered H -ions were energy analysed by a 90° cilindrical electrostatic

? | analyser (ESA), resolution AE = 4 * 10 x E. Particles transmitted by
f \
i I the ESA were detected by a Bendix magnetic electron multiplier. The

| analyser is rotatable, ia steps of 0.0375°, around the target within a
l^ fixed scattering plane. Scattering angles between -5 and +138 can be

chosen.

The surface of the target can be cleaned in situ by sputtering of low

energy heavy ions from an ion gun. Further details of the experimental

arrangement are given elsewhere (see chapter I of this thesis).

Just before mounting the Ni-crystal in the vacuum system it was

mechanically and electrolytically polished.

4. SURFACE COMPOSITION ANALYSIS

The influence of polishing, target-chamber residual gas pressure, target

heating, sputtering and proton bombardment or surface composition of

Ni (110) was analysed before starting relaxation measurements. The

crystal was bombarded by a 1 - 2.5 yA mm H -beam along the ClOl]

direction. Ions backscattered from the surface region along Che COlT]

direction were energy analysed by the ESA. Random spectra were recorded

for the same scattering angle and angle of incidence a to eliminate

experimental parameters and facilitate quantitative analysis as dis-
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cussed in chapter I of this thesis.

We will discuss composition analysis under the following circumstances:

(i) after polishing
-9(ii) after proton bombardment at a pressure of 1 * 10 torr

(iii) after proton bombardment at a pressure of 1 * 10 torr

(iv) after proton bombardment at a pressure of 5 * 10 torr

(v) after baking the equipment (125°C)and heating the target up to

500°C at a pressure of 5 * 10 torr

(vi) after sputter-cleaning by Ar -bombardment and target-annealing.

• 4.1. Polishing

After polishing the crystal about 2 monolayers oxygen and 2 monolayers

carbon (or hydro-carbon) are found at the surface (see chapter I of this
15 2

thesis). A monolayer is taken as 1.14 * 10 atoms per cm , i.e. the
2

number of nickel atoms per cm in the outermost layer of an ideal
Ni (110) surface. From the number of nickel atoms giving rise to the

surface peak in the backscattered energy spectrum taken under double

alignment conditions, and from the analysis done at a background pres-

sure of 1 x 10 torr it :

thin NiO-layer (see 4.3).

sure of 1 * 10 torr it is concluded that the oxygen is present as a

—94.2. Proton bombardment at a pressure of 1 * 10 torr

Due to the analysing beam the surface is being sputter cleaned. This

sputter-cleaning process probably also creates displacement of nickel

atoms in the surface. A typical energy spectrum obtained after proton

bombardment at 1 x 10~"9 torr (l^/CO/C^ • 35%, H20 - 20%, O£ - 6%,

C,H. * 5%) is shown in the upper part of fig.2. From the results it is

concluded that after bombardment some oxygen and carbon remains, though

less than about 0.2 monolayer. The nickel surface peak corresponds to
15 2

2.3 x 10 atoms per cm , which is about two monolayers (see 4.7).

• 4.3. Beam induced build-up of hydro-carbon and nickel-oxide

The bombardment of the above sample (see 4.2) was continued at a back-

ground pressure in the collision chamber of 1 * 10 torr
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Fig.2 Analysis of the surface composition of

Ni (110) after proton bombardment at a
-9background pressure of I * 10 torr

and 1 x 10 torr. The spectra are ob-

tained under doubl» alignment condition!.

Nickel, carbon and oxygen are observed

indicating beam induced build-up of a

hydro-carbon and NiO-layer at 1 « 10

torr.

The arrows indicate the expected posi-

tions of Ni and impurity atoms at tha

surface as calculated in a binary col-

lision model. 9 is the scattering angle,

a the angle between incoming beam and

surface.

800-

400-

H * - * Ni (110)
E„= 164 9 keV
e =600*. a =31.9*

-o -o- "clean" surface
al p« 1-10 'lorf

+—m- aMer 0 * C/cm1

at pcl.Kj'iCK.

• ^ - ^ . alter 1,3 C/cm'
at p «t.W " torr

-A, • , . , . ,

"ranuom" spectra
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dose/point =4.52 uC/mm'

\ \H'-dose M

1

\

1550 1600

•ENERGY (keV)

1650

Fig.3 Tha influence, of the build-up of a hydro-carbon layar and NiO
on tha anargy and yiald of projectiles backscattered fro* nickel
in tha surface region and under random conditions. The spectra
ara normalised at I57.0 keV.
6 and a as in f ig .2 , • i t tha aziauthal angle of tha target relativa
to tha "(Til) plan*.
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10 H

164.9 keV H*—Ni(110)

[toi]ch/[oii]w
p=1x10'7torr

I carbon ^ ^ ^ s * *

0.5 1.0 1.5

dose (Coulomb/cm2)

Fig. k ""he number of Ni and 0 and C atoms per

cm in the surface as function of time

after starting the bombardment.at

1 x 10 torr and as function of H+-

' dose. The sample was bombarded along

the [1013 axis. Baclcscattered projec-

tiles were analysed and detected along

the C01Ï] axis (see fig.2).

7 -

6 -

5-

4 -

3 -

2 -

T -
n

NiO •

0.7 x1015

Ni-at./cm2
/

' / *^ | Min i

/ /

/
i i i ( i * i i

0 1 2 3 4 5 6 7

—». oxygen coverage (10lb atoms/cm2)

Fig.5 The number of oxygen atoms on the surface and the number of

displaced nickel atoms indicating a chemical binding between

nickel and oxygen i.e. the formation of NiO (The number of

displaced Hi-atoms was defined by the difference between

detected number of nickel atoms and the number of atoms in the

top layer of an ideal Ni (110) lattice i.e. 1.14 * 101S atott/ca2)
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4 • 40%, H^O = 40%). The titanium vsublimation and ion-getter

pumps and the LN„ cooled trap were switched off.

Analysing beam effects were, studied under double alignment conditions

(see fig.2) and at random target orientations (see fig.3).

First oxygen but mainly carbon builds up on top of the nickel substrate,

causing a shift to lower energies of the nickel surface peak (fig.2)

and of the random energy spectrum (fig.3) due to stopping of the pro-

jectiles in the surface impurity layer. As was the case for Cu (110)

the energy shift can be explained adequately if build-up of hydro-carbon

is assumed in stead of pure carbon.

Another effect forms the increase of the area of the nickel surface

peak during the bombardment. The relationship between oxygen contami-

nation and number of displaced nickel surface atoms indicates a beam

induced build-up of a NiO-layer. These effects are illustrated quanti-

tatively in fig.4 and fig.5.

After a coverage of about 1 monolayer NiO the build-up of hydro-carbon

stops, whereas -l&e NiO-layer keeps growing. It should be noted here

that the same was found when starting the bombardment at a pressure of

150-

100-

50-

dN/dE

100-

50-

too-

50-

o-i-v

H*—» Ni (110)
Eo = 2004 keV .
backgr. pressure = 5xK)'<tar (1=31.9'

after proton
bombardment

® cilttr baking
and target-heating

0--V

E "f"" I
MO 185 80 85 MO

—•• badacatteied energy (keV>

Fig,6 Analysis of surface composition after

different treatments of the Ni (110)

sanplet showing sputter-cleaning and

segregation of sulfur to the surface

after target-heating at SOO°C.

After the segregetion of sulfur, the

area of the nickel surface peak

reduces strongly, possibly indicating

screening of nickel by sulfur atoms.



1 * 10 torr immediately after polishing. Then 2 monolayers of NiO

are present already in the beginning and no build-up of hydro-carbon

was found.

From the shape of the carbon peak in lower part of fig*2 and from the

corresponding random energy spectrum in fig.3 it can be concluded that

during the NiO formation hydro-carbon is build-in partially in the NiO

layer. Therefore nickel atoms came closer to the real surface causing

that the nickel peak in fig.2c shifts to higher energies again. As

hydro-carbon is distributed inside the NiO-layer, the density of nickel

atoms in that layer is decreased causing a decrease of the height at

the surface in the random energy spectrum given in fig.3. Therefore

there is a striking difference between our results and the results of

van Wijngaarden et al., who studied the formation of a nickel oxide
12)layer after oxidation in air

• 4.4. Proton bombardment at a pressure of 5 * 10~ torr

By utilizing metal seals and by baking the whole equipment up to 140 C,

the background pressure in the collision chamber was reduced to

5 x 10 torr. A new spot on the target was bombarded by 200.4 keV

protons resulting in a clean surface. No carbon, oxygen and sulfur

could be detected by backscattering indicating a coverage less then 0.2,

0.1 and 0.03 monolayers respectively. From a random energy spectrum and

a stopping power of 21 eV/A for 200 keV protons in nickel it is

deduced, applying standard formulae given in chapter I of this thesis,
15 2'that the area of the nickel surface peak equals 2.2 * 10 atoms/cm

(Note that again this is far more than 1 monolayer, see 4.7),

• 4.5. Segregation of Sulfur . .

After baking the equipment at 125 C the target was heated up to 500°C

for a few minutes. At a background pressure of 5 * 10 torr the same

spot on target, used under 4.4, was bombarded to analyse the influence

of target heating. The result , given in fig.6b, demonstrates diffusion

to the surface of sulfur out of the bulk. Besides some carbon is found to

be present at the surface. A striking effect forms the drastic decrease

of the area of the surface peak. In fig.6b the area of this peak is
15 2equivalent to 1.25 * 10 atoms/cm . The sulfur peak corresponds to
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15 20.5 x 10 atoms/cm , so a coverage of about half a monolayer.

Sulfur disappears by proton impact while simultaneously the area of the
15 2nickel surface peak increases up to 1.7 * 10 atoms/cm . By continuing

proton bombardment the surface peak area increases further up to

2.2 x 10 atoms/cm .

These results and the results presented in 4.6 may indicate that the

segregated sulfur is sitting within 0.1 A of a lattice position. This

might be either on top of, or incorporated in the outermost nickel sur-

face layer. The amount of sulfur, about i monolayer, and its lattice

position should indicate then an ordered structure as is found by

LEED and LEIS for segregated sulfur on Ni (100) ' .

According to Ferdereau and Oudar the coverage of | monolayer sulfur on

Ni (110) results into the c(2x2) structure . Further analysis, including

surface blocking experiments, should yield this structural information.

• 4.6. Sputtev-aleaning and annealing

After proton bombardment at 5 * 10 torr the sample was cleaned addi-

tionally by means of sputtering with Ar -ions at an energy of 2.8 keV

bombarding the target in a close packed direction with a glancing in-

cidence angle a • 7 . During the sputter cleaning process the target

was baked at 300°C. After half an hour of bombardment (beam current

Fig.7 The bean enters along the [3Ï4] direction. The atoms in the

first and the second layer shadow the underlying strings.

Surface blocking along the COlT] direction can be detected at

a scattering angla of about 46.1°.

(In this figure it is assumed that the scattering plane

coincides with the (Til) crystallographic plane).
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density 0.2 \iA per ram ) the target was annealed up to 500 C, When tar-

get temperature was back at 300°C the sputter cleaning process was

finished.

During the bombardment the background pressure in the collisionchamber

was 2 x 10 torr argon, due to inlet from the ion-gun.

At a target temperature of 250°C the energy scan given in fig.6c was

recorded. The results show no contamination of the surface and a nickel
15 2surface peak area equivalent to 2.0 x 10 atoms/cm . (Again the area

is larger than expected assuming an ideal and static crystal surface,

see 4.7).

• 4.7. The niokel surface peak

For beam incidence along the ClOlU direction, assuming an ideal and

static crystal lattice, one expects to measure a surface peak equiva-
15 2

lent to 1.14 x 10 atoms per cm . In all cases our results show a

larger amount of nickel atoms giving rise to this peak, even after

sputtering and annealing. This might be due to a temperature effect

causing a transparency of the surface such that a certain fraction of

the second atomic layer (and deeper layers) can be hit by the incoming

beam ' . Another origin may be displacement of nickel atoms at the

surface due to radiation damage or, as was shown in 4.3 , adsorbed

oxygen. From the experiments before and after annealing (see 4.4 and

4.6) it is concluded that both effects have to be taken into account.

Further experiments, as function of target temperature and primary

beam energy, are required to understand the results. Surface blocking

experiments may be helpful too as will be shown in the next section.

5. RELAXATION MEASUREMENTS; RESULTS AND DISCUSSION

• 5.1. Beam incidence along 13141

To measure the upper layer spacing of Ni (110) the surface blocking

method was used as discussed in section 2. The proton beam was directed

along the C3Ï4] axis as indicated in fig.7. Then only the first and the

second layer are hit by the incoming beam, assuming an ideal and static
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(a) (b)

H*-»Ni (110)
Eo«ï«9l<eV beam direction [3I«]

.„-9 1 scattering plane (ti l)
bockgr. pressure »l«10 torr * ^

35 «0 tó 50 55 60

»> scattering angle 6 (degree)

«5 50 55 60
— » scattering angle e (degree)

Fig.8 Blocking minima for protons scattered from surface and bulk

atoms along the [Oil] direction at a background pressure in the

target chamber of 1 x 10 torr.

a) The yield is shown as function of the scattering angle in-

side the (Til) plane for incidence along the [3743 direction.

The dotted line denotes the Rutherford cross section. The

different characters given in the surface blocking pattern

belong to different scans through the minimum.

b) The backscattered yield has been divided by the Rutherford

cross section..

is found at 0 - 46.2 C O n ] . u r f . c . « t e 46.6°COlT:ibulV
The difference A6 » 0.4° is equivalent to an expansion of the
upper layer spacing of +1.6%.
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crystal. Angular scans of particles backscattered from the surface in

the (Til) plane were made by taking energy spectra for different scat-

tering angles about the [Oil] direction. The same was done for partic-

les backscattered from the bulk.

The measurements were performed;

—Q

(i) after proton bombardment at a background pressure of 1 * 10

torr (see 4.2). The results are given in fig.8.

(ii) after the build-up of a NiO-layer, including hydro-carbon, on

top of the nickel crystal (see 4.3). These results are plotted

in fig.9.

(iii) after proton bombardment at a pressure of 5 x 10 torr (see

4.4) and after Ar -sputter-cleaning and annealing (see 4.6).

In this case the surface is clean and the results obtained are

shown in fig.10.

In all cases the target was at room temperature except after the sputter-

cleaning and annealing treatment. Then the target temperature was at

250°C. .

As the cross section for backscattering increases for decreasing scat-

tering angle, the blocking dips are super imposed on a slope defined by

the Rutherford cross section. It introduces a seeming shift of the

position of the blocking minima to a higher scattering angle. Therefore

the results are presented also after normalization by dividing the data

by the scattering cross section.

The angular poe'l-'on of a blocking dip. was defined by the middle of the

width of the blocking minimum taken at half depth. For incidence

along [3l4] one expects to detect the COlT] bulk blocking dip at a scat-

tering angle 8 * 46.1°. Experimentally, however there seems to be a

small shift, 0.1° - 0.3°, in angular blocking dip position to higher

scattering angles. This is probably due to a small deviation between

target centre and the centre of the collisionchamber. An other reason

might be an inaccuracy in the alignment of the crystal such that the

incident beam direction does not coincide within 0.1° with [3l4] crys-

tal lographic direction.
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Fig.9 Blocking minima for protons scattered from bulk an surfac»

atoms along the COlT] direction. The surface was covered by a

NiO-layer including hydro-carbon. Therafore tha backscattered

yiald from the crystal surface i« •uparimposad on a background

du« to nickel atoms present in tha oxida layer, Tha surface

blocking measurement was done at two different thicknesses of

the nickel-oxide layer. The experimental results are shown

befora (a) and after (b) normalisation. The C0IÏ Jtullt "iniouB

tullt

i» found at e - «6.4°, the C o » J l u t £ a c t mini»» «t 6 - 46.8°.

Tha difference 60 • 0.4° indicate an expanded (110) face of

+I.6Z.
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Fig.10 Blocking minima for protons scattered from bulk and aurface

atoms before and after Ar+-sputcer~cl«aning and annaaling. In

both cases surface impurities were not detected. ïhe first

measurement was done at room temperature, the second at

T - 2S0°C. After normalisation (fig.b) the position» of the

[01T] minima were deduced giving 8 " 46.4 for the bulk and.

0 - 46.4° - 46.5° for the surface blocking dips. That*

result indicate no or hardly any expansion or contraction of

a clean Hi (110) face.

For comparison the shift of the surface blocking «iniaua is

indicated for a relaxation effect of -5X found by Deaueh et al.
2), and of + U X calculated by Jackson'95.
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H*-»- Ni (110)
Eöx«5.5keV
bockgr pressure =1x10" t6rr

beam direction [101]
scattering planeOH)

«5.5 keV H*-*Ni (110)

prlx!0"9torr

beam direction jjoj]

scattering plane (ill)

55 60 65 70

— » scattering ar,gle 0 (degree)

55 60 65 70
+• scattering angle 8 (degree)

Fig.11 Yield of protons scattered from surface and bulk as function

of scattering angle for incidence along the C1013 direction.

The results were obtained after aputter cleaning by proton

bombardment at a background pressure of 1 « 10 torr.

The bulk blocking minimum was measured twice; together with

the surface data (indicated by a rectangular point) and

after the surface measurementJ (indicated by the dotted line).

Along the [OlTl direction surface blocking is observed at a

scattering angle 0 - 60.8°, the COlT]fa direction is found at

6 • 60.4°. deduced froot the normalised'data'presented in

fig.b. The difference A8 » 0.4° is «quivalet t with an expansion

of the upper layer spacing of +1.6Z.
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Shoulders are observed in the case of bulk blocking due to a focussing

effect discussed in chapter I of this thesis. The height of the shoulder

depends on the triggered depth into the crystal, so upon the energy and

the outcoming angle (8-a) at which the backscattered projectiles are

detected. As the bulk blocking minima were obtained by measurement of

the backscattered yield as function of scattering angle within a preset

energy window of the ESA, the backscattering depth varies with scattering

angle and might result into an asymmetric bulk blocking profile.

• 5.2, Beam incidence along LlOll

One does not expect to detect a surface blocking effect for beam inci-

dence along the [101] direction assuming an ideal and static crystal

lattice. In the case of Ni (110) however we do measure surface blocking

as is shown in fig.11 and 12. This might be due to a temperature effect

as discussed in section 4.7.

Other origins for the detection of blocking can be:

- the presence of terraces, so surface steps, due to the misorientation

of the surface with respect to the (150) plane.

- displacement, of nickel atoms in the first atomic layer due to

radiation damage or adsorbed oxygen.
20)

- surface defects, like steps upwards and downwards

• 5.3. Disau38ion and conclusions

By comparing the blocking dip positions of bulk and surface it is con-

cluded that if the Ni (110) surface is contaminated with some impurities

(hydro-carbon and oxygen) or covered by an oxide layer, the upper layer

spacing of the crystal lattice is expanded relative to the bulk at room

temperature. From the relative angular shift, which is 0.4° on an

average, it is deduced that the expansion amounts 1.6%, equivalent with

0.02 8.

In the case of a clean surface no expansion or contraction is found'

both before and after sputter-cleaning with low energy Ar -ions and

annealing at 500°C. The first measurement was done at room temperature*

the second one at 250 C. The difference in temperature might be the
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(a) (b)

4000

3000-

2000-

KM0-

200-

100-

H*-» NiOtO)

surface l e e r e d w-th N i 0 ! * a M e n n 0 - plane(i)l)

beam direction [iQl]

50 55 60 65

beam direction [}0i]
scattering plane ( i l l )

I6«3 keV H W N i OW)
surface covered with NO

60 65 70

scattering angle 3 (degree)

scatlenng tingle 6 Wegree)

Fig. 12 Proton backicatctring yield from auri'ace and bulk atoms for

incidanca along the ClOl] direction. The surface is covered by

a MiO-layer including hydro-carbon (see also fig.9). Along the

[OlTldirtction a surface blocking affect is observed. From

the normalised data, given in fig.b, an angular difference

between the position of bulk (6 » 60.3°) and surface (6

blocking ninioum of A6

effect of +2.5Z.

60.9°)

0.6° is obtained indicating a relaxation
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reason for the observed difference in dip depth but cannot explain the

difference in dip width. An explanation for that is not known yet.

(It should be noted that the angular difference plotted in fig.12b is

less than 0.1 indicating an expansion less than 0.4%. As the accuracy

is estimated to be 1.5% it is concluded that upper layer spacing and

bulk spacing are identical).

8)As discussed in a previous paper (see chapter IV of this thesis) the

shape of the surface blocking is related to the amplitude of the ther-

mally vibrating surface atoms. An asymmetric probability distribution

for the relative displacement of the target atoms in the second and the

first layer of the crystal lattice would result into an asymmetric

profile of the blocking dip. Such an asymmetry can be due also to small

deviations between mean lattice positions of surface atoms. Finally an :'°

asymmetry can be obtained if more than two surface layers are hit by

the incoming beam. Then particles backscattered from the third layer

will be blocked by the second and the first layer. (Note that the in- f

fluence of a relaxation effect on the first and the second upper layer

spacing will be different).

Some of the measured surface blocking dips seem to be asymmetric indeed.

More investigations including other surface analytical techniques are

required before definite conclusions can be drawn.

Our measurements show, however, that detailed and quantitative informa-

tion on surface composition can be obtained from MEIS. Investigations

of Ni (110) have shown NiO-formation along with hydro-carbon contamina-

tion, and S-segregation, possibly at surface lattice positions, after

annealing. Preliminary results on relaxation indicate some minor effect

for the Ni (110) surface when contaminated but none when clean. This is
2)

in contradiction with the recent LEED results of Demuth . This differen-

ce may result from the slightly higher target temperature in our

experiments or from beam induced damage. Both need further verification.
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chapters

inelastic collisions
of argon and chlorine ions

in carbon

Inelastic effects have been studied under multiple saattering
conditions in ion-solid interactions. Charge state distribu-
tions of argon and chlorine ions emerging from carbon foils
were measured in the energy range from 70 to SSO keV.
Differences in the average equilibrium charge state cf argon
and chlorine at fixed velocities are observed which is ex-
plained by inner-shell vacancy production and surface neutra-
lization. The relevance of the obtained results for surface
studies with ion beams under multiple scattering conditions
is discussed.

1. INTRODUCTION

The study of inelastic effects in the interaction of keV ions with solid

targets is of direct interest to research in ion implantation of semi-

conductors and other materials, in beam-foil spectroscopy for atomic

lifetime studies as well as for heavy-ion accelerator facilities and for

surface micro-analysis with ion beams. More specifically with regard to

the last subject, detailed understanding of excitation, ionization and

neutralization events during relatively small impact parameter collisions
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in the selvedge of the solid target is necessary before low-energy ion

scattering can be used for quantitative micro-analysis reliably.

The analogy between inelastic energy loss in binary collisions in a solid

surface and in ion-atom collisions in the gas phase was first reported
1) 2) .

by Datz and Snoek and was later used by Van der Weg and Bierman in
their study of neutralization of Ar ions backscattered from Cu surfaces

3)

at energies of 30 - 100 keV. Recently Eckstein et al. reported on in-

elastic energy losses of several hundred eV in single collisions of Ne

ions backscattered from Ni at low energies ( 5 - 1 5 keV).

Inelastic effects can become much more complex under multiple scattering

conditions, as when the incoming ion is scattered successively by two

surface atoms or when it is passed over surface chains or semi-channels

. Under these circumstances the inelastic energy loss is anticipated

not to be additive since the time between two successive collisions is

comparable with or shorter than the relaxation time of excited atomic

levels in the projectile. Therefore the projectile will reach a degree

of excitation and ionization quite different from single collisions

events. The importance of this effect for surface scattering was pointed

out before by Parillis , but in principle it is known as the density

effect in heavy ion interactions with solids, already treated by Bohr in

several papers (see Betz ). Interesting consequences of this density

effect were recently found in inner-shell ionization in heavy particle

collisions, where one has observed characteristic and continuum X-rays

from solids that are not seen in gas target experiments . Since inner-

shell vacancy production is known to occur with large probability at re-

latively low energy (10 keV and above), it is interesting to investigate

what influence Auger decay has on the charge state of the projectile

leaving the solid target with one or more vacancies in its inner shell.

Therefore we have measured charge state distributions of Ar and Cl ions

emerging from C targets in the energy range 70 - 350 keV. In order to

enable a comparison with related experiments and to simplify the experi-

mental ion spectra, we have chosen to measure equilibrium charge frac-

tions of these ions after passage through thin carbon foils, rather than

observing them in backscattering from the surface. As pointed out above

the information obtained is relevant with regard to multiple scattering

of ions in solid surfaces, The choice of investigating Ar-C and Cl-C
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systems was prompted by recent observations of the emitted X-ray

spectra and X-ray cross sections which showed that due to multiple scat-

tering:

(i) the equilibrium fraction of ions traversing the C-target in a state

of L-shell ionization is large, and

(ii) this fraction is considerably larger for the Cl-C case than for

Ar-C.

Based on these findings one expects Cl to emerge from C with a larger

number of L-shell vacancies than Ar. Consequently Auger decay will in-

crease the average charge of Cl ions relatively to Ar ions.

2. APPARATUS AND METHOD

The experimental set-up is schematically shown in fig.l. A magnetically

analyzed beam of ions from the 200 kV accelerator at the FOM-Institute
9)in Amsterdam was used for the production of singly and doubly charged

chlorine and argon ions in the energy range between 100 and 400 keV.

Inside the collision chamber (1 m diameter), at a working pressure of

5 x 10 torr, the beam traverses in succession a collimator (0.3 mm dia-

multiplier

current
intep '•tor

Fig.I Schematic diagram of the charge-state

distribution measurement apparatus.

PC 2200

minicomputer

XV recorder

di«pUy

TA storage
POP 15
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meter), a self-supporting foil (5 mm diameter) positioned 20 cm behind

the collimator, a diaphragm ( 1 mm diameter) at a distance of 15 cm be-

hind the foil, an electrostatic cylindrical 90 -energy analyser and an
—3exit slit. The resolution of the analyser, AE/E, is 4 x 10 . The

analyser was positioned such that it only accepts particles scattered

over less than 0.5° in the forward direction. Ions which have passed the

analyser are counted by means of a Bendix multiplier, coupled to an

amplifier with discriminator. A slit in one of the plates of the analy-

ser allows neutral particles to enter a second Bendix multiplier.

The commercially obtained carbon foils have a thickness of about
2

10 yg/cm , determined from the energy loss of 50 keV protons as well as

the energy loss of the Ar projectiles in this experiment and tabulated

stopping power values ' . This thickness is sufficient to procedure
12)equilibrium charge state distributions . Note that, in contrast to

similar experiments an accurate knowledge of the foil thickness

and of the stopping power is not necessary here. In this experiment

equilibrium charge state fractions are determined simultaneously with

the energy of the emerging ions. The energy of the detected neutral

particles was assumed to be equal to the energy of the singly charged

ions.

z=>
m

Cl —«Orbon foil

Eo = 282 keV

2*0

Fig.2 Energy over charge spectrum of forward scattered ions. This spec-

trum was obtained by bombarding a carbon foil (thickness about

«0 lig/cm2) by 2fl2 keV Cl 2 + ions.
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The beam intensity at the foil was normally about 5 * 10 A. With

such a current we could measure for hours without any detectable varia-

tion in the energy loss, so it is concluded that the foil thickness is

fixed during a measurement.

Charge state spectra were recorded by measuring ion intensities as

function of the voltage on the plates of the analyser. This procedure

is monitored and controlled by means of a minicomputer, PC 2200. The

voltage on the plates is changed after a preset dose of neutral part-

icles emerging from the foil into the electrostatic analyser has been

collected, thus avoiding problems due to beam intensity fluctuations. A

typical energy over charge spectrum is shown in fig.2. Due to electro-

static energy analysis the peak positions and widths are determined by

energy and charge state of the ions. The different ion fractions F are

calculated by counting the number of particles inside each peak. The

neutral fraction F is measured by taking the ratio of the signals in

the neutral particle detector with and without a high voltage on the

analyser plates.

More details about the experimental set-up, the data handling and the

computer monitoring will be given elsewhere (see chapter I of this thesis).

3. RESULTS

The measured equilibrium fractions F for argon and chlorine in carbon

are given in table I for different energies of the emerging ions. The

energy is defined by:

2 F E ,
q q q

in which E is the most probable energy of the particles with charge q.

In our experiment E was found to be systematically larger than E . by

a few Z. For instance Ar , at an impact energy of 380.9 keV, emerged

from the carbon foil at an energy Ej - 327.9 ̂  0.8 keV, whereas E- •

319.5 +. 5.6 keV and Ë - 325.4 keV. In figs.3a and 3b the equilibrium
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TABLE I

Equilibrium charge-state distributions in carbon (in %) and average

charge q for Ar and Cl as function of emerging energy E.

Pro- I

jactile (keV)

40. 70
Ar

70

89

110

127

143

164,

201

211

256,

276,

292,

310.

319.

325.

35 a 70.

89.

108.

129.

142.

184.

198.

210.

240.

254.

315.

330.

.7

.3

.3

.2

.0

.1

.9

.8

.5

.4

.7

,7

,6

,7

,4

,2

,5

9

7
9

9

4
5

2

7

8
5

q

0.506

0.526

0.665

0.847

0.9OI

1.034

1.054

1.278

1.351

1.542

1.621

1.652

1.721

1.793

1,832

0.569

0.770

0.896

1.036

1.186

1.427

1.464

1.555

1.683

1.707

2.015

2.080

F

3.

2.

1.

1.

1.

0.

0.

0.

0.'

-1

72

87

54

84

10

67

74

85

50

F

57

57

48

37

34

30

29

21

19

14

11

11

11,

7,

7,

51,

41,

37.

31,

26,

20,

18.

16.

14.

33.

8.

7.

o

.9

.9

.3

.8

.8

.5

.0

.5

.1

.2

.9

.4

.9

,90

,84

,5

,7

,3

,1

,1

,3

3

8

9

7

54

00

F

34

33

40

44

45

44,

45,

42,

42.

39,

37,

38,

33.

36.

35,

32.

37.

39.

39.

39.

36.

37.

34.

32.

30.

28.

27.

1

.8

.7

.0

.4

.6

.2

.8

.1

.3

.2

.8

.0

,6

,4

,5

9

0

0

7

5

1

2

8
9

7

1

1

6

6

9

13

15

18

18

25

26

30

32

31

32

32

31

8,

13,

16,

19,

22.

26,

27,

28.
30.

30.

31.

32.

F2

.22

.52

.02

.7

.2

.1

.0

.9

.3

.0

.4

.0

.4

.6

.6

.62

.4

.0

.6

.6

.9

,1

1

0

,7

8

I

1

1

2

3

3

5

5

8

9

12

13

14

16

16

17,

2,

3,

5,

6,

8.

11,

12,

13.

15.

15.

19.

22.

F3

.11

.97

.22

.44

.71

.97

. ri7

.34

.59

.4

.2

.4'

.1

.3

.8

.51

.92

.00

.42

,28

,6

,2

,3 '

0

.1

8

7

0

0

0

1

1

I

2

3

3

4
4
5

5

0,

0,

1.

1,

2,

3,

3.

5.

5.

5.

8.

8.

F4

.46

.68

.74

.10

.39

.82

.36

.41

.78

.28

.74

.40

.78

.73

.84

.06

.49

.05

,54

,56

,01

59

53

89

04

0

0

0

0

0

0

0

1

1

I

0,

0,

0,

0,

0.

0.

0,

1.

1.

2.

2.

F5

.13

.21

.27

.31

.72

.77

.86

.05

.13

.26

.20

.21

.29

.39

,73

.86

,93

,34

55

48

60

0

0

0

0

0

0

0

0

0

0

0,

0.

0,

0.

0.

F6

.03

.06

.10

.13

.12

.17

.20

.25

.09

.i2

.20

.19

,17

,39

44

F7

0.02

0.03

0.02

0.05
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Fig.3 Equilibrium charge distribution for argon (a) and chlorine (b)

emerging from carbon foils. For comparison data from refs.12-14

are included. Smooth curves are drawn to guide the eye.
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charge state fractions F are plotted as a function of the velocity of

the emerging ions.

Charge states are observed of 0 < q < 7 in the case of argon and

-1 < q < 7 in the chlorine case. In the same figures we have plotted the
12) 13)

results measured by Hvelplund et al. , Smith and Wahling and Witt-
14)kower and Ryding . In the argon case a direct comparison of our data

with those of Hvelplund et al. is possible. The agreement is satisfactory.

Small deviations are observed at low velocities. This is probably attri-

butable to uncertainties in the velocity of the particles as determined

by Hvelplund et al. In our data an uncertainty is introduced by the way

neutral fractions are measured because in this case no corrections are

made for beam fluctuations except that an average over a series of about

4 measurements is determined. From the data the average charge

q = 2 F q

has been calculated as function of velocity (see table I and fig.4). It

is observed that above a velocity of about 6 x 1 0 cm/sec, q of chlorine

is systematically higher than for argon at the same velocity. At higher

to- 2.0-
LÜ
O

cc
CO

o 'O

s<er
yo.5-

35

*°
Cl in Carbon

'Ar in Carbon

10 15
•*- VEtOCITY (l07cm/sec)

Fig.4 Average equilibrium charge of argon and chlorine emerging from

carbon foils as function of Che velocity.
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velocities, not shown in fig.4, the few data of refs.13 and 14 seem to
_ _ 8

indicate that qci crosses q. again at about 2.5 * 10 cm/sec.

4. DISCUSSION

A comparison of the data in fig.3a and 3b shows a striking difference in

charge state fractions, in particular of the charge states 2 < q < 6.

This apparently results in a higher q for Cl than for Ar as in fig.4,
12)which is in contrast with results of Hvelplund et al. who reported q

values of Ar in a helium gas target to be larger (~ 12%) than for Cl at
o

the same velocity (1.4 x 10 cm/sec). This difference suggests an influ-

ence of the solid nature of oui carbon target, i.e. a density effect.

It was verified experimentally that the difference between the argon and

the chlorine case was not due to different surface conditions, caused by

the primary beam itself. Charge state distributions of Ar emerging from

the foil were measured before and after Cl measurements and no aberrations

were found.

It is well known, for higher energy heavy ions, that charge state distri-

butions resulting fron< passage of ions through gases and solids differ

significantly . This "density effect" is explained by the fact that the

time between two successive collisions in solids is smaller than in gases.

This would lead to a higher state of excitation of ions moving in solids

which may increase the loss cross section and decrease the capture cross

section which results in a higher average equilibrium charge in a solid

compared with a gas stripper. However, it is not clear to us how

existing models for electron capture and loss in solids can explain

the observed differences for Ar and Cl ions. These models have all been

designed to interpret stripping processes for ions moving faster than

the ions used in this experiment (typically v > v ;v • 2.188 x 10 cm/

sec). At lower velocities surface neutralization processes can be very
2)

important which influences the average charge of the ions emerging

from a solid strongly. In. addition the role of inner-shell vacancy pro-

duction has been largely ignored sofar. It is known that inner-shell

ionization processes occur with large probability at relatively low ener-

gy. We propose an explanation of the observed differences in q based on
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inner-shell vacancy production under double collision conditions.

Ion-atom collisions can be described by the molecular orbital model as

given by Barat and Lichten . Inner-shell vacancies are produced

copiously in argon or chlorine as a result of electron promotion via the

3da orbital in the quasi-molecule as shown in the Ar-C correlation

diagram in the top part of fig.5, Due to such a vacancy the ionization

energy of the 2p electrons in argon or chlorine increases, thus the

level shifts downwards. In the case of argon the sift amounts to ~ 43 eV

. Further shifts, though less important, also occur in consequence

of M-shell vacancy production. The creation of another L-shell vacancy

in the projectile during the second collision is possible provided that:

(i) the time between two successive collisions is smaller than the

lifetime of the L-shell vacancy;

(ii) the mean free path of the projectile inside the foil is smaller

than the thickness of that foil;

(iii) the shifted 2p level is still lying above the Is C.

In the argon case swapping of the 2p Ar and the Is C will appear after

one L-shell vacancy as shown in the bottom part of fig.5. So the

creation of a second inner-shell vacancy in argon is very unlikely. In

2p
2s

!s

0
Cr

2sO 2pO

(a)

2p Ar
Is C
2s Ar

Is Ar

Ar»C

(b)

Fig.S Correlation diagram for the Ar-C collision (a). For simnlicity

only inner-shells are included. Swapping of 2p Ar and Is C takes

place after the creation of an L-shell vacancy in the projectile

(b).
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the chlorine case two L-shell vacancies can be created before swapping
8)

of the levels occurs. This is supported by X-ray measurements

-14
The mean lifetime of an L-shell vacancv is in the order of 1 * 10 sec

but increases strongly as function of the number of M-shell vacancies
17} 8

. With a velocity of about 10 cm/sec the extinction distance

(velocity of the ion x mean lifetime) is at least 100 X. The mean free

path of the projectiles inside the foil, l/(Na), amounts to about 150 8.

The conclusion must be that from a carbon foil of a few hundred 8 a

considerable part of the chlorine beam emerges with two' L-shell vacancies;

in contrast with argon which will have only one L-shell vacancy.

De-excitation processes outside the foil cause an increase of the charge

state. This mechanism makes it plausible that qri < q. at the same
VJJ. AIT

velocity as was measured. To test this explanation measurements on

charge states of argon and chlorine emerging from boron and beryllium

foils should be done. In that case creation of inner-shell vacancies is

not very likely either in chlorine or in argon because the Is B or Is Be

is promoted and the 2p Ar or 2p Cl not. However, the production of thin

self-supporting boron and beryllium foils, which are free of impurities

such as oxygen and carbon, is not possible yet.
2)

At low velocities surface neutralization processes cause a decrease

of the charge state of the emerging particles. The formation of Cl

clearly demonstrates this effect (see fig.3). As argon has a closed

shell configuration and chlorine needs one electron to reach this state

one expects to find q„. < q. at low velocities as is seen in fig.4.

In conclusion the difference1in charge state between argon and chlorine,

two neighbouring elements in the periodic system, is interpreted as

being due to inner-shell vacancy production as well as surface neutrali-

zation effects. It has been shown how chlorine can obtain two L-shell

vacancies in two successive collisions with carbon whereas swapping of

molecular orbitals prevents this form happening in the argon case. Auger

de-excitation of these multiple inner-shell vacancies after the particles

emerge into the vacuum will result in the different charge states.

The observed increased energy loss for higher charge states suggests

that the higher charge states originate from more violent collisions,
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i.e. inner-shell excitations. It is also to be expected that the difference

in q between Cl and Ar will be larger at larger scattering angles than

the 0.5° used in this experiment.

It should be noted that in surface scattering studies one frequently

works under conditions for which inner-shell vacancy production has a

very high probability. Therefore it is anticipated that under multiple

scattering conditions similar inner-shell vacancy effects will occur as

are reported here.
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summary

, The work presented in this thesis mainly reflects the development of a

*. new technique to study surface structures on single crystalline solids.

] Collision spectroscopy of energetic (100 - 200 keV) light ions back-

• scattered from solid surfaces was used for crystallography of the sur-

face with high accuracy by combining channeling for the incident beam

and blocking of projectiles backscattered from the surface. It is dis-

cussed that also binding locations and bond-lengths of adsorbed atoms

and molecules can be obtained. The location of surface atoms is measur-

able with a precision of 0.02 X.

The same technique was used as a simple quantitative tool for analysing

surface compositions. Besides depth information was obtained as the

sensitivity is not limited to the outermost layer.

I
In chapter I experimental parameters like energy and depth resolution,

angular resolution, crystal alignment and vacuum conditions are dis-

cussed. A description is given of a new UHV scattering chamber in which

backscattered ions are analysed, energy over charge, by means of a

rotatable electrostatic analyser (ESA). It is shown that surface compo-

sitions can be studied quantitatively and that analysing beam effects

like build-up of a hydro-carbon layer, sputtering and radiation damage,
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have to be taken into account.

In chapter II our target manipulator for use in ultra-high vacuum is

described. It allows sample rotation about three different axes with

high accuracy, translations in a horizontal and a vertical direction,

cooling and heating.

Basic properties of the goniometer were discussed in chapter I. The

necessity of having such a goniometer for the analysis of surface struc-

tures is shown in chapter III.

In chapter III the use of Rutherford backscattering (RBS) for structu-

ral analysis of single crystal surfaces is reviewed. To measure surface

relaxation two methods are discussed. Method I basically uses shadowing

of the second layer by the atoms in the first layer. Method II is new

and uses blocking by the first layer of projectiles backscattered from

the atoms in the second layer. This method was tested in a study of

relaxation effects at a Cu (110) surface. A hydro-carbon covered sur-

face shows no displacement of the first layer to within 1.5% of the

planar spacing. After sputter-cleaning and annealing the results are

ill-defined and raise such questions as how flat, stable and clean is

the Cu (110) surface during the analysis. It is discussed that the

method can be used also to determine the location of adsorbed atoms

and that in principle the r.m.s. amplitude of thermally vibrating

atoms at the surface can be deduced from the experimental data.

In chapter IV preliminary results of an investigation of Ni (110) sur-

faces are presented. It is shown that the surface composition can be

influenced by the analyzing beam, by the background pressure and by

target heating. Sputter-cleaning, formation of a nickel-oxide and hydro-

carbon layer and diffusion to the surface of sulfur out of bulk were

observed. Relaxation measurements indicate a small expansion of the

Ni (110) face when contaminated but no effect when clean. The influence

of target temperature and beam-induced damage on these results need

further verification.

In chapter V a fundamental aspect of the interaction of heavy ions with

solids is studied. Inelastic effects under multiple scattering con-

ditions were investigated by a measurement on charge state distributions
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of argon and chlorine ions emerging from carbon foils.

Differences in Che average equilibrium charge state of argon and

chlorine are found and explained by inner-shell vacancy production and

surface neutralisation.

samenvatting

Dit proefschrift beschrijft in hoofdzaak de ontwikkeling van een nieuwe

oppervlakte analyse techniek. Met deze techniek kunnen structuren aan

het oppervlak van één-kristallijne stoffen op atomair niveau worden be-

studeerd. Zij berust op botsingsspectroscopie van snelle (100 - 200 keV)

lichte ionen die worden verstrooid aan het vaste stof oppervlak. Door

deze ionen langs een hoofdas van het kristal in te schieten worden in

beginsel slechts de buitenste atomaire lagen van dit kristal aan het

bombardement blootgesteld. Deeltjes die door atomen in de wat dieper

gelegen oppervlaktelaag worden teruggestrooid kunnen op hun weg naar de

detector worden geblokkeerd door nabuuratomen in de allerbuitenste op-

pervlaktelaag. Van dit blokkeer gedrag hebben we gebruik gemaakt voor de

kristallografie van oppervlakken. De metingen kunnen worden uitgebreid

tot het bepalen van de exacte plaats waar atomen en moleculen zich aan

oppervlakken hechten. De techniek heeft een meetprecisie van 0.02 X.

Men kan de terugstrooitechniek ook gebruiken om op kwantitatieve wijze

de chemische en fysische samenstelling van het oppervlak te bepalen.

Daarvan is in dit proefschrift veelvuldig gebruik gemaakt. Een bijkomend

voordeel is dat ook diepte informatie wordt verkregen aangezien de ge-

voeligheid van de techniek niet beperkt is tot de allerbuitenste laag.



- 138 -

In hoofdstuk I worden experimentele grootheden die van belang zijn in

de oppervlakte analyse besproken zoals energie en diepte oplossend ver-

mogen, hoek oplossend vermogen, uitlijning van het één-kristal en

vacuum condities. Er wordt een beschrijving gegeven van een nieuwe bot-

singskamer waarin verstrooiingsexperimenten in ultra-hoog vacuum kunnen

worden gedaan. Verstrooide ionen worden op energie en lading geanalyseerd

mot behulp van een draaibare electrostatische analysator (ESA). Met be-

hulp van deze apparatuur kan de chemische en fysische samenstelling

kwantitatief worden bestudeerd. Daarbij dient men er rekening mee te

houden, dat de analyse-bundel de samenstelling en eigenschappen van het

preparaat kan beïnvloeden. Dit wordt gedemonstreerd aan de hand van op-

bouw van een koolwaterstof laagje aan het oppervlak, verstuiving en

stralingsbeschadiging.

In hoofdstuk II wordt onze kristal-manipulator beschreven. Hij kan in

ultrahoog vacuum worden gebruikt en maakt het mogelijk het preparaat

om drie assen te verdraaien, te verschuiven in een horizontale en een

vertikale richting, te koelen en uit te stoken. Dit alles kan met grote

f nauwkeurigheid geschieden.

Fundamentele eigenschappen en mogelijkheden van de goniometer zijn in

hoofdstuk I bediscussieerd. De noodzaak van een dergelijke manipulator

in oppervlakte structuur analyse experimenten wordt in hoofdstuk III

aangetoond.

In hoofdstuk III wordt een overzicht gegeven van het gebruik van de

Rutherford verstrooiings techniek in de analyse van structuren aan

oppervlakken van eén-kristallen.

Twee manieren, methoden, om oppervlakte relaxatie te bestuderen worden

besproken. Methode I is in wezen gebaseerd op het afschaduwen van

atomen in de tweede laag door atomen in de eerste laag. Methode II is

nieuw en benut de blokkerende werking van atomen in de eerste laag voor

projectielen die door atomen in de tweede laag zijn verstrooid. Deze

methode werd getest in een studie van relaxatie effecten in het opper-

vlak van Cu (110). De metingen tonen aan dat tot op 0.02 & nauwkeurig,

de eerste laag niet verschoven ligt waarbij moet worden opgemerkt dat

het oppervlak was bedekt met een koolwaterstof laagje. De relaxatie is

dus minder dan 1.5%. Na een verstuivings en uitstook behandeling van

het preparaat, teneinde een schoon en vlek oppervlak te krijgen, zijn
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de meetresultaten moeilijk te interpreteren. Ze geven aanleiding tot

vragen zoals hoe vlak, stabiel en schoon is het Cu (110) oppervlak na

een dergelijke behandeling en tijdens de analyse.

Oat de meetmethode ook kan worden gebruikt om de plaats van geadsorbeer-

de atomen te bepalen wordt besproken evenals de mogelijkheid uit de

meetresultaten iets te halen over de gemiddelde amplitude van thermisch

vibrerende atomen aan het oppervlak van een vaste stof.

In hoofdstuk IV worden voorlopige resultaten van onderzoekingen aan

Ni (110) oppervlakken gegeven en besproken. We laten zien dat de samen-

stelling van het oppervlak beinvloed kan worden door de analyse-bundel,

door de achtergrond druk en door de thermische behandeling van het pre-

paraat. Verstuiving van ongerechtigheden aan het oppervlak, kreatie van

een nikkel-oxide en van een koolwaterstof laag en diffusie naar het

oppervlak van zwavel vanuit het kristal werden waargenomen. Relaxatie

metingen duiden op een kleine expansie van het (110) oppervlak wanneer

er ongerechtigheden op zitten. Aan een schoon oppervlak werd geen ver-

plaatsing waargenomen. De invloed van de temperatuur van het preparaat

en van schade in het oppervlak door de analysebundel op de uitkomst van

onze onderzoekingen behoeven verder onderzoek.

In hoofdstuk V wordt een enkel fundamenteel aspect van de wisselwerking

tussen zware ionen en vaste stoffen onderzocht. Inelastische effecten,

onder omstandigheden dat veelvoudige botsingen voorkomen, werden be-

studeerd door de ladingsverdeling te meten van argon en chloor ionen

die door koolstof folies werden geschoten.

We vinden verschillen in de gemiddelde evenwichtslading toestand van

argon en chloor en verklaren deze verschillen door de produktie van

gaten in de binnenschil en door neutralisatie aan het oppervlak.
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