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S T E L L I N G E N

I

Als men een vaste stof beschiet m et ionen worden Frenkelparen gecreëerd .
Het is  in teressan t en mogelijk het aantal, dat de verstuivingsverhouding kan
beïnvloeden, te berekenen.

J, B. Sanders; proefschrift, Leiden, 1968.

II

Het optreden van de minima in de verstuivingsverhouding ju ist naast de open
richtingen, zoals voorspeld in het transparantiem odel van Southern c . s . , is
te wijten aan tekortkomingen van het model.

A.L. Southern, W.R. Willis en M. T. Robinson, J. Appl. Phys. 34, 153(1963).
M.T. Robinson en A. L. Southern, J. Appl. Phys. 38, 2969 (1967j!
Dit proefschrift, hoofdstuk IV, fig. 4 .1.

III

Het model van Lehmann en Sigmund geeft een fraaie  verklaring voor het op tre­
den van voorkeursuittreedrichtingen voor verstoven atomen. Het aantal atoom -
lagen dat een ro l speelt in dit model is  ech ter essen tieel g ro te r dan twee en
vorm t daarom  geen ondersteuning van het model van H arrison  c .s .

C. Lehmann en P. Sigmund, Phys. Stat. Sol. 16, 507(1966).
D . E. Harrison, J. P. Johnson en N. S. Levy, Appl. Phys. Lett. 8, 33(1966).

IV

De conclusie van Johnson c . s . ,  dat aan het c rite rium  van Hanes over de lengte
van de buisjes in een Zachariusoven, te r  verkrijging van m oleculaire bundels,
de voorkeur moet worden gegeven boven het crite riu m  van Giordmaine en Wang,
wordt door hun metingen niet gerechtvaardigd.

J.C . Johnson, A .T. Stair Jr. enJ.L . Pritchard, J. Appl. Phys. 37, 1551 (1966).
G.R. Hanes, J. Appl. Phys. 31, 2171 (1960).
J. A. Giordmaine en T .C . Wang, J. Appl. Phys. 31, 463(1960).

V

Aan de juistheid van de metingen van Sterk c . s .  over em issie van zachte
röntgenkwanten tengevolge van bombardement van vaste stoffen met ionen in
het keV energiegebied mag getwijfeld worden op grond van metingen van het
inelastisch  energ ieverlies bij botsingen tussen atomen.

A.A. Sterk, C.L. MarksenW.P. Saylor, Adv. in X-ray Analysis, Vol. X, Plenum Press, New York, 1967, p. 399.
C. Snoek, W.F. van der Weg, R. Geballe en P. K. Rol, Physica 35, 1 (1967).



De conclusie van Bell c. s . , dat de Bom  benadering voor de aanslag van n D
niveaux in He door protonen geldt voor energieën van 50 keV en hoger, is on­
ju ist.

K.L. Bell, D.J. Kennedy en A. E. Kingston, J. Phys. B (proc. Phys. S oc.)2 , 218 (1968).

VII

Het bepalen van werkzam e doorsneden voor "electronenvangst" van meervoudig
geladen ionen kan z ee r  goed worden uitgevoerd via een onderzoek naar de ladings
toestand van aan gas gestrooide ionen. Men varië re  daartoe de druk van het gas.

VIII

Hoffman behandelt een ca lib ratieapparaat voor drukm eters gebaseerd op de
zogenaamde continue-stroom  methode. Zijn bewering dat dit apparaat een

-6 -3nauwkeurigheid heeft van 4% in het drukgebied van 2 x 10 tot 10 to r r  is
aanvechtbaar.

V.E. Hoffman, Research/Development Magazine, April, 1963.

IX

Voor het beschrijven van het vacuum wordt ten onrechte het begrip druk ge­
bruikt en niet de dichtheid.

X

In de theorieën over kinetische secundaire electronenem issie van P a rilis  c. s.
en van H arrison  c .s .  wordt, ongemotiveerd, de bijdrage van respectievelijk
pro jectielelectronen en doelwitelectronen verwaarloosd.

E.S. Parilis en L.M. Kishinevskii, Soviet Physics-Solid State 885 (1960).
D. E. Harrison J r . , C.E. Carlston en G. D. Magnuson, Physical Review 139, A737, (1965).

Leiden, 21 mei 1968 D. Onderdelinden.
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C H A P T E R  I

SURVEY OF EXPERIMENTAL AND THEORETICAL WORK ON SPUTTERING

1.1. INTRODUCTION

One of the effects observed as a result of ion bombardment of solids is
sputtering. Much work has been devoted to this special phenomenon in recent
years. The increased interest in the subject rises among other reasons from
the importance of the effect in the field of radiation damage, space research,
plasma physics, surface conditioning, ion getter pumps, electrode erosion in
gas-discharge tubes, the deposition of thin layers of metals and in general the
interaction of fast particles with atoms in a solid.

Since the sputtering effect was first reported, about a century ago, many
attemps have been made to give a theoretical explanation of the experimental
results. But during a long time there were not many reliable data available.
This was mainly due to the poor experimental conditions under which, until about
10 years ago, the measurements were performed.

Information about the sputtering process can be obtained from measurements
of the total sputtering ratio, i. e. the number of atoms ejected per incoming ion.
Basic parameters involved are the ion energy, type of the incident ion, angle of
incidence, material to be sputtered, target temperature, surface condition andif
single crystals are used the orientation of the exposed crystal face. Other infor­
mation about sputtering can be obtained from the angular and velocity distribution
of the sputtered atoms. One can distinguish between so-called "physical" and
"chemical" sputtering. Chemical sputtering arises whenever a reactive ion and
the target material form volatile compounds. Physical sputtering on the other hand
is caused by a collision process between incident ion and lattice atom. For an in-
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vestigation of the fundamental processes in the sputtering phenomenon however
one must, to avoid any chemical influence, take combinations of incident ion and
target material which do not make a stable compound at all.

In the following sections we will give a description of the experimental
techniques and some of the results obtained. The last section of this chapter is
a short review of some theories.

1.2. METHODS FOR PRODUCING THE INCIDENT IONS

The oldest and simplest way of observing sputtering was in the glow dis­
charge (Grove, 1852). The sputtering occurs at the cathode as a consequence of
which this phenomenon was given the name "cathode sputtering". Numerous
qualitative data have been obtained with the glow discharge method (see for in­
stance the review article of Wehner, 1955). Quantitative information concerning
the influence of the above mentioned parameters cannot be obtained with this
method. The relatively high pressure (higher than 0.1 Torr) causes an enormous
spread in energy and angle of incidence of the ions striking the surface and a
back diffusion to the surface of the sputtered particles. By introducing a magnet-

—2ic field the pressure could be reduced to 10 Torr and more reliable data could
be obtained (Penning and Moubis, 1940). However, the ions still have a wide range
of energies. Furthermore it is difficult to determine the angle of incidence of the
projectiles.

” 3At pressures of the order of 10 Torr the problems mentioned above could
be eliminated. At these pressures it is only possible to maintain a discharge
with a thermionic or a pool type cathode (Wehner, 1955). In this method the en­
ergy of the ions can be determined sufficiently accurate. For target dimensions
large compared with the thickness of the Langmuir sheath surrounding it, the
ions impinge on the target along the surface normal. Current densities can be
made high enough to prevent surface contamination. A disadvantage of this meth­
od is that it is not possible to measure the secondary electron emission from the
target. Thus the measured current is too high and as a result the experimental
sputtering ratios are too low.

In recent years most investigations have been carried out with ion beams.
Ions are extracted from a plasma and then accelerated and focused onto a target
(for instance Yurasova et a l . , 1960). In this method the secondary electron
emission can be suppressed or measured. With the ion beam method it is possi­
ble to study the dependence of the sputtering ratio on the an g le  of incidence of
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the bombarding ions. Furthermore, by using a mass analyser it is possible to
bombard the target with ions of one mass over charge ratio (Yonts et a l . , 1958,
Rol et a l . , 1957).

The main problem in this method is formed by the low current densities at
the target as a consequence of which the sputtering rate is too low to prevent the
formation of an oxide layer. However, recent development of high intensity ion
sources and the possibility of reaching a good vacuum around the target have
made reliable measurements possible.

1.3. DETERMINATION OF THE SPUTTERING RATIO S

A common way to determine the number of sputtered particles per incom­
ing ion is to measure the weight loss, M of the target as a result of an incident
ion current I during a time t. The sputtering ratio can than be calculated from
the relation:

S = N e M/AIt ( l .i )

where A is the atomic weight of the target atoms, e the charge of an incoming
ion and N the number of Avogadro. There are several effects which can influ­
ence the value of M. The ions impinging on the target may be captured in the
lattice and increase the weight of the target by an amount n ^ . The weight mea­
surements are usually carried out in air and adsorption layers developed on the
target surface cause an uncertainty In most cases the experiments are per­
formed in such a way that M >> m^, m^.

Another possible way of determining the number of sputtered particles is
provided by the use of a collector. The amount of condensed material can be
determined by measuring the increase in weight of the collector. This amount
can also be determined by activation of the sputtered material or by bombarding
a target which contains a radioactive isotope and measuring the activity of the
collector. A disadvantage of these methods is the possibility that not all the
sputtered particles will condense on the collector.

In the experimental arrangement where the target is immersed in a plasma
the sputtering ratio can be found by measuring the intensity of an emission line
of the target particles excited in the plasma. In the ion beam method, which is
used for the measurements described in this thesis, excitation of the sputtered
particles can be achieved in an electron beam in front of the target. Using a
monochromator and a photomultiplier an emission line can be observed. The
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spread in the velocity and angular distribution of the sputtered atoms for dif­
ferent bombarding directions of ions on single crystals gives rise to unequal
excitation probabilities, introducing uncontrollable errors in the measured
sputtering ratio.

1.4. SOME EXPERIMENTAL RESULTS

It is not the purpose of this section to give an extensive survey of all the
work done in sputtering. This can be found in extensive review articles on sput­
tering by Behrisch (1964) and by Kaminski (1965). In this section the typical
dependence of the sputtering ratio on parameters like energy and mass of the
projectile, angle of incidence and exposed crystal orientation will be shown.
Besides that some remarks about the angular and velocity distribution of the
sputtered particles will be made. Most of the discussed sputtering measure­
ments have been performed with the ion beam method.

1.4.1. E n e r g y  d e p e n d e n c e  of the  s p u t t e r i n g  r a t i o  f o r  n o r m a l ­
ly i n c i d e n t  i ons

The general behaviour of the sputtering ratio for a given ion-target com­
bination can be described in the following way: the sputtering ratio increases
from threshold (in the order of 10 eV) roughly as E , which dependence gradual­
ly changes into a linear increase with energy. This linear part is followed by a
broad maximum, the place of which depends strongly on the mass of the im­
pinging ions. For still higher energies a decrease with ion energy is observed.
For the very light ions as H+ and He the constant part is found at a few keV
and the sputtering yield is much less than 1 atom per ion. For heavy elements
like Xe+ the constant part of the yield is found in the 100 keV region and the yield
is more than 10 atoms per ion. In the low energy region most of the results
come from Wehner et al. (1956, 1957, 1958). For the higher energies the work
of Rol (1960), Yonts et al. (1960), Perovic (1961) and especially Almfen and
Bruce (1961) should be mentioned. An illustration of the typical energy depen­
dence of the sputtering ratio is given in fig. 1.1 for different projectiles on
polycrystalline copper. It can be seen that the energy at which the maximum of
the sputtering is reached decreases with the mass of the bombarding ion. Fur­
thermore it appears that for energies well above threshold the sputtering ratio
increases with increasing mass of the projectile. In the region near threshold the
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S [Atoms/Ion]

Fig. 1 .1 . The sputtering ratio  of polycrystalline copper
under normally incident noble-gas ion
bom bardm ent, (see Behrisch, 1964).

behaviour is more complicated, but we will not go into detail about this region.
The results on monocrystalline targets are not as extensive as for poly­

crystalline material. However, it can be supposed that the results of Southern
et al. (1963), Magnuson et al. (1963) and more recently Snouse et al. (1966)
for Ar ions on (100), (110) and (111) Cu crystals give the general behaviour
for the energy dependence of the sputtering ratio for normally incident ions on
f. c. c. single crystals. F irst of all it can be observed that the maxima occur at
a lower energy as in the polycrystalline case (fig. 2.3). Furthermore the max­
imum in the S(E) curve is found at slightly different energies for the three crys­
tal faces. The explanation of these characteristics will be discussed in more
detail in chapter IV. It may be remarked that the ratios S(111) /S/I0m and
S( l l o / S(100) n0*" remain constant in the energy range studied.

1.4.2. T he a n g u l a r  d e p e n d e n c e  of the  t o t a l  s p u t t e r i n g  r a t i o

In measuring the angular dependence of the sputtering ratio it has been
found that for oblique incidence of the ions the yield is higher than for normal
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S [Atoms / Ion]

Ar*. Cu
27 k«V

20 k«V

0.5 keV

Fig. 1 .2 . The sputtering ratio  as a  function of the
angle of incidence for Ar ions on poly-
crystalline copper (Molchanov, 1961,
Rol, 1959 and Wehner, 1959).

incidence of the ions. Fig. 1.2 shows some results. It can be seen that for
higher energies the sputtering ratio is more sensitive for a change in the angle
of incidence. It is not possible to deduce from the angular measurements made
so far a systematic behaviour of the sputtering ratio for different ion-target
combinations (see also Dupp et a l . , 1966). For monocrystalline targets a more
complicated behaviour has been observed. The sputtering yield depends on the
"transparency" (Fluit et al. 1963) of the crystal in the direction of the ion beam.
In the transparent direction the sputtering yield is low, whereas in the opaque
direction the yield is relatively high. In Fig. 1.3 measurements of Molchanov
(1961) and Rol (1959) are shown. For this case minima occur at the [100] and
[211] -direction. Measurements of S(cp) vs cp described in this thesis have been
performed to analyse the influence of lattice parameter, mass and energy on the
behaviour of the S(cp) curve.
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s[ A tom s/Ion]

Fig. 1 .3 . The sputtering ratio  as a function of the angle of
incidence for Ar+ ions on (100) Cu. The angle of incidence
is changed by rotating the crystal around a  [011 ] direction
in the surface.
--------------Rol (1959), 20 keV
-------- —— Molchanov (1961), 27 keV
------------- Molchanov (1961), 27 keV Ar ions on polycrystal­

line copper.

1 .4 .3 . T h e  a n g u l a r -  a n d  v e l o c i t y  d i s t r i b u t i o n  o f  s p u t t e r e d
p a r t i c l e s

For  energies near threshold m ost sputtered partic les  a re  found in the
specular direction of the incoming ion beam. For norm ally incident ions a
sym m etrical distribution with a "dip" along the surface norm al has been found.
This "dip" gradually d isappears for increasing energy of the incident ions
(Wehner, 1960). The angular distribution of sputtered pa rtic le s  for incident ions
in the keV region is  found to be sym m etrical around the surface norm al and in­
dependent of the angle of incidence of the ions (Cobió and Perovió 1959, Rol e t
a l . , I960, P a tte rspn  e t a l . , 1962). Some authors however have found a re la tive
maximum in a direction making an angle of about 80° with the incident beam
direction (Gr/tfnlund and M oore, 1960, Viehböck, 1967). This relative maximum
can perhaps be co rre la ted  with d irec t momentum tran sfe r (Fluit, 1963) to a
surface atom. P a rtic le s  sputtered from  a m onocrystalline surface a re  em itted
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preferentially in certain directions (Wehner, 1955, 1956, Anderson and Wehner,
1960, Koedam, 1959, 1960, 1961). Silsbee (1957) suggested that the observed
"spots" in the condensation patterns can be explained by a focusing mechanism
in the closepacked rows of the crystal. In a f. c. c. crystal this focusing mech­
anism can occur for instance in [110]-directions. These focused collision
sequences are only possible if the energy involved is lower than a certain limit,
the focusing energy Ep. In chapter in the basic ideas about such "correlated"
collisions will be given. Other explanations for the occurence of preferential
ejection are given by Robinson et al. (1964) and Harrison et al. (1966).
Robinson found from machinecalculations that preferential ejection can occur
without a focusing mechanism. This type of preferential ejection seems to be
based on a principle of "the cheapest way out". According to Harrison the pref­
erential ejection is determined only by the surface structure. Lehmann and
Sigmund (1966) proposed a two-collision model for the description of spot pat­
terns. It follows from all these different points of view that the discussion about
this subject is still going on.

Investigations to determine the mean energy and the energy distribution of
the sputtered particles are of great interest for a better understanding of the
collision processes important for sputtering. For incident ions in the low energy
region mean velocities of sputtered particles from polycrystalline targets have
been measured by Wehner (1959). From the force exerted on a quartz spring
balance by the sputtered atoms the mean velocity could be calculated. The cor­
responding mean energy lies in the order of 10 eV for bombarding energies in
the order of 500 eV. This high value was an item against an evaporation theory
for sputtering. Almfen and Bruce (1961) found values in the order of 40 eV for
polycrystalline materials under 35 keV Xe+ ion bombardment, using a calori­
metric method. Similar results have been obtained by Kopitzki and Stier (1961,
1962) for a great variety of metals. Mean energies of particles ejected from
f. c. c. crystals have been studied with a calorimetric method by Weysenfeld
(1966, 1965) in the low energy region. A relative minimum in the mean energy
was found for particles ejected along the close packed directions in the crystal.

The velocity distribution of particles ejected from monocrystalline targets
has been measured by various authors (Thompson, 1963, Stuart et a l . , 1962,
1964, Beuscher and Kopitzki, 1965). Several authors claim that from their
measured velocity distribution the focusing energy E ,̂ can be deduced.

18



1.5. THEORY

For many years the existing theories on sputtering could be divided into
two groups: (a) evaporation theories; (b) momentum transfer theories. The first
evaporation theory was given by von Hippel (1926). He described sputtering as
evaporation from small regions which had been heated by the incident particles,
well above the melting point. This theory was later-on extended by Townes
(1944). The evaporation theories were abandoned since more experimental data
came available. However, in the velocity distribution of sputtered gold atoms
there was found a peak near 0.15 eV which was consistent with a theory of evapo­
ration from a hot spike, having a temperature of about 1750°K (Thompson, 1961,
Kopitzki et a l . , 1962). Measurements of the total sputtering ratio performed at
high temperatures by Nelson et al. (1965) gave results which also can be ex­
plained by evaporation from a hot zone created by the primary particle. It was
found, for polycrystalline materials, that the sputtering ratio was independent
of the temperature up to a certain critical temperature where a sharp increase
was found. This is due to the fact that the spike will remain at a high enough
temperature to emit atoms by evaporation during a longer time when the crystal
is at a higher temperature. The number of particles emitted by this mechanism
depends on the initial spike radius, the conduction of heat to the lattice and the
heat of vaporization. The spike temperature is a direct function of its radius if
we suppose that all the primary energy goes into the spike. The theoretical
curves could be fitted to the experimental results by making the right choice for
the radius and the heat conduction to the lattice. The spike size depends on the
cross-section for secondary collisions, the atomic density and the efficiency for
focusing collisions. The spike dimensions (of the order of 100 A in gold) deduced
from the experimental results are in qualitative agreement with what one should
expect from these parameters. Quite generally one can say, however, that the
evaporation from thermal spikes is important only for some special cases.

In the momentum transfer theories it is supposed that the energy transfer
takes place through two particle collisions. This is only true when the interacti­
on potential drops fast enough to give a negligible overlap with the interaction
potential of the neighbouring atoms for the collision considered. Furthermore
the amount of energy transferred has to be well above the binding energy. The
first momentum transfer theory was given by Kingdom and Langmuir (1923),
more sophisticated theories have been given by Key well (1955) and Harrison
(1956, 1957, 1960). An objection against these theories is the approximation of
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an energy-independent collision cross-section. Several treatments have been
given for sputtering by highly energetic protons, deuterons and helium ions
(Goldman and Simon, 1958, Pease, 1960, Thompson 1961). These treatments
can only be applied for the case where the collision cross-section is very small
and are therefore restricted to the cases mentioned above. A more extensive
treatment therefore will not be given. For lower energies and havier ions the
situation is much more complicated because the displaced atoms are not far
apart and also the energy transferred to the target atoms is much higher than
for the light ion case. More collision cascades originating from one primary
atom can contribute to sputtering. For this case most theories are semi-empir­
ical.

A mean free path theory has been proposed by Rol et al. (1960). In this
theory it is assumed that only the first collision of the incident ion with the
target atoms near the surface contributes to the sputtering process. The mean
energy transferred in a collision is proportional to M^MgE/.^ +j^ ^2, where
and M„ are the mass of the incident ion and target atom respectively and E the
energy of the incident ions. If one assumes the sputtering ratio to be proporti­
onal to the mean transferred energy in the first collision and inversely proport­
ional to the depth of this collision below the surface one can put

1 2
S(E, cp) = K ------------------------  E (1.2)

(Mj+Mg) x (E)coscp

where X (E) is the mean free path of the incident ions, cp the angle of incidence
with respect to the surface normal and K a proportionality constant. For the
calculation of X (E) the exponentially screened Coulomb potential was used. With
this potential a hard sphere radius R can be defined with the aid of the equation

E = ^ (M j + U 2 ) / M ^  )  V(R) (1. 3)

and X (E) is then given by

X(E) = (N nR(E)2)-1 (1-4)

where N is the number density of the target.
The formula mentioned above has been extended by Almèn and Bruce (1961),
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putting K P exp - [bMl ES

Ml +M2
] where p and b are universal constants and EB

the surface binding energy. Despite the rather crude assumptions, the predic­
tions of this model are in fair agreement with the experimental sputtering ratios
for ions on different metals in the keV region.

It was pointed out by Fluit (1963) that this mean free path theory also could
be used for the description of sputtering results of monocrystals. This idea was
worked out by various authors (Southern et a l . , 1963, Magnuson et a l . , 1963,
Odintsov, 1963 and Martynenko, 1965) as will be treated in chapter IV.

Interesting is also a theory for normally incident ions on monocrystals
(Lehmann, 1965). This theory is based on a hard sphere model and uses also
the mechanism of focused collision sequences. The first collision of an incident
ion is treated in detail. The collision products are assumed to collide again,
and to lose all their energy, after one mean free path. This means that after
the first collision the crystal is assumed to consist of randomly distributed
atoms. All sputtered particles are assumed to be ejected as a result of focusing
collisions. The number of recoil atoms that can start a focused collision se­
quence and the range of such a sequence have been calculated with a hard-sphere
approximation given by Leibfried (1959). The focused collision sequences are
assumed to start at the, above defined, end points of the collision products of the
first collision. In this way the number of particles ejected can be calculated
without fitting parameters. A surprisingly good qualitative description for the
energy dependence of the sputtering ratio is obtained for the case of normally
incident Cu ions on (111)-, (110)- and (100) Cu crystals in the keV region.
In this theory use have been made of very long ranges for focused collision
sequences, in contradiction with calculations of Sanders et al. (1964) and Nelson
et al. (1962). The effect of these long ranges is probably compensated by the
used hard-sphere approximation for the incoming ions, giving a cross-section
which is too small.

This model has been extended by Sanders et al. (1966) using a more
realistic potential model for the first collisionof the incoming ion. This first
scattering has been treated with the help of the numerical results obtained by
Robinson (1963) for the Thomas-Fermi potential. After the first scattering the
lattice was considered to be a random arrangement of hard spheres. With a
method, given by Leibfried (1963) the average location and dimensions of the
collision cascades, caused by the products of the first collision were calculated.
The recoil atoms were supposed to be homogeneously distributed throughout the
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cascade volume. The number of focused collision sequences, originated by the
recoil atoms in the cascade have been calculated with a hard-sphere approxi­
mation (Leibfried, 1959). For the range of such sequences the calculations of
Sanders et al. (1964), for room temperature, were used. In this way the sput­
tering ratio for normally incident Ar+ ions on (111)-, (110)-, and (100) Cu crys­
tals has been calculated for projectile energies between 5 and 25 keV. The results
are quite satisfactory for the (110) and (100) surfaces and about 20% too low for
the (111) surface. This is presumebly due to the wrong orientation dependence of
this treatment (see Chapter IV). A weak point in this theory is the calculation of
the energy distribution of the recoil atoms. This energy distribution has been
calculated with a hard-sphere model. It has been shown later (Sanders, 1966)
that calculations of the energy distribution of recoil atoms with the aid of a
power potential lead to a strong dominance of very low energetic recoils. This
in contrast with the hard-sphere model where the distribution function is inde­
pendent of the recoil energy.

In spite of the fact that theories mentioned above describe some experiment­
al results rather good, it is clear that still many aspects are not yet understood.
The following subjects can be mentioned in this respect: the influence of the length
of focused collision sequences on the magnitude of the sputtering ratio, the num­
ber of collisions of the incident ions contributing the sputtering and the influence
of the channeling mechanism on the sputtering yield.

It can be concluded that, although there is much progress, more work have
to be done, experimentally and theoretically, to clarify the sputtering phenomenon.
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C H A P T E R  II

DESCRIPTION AND RESULTS OF THE EXPERIMENTS

2 .1 .  INTRODUCTION

Reproducible measurements of the sputtering ratio S depend, besides a
sufficiently accurate knowledge of the parameters which were discussed in
Chapter I, on a reliable measurement of the number of ions striking the surface
and the resulting number of sputtered atoms. Furthermore it is necessary that
the measurements are performed on a smooth and atomically clean surface.
With an electromagnetic isotope separator these requirements can be fulfilled
rather simply, as will be discussed below, and this type of machine can there­
fore be regarded as a good tool for doing sputtering measurements.

An extensive description of the machine used for the experiments which are
described in this thesis has been given by Zilverschoon (1954). It is therefore
sufficient to confine the discussion to experimental circumstances around the
target.

It may be remarked here that the energy range available with the 180° Am­
sterdam isotope separator has been extended to an energy of 45 keV, by the in­
stallation of an ion source of the same type as described by Rol in his thesis
(1960).

2.2. EXPERIMENTAL REMARKS

2.2.1. The ion  b e a m

The 180° isotope separator gives us at the collector side an ion beam con-
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s is tin g  o f ions w ith  one m ass-ove r-cha rge  ra tio . T yp ica l in tens ities  fo r  A r
2 2

ions o f 5 keV and 45 keV were 20 |j,A /cm  and severa l hundreds o f p,A pe r cm

respec tive ly . The angular spread, determ ined by diaphragm s is  3° in  the ho­

r iz o n ta l plane and 0 .2 °  in  the v e rt ic a l p lane. A  sm a lle r angular spread, which

is  des irab le , could not be used because the re su ltin g  decrease in  in tens ity  could

not be accepted (section 2 .2 .3 ) . However, the ra th e r smooth behaviour of the

S(cp) vs cp curve -  where cpis the angle of incidence w ith  respect to the surface

norm a l -  keeps the inaccuracy, in  the measured sputtering ra t io  due to the

angular spread o f 3 ° , w ith in  2 %. The ta rge t used fo r  the sputtering m easure­

ments is  placed on the focusing po in t o f the separator and a c irc u la r  diaphragm
2w ith  an area o f about 1 cm  is  placed in  fro n t o f i t .  The r adius R of the ha lf

1 1 / 2MVc irc u la r  o rb its  o f s ing ly  charged ions is  given by R = — W------ , in  which B is

the magnetic induction, V the acce lera ting  voltage, M the mass of the ions and

e the e lem entary charge. The m axim um  possib le  energy spread o f the ions

reaching the ta rge t can now be given by = 2 -----, where the energy E is
E R

equal to  eV. In our configura tion  we have R = 100 cm  and AR sa 0.25 cm , so

A=-= 0 .5  %. The re su ltin g  inaccuracy in  the sputte ring  ra t io  is  less than 0 .1  %.

2 .2 .2 . S u r f a c e  c o n d i t i o n

The sputte ring  ra t io  is  determ ined by the in te rac tion  of an incom ing ion

w ith  a sm a ll reg ion  of the ta rge t near the surface. I t  is  the re fo re  obvious that

surface la y e rs , form ed by adsorption o r  chem ical bond, w il l  have a strong in ­

fluence on the value o f the measured sputte ring  ra tio . To prevent the fo rm a tion

o f surface laye rs  the spu tte ring  ra te  m ust be made an o rd e r o f magnitude h igher

than the s tick ing  ra te  o f background gas m olecules. The ion beam has the lowest

in tens ity  a t 5 keV, nam ely about 20 ^ A /c m  . The lowest sputte ring  ra t io  fo r

that energy is  about 3 a tom s/ion , so the m in im um  num ber of sputtered ta rget
2 1 4 1 2atoms p e r cm * p e r second is  about 4 x  10 /c m  s. The num ber o f m olecules N

2
o f the surrounding gas reaching the ta rg e t p e r second p e r cm is  given by N =
1 — 3 —— nv, where n is  the number density p e r cm of gas m olecules and v th e ir  mean
4
ve loc ity  in  cm  p e r second. The m olecules in  the background gas, w ith  the highest

s tick ing  p robab ility , are  oxygen, n itrogen and w ater m olecules. T h e ir  s tick ing
p ro b a b ility  on the used targets is  o f the o rd e r o f one ha lf. A t room  tem perature

the mean ve loc ity  of these m olecules is  o f the o rd e r o f 5 x  10^ c m /s  and a s tic k -
14 , 2ing ra te  o f 0 .2  x  10 /c m  s, 5 % o f the spu tte ring  ra te , occurs fo r  a density of

3 x  10^/cm"*.
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The corresponding partia l p re ssu re  is  7 x 10 T o rr . So for a total p artia l
_  Q

p ressu re  of oxygen, nitrogen and w ater vapour lower than 7 x 10 T o rr  and
2cu rren t densities higher than 20 p, A /cm  , the surface covering of im purity gas

atoms is  le ss  than 5 %. This low cover percentage certainly reduces the fault
in the absolute sputtering ra tio  to le ss  than 1 %.

The surface is  made as smooth and faultless as possible by electroplishing
the single crystalline targets  before each bombardment (see for instance Tegart,
1959). For this electropolishing procedure a D isa Electropol (see Fig. 2.1) with
some sm all modifications has been used. A fter a number of bombardments the

—8

Fig. 2 .1 . Schem atic view of the used electropolishing apparatus
(Knuth System, Struers, Copenhagen).
1 Crystal (anode), 2 Cathode, 3 Electrolyte, 4 Pump.
The direction of the liquid flow is indicated by arrows,

surface of the target is  made flat again by m echanical polishing. In this case
the electropolishing should be long enough to rem ove the deform ation layer,
form ed during the mechanical polishing.

The surface tem perature of the target effects the sputtering ra tio . How­
ever, m easurem ents of Nelson (1962) and of Magnuson and C arlston  (1965) have
shown that this influence is  weak in the tem perature region fa r from  the melting
point of the target. In fact no change in the sputtering ra tio  for polycrystalline
targets  has been found for tem peratures m ore than 200° from  the m elting tem -
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perature. Magnuson and Carlston have found small changes (1 % per 100 °K) in
the sputtering ratio of monocrystalline copper targets for temperatures between
300 °K and 800 °K. It is therefore sufficient to limit the target temperature by
cooling with a constant flow of water. The temperature of the target during our
measurements ranges from 290 °K to 330 °K depending on the energy input per
second. The inaccuracy in the sputtering ratio due to this temperature fluctua­
tion can be neglected.

2.2.3. Va c u u m s y s t e m

The background pressure at the collector side of the separator is of the
order of 10"6 Torr. In view of the preceding section it is clear that extra vacuum
provisions had to be made. To reach the demanded background pressure, the
target has been enclosed by a separate vacuum chamber with a small entrance
hole (area 1 cm2) for the ion beam (Fig. 2 .2 .). The pumping speed S , neces-

“ 8  *  ^

sary for reaching a vacuum of 7 x 10 Torr can now easily be calculated. The
conductance of the diaphragm is about 10 1/s and the necessary pumping speed
follows to be S sa 200 1/s. In the experimental arrangement used, an Ultec
Boostivac pump has been installed. This pump is a sputter-ion pump combined
with a sublimation pump.

vacuum chamber

ion beam

F ig . 2 .2 .  T h e  ta rg e th o ld e r as in s ta lled  in  th e  separa te  vacuum  c h am b er.
T he  cry sta l c  c a n  be tu rned , w ith  th e  a id  o f the tu rn ing  ta b le  around
ax is  f .  T he  ro ta tio n  around a  and  b has b e en  used  to  o rie n ta te  the
c ry sta l in  the  h o lder.
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The pumping speed for nitrogen, oxygen and water vapour is about 500 1/s,
the pumping speed for noble gases is much lower, only a few litres per second.
This was thought not to be disadvantageous because the noble gases do not easily
form surface layers, as the sticking probability is low. Background pressures
in the 10 range have been reached with this pump. During the bombardment of
the target (with Ar ions) the pressure in the separate vacuum chamber raised
to about 1 x 10 Torr. This high argon pressure turned out to be disastrous
for the sputter ion pump. The continuous bombardment of the electrodes by ar­
gon ions at these pressures reduces the lifetime of the electrode system and
short-circuits are formed after a few days of pumping. The boostivac pumphas
therefore been replaced by a baffled Edwards oil diffusion pump with a pumping
speed of 500 1/s. Pressures during the bombardment are now of the order of
8 x 10 Torr with a background pressure of 4 x 10~8 Torr. Concluding this
section it can be said that the vacuum provisions are sufficient to reduce the
formation of surface layers to an acceptable degree.

2.2.4. The t a r g e t  h o l d e r

In determining the sputtering ratio it is necessary to know the orientation
of the used crystals with respect to the ion beam with an accuracy of at least 1°.
To meet this requirement a special target holder for each crystal has been made
(see Fig. 2.2). A (100)-crystal in the form of a flat cylinder (thickness 6 mm
and diameter 16 mm) has been soldered on a triangular bar of copper. This bar
can be pressed in the target holder. This target holder in turn has been mounted
on a horizontal turning table with an angular range of 50°. For the measurements
of the sputtering ratio as a function of the angle of incidence we want to rotate
the crystals around a [011]-axis perpendicular to the [100>direction. Therefore
the [011]-axis had to be brought perpendicular to the horizontal turning table.
This has been done by rotating firstly around axis a until the [011]-axis lies in a
plane perpendicular to axis b. The tilting axis a is then fixed and the crystal can
be turned around axis b till the [011]-axis is perpendicular to the turning table.
The angle between zero position (along axis b) and the (100)-direction can be
corrected for on the turning table. This rather complicated method.is necessary
because the front face of the (lOO)-crystals deviates a few degrees from the (100)-
plane. The whole manipulations has been done with the aid of X-ray diffraction
and has been performed at "Metaalinstituut T.N .O ." in Delft. The erro r made in
orientation of both [100]-and [011]-direction is less than 1°.
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2.2.5. D e t e r m i n a t i o n  of t he  s p u t t e r i n g  r a t i o  S

For the determination of S the method "weight loss of the target" has been
chosen because we think this method to be still the most adequate way to mea­
sure absolute sputtering ratios. The weight loss as a result of the sputtering

2was chosen to be in the order of 1000 pg/cm , corresponding with a depth of
about 104 A. This is more than an order of magnitude higher than the mean
penetration depth of the incoming projectiles, therefore the influence of projec­
tile ions, remaining in the target, on the measured weight loss can be estimated
to be smaller than 2 % for sputtering ratios higher than one.

For the weight measurements a microbalance with an accuracy of 5 pg has
been used. Corrections have been applied for differences in barometric pressure
and temperature if targets were used with a density different from the density of
the balance weights.

The ion current onto the target has been measured with a current integra­
tor, with an input voltage between 0 and -10 volts, depending on the beam current.
The inaccuracy of the current integrator is smaller than 0.5 %. The secondary
electron emission does not give rise to false current measurements because the
electrons cannot escape the target holder. Electrons emitted from the target sur­
face will describe helical orbits as a result of the magnetic field parallel to the
surface and the dimensions are such that the electrons are always trapped in the
holder (see thesis Rol, I960, p. 34). The target is kept on a negative potential to
prevent a disturbing current onto the target of electrons which are present in the
ion beam for space charge compensation. With the expression mentioned in section
1.3 the value of the sputtering ratio follows directly from the weight loss and the
total charge of the bombarding ions.

2.2.6. A c c u r a c y  of the  m e a s u r e d  s p u t t e r i n g  r a t i o

The reproducibility of the measured sputtering ratio is determined by the
error in the angle of incidence, the weight loss and the ion dose. It turns out that
the spread of the measurements remains within 3 %, even for different crystals,
if the targets are electropolished before each bombardment. This agrees fairly
well with the estimations, made in the preceding sections. For targets bom­
barded previously the sputtering ratio was mostly found to be higher than the
mean value of sputtering ratios measured on freshly electropolished crystals.
This is demonstrated in Table I, where sputtering ratios are given together with
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the removed weight during the measurement and the removed weight in an ear­
lier measurement.

Table I

Sputtering ratios of a  (100) Cu crystal under 20 keV Ar+ ion bom bardm ent.
Comparison between measurements on a  freshly electropolished crystal and
a crystal where a certain  am ount of m aterial has already been rem oved in
an  earlier m easurem ent.

Angle of incidence earlier weight loss sputtering ratio weight loss during the
measurement

18° - 5 .6 2 1 .5  mg

1 .5  mg 5 .6 7 1.5 mg

7 .7  mg 5 .7 7 1 .7  mg

30° - 8 .18 2 .2  mg

4 mg 8.35 2 .1  mg

6 mg 8 .7 0 2 .3  mg

3° - 3.45 1 .7  mg

1 .7  mg 3.52 1 .8  mg

The error in the absolute value of the sputtering ratio is determined mostly by
the angular spread of the ion beam, the induced radiation damage by the bom­
bardment itself and the weight of the ions remaining in the target after the bom­
bardment. In view of the considerations in the preceding sections and the re­
sults shown in Table I the error in the absolute value of the measured sputtering
ratio can be estimated to be smaller than 3 %. An exception is formed for the
lead case, as shown in section 2.3.2.

2.3. EXPERIMENTAL RESULTS

2.3.1. T he s p u t t e r i n g  r a t i o  a s  a f u n c t i o n  of t he  e n e r g y  f o r
n o r m a l l y  i n c i d e n t  i ons

The sputtering yields for Ar -ions on the (100), (110) and (111) planes of
copper are shown in Fig. 2.3. Included for comparison are results of Southern
et al. (1963) „ Magnuson et al. (1963), Snouse et al. (1965) and the polycrystal-
line results of Yonts et al. (1960). It can be seen that the agreement between the
different authors is quite good, although the (110) results of Southern et al. seem
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S [Atom s/Ion J

Ar*on Cu

polycryst.

Fig. 2 .3 . The sputtering ratio as a function of the energy of normally
incident Ar"*" ions on different Cu crystals. The curves are drawn
through the experimental points.

V Yonts et a l. (I960), □ Magnuson et a l. (1963),
A Southern et a l. (1963), O Snouse et a l. (1965), •  this work.

S [A tom s/Ion ]

Cu*on Cu

10 -

5 -

( 111)

( 100)

■0 - 4110)

E [K.V]

Fig. 2 .4 . The sputtering ratio as a function of the energy of normally
inc-iHgnt Cu+ ions on different Cu monocrystals. The curves
are drawn through the experimental points (this work).



S [Atoms / Ion ]

Kr4  on Cu

( 100)

( 110)

Fig. 2 .5 . The sputtering ratio  as a function of the energy of normally
incident Kr+ ions. The curves are drawn through the experim ental
points (this work).

S f Atoms /Ion]

Fig. 2 .6 . The sputtering ratio  as a  function of the energy of normally
incident ions. The curves are drawn through the experim ental
points.

+
•  Ar on (100) Au, Robinson e t a l .  (1967).
O Ar+ on (100) Au, this work.
A Ne o n ( l l l ) C u ,  this work.



to be too low.
The influence of the crystal face on the behaviour of the sputtering ratio is

clearly visible. The sputtering ratio is higher for the more opaque directions
and the position of the maximum in the S vs E curve is found at higher energies:

Emax(111) ~  7 keV’ Emax(100) ~  4 keV * * *  Emax(110) ~  3 keV’
The same curves are shown for Cu and Kr+ ions in Fig. 2.4 and Fig.

2.5. For Cu+ -ions on (111) Cu we have Em (111) «  10 keV, while for Kr+-ions
E (111) 12 keV. This means that the maximum shifts towards higher ener-max '
gies for "bigger" ions.

Furthermore we measured the sputtering ratios for Ar -ions on a (100) Au
and Ne+-ions on (111) Cu as shown in Fig. 2.6. The measurements of Robinson
et al. (1967) between 1 and 5 keV are included and it can be seen that the (100)
Au curve is quite similar to the (100) Cu curve although the maximum seems to
be located at a slightly higher energy 0» 7 keV). In view of the low intensity of
the Ne+-ion beam we were not able to measure below 8 keV and the maximum
expected at an energy somewhere below 7 keV could not be located.

2.3.2. T he s p u t t e r i n g  r a t i o  a s  a f u n c t i o n  of the  a ng l e  of
i n c i d e n c e

The first measurements of this kind have been performed in our laboratory
by Rol et al. (1959), for a 20 keV Ar -ion beam on a (100) Cu crystal; the angle
of incidence was changed by rotating the crystal around a [011]-direction in the
surface. Molchanov (1961) performed these measurements at 27 keV (see Chap­
ter I). This type of measurements has been extended by Fluit (1963) for 20 keV
Ar+- and Ne+-ions on a (100) Cu crystal turned around a [001}-axis. The con­
ditions during the measurements of Fluit do not satisfy the requirement mention­
ed in section 2.2.2. ,  the electropolishing of the crystal after a few measure­
ments has been omitted. According to Fluit the error in the absolute values in
the measured sputtering ratios caused by surface irregularities is in the order
of 10 %. The above mentioned measurements of Fluit together with our mea­
surements are shown in Fig. 2.7. It can be seen that differences in the order of
25 % occur. For the Ne+ case we are able to demonstrate the experimental reason
for the observed difference. We had difficulties with the reproduction of the
measurement at 39°, above that the crystal exhibited a "milky spot" on the place
where the ion beam hits the target. We found this "milky spot" only in the angular
range 36°-42°, the effect was very pronounced at 39°. To investigate the influence
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S [Atoms /Ion]

Fig. 2 .7 . The sputtering ratio as a+function of the angle of
incidence for 20 keV Ar and Ne+ ions on a (100)
Cu crystal turned around a [ 001 ]  axis. The curves
are drawn through the experimental points.
□ Fluit
O this work

▲ A later measurements around CD = 39°
(see section 2 .3 .2 ).

Fig. 2 .8 . The sputtering ratio for different (100)
crystals bombarded with 20 keV Ar+ ions,
as a function of the angle of incidence.
This angle has been changed by rotating
the crystals around a [.011 3 axis in the
surface. The curves are drawn through our
experimental points. X Pb, □ Au, 0  Cu
(Rol et a l. I960), O Cu, AA1.



of the "milky appearance" we measured the sputtering ratio at 39° for different
doses, the resulting values are SggQ (It 3 Coulomb/cm ) = 2.17, SggO (1. 6
Coulomb/cm^) = 2,42, Sgg0 (2.4 Coulomb/cm ) = 2.56. It may be said once
more that between the measurements the crystal has been electropolished. Af­
ter the last measurement we measured, without pre-electropolishing, the sput­
tering ratio at 34°. 5 and found S34o 5 (1* 5 C/cin ) = 4.72 in excellent agree­
ment with the measurement of Fluit. Because Fluit measured his Ne+ sputtering
ratio curve without electropolishing and started at 44° the difference between the
two curves is caused by the peculiar behaviour of the surface during the meai-
surements around 39°. The target seems to be not too badly damaged however,
because the general behaviour of the curve is not lost. We did test this further­
more by collecting the sputtered particles on a glass plate parallel to the bom­
barded surface and found, even at 39° Ne+ bombardment of the target with
"milky appearance", four [110] spots and one [100] spot on the glass plate.
The nature of the "milky spot" on the target, although very interesting, has not
been investigated.

An explanation for the big differences between the two Ar curves must also
be based on the omittance of electropolishing; we are, however, not able to dem­
onstrate this as clearly as in the Ne+ case.

In order to investigate the influence of the mass of the metal atoms and the
lattice parameter (see Table II), experiments have been performed on Al, Au and
Pb in addition to the experiments on Cu single crystals. We have chosen these
metals because they all have the f.c.c. structure which makes a direct comparison

Table II

Lattice param eter, atom ic weight and binding energy for some metals

M etal Atom ic Weight Lattice param eter [  A 3 Eg [ e V ]

13 . 27 2.85 2 .7
Al

29 64 2.55 3 .2
Cu

79Au
197 2 .8 7 3 .7

82 207 3 .49 1.9
Pb
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of the directional effects possible. We measured for these metals the sputtering
ratio as a function of the angle of incidence for 20 keV Ar ions. The angle of
incidence was changed by rotating the (100) crystal around a [O il]-axis in the
surface. The results are shown in Fig. 2.8.

The reproducibility of the Cu-, Au- and Al-measurements is better than
3 %, for Pb it is about 8 %. Probably the poor reproducibility of the Pb measure­
ments is due to the observed recrystallization effects. All curves show minima
at the same directions, just the "open" directions of the crystal: [100], [411]
and [211]. To compare the different curves they are normalized at 0°, as shown
in Fig. 2.9. The A1 curve has its first maximum at 11°, the Cu and Pb curve at
13° and the Au curve at 15°. For all curves one finds S(35°) =1.5 S(0°) within
15 %. It can be seen that the A1 curve deviates from the others at the [411] min­
imum at 19 and that the maxima are relatively lower with respect to the sputter­
ing ratio at normal incidence. It can be seen that the form of the Cu and Pb curve
is nearly identical, indicating that differences in lattice parameter and atomic
mass compensate each other to a large extend. The equal absolute values of Au
and Pb indicate that the low binding energy of surface atoms of Pb forms a com­
pensation for its lower target density. A discussion of these experimental results
will be given in Chapter IV.

S [Arbitrary units]

20

Fig. 2 .9 . The reduced sputtering ratio  S(Cf))/S(0 ) as
a  function of the angle of incidence for
20 keV Ar ion bombardment

-------------  Pb
---------------- Cu
---------------  A1
-------------  Au
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Fig. 2.10. The sputtering ratio as a function of the^
angle of incidence for 5 and 15 keV Ar
ions on a (100) Cu crystal, turned around
a Coil3 axis in the surface. The curves
are drawn through the experimental points
(this work).

S^Atoms/IoriJ

o  10

•  35

0  -I | i i '  i
-10 0 20 9  [ • ]  40

Fig. 2.11. The sputtering ratio as a function of the ^
angle of incidence for 10 and 35 keV Ar
ions on a (100) Cu crystal, turned around
a [0 1 1 ] axis in the surface. The curves
are drawn through the experimental points
(this work).



S [A toms/Ion]

[•] 40

Fig. 2.12. The curves of figs. 2.8, 2.10 and 2.11. for
Ar ions on (100) Cu, turned around a CoilJ
axis.

— 5 kev
-------------- 10 keV
------------  15 keV
------------  20 keV
-------------- 35 keV

%

Fig. 2.13. The sputtering ratio as a function of the
angle of incidence of a (100) Cu crystal
turned around a fo iT ] axis, at
^  = 25 .5 . cPj is the angle in the
preceding figures, changed by a rotation
around a [011 ] axis in the surface.

37



In order to investigate the influence of the energy of the incoming ions on
the angular behaviour of the sputtering ratio experiments have been performed
on a (100) Cu crystal for different incident energies. The results for Ar+-ion
energy of 5, 10, 15, 20 and 35 keV are shown in Fig. 2.10 and 2.11. From the
measurements in Fig. 2.12 it can be seen that for higher projectile energies
the minima become narrower and that the minimum in the [411] direction occurs
only above an incident ion energy of 10 keV. Because in the above mentioned
measurements the (011) planes remain parallel to the beam we did also a mea­
surement where this is not the case to investigate the influence of that. We,
therefore, turned the crystal first around the [O il]-axis over 25 .5 and after
that measured the angular dependence of the sputtering ratio in turning round
the [0lT]-axis. We performed this measurement for 20 keV Ar -ions on a (100)
Cu crystal. The result is shown in Fig. 2.13. It can be seen that the maximum
at 25 .5 is a minimum for the curve obtained by turning around the axis perpen­
dicular on the first rotation axis. This means that in doing measurements of the
sputtering ratio as a function of the angle of incidence a misorientation of a few
degrees can lead to big errors.
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C H A P T E R  m

THEORY OF COLLISIONS IN A METAL LATTICE

3.1. INTRODUCTION

The sputtering process is not yet completely understood, but the basic
collision mechanisms, which are important for sputtering have been extensively
studied in recent years. In our energy region (5-40 keV) the incident ion will
lose most of the energy in successive elastic two body interactions and section
3.2 therefore deals with potentials which can be used for the calculation of de­
flection angles and energy transfers due to the interaction between atomic par­
ticles. Furthermore a short discussion concerning the classical approximation
will be given. The energy of the incident ion will be given to a number of lattice
atoms, which in turn will make more collisions with other lattice atoms. For
lower energies (of the order of 100 eV) the lattice structure is known to be very
important for such a collision cascade. The influence of the lattice structure is
demonstrated in section 3.3 for a hard sphere model. From range measurements
on monocrystalline material it has been found that large penetration tails occur in
the open crystal directions (channeling). In chapter IV it is demonstrated that
with the aid of a theory of this phenomenon a good description of the sputtering
measurements can be obtained. A description of this phenomenon will be given in
section 3.4.

3.2. THE INTERACTION POTENTIAL

The interaction potential between two free charges Z^e and Z i s  known to
be the Coulomb potential
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V(r) (3.1)
Z1Z2
4rre ro

where r is the distance between the charge centers. This potential can be used,
for very high energies, for the interaction of two atomic particles. According to
Bohr (1948) one could use the Coulomb potential for Ar+ on Cu above an energy

5
of 4.10 keV. For lower energies the nuclear charges are shielded by the orbital
electrons. Bohr (1948) suggested an approximation in the form of an exponential­
ly screened Coulomb (ESC) potential

Zl Z2e2V(r) = ---------  exp -  IV  ] (3.2)
4 tts r T)o

o/q o /o i
where a  ̂= KaQ/(Z^ + )2 and a is the Bohr radius of the hydrogen atom;

K is a constant of the order 1.
A more thorough treatment of the shielding of the nucleus by the electrons can be
obtained with the aid of the Thomas-Fermi statistical method. The Thomas-Fermi
atom is the result of the requirement that the total energy of the electrons is sta­
tionary with respect to variations in the electron density, subject to the subsidiary
condition that the total charge remains constant. With the aid of some boundary
conditions it is possible in this way to calculate the potential and the electron den­
sity distribution (Gombas 1949). Firsov (1958) performed a calculation for two
atoms on a Thomas-Fermi model. The Firsov potential is

where a_ =

tion.

V(r) Z1Z2C
4n€ ro

* < - )
aF

(3.3)

0.8853 aQ/ (z 2  + z  2 j5.2/3 and $ is the Thomas-Fermi screening func-

In the postulates used to construct the Thomas-Fermi atom, it was explicitly
assumed that the electron density distributions were completely independent. The
exclusion principle dictates however that the occupancy of a particular state by
one electron excludes it from occupancy by any others. The resulting exchange
energy can be corrected for in the TF model leading to the so called Thomas-Fer-
mi-Dirac (TFD) model. This calculation is performed by Abrahamson (1960) for
two atoms using Firsov's method.

For lower energetic particles, in the order of 100 eV a Bom-Maierpotential
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(3.4)V(r) = A exp -

is one that is suggested by quantummechanical calculations (1932). The constants
A and a however are determined from thermodynamic properties of the particu­
lar crystal. Born-Maier constants for copper were deduced by Huntington (1953)
from compressibility values; A = 22.5 keV and = 0.196 A. Dependence of
the values A and a~ ̂  on the charge number Z are investigated by Anderson and
Sigmund (1965).

A plot of the theoretical potentials is given in fig. 3.1. The unit of energy

---- -

:<Kr-Kr)

Fig. 3 .1 . Some tw o-atom  potentials.
I .  E .S .C .p o ten tia l ( e q .3 .2 .)
II. T .F . potential ( e q .3 .3 .)
I I I .  Nielsen po tential ( e q .3 .5 .)

IV. r potential (eq . 3 .6 .)
V. T .F .D .p o ten tia ls

appearing on the figure is defined by ET Z„Z 2 /
>e  /1 2 ' 4neQa* where a 0.8853 a /o

2/3 2/3 5(Zj + Z„ / )2. The Bohr potential is the most widely used because of its
simple mathematical form, but it falls of much too rapidly with distance for
r  > a . From range-energy relations it follows that probably the TF and TFD
potentials are the most accurate. The advantage of the TF potential is that it is
universal for all atoms when expressed in the appropriate parameters. A more
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detailed description of the preceeding subject can be found in an article by
Abrahamson (1963).

Approximations to the above mentioned potentials are often chosen to be
power potentials. Such potentials can be fitted to a more realistic potential in
the region of interest and are chosen for mathematical convenience. An example
is the r 2 potential (Nielsen, 1956) which is fitted to the ESC potential in the
region near r  = a , . The Nielsen potential, with same value and first derivative
at r  = a^ as the exponentially screened Coulomb potential is

V(r) =
Z1Z2e2 exp (-1)

4neor2
(3.5)

-3Another example is the r  potential which can be fitted to a TF potential in
the region r  = 4a. The resulting potential has the form:

3Z Z e2a2
V(r) = 1 2 ----- (3.6)

8tt e r

This potential is too high in the region r  »  a, but forms a reasonable approxima­
tion for larger separations.

With the aid of the momentum approximation simple expressions for the
differential cross-section for power potential scattering can be obtained assuming
the validity of the classical description. The condition, wich must be satisfied for
applicability of classical mechanics is, in first instance that ft << a , where agis
a characteristic length for the scattering field and ft is the De Broglie wavelength
divided by 2 n. On the other hand the deflection angle d must be larger than ft/a
For the length a one can take as a minimum for the used energies a = a (about

0.1 A); ft is given by ft : 5.10
Vme

A, where E is the relative energy in eV and M

the mass of the incident particle in atomic units. Because we are not interested
in energy transfers lower than the binding energy (a few eV) it can be seen that
both conditions are fulfilled and classical mechanise may be used. We assume
furthermore that the inelastic energy loss during a collision can be neglected for
our purpose. In the momentum approximation the deflection is assumed to be
small and the path nearly rectilinear. If Kx(z) denotes the force perpendicular
to the rectilinear path the deflection becomes

+ 0 0# =  r Kx(z) dz (3.7)
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_ M1M2where p, -  — is the reduced mass of the relative motion of two particles
1 2

with mass Mx and M2 respectively. Kx(z) is given by (j3V( V z2 + x2f )
and for power potentials A/ s the integration can x “ P
easily be performed. In elastic collisions the energy transfer T is given by
T = Tm sin2 d/2, where Tm = 4M1M2/(M +M }2. E and E = 5 M^ 2 (second

particle initially at rest).
With the aid of these expressions we can find T as a function of the impactparam-
eter p and we obtain

,M  2/s
d p - ^ p d p - , ,  l < 5 < 4  <3.S)

For s = 1 we have y 1 =  tt and the approximation corresponds exactly to the
Rutherford scattering cross-section. For s = 2 and s = 3 we find y 2 = tt 2/8  and
Y 3 =4 tt/ 3 respectively. According to Lindhard (1963) the calculated cross-
section for s=2 and s=3 forms a fair approximation for all energy transfers (see
also Weysenfeld, 1966).

For more violent collisions the interaction can be approximated by scattering
from a hard sphere having a radius Rfas equal to the classical distance of closest
approach in a head-on collision. Thus a hard sphere is used with a radius which
decreases with increasing energy.

3.3. FOCUSING COLLISIONS

It is commonly assumed that for sputtering in the keV region most of
the sputtered particles are ejected from the surface as a result of a focusing col­
lision chain. These focusing collision sequences are started by projectiles and by
scattered particles through one or more non-focusing collisions. In the hard sphere
approximation a simple demonstration of the focusing effect of a row of atoms is
possible (Silsbee, 1957, Leibfried, 1959). This is illustrated in figure 3 .2. If the
angle d j between the momentum vector of the first atom with the axis of the row
of atoms is smaller than dp it is seen that we have i>2< d j, where d„ is the angle
between the momentum vector of the second atom with the axis of the row of atoms.
This means that the momentum vector is focused into the row of atoms. From the
figure it follows that there is a finite probability for focusing as soon as the energy
is so low that D/2r  <1. This means that for the direction where D is smallest the
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Fig. 3 .2 . Collision betw een two la ttice  atoms in
a  row, separation D. R is the hard sphere
collision radius for an  energy E < £  •

is the critica l angle for focusing forF
this energy E.

focusing effect will be the most important. In f. c. c. crystals therefore focusing
will predominantly occur along <110>-directions. Experimental evidence for
the existence of focusing collision chains has been found in the preferential ejec­
tion of atoms sputtered from monocrystals and also in the energy distribution of
atoms ejected in such a preferential ejection direction. The maximum energy
E_ for which focusing can occur in a given direction is called "the focusing en-

^ D /ergy". It can be calculated from the relations /2R = 1 and E_ = 2V(R) if the
- r /Spotential is chosen. For a Born-Maier potential V(r) = Ae one finds E„ =

2Ae ^  '̂ a. This means for copper with A =22,5 keV and a = *Vl3, E_, = 60 eV.
r

The probability for an atom with energy Eq to start in its first collision a focus­
ing collision chain in a given [110]-direction is W_ (E ) = J (1 -  cos è„) = yjr In

f  (J r  Z K
j j j

for Eq <Ep. In calculating sputtering ratios some authors (Thompson, 1961,
o

Martynenko, 1965) calculate the number of recoils with energy E < E origi­
nating from an incident ion with energy E, assume this distribution to be isotropic
and homogeneous and find from Wj_,(E ) the number of focusing collision chains in
the direction of the surface. With the aid of loss mechanisms (Sanders et a l . ,
1964, Nelson et a l . , 1962) the range of a focusing collision sequence can be cal­
culated and the number of chains reaching the surface follows by an integration.
In these calculations an approximate expression for Wj,(E ), namely Wp,(E ) =
2 E rIn —— is taken, because it is thought that the chains with starting energy Eq
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near Ep (this means Ds» 2R) are the most important. In view of calculations done
by Sanders (1966) on recoil numbers in crystalline material, where it is found
that the distribution of recoils in a non-correlated collision cascade is strongly
peaked towards lower energy values, this assumption seems rather doubtfull.
A description of focusing without the use of a hard sphere approximation
(Duesing et a l . , 1965) shows that the expressions for E_ and W_(E ) are not

J b  r  O
very accurate. A further complication is the occurence of other focusing mecha­
nisms ("assisted focusing"). We will therefore not use a procedure as «kotf-hed
above to describe our experimental results and not go into more details about
focusing. A extensive treatment of focusing mechanisms can be found in the
thesis of Weysenfeld (1966).

3.4. CHANNELING OF THE INCIDENT IONS

3.4.1. The concept of channeled particles was firstly introduced in range cal­
culations by Robinson (1963). By channeling is meant that a particle path near
the center of channel along a low index direction in a crystal may have a certain
stability. The energy loss of a particle moving in that way will be low, leading to
a long penetration length. This effect has been observed in range measurements
by Davies (1961, 1962, 1963). Another demonstration of abnormal low stopping
power is found in measurements of the energy loss of fast light ions passing
through a thin foil (Nelson et a l . , 1963, Farmery et a l . , 1965, Lutz et a l . , 1966),
Two distinct energy loss peaks were found demonstrating that once a particle is
channeled it remains channeled. It follows from the remarks above that a chan­
neled particle never comes close to a target atom reducing all those physical ef­
fects which require a close collision between incident particle and target atom.
As an example for this we mention the work of Bjrfgh (1965) and Thompson (1965)
about the directional dependency of nuclear reaction cross-sections in monocrys­
tals.

If an incident beam enters a mono-crystalline solid along a low index direc­
tion only part of it is channeled (governed motion). The other part of the beam
experiences more or less hard collisions and the initial direction is lost after
some time (ungoverned motion). This ungoverned motion is essentially unaffec­
ted by the structure of the substance and equivalent to motion in a random sys­
tem. Particles moving along channels are subject to periodic forces, mainly
focusing and occasionally defocusing. The transverse motion in a channel is
roughly a long wave oscillation, combined with a short wave vibration with the
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lattice period. If the energy of oscillation exceeds the barrier to a neighbouring
channel a particle escapes from the channel. It follows from this, that an inci­
dent ion, with energy E and angle i|t with the channel axis, entering the crystal,

2close to the channel axis, remains in the channel if E sin \|r is smaller than the
barrier energy. These cursory considerations indicate that for higher particle
energies the critical angle becomes smaller than for low-energetic particles.
On the other hand the criterion of entering the solid close to the channel axis
is less important for higher-energetic particles. This means that the channeled
fraction of a beam entering a crystal along a channel axis becomes larger for
higher energies. In the theory of Lindhard (1965) about the influence of crystal
lattice on motion of energetic charged particles the above mentioned kind of
channeling (remaining in a channel) is called "proper channeling". In Lindhards
picture there is also place for "improper channeling"; in this case the particle
interacts with strings of atoms, it has no close collisions and moves from one
channel to another. In the next section we will give a derivation of formulae im­
portant for us following closely the treatment of Lindhard (1965). Other theoret­
ical treatments of channeling are given by Lehmann and Leibfried (1963),
Erginsoy (1964, 1965) and Nelson et al. (1963). As mentioned before computer
studies were performed by Robinson and Oen. Other computer studies are done
by Lutz et al. (1964). The theory of Lindhard however, is the most general and
adequate to our purpose.

3.4.2. T h e o r y  of L i n d h a r d

In order to find an approximative procedure for the directional effects
Lindhard introduces four assumptions;
a. The angles of scattering are small. If the angle of scattering in the laborato­
ry system, cp, and in the center of mass system, d , are small, we have

ma*----- —  a  , where M, and M„ are the masses of the incident particle and
Y M_+M„ 1 2

1  u

target atom respectively.
b. String assumption. If a particle moves at a small angle with a row of atoms
(string) the successive collisions with atoms in the string are not independent.
A description of the particle path is supposed to be possible with a string poten­
tial, where the string is characterized by the constant distance d of the atoms
placed on a straight line.
c. Classical description. According to Lindhard the classical description of
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many successive collisions with atoms in a string remains valid,
d. The assumption of a perfect lattice without vibrations.

The basis of the theory is that the motion of a particle is influenced by
many consecutive atoms if certain conditions are fulfilled. This leads to a
transverse continuum potential of a string of atoms. This potential Ü(r), can
be defined as an average potential in the following way

u <r> ~ ƒ V< Y z2+r2) (3. 9)
“ 00

where V is the ion-atom potential, r  the distance from the string and z a direc­
tion parallel to the string.

For r  »  a the string potential becomes

3Z1Z2e2a2
U(r) ----------5—  (3. jo)

4 tt€ dro

the corresponding ion-atom potential is V(r) = 3/ 0Z.Zoe2a2/ .  3, fitting* 1 2  4ns r  &
reasonably well to a TF potential for r  > 4a. °
For higher energies where the important region for the string potential is
thought to be in the region r  «  a the stringpotential reads:

ï r Z . Z ^ a
U(r) = Hnëpdr <3-n >

The low energy expression should be used at energies below
1 o

E = 2Z1Z2e  d /4TTg 2. For the ion target combinations we investigate the
1 o

value of E lies in the order of 1 MeV, we will therefore confine the discussion
to the low energy case.

A qualitative condition for the continuum approximation is obtained if we
demand that the scattering in the vicinity of the distance of closest approach is
due to many atoms. If a particle moves at an angle f  in the middle of the rbannol
(far from the string) with a velocity v the collision time At is of the order r  /v. minsm (r and the condition can be put in the form

r  .
At. v cos % = ------- > d (3.12)

+
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The distance of closest approach is determined by

U(rmin) =i  MjV^*in2T (3.13)

From 3.12 and 3.13 we find for the criticle angle ¥

V  <szi V 2"%T,t dV1 /4 <3-»>o

For an incident beam of particles parallel with the string direction we now can
find the minimum distance to the center of the string which a particle is allowed
to have, in order to apply the continuum description. The deflection angle cp in
the laboratory system for the used ion-atom potential (3.6) is

2 2 4 3 3co = 3Z,Z„e a /„ 3 = ¥„ d /p  , where p is the impact parameter of the
T 1 Z 4 tt e zo
incident ion. The condition (f< i, gives us the minimum distance Pmin(°):

Pmin(0) = ¥ 2 d (3- 15)

So we simply have p in(o) = r min. This means that for an incident particle the
transverse energy with respect to the string is equal to U(p) where p is the im­
pact parameter as should be expected for a rigid potential wall. It follows from
this that a particle leaves the string at the same angle as it had prior to the
collision and loses no energy to the string.

The fraction of the incident beam, parallel to a string, that enters the
2 / x

"P min(o) 2 -1random beam can be given by -----k------ > where tt pQ -  (Nd) with N the
TTp*o

number density of the target and d the stringparameter. For the used potential
we get

n P min(o) tt N d3/2 3a2Z 1Z2e2

4 tt6 oE
(3.16)

It can be seen that the non-channeled fraction of the beam becomes unity for a
critical energy Ec> given by

3a Z,Z0e'
n N d' (3.17)
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For a beam entering the solid with an angle Y to the string direction it is more
difficult to calculate the fraction that enters the random beam. According to
Lindhard the fraction of channeled particles becomes zero for an angle C Y ,
where C is a constant of the order one. With the condition fEY2 + Ufo Ml =2 min
EY2> where f is some number between zero and one we find as a rough approx­
imation for the fraction entering the random beam:

TTpminffl
2

tt p -pL.<o> <°v2_
- l

, for Y < C Y 2 (3,18)

We have seen that a beam of particles incident on a monocrystalline target can
be divided roughly in two parts, the random beam and the aligned beam. The
aligned beam is characterized by an abnormal low energy loss. One can ask if
particles in the aligned beam can enter the random beam and vice versa. In a
perfect lattice such transitions have a very low probability. An ion in the
aligned beam will in the continuum approximation keep a constant energy per­
pendicular to the strings, changing merely its azimuthal angle in a more or less
random manner. It remains therefore in the aligned beam. An ion in the random
beam will need a comparatively close collision to get into the channel; such close
collisions are not allowed in the continuum description. Scattering from the ran­
dom beam to the aligned beam therefore seems prohibited.

Deviations from this idealized picture arise for instance from thermal
vibrations, defects and impurities in the lattice. For a discussing of these
phenomena and a more exact description of the string effect we refer to the
work of Lindhard (1965).
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C H A P T E R  IV

THEORY OF SPUTTERING AND COMPARISON WITH EXPERIMENTAL RESULTS

4.1 . INTRODUCTION

A qualitative explanation of sputtering results measured as a function of the
angle of incidence on monocrystals has been given by Fluit (1963). He assumes
that the sputtering ratio is determined by the "transparency" of the crystal in the
direction of the incident beam, where a high transparency means that the mean
penetration depth of the incident ions is high and thus the sputtering ratio is low.
This is in fact based on the theory of Rol (1960), where it is assumed that the
sputtering ratio is proportional to the mean transferred energy of the incident ions
to the target atoms in the firs t collision and inversely proportional to the mean
free path of the incident ions. Fluit defined the transparency as the inverse of the
collision probability in the firs t ten layers. A quantitative approach based on a
transparency model has been given by Southern et al. (1963), Magnuson et al.
(1963), and Odintsov et al. (1963). In section 4.2 we will summarize two of these
transparency theories together with their applications. The theory of Odintsov can
be used directly for our angular measurements and in section 4 .2 .3  we will give
a description of our results with this theory. A discussion of the hazy behaviour
of the proportionality constants in the Odintsov theory will be given. In the next
section an investigation of the influence of the channeling phenomenon on single
crystal sputtering leads to an extension of the transparency model. It is shown
that a description of our results can be obtained based on the idea that a channeled
particle does not contribute to sputtering.
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4.2. TRANSPARENCY THEORIES

4.2.1. T h e o r y  of S o u t h e r n ,  W i l l i s  and R o b i n s o n  (1963) .

The basic assumptions of the theory are that the sputtering yield is deter­
mined with sufficient accuracy by the first collision of the incident ion with an
atom of the target and that the collision may be imagined to take place between
hard spheres whose size determines the total cross section for scattering of the
incident ions by the target atoms. The yield is regarded as proportional to the
stopping power of the target for incident ions at their initial energy, i . e . , as pro­
portional to the average energy transferred to a target atom in a collision and as
inversely proportional to the mean free path of the incident ions to their first col­
lisions. Thus, according to Southern et a l . , the sputtering yield for ions of
energy E , normally incident upon a target surface with orientation (hkl) may be
written as

Shkl (E) = “ Thkl (E) E/X . . .  (E) (4.1)hkl

where or is a proportionality constant, 1 ^  (E) the mean free path of the incident
ion, and

Thkl (E) = 2 Thkl (E)/Tm (E) (4.2)

where Th|fl (E) is the average energy transferred to a target atom in the first
collision of the incident ion and Tm (E) the maximum energy that can be trans­
ferred in a single collision. Sofar this theory is exactly the same as the theory
of Rol for polycrystalline targets. The extension lies in the definition of a mean
free path in monocrystals, as is done in a way described below. The target is
considered to be an array of spheres arranged on a crystalline lattice. For ions
which are incident upon the surface of the crystal in a [hkl] direction an "ele­
mentary crystal" is considered defined by the elementary translations t ^ j ,
‘h 'k'l'! th "k 'T "’ where for cubic lattices it may be remarked that [h 'kT ] and
[h", k", 1"] are perpendicular to [hkl] and to each other. This elementary
crystal is thought to be uniformly irradiated with ions, a fraction phfcJ of them
will make collisions within the element, while the balance will pass through it
without making collisions at all. It is from this property of the model that the
term transparency" arises. The average distance from the surface which the
colliding ions move in reaching their collision points x ^  is their contribution to
the first mean free path of all the ions. The authors now assume that ions which
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do not make collisions in the elementary crystal have a mean free path X , which
is independent of their direction. The mean free path for all ions may than be
written as

Xhkl(E)=phklxhkl+ ( 1- phkl)Xo <E) (4>3)

The above way of defining a mean free path for all ions demonstrates the funda­
mental difficulty of the extension of Rol's polycrystalline theory to the mono­
crystalline case (in the hard sphere approximation). It is easily seen that in a
hard sphere model the free path of an ion will be infinite of it moves along an
open direction of the crystal. Taking this into account would make equation (3)
useless. This problem can not be solved by taking a mean value over the inverse
free path because there are always particles having their first collision just at
the surface leading to a first free path equal to zero. As seen above the authors
solve the problem rather artifially by assuming a uniform mean free path XQ (E)
which will be used as a fitting parameter. The energy transferred in a collision
may be defined in terms of the impact parameter b. For hard sphere interactions,

|2  „
t (E) = 2 [ 1 - < D /R  > hkl ] . (4.4)

where <> denotes the average value and R the collision radius. If the spheres do
not overlap <f> /R  >  -  i  and t (E) = 1, but for large enough spheres this will not
be true because of shadowing. It is assumed that shadowing may be ignored for
those ions which make collisions beyond the elementary crystal. Then

2
t (E) =1 + Phkl [ 1 -  2<h /R 2> y j ]  (4.5)

Finally, introducing (3) and (5) into (1) the authors obtain an expression for the
sputtering ratio:

2
Sfaki (E) = of [1 + Phkl (1 - 2 < b /R 2> ĵ ) ]  E /[p hklXhkl +(1-Phkl) X q(E) ] (4.6)

Equation (6) was fitted to the experimental data (sputtering ratios for Ar+ ions
normally incident on differenceu monocrystals in the energy range 1 -5  keV) by
evaluating p., j , x ^  and <b /R 2> ^  for a particular hard sphere radius using
a computer program. The values of o'and X were then obtained from the data by
the method of least squares. This procedure was repeated for each of several
values of the radius. A value for the hard sphere was selected from the minimum
deviation between theory and experiment. The result of such a fitting is given
in fig. 4.1 for 5 keV Ar+ ions normally incident on different monocrystals. The
parameters derived from the fitting for different energies are given in table I.
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Fig. 4 .1 . The sputtering yields of (Okl) Cu crystals under
normally incident S-keV Ar+ion bombardment,
plotted against the angle between the surface
normal and the [oOl] direction, the line represents
the theoretica l, yield , the points the experim ental.
(Southern e t a l . )

The results of the data fitting are very gratifying in that the calculated and ob­
served yield are always in quite good agreement. Contrarily to the authors opi­
nion we think that the occurence of the two deep minima not precisely at [001 ]
and [Oil] is due to the assumption of the uniform mean free path \  (E). From
table I it follows that the parameter a  instead of being independent of energy
decreases with increasing energy and in fact is proportional to E"^. The value
of R on the other hand is apparently independent of energy instead of decreasing
with increasing energy as was anticipated. Finally the hard core radius is sub­
stantially larger than expected from the hard sphere approximation of the E.S.C.
potential, as is shown by the values of RBohr/a entered in the table.

In spite of the fact that the theory gives a good description of the results
the applicalibify of the model is rather limited. It can be seen that the extension
of the mean free path theory of Rol for polycrystalline materials towards mono-
crystalline targets is not possible without serious difficulties.
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Table I.
Parameters derived by Southern e t a l .  from their Ar+-Cu sputtering data , (a is the unit ce ll edge

3.615 X).

At ion energy £keV ] 2 ,0 3 ,0 4 ,0 5 ,0

r~l

a.°Ö 2 ,25  + 0 .08 1,85 + 0 .0 7 1,56 + 0 .0 7 1,35+O .O S

v. 2,51  + 0 .2 0 2 ,8 2 + 0 .2 3 3 ,06  + 0 .2 5 3 ,1 8 + 0 .2 5

50
o 

<

0 ,2 1 0  + 0 .0 0 5 0 ,210  + 0.005 0 ,210  + 0.005 0 ,210  + 0.005

R
Bohr/

a
0 ,102 0,091 0 ,084 0 ,080

4.2.2. T h e o r y  of M a gnuson  and C a r l s t o n  (1963) .

In this theory it is again supposed that the process is determined sufficient­
ly accurately by the first collision. Contrarily to the assumption in the preceding
theory it is assumed that those ions that pass through the first repeat distance
of the crystal without making a collision are assumed to penetrate deeply enough,
so that their contribution to the sputtering yield is negligible. The sputtering
yield is assumed to be proportional to the product of the absolute value of the
momentum transferred to a lattice atom in the first collision and the probability
that a collision occurs between the incident ion and a lattice atom, no matter at
what depth this first collision occurs. The collision probability is expressed as
an opacity, i.e . the ratio of closed to total area in a representative area of the
lattice. The sputtering ratio can then be written as

ShU<E)=KhklE* Phkl<E> <4' 8)

where IC.  ̂ is a proportionality constant which depends on the crystal plane bom­
barded, E the energy of the incident ion, P „ .  (E) the probability of a collision
between an ion and a lattice atom, for an ion incident normally on a (hkl) plane.
The lattice is concidered to consist of hard spheres located at normal lattice
positions of a f. c. c. lattice. The radius used in the calculations was taken as
R = cIL . , where c is a constant and R_ , the hard core approximation to theTJohr Bohr
ESC potential. The Bohr screening constant a^ is supposed to be given by =
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2 /3  2 /3  ~KV<Z1 + Z2 where K is used as an adjustable parameter. The model has
been fitted to measurements of the sputtering ratio for Ar+ ions on a (100), (110)
and (111) Cu crystal in the energy range 1-10 keV. The resulting K and c values
were K = 1. 20 + 0.20 and c = 2,35 + 0.05.

S [Atoms / IonJ
10-1

0 2 * 6 8 . . . .  10------T  E [k«v]
Fig. 4 .2 . The sputtering ratio  as a function of the energy for normally inc i­

dent At ions on different Cu crystals. The curves are theoretical,
the points experim ental. (Magnuson e t a l . ) The units of K are
(keV)4 . hkl

The agreement with the data is fairly good. (See fig. 4.2). It is interesting
to compare formula (8) with an expression for the sputtering ratio of polycrys­
talline targets (Rol 1960). Rol's formula for normal incidence can be written as

Spoly (E) = Kpoly E N"r2  (4. 9)
where E the energy of the incident ions, N the number density of the target atoms,
R the hard sphere collision radius and K j a proportionality constant.
Equation (8) can be rewritten, for a low-index crystal face, as

Shkl (E) = Hhkl E* N ttr2 dhkl (4-10)

where (N d^ ) 1 is the area "belonging" to one atom in the surface.

Comparison of equations (9) and (10) shows that the difference between both
expressions is formed by a S ~  E2 relation for the monocrystalline case and a
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S ~  E relation for the polycrystalline case. It follows from both formulae that
we have for normal incidence:

shkl <E> ■ « W *  *■* spoiy(E| <4- U)

where E ^  d j^  K- * ^ . From the fitting shown in fig. 4.2 it follows that
1 3K, , ,  ~  d2, , ,  and we find therefore E , . ,  ~  d, , ,  . This characteristic energyhkl hkl hkl hkl

will (section 4.3) be connected with the critical energy for channeling Ec (see
3.17).

4 .2 .3 . T h e o r y  of O d i n t s o v  (1963) .

The transparency theory of Odintsov is a mixture of the two preceding
models and has been designed to describe the angular behaviour of the sputtering
ratio. The sputtering ratio is assumed to be proportional tot the probability of a
hit in the surface layers times the mean transferred energy in the first collision
of the incident ions. The further from the surface the position of the hit atom, the
fewer secondary atoms can reach the surface and the smaller the contribution of
this collision to the sputtering yield. Furthermore sputtering increases when the
incident particles are at an angle, because in this case not only the secondary,
but also the hit atoms can acquire an appreciable velocity normal to the surface.
Thus the coëfficiënt of proportionality between sputtering and the energy trans­
ferred to an atom should depend on the position of the hit atom and the angle of
incidence of the beam particles on the target. If E. (cp) is the mean transferred
energy to an atom in layer i (i counted from the surface) and A. (cp) the visible
surface of that atom the sputtering ratio may be written as:

S (Ë, cp) = ^oc. (cp) A. (cp) E. (cp)/Ao cos cp (4.12)

where A is the area belonging to one atom, cp the angle of incidence with re­
spect to the surface normal and a. (cp) a proportionality constant depending on
the angle cp and the layer number i, where i is counted from the surface. The
average energy transferred to an atom in the case where part of it is hidden by
an atom above is given by the following formula, derived in the hard sphere
approximation:
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(110) plans perpendicular on (100) surface

o o o

Illustration of shadowing of atoms

Fig. 4 .3 . Screening of atom s in  a  (110) plane, perpendicular
on a (100) surface, for an incident beam  with angle
9  = 22° with the surface norm al N. R s  0 .5 0
and the la ttice  constant aQ = 3.615 A . The right
hand part o f the figure gives the screened parts of
the atom s.

| l 0 3 E A [eV A 2]

t0‘3 I  (E A)j [eV A 2]

Fig. 4 .4 .  (a) The transferred energy tim es the visible area for 20 keV
Ar ions onto the different Cu atom  layers as a  function of the angle of
incidence.

(b) The "opacity" of the crystal as a  function of the angle
of incidence, changed by rotating the crystal around a  [ o i l  ]  axis in
the (100) front face . R = 0 .5 0  51 and a  = 3.615 X .
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Ei Ai Emax 6 / 4R2) + (R2 -  62) arc sin ]

(13)
where 6 is the distance between the centers of the atoms projected on a plane
perpendicular to the direction of incidence of the ions, R the hard sphere radius
and Emax the maximum energy that can be transferred to a target atom. In this
way the "screening" of atoms by atoms above is taken into account. This
"screening" effect is demonstrated in fig. 4.3 for cp = 22°, a hard sphere radius
R = 0.50 A and the lattice constant a =3.615 X. The crystal surface is a (100)
plane and the angle of incidence is changed by rotating around a [O il]-axis. The
results obtained from equation (10) are shown in fig. 4.4 as function of the angle

+ pof incidence defined as above for 20 keV Ar on Cu and R = 0.50 A. In turning a
f. c. c. crystal around a [Oil] -axis in the (100) front face it appears that the
even layers are never shadowed by odd layers, therefore layer 1 and 2 are taken
together as I, 3 and 4 as II etc. The first two layers are always visible, this

_  Q

means that (EA)j is simply given by \  ttR  E m ax  as shown in the figure. The
deeper layers show maxima and minima as a result of the screening. In the right
part of fig. 4.4 the products (EA). are added. The summation gives the "opacity"
of the crystal as a function of the angle of incidence if one divides by A cos cp
Em • If was proposed by Odintsov, in accord with the poly crystalline results
of Rol, to assume that the dependence of a .  on the angle of incidence is given by

_1 1cos cp. In this way we have

S(E,cp)=  —  Y  a .  Ej(cp) A. (cp) (4.14)
A COS CD Li 1

O  ~ i

To fit this expression to our experimental results of the sputtering ratio as a
function of the angle of incidence we used the following procedure. A value R for
the hard sphere is chosen. With the method of least squares the best a 's  are
calculated with a computer. The same procedure has been followed for a range of
R values. That R giving the smallest deviation from the experimental result has
been selected. The result of the fitting is shown in fig. 4.5 and fig. 4.6. The val­
ues for R and a  are given in table II.
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Fig. 4 .5 . Comparison of Odintsov's theory with our
experim ental results. The curves are theoretical, the
used values for the fitting param eters are given in Table
II. The points are experim ental for 20 keV Ar ions onto
different m etals, a ll  turned around a  [01 l j  axis in
their (100) front face . X Pb, □ Au, O Cu, A A l.

s[a toms/Ion]
S [Atoms /Ion]

O o
•  15 k*V
O S keV •  35 k*V

O 10 ktV

Fig. 4 .6 . Comparison of Odintsov's theory with our experim ental results for 5 - , 10 - ,  15 -  and 35
keV Ar ions on (100) Cu turned around a [011  ]  -axis. The curves are theoretical, the
used values for the fitting  parameters are given in Table 11.
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Table II.
The fitting  param eters used for the description, with the theory o f Odintsov, of the angular dependent
sputtering of different (100) single crystals under Ar ion bombardment.

E [keV ] M etal R [ X ] J
i 1—

1 ir <
f

i__
i

<*IjO“ V  *] o j u t u v " 1] <fv  0 “ V-1 ]

20 Pb 0.85 4 ,8 6 .6 6 .1 _

20 Au 0 .7 0 4 ,5 7 .1 2 .2 -

20 A1 0 .65 0 .7 7 0 .58 0 .5 7 0.41

35 Cu 0 .58 0 .9 4 1.1 1.3 0.01

20 N 0 .6 0 1.8 2 .7 1.3 -

15 •1 0 .6 4 2 .4 3 .9 1 .0 -

10 N 0 .8 0 2 .7 4 .6 - -

5 If 0 .8 0 5 .8 8 .0

DISCUSSION

The hard sphere radius R has a two fold meaning in this description. It
determines the cross-section for a collision important for sputtering, at the other
hand it determines the screening of deeper laying atoms. In the hard sphere mod­
el the two "sizes" coincide, but the value of R is of course larger than the distance
of closest approach in a head-on collision. To get an idea about the meaning of the
values of R one can calculate the energy transfer for an impact parameter equal
to R in a more realistic potential model. We performed this calculation for a
Thomas-Fermi potential using Robinson's tables. The results are shown in table
m  and IV.

Table III.
The transferred energy E^,(R), calculated  with the aid of a  Thomas-Fermi
potential, for an im pact param eter Rq ĵ. t  » found from the fitting of the
sputtering y ield  o f different (100) single crystals under 20 keV Ar bombard­
m ent. E is the binding energy of an atom  a t the surface.

B

E a  20 keV M etal R [ X  ]
OdintsovL J E T ( R )  t e V ] eb [ « v ]

Pb 0,85 20
A1 0,65 35 2 .7
Au 0 ,7 0 50 3 ,7
Cu 0 ,6 0 75 3,2
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Table IV.
The im pact param eter for an energy transfer of 75 eV in the
TF potential com pared with R for Ar+ ions on (100)
Cu.

E [k eV ]
o

Odintsov *- J b(75 eV) [A  ]

35 0 ,58 0 ,58

20 0 ,6 0 0 ,6 0

15 0 ,6 4 0 ,6 4

10 0 ,8 0 0 ,7 0

5 0 ,8 0 0 ,78

As can be seen from the tables III and IV the interpretation of R as an im­
pact for a certain energy below which the contribution to sputtering can be neg­
lected is not bad. This critical energy must depend on the binding energy E_15
and on the other hand on the size of energy losses during transport of momentum
towards the surface. The influence of the binding energy is visible for the Pb
case where we have the lowest binding energy (1.9 eV) of the surface atoms and
also the lowest critical energy (20 eV). We think however that the usefulness of
the found energy values is limited because the used R values are a kind of mean
value of maximum impactparameter important for sputtering and screening ra­
dius. This screening radius is, for a non hard sphere model a function of the
distance between the atoms. This, together with the large values of R, connected
with low energy transfers, shows that the hard sphere approximation for this case
is disputable. The interpretation of the a  values is therefore very difficult, one
does not know if the behaviour originates from some real effect or from the lim­
itations of the hard sphere approximation. The fact that <*jj > for Pb, Au and
Cu will be shown later to be due to the neglect of the contribution of the next col­
lisions of the projectile to sputtering. The influence of the low binding energy of
the Pb atoms is also visible in the high absolute value of <*_, compared with the
Cu case for example. An incoming ion will transfer energy to a lattice atom,
this lattice atom in turn will give its energy to other lattice atoms and so on. In
this way a whole collision cascade is started. The number of cascade atoms in
an energy interval (E, - E + AE) is larger for lower energies (Sanders 1966).There­
fore a cascade reaching a surface where the atoms are bound with low energies
will eject more particles than in a case that the surface binding energy is high.
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In this way a low binding energy leads to a high a  value.
Further discussion of the a values is not very useful and we may conclude

by saying that in spite of the very good description obtained with the theory of
Odintsov it does not bring us any further with respect to questions like: what is
the length of focusing collision ranges and at what depth are collisions of the
incident particle still contributing to the sputtering process.

We will therefore try to do it in another way as will be treated in the next
section.

4.3. THE INFLUENCE OF CHANNELING ON SINGLE CRYSTAL SPUTTERING

As seen in the preceding sections a good description of sputtering mea­
surements in the keV region can be obtained with the hard sphere transparency
theories. These theories neglect the possibility that after the first collision the
projectile can make more collisions which eventually give rise to sputtering.
The purpose of this section is to show that it is possible to describe sputtering
ratio measurements using the theory of Lindhard for channeling of energetic ions
in a crystal lattice. As said in chapter HI the beam can be divided inside the
crystal into two beams, whenever the incident beam is aligned within a certain
critical angle C i ,  (1 < C <2) with the direction of a row of atoms. The two
beams are an aligned and a random or nonaligned beam. The aligned beam ex­
periences abnormal low energy losses, whereas the-non aligned beam is equiv­
alent to a beam in a random lattice. A comparison of ¥„ with the widths of the
minima T found for sputtering ratios of different f. c. c. cyrstals as a function
of the angle of incidence, strongly suggests an effective influence of channeling
on the sputtering phenomenon (Table V).

Furthermore the critical energy for channeling Ec (3.17) of Ar+ inthe [411]
direction of a copper crystal is 10 keV. If one assumes that a channeled particle
does not contribute to sputtering it follows directly that below the critical energy
for c h a n n e l i n g  no minimum in the sputtering ratio will occur. This forms a simple
explanation for the disappearence of the [411] minimum below 10 keV (see fig.
2.12). The assumption made in the preceding transparency theories that only
collisions in the few top layers give rise to sputtering can therefore be replaced
by the assumption that only particles which have collided in the few top layers
are entering the random beam and transfer enough energy on their path through
the crystal to cause sputtering. The other particles belong to the aligned beam
and their contribution to the sputtering yield can in first approximation be neg-
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Fig. 4 .7 . The experim ental widths o f the [  100 ]  -m inim a for Ar ions
on a (100) crystal p lo tted  against a  reduced energy. The open circles are
from S -, 10-, 1S-, 20- and 35 keV ions on Cu, the black dots are from
20 keV ions on Au, Pb and A1 crystals. See also Table V.

2 3
E = 3aZ Z_e / 4  TT 6 d .

k 1 2  0 100

Table V.
Comparison of Y ̂  with the widths for sputtering ratios of different f . c . c .  crystals as a  function

of the angle of incidence.

20 keV Ar+

i—
i

8i 
i» Y [lOO]

2 I—
i s 1__

_1

i—
i

N

*2  [2 1 1 ]
Y

2 /y  [ 2 1 l ]
w w

Cu 12°. 9 7 ° . 6 0 .5 9 8 °. 7 6°. 5 0 .75
Au 13°. 8 8 ° . 2 0 .59 8 °. 7 7 ° .0 0 .8 0
Pb 11°. 1 7 ° .0 0 .63 7°. 5 6 ° .0 0 .8 0
A1 9°. 6 6 ° .0 0 .63 6 ° . 6 5 ° . 7 0 .86

+
Ar on Cu

5 k e y 17°. 2 10°. 7 0 .63 11°. 4 9 °. 1 0 .8 0
10 keV 15°. 6 9 ° .0 0 .58 9°. 8 8 °. 4 0 .86
15 keV 14°.0 8 ° . 2 0 .5 9 8 °. 7 7 ° .0 0 .8 0
20 keV 12°. 9 7 ° . 6 0 .5 9 8 °. 7 6°. 5 0 .7 5

35 keV 11°. 2 6 ° . 6 0 .5 9 6°. 8 5 ° . 6 0 .82
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lected. The equivalency of the random beam and a beam in a random lattice
makes it reasonable to assume that the sputtering yield as a result of the ran­
dom beam is equivalent to the yield of a directed beam on a random assembly
of target atoms. If the incident direction of the ion beam makes an angle 9 with
the surface normal of the irradiated (hkl) surface and an angle f  with the closest
string direction, the sputtering yield S may be expressed by

2
P t (¥)

« « -  ° ‘° 2 '(hkl) ^random <*•*
Po

where E is the kinetic energy of the incident ions, ^ran(jom (E»9> is the sput­
tering yield of a structureless assembly of target atoms for an angle of incidence

9 and p ^  (f) /  pQ the probability that an incident ion will enter the random
beam (see eq. 3.18). The "efficiency" factor f ^ ^  would be unity if the
theory were exact and can be used to measure its deviation from observation.
For the "random" yield Sr  dom (E, 9 ) one can use the experimental results on
the sputtering of polycrystalline metals. For the calculated results given in fig.
4.8 and fig. 4.9, we used for spoiycrySt (E,0°) the measurements of Yonts and

StAlomk^oJ

Polycryst.

---------- (100»
---------- (110)

------- »E(k*V)

Fig. 4 .8 . The sputtering ratio  as a  function of the
energy of normally incident Ar ions on different Cu
monocrystals. The points are experim ental, the
broken curves have been calculated  from the poly-
crystalline curve as measured by Yonts e t a l . (1960).
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— f t * ]

Fig. 4 .9 . The sputtering ratio  for 20 keV Ar+ ions
on a (100) Cu crystal. The angle of incidence has
been changed by rotating the crystal around a [011]
axis in the surface. The points are experim ental,
the curve has been calculated  according to formula
( 15) .

assumed the angular behaviour to be given by c o s '1 cp. The efficiency factors
^(lll) ~ ^(ioo) =1>® f(no) = giving the best fit differ from unity for the
following reasons: a) the random part of the beam always collides in the first
layers; b) part of the ions impinging on a polycrystalline target will channel as
well, c) the efficiency factor accounts for any orientation dependence of the
ejection mechanism (such as for instance focusing along closepacked directions).
As can be seen from the figures the fitting is quite good. The place of the max­
ima in the monocrystalline sputtering as a function of the incident energy is
predicted well. The same can be said about the ratio of the predicted values in
the minima. The predicted values between the minima are too high because in
the calculation the occurrence of planar channeling is neglected. The crystal has
been turned around a [011]-axis in the surface, this means that the incident
beam is always parallel to the (011) planes perpendicular to the surface. Be­
tween such planes a similar effect as treated for low index directions, can lead
to abnormal low energy losses of the incident beam. This so called, planar
channeling becomes important as soon as the axial channeling is less probable.
The inclusion of a probability for planar channeling in the calculation will give
a decrease of the calculated sputtering yield for y close to C y . Such a calcula-
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tion has not been performed because it is not possible to derive from Lindhard's
theory the formalae needed. In connection with this planar channeling we refer
to fig. 2.13, where it was found that if the planes are turned out from the beam
direction a further increase of the sputtering ratio is measured. The highest
value of the sputtering, for a direction where there it is no channeling at all,
was found to be 12.5. This in excellent agreement with the predicted value at
about 25 (see fig. 4.9). Robinson et al. have applied this model to 1-5 keV
sputtering measurements of Ar ions on Au, Al and Cu as well as on the hexag­
onal metals Mg, Zn, Zr and Cd. Although these energies are rather low, the
results are quite satisfactory (1967).

4 .3 .1 . E x t e n s i o n  of  the  h a r d  s p h e r e  t r a n s p a r e n c y  mo d e l .

It was demonstrated in the preceding section that a reasonable description
of sputtering measurements can be obtained if one assumes that the sputtering is
a result of the action of the random beam only. This means, in principle that
more than one collision of the incident ion contributes to sputtering. It is there­
fore interesting to compare the predicted values in the minima in the "first col­
lision" hard sphere transparency model and in the "channeling model".
According to the channeling model the sputtering ratios in the minima (7 = 0 in

1 3/2eq. 3.18 and 4.15) are given by S[hkl] ~  —  d ^  where d ^  is the string

parameter of the [hkl] direction. If we assume equal values for Odintsov's a's
the corresponding expression in the hard sphere transparency model reads:

S[hki] ~  — d . This dj-j^j-j dependence can be compared with experiment

by calculating the yield ratios of the [411] - , [211] - and [100] direction at
9 = 19°, 9 = 35° and 9 = 0° respectively. (Table VI).

It can be seen that the experimental values fall just between the values
calculated from both models. This means that in the channeling model the neg­
lect of contribution of the first collision is not correct. In the first collision hard
sphere transparency model the neglect of further collisions of the incident ion
is certainly responsible for the strange behaviour of the a  values (Table II).
The fact that c^j is greater than ofj forms a compensation for the wrong d
dependence in the transparency model. This dependence however seems to be
correct for the Al case. It can be concluded from the observed d j depen­
dence that the sputtering is a result of the first collision (~dr . , . , )  and after

l_nkl J 2 /2
that from a number of collisions of the random part of the beam (~ d j- |^p ).
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Table VI.
Comparison of ca lcu la ted - and experim ental y ield  ratios for 20 keV Ar ions on different (100) single
crystals turned around a  [ O i l ]  axis in the surface.

20 keV Ar

ions on
S [4 U ] '  S [ io o ] S [2 1 1  ] /  S [ lO O ]

exp. "channeling" transparency exp. "channeling" transparency

Cu 2 ,8 3,28 2, 26 1,7 1,64 1,49

Au 2 ,7 3,28 2, 26 1,6 1,64 1,49

Pb 2 ,8 3,28 2,26 1,7 1,64 1,49

A1 2,1 3,28 2,26 1,5 1,64 1,49

This differs from the approach of Sanders and Onderdelinden (1966), where the
contribution of next collisions is not correlated with a random beam concept (as
defined by Lindhard); this means that the contribution of the next collisions has
n0 dhkl dePendence- This together with the remarks made in chapter I, forms
the reason that we do not use that description. It is furthermore hardly possible
to extend the model to get a description of the angular measurements. A rough
idea about the number of contributing collisions of the incident ion can be ob­
tained in the following way. The contribution of the first collision can be given,

O  O
according to the Odintsov description, by i  E a  nR /  np . After the firstm o
collision only the random part of the beam contributes. This random part we say
moves in a random lattice and its contribution to the sputtering can be given by
the following analogous expression:

2
nP min r >  ttR b

' L  ( ttP 2)
è ®n(E )n> where the summation must be

random
extended over the number of collisions of the incident ion still important for
sputtering. A "collision" of the incident ion is thus defined as traversing a dis-

-1/3tance dran(jom > with dran(jom = 2 N . If we assume that there is no spread
in the energy loss, the expression for the energy Em of the incident ion after n
collisions reads (in the hard sphere model):

,2
(E ) im n r E (1m

1 jn  R
2 (np2)o random

) , where the increase in the hard sphere

radius R with decreasing energy is neglected. If we take
lision expression in the Odintsov notation becomes:

or the many-col -
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(16)
to _2, , x mm V"i /i l ttR ,n

h i— 2T ) ( * 7 T  >
n Po random Li random

n

From  this equation one can calculate the number of collisions of the incident ion
still contributing to sputtering from the experimental ratio S j-100 y
The results for different n values are shown in Table VII for different projectile
energies on a copper (100) crystal. It may be remarked that for the calculation
of the energy loss we used a hard sphere radius a factor 2.3 sm aller than
^Odintsov ŝee secti°n 4 .2 .1  and 4 .2 .2). From the calculations it follows that
the prediction of the values in the minima for a fixed number of collisions is not
bad. The best value, n = 10, means that if we count the next collisions with the
same weight as the f irs t collision the layer important for sputtering is about 40
A for d , = 4,5 A.random

[hkl] (n$hkl

Table VII.
Comparison of experim ental values of S

+
for Ar ions on a  (100) Cu crystal.

E in keV 5 10 15 20 35

n = 20 2,32 3 ,0 4 3,01 2,98 2,92

s  [ « 1 ] n  3  15 2,3 2 2 ,99 2,95 2,93 2,86

S [1 0 0 ] n = 10 2,31 2,91 2 ,87 2 ,84 2 ,77

n s  5 2 ,30 2,75 2,71 2,66 2 ,6 0

experim ent 2 .4 2 .9 1 2 ,8 4 2 ,8 2 2 ,6 S

j / ^ i o o  ]  w' til calculated  results from equation (16),

4 .3 .2 . D e s c r i p t i o n  of  t h e  e x p e r i m e n t a l  r e s u l t s  w i t h  a
p o w e r  p o t e n t i a l .

The hard sphere model, used in the preceding section, is not the most ade­
quate way to describe relatively low energy transfers between the incoming pro­
jectile and the target atoms. It is therefore better to construct a description
with the aid of a more realistic potential model. It may be remarked here that
Martynenko (1964) used the model of Odintsov (1963) to construct a firs t collision

_2
transparency theory with the aid of an r  potential. It is not possible however to
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include in his model the idea that after the first collision there are more colli­
sions (of the random beam) contributing to sputtering. We have the reversed
situation for the theory of Brandt and Laubert (1967) for polycrystalline materi­
als. In that case it is not possible to find an expression for the contribution of
the first collision.

One might ask why we do not use the statistical calculations of Sanders
(1967, 1968) as a basis for a description of our experimental results. These cal­
culations give information on the following subjects: ranges of projectiles, num­
ber of low-energy recoils in a collision cascade and spatial extension of a col­
lision cascade in amorphous material. In principle it is possible to derive from
the spatial extension of a collision cascade the number of particles ejected.
Sputtering however has to do with a relatively small tail of the collision cascade
induced by the bombarding ion. It is obvious that varying assumptions affecting
only slightly the bulk of the cascade may have a drastic influence on the tails
(Sigmund 1968), especially for monocrystals. Another difficulty is formed by the
fact that the influence of the lattice must be introduced for the incoming ions as
well as for the low-energetic recoil atoms in the cascade. It was therefore hardly
possible to derive sputtering ratio values from this work. We therefore preferred
an extension of the rough model presented in the preceding section. We will give
a description of our results based on the following assumptions: The sputtering
ratio is proportional to the energy dissipation of the beam in a surface layer with
thickness x , where the energy dissipation of the aligned beam can be neglected.

The obtained description will therefore be a two parameter description. The
parameters are the proportionality constant a and the thickness of the layer im­
portant for sputtering, x . The problem is put in this form to get information
about the influence of focusing collision ranges on x values for different mate-

—3 ^rials. To calculate the dissipated energy an r  potential is used. This potential
(3.6) is in accord with the string potential used for the calculation of the critical
angle ¥2> The scattering cross-section for this potential (see 3. 8) is

do 12 (E,T) = B12 E"1/3 T"4/3 dT (4.17)

where E is the energy of the incident particles and T the transferred energy.
For the interaction of fast recoils with other target particles we use the constant
Bg2 defined in a similar way.

To calculate the dissipated energy of the random beam it is again assumed
that after the first collision this beam is equivalent to a beam on a random lattice.
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The dissipated energy (E, xq) of a normally incident beam on a random lat­
tice within xq has been calculated from a recurrence relation. This recurrence
relation is derived with the following assumptions:
1) the angular deviation of the projectile particles (1) traversing the distance x
in the target can be neglected;
2) the spread around the mean energy E(x) of projectiles at depth x is small

n ___ P
enough to take E(x) «  E(x) for — < n < 1.

These approximations are not valid for low energies, where the projectile
will lose nearly all its energy within x . In this low energy region however, we
simply have F ^ (E .x ^  «3 E. For higher energies the approximation is not too
poor because the scattering cross-section is strongly forward peaked, i.e . there
is a relatively high probability for low energy transfers. The number of recoil
particles with energy Eq, dE , created directly by the beam at depth x, A x can
be given by

N A x da12 (E(x), Eq) , (4. ig)
where N is the number density of the target.

These recoils are moving away from the region x, A x in a direction making
an angle with the x-direction. In view of assumption 1) this angle is given by coscp

= ( E / ____ )2, where E (x) = C Ë(xj = 4M M„, „ E(x). The energy
0/ Em(x) m 12 1 2/ (M1+M2)2

dissipation of these recoils within xq can be given by F22(E0> (x0~x)/(E0/jr

In this way we arrive at the following relation for FJ2 (E,x ):

F 12(E ’xo) =  J  d x  I  N d a i 2 ( E ( x ) , E o ) .  f 22(E o . °  / <E o / Ê - ü ) )" ) (4- 19)
o o m' '

By taking the projectile of the same species as the target particles an analogous
equation is obtained for F22(E,x ).

With the aid of equation (17) and assumptions 1) and 2) we find

E(x) = (E2^3 N B, (4.20)

In finding a solution for equation (19) we take first the case of equal pro­
jectile and target atoms. As a boundary condition we have for low energies
E22 Ê ’ Xô  *** E' means that at low energies the sputtering ratio is proportional
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to the energy of the incoming ions. We define an energy to be low if E < E =
2 /3  3 /2  +  o 12

(NB^ 2  C ^ 2  xq) . For Ar on copper and xq = 50 A this means E »  2 keV.
This is  not in contradiction with low energy sputtering measurements above
threshold. Assuming that for high energies the solution can be given by a form

like E (  N^22Xq J e one can find efrom equation (19) for equal particles. The
E2/3

function > XQ) for unlike particles follows from equation (19) by direct in­
tegration. An approximate solution of (19) for the entire region can be given by

F 12 <E >Xo> = E { 1 " eXP " C (NB12XoE ~2/3) (NB22C 12* XqE - 2 /3 )4 /7  ] }  (4.20)

The energy dissipation of an incident beam on a monocrystalline target follows
from multiplication of (20) by the non-channeled fraction given by equation 3.18
plus the contribution of the first collision. This contribution can be derived from
the results obtained above and reads:

E12 first collision®  ’ xô
^ h k l

1  _  _ 2/3 „ 1 /3  f ,  _
2 B 1 2 C12 E ( 1 - e x p -

-2 /3  4 /7 1+ ( 2 . 2 N B 22xoEm /  ) j , (4. 21)

for a (hkl) crystal bombarded along the surface normal. If the incident beam has
an angle cp with the surface normal x must be replaced by Xo/cos cp. The sput­
tering ratio for an incident ion beam (1) on a target (2) can now be given by

S(hkl) (E,cp) ®(hkl) I E12 first co llision ® ’
V cos cp) + TlpL in (E,<p,(hkl))

(flpJ  (hkl), cp

A  /

E12 ®  ’ coa 9) }  (4. 22)

where E is  the energy of the incident ions, cp the angle of incidence with respect
to the surface normal, nP „ ï i n / ^ o  is  the non channeled fraction (3.18),
(hkl) the orientation of the bombarded surface and a (hkl) and x are the
fitting parameters. The calculation has been performed for an Ar— , Cu+ -  and
Kr ion beam normally incident on a (111)-, (110)- and (100) Cu single crystal
in the energy range 1 - 4 0  keV. The appropriate numbers are given in table
Vm . A fitting to the experimental ratios by the proportionality constant a  is
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S [Atoms /Ion]

0----

Fig. 4 .1 0 . Measured sputtering ratio as a function of the energy for normally
incident Ar ions on different Cu crystals, compared with calculations accord­
ing to equation (22).

---------------- theoretical, Xq=30 X; ®m = 6.50, 0^ =  6.50, c*110=  7 .47 [k e v " ’ ]
---------------- theoretical, x =60 A; Of = 2.78, 0/  =  2 .88 , a  . = 3 .3 8  [keV "1 1

o o  H I  100 110 r  -1  I
---------------- theoretical, x =90 A ;  Of ■ 1.68, Of = 1.78, O' = 2 .1 3 [k eV  ]

S[Atoms/Ion]

Fig. 4 .1 1 . Measured sputtering ratio as a function of the energy for normally
incident Cu ions on different Cu crystals, compared with calculations
according to equation (22).

o _ “1
--------- theoretical, x =30 A; Of =6.25 , O' = 6 .19 , Of =6.76 f  keV

’ o 111 ' 1 0 0  ' 1 1 0  L J
--------- theoretical, Xq=60 A; Of *2 .6 7 , o' =2 .74 , o' q= 3.05 [k e V  ]

O _  - 1
----------theoretical, x^=90 A; Of « 1 .6 6 , O f^^ *1 .7 3 , cy^Q= l« 96 £keV J
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Fig. 4 .12 . Measured sputtering ratio as a function of the energy for normally
incident Kr ions on different Cu crystals, compared with calculations
according to equation(22).

--------- theoretical, x^ -30  A; Qrm =7. 33, a100=6* 73» 0=7.48 [k e V " * ]

--------- theoretical, Xq=60 A; 1 [=*3>07i ® 100=2.92 , a  o~3 ' 33 [k e V *1]

--------- theoretical, Xq=90 X; oĵ b I .8 0 , a  ^ = 1 .8 2 ,  a  0 =2.08 [k e V "1]

^A to m s /Io n J

Fig. 4 .1 3 . Measured sputtering ratio as a function of the energy for normally
incident Ar ions on a (100) Au crystal, compared with calculations,
(equation (22)).

---------theoretical, x^=10S Aj Of * 3 .1 6  [keV ~* ]

-------- theoretical, x^=135 X; < *qq= 2 . 3 7  [keV * J

---------theoretical, x =150 X; Of ^ = 2 .  10 [keV J
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Table VIII.
ASome numbers used for the calculation  of the sputtering ratio . Used potential 12/ 3

+
At on Cu

+
Cu on Cu

„  +
Kr on Cu

+
Ar on A1

+
Ar on Au units

z
1 18 29 36 18 18

Z2 29 29 29 13 79

M
1

40 63 83 ,8 40 40 amu

M
2 63 63 63 27 197 amu

*12 0 ,116 0,108 0 ,104 0,133 0,093 %

*22
0,108 0,108 0,108 0,141 0,078

o

C 12 0 ,948 1,000 0 ,980 0,948 0,561

dioo
3 ,60 3 ,60 3 ,60 4,03 4,05

o
A

d 110 2,55 2,55 2,55 2,85 2 ,8 7
o

d l l l 6 ,2 4 6 ,2 4 6, 24 7,00 7,02
o

d4U
7 ,64 7 ,64 7 ,64 8,55 8 ,6 0

o

d211 4 ,38 4,38 4 ,38 4 ,9 0 4,93
o
A

-2 o -3N 8,65x10 8,65x10 8,65x10 6,15x10 6,02x10 A

A 12
150 208 240 88,5 262 e v X 3

A22
210 210 210 71,7 812 03

eV A

*12 40 ,4 58 ,6 70,5 37,5 39,8
2 /3o2

eV A

B
22

5 8 ,6 58 ,6 58 ,6 2 8 ,7 144
2 /3o2

eV A

E (100)
c

1,03 1,43 1,65 0,43 1,25 keV

E (110)
c 0 ,3 7 0,51 0 ,5 9 0,15 0 ,4 4 keV

E (111)
c

5 ,38 7 ,47 8, 62 2,26 6 ,49 keV

E (411)
c

9 ,93 13,8 15,9 4 ,13 11,9 keV

E (211)c
1,95 2 ,60 3 ,00 0 ,7 8 2,25 keV
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S[ Atoms/Ion]

Fig. 4 .1 4 . Sputtering ratio  as a function of the angle of incidence for
5 keV Ar+ ions on a  (100) Cu crystal turned around a 01 ljaxis.
The points are experim ental, the curves theoretical (equation (22)).
Used param eters: = 60 A, (> 2,81 keV , C = 1 .2 ,

S [Atoms/Ion]

Fig. 4 .1 5 . Sputtering ratio  as a  function of the angle of incidence
for 10 keV Ar ions on a (100) Cu crystal turned around
a l01 ljax is . The points are experim ental, the curves
theoretical (equation (22)). Used param eters: x = 60 A,

“ ioo= 2*83SkeV' 1» c  =
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Fig. 4 .1 6 . Sputtering ratk> as a function o f the angle of incidence
for 15 keV Ar ions on a (100) Cu crystal turned around
a [O il]  axis. The points are experim ental, the curves
theoretical (equation (22)). Used param eters: x = 60 A,
Of ■ 2.76* keV*1, C «  1 .2 . °

S [Atoms/Ion]

Fig. 4 .1 7 . Sputtering ratk> as a function of the angle o f incidence
for 20 keV Ar ions on a  (100) Cu crystal turned around
a [O il ]  axis. The points are experim ental, the curves^
theoretical (equation (22)). Used param eters: x = 60 A,

100 ■ 2 .83  keV -1 1.2 .
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Fig. 4 .1 8 . Sputtering ratio  as a function of the
angle of incidence for 35 keV Ar ions
on a  (100) Cu crystal turned around
a [0**3 axis. The points are experi*
m ental, the curves theoretical
(equation (22))« Used param eters:
*o = 60X ,0-100= 2 .7 7  k e V '1,  C »  1 .2 .

S[Atom s/Ion]

•  <p[ °] 40

Fig. 4 .1 9 . Sputtering ratio  as a function of the
angle of incidence for 20 keV Ar+ ions
on a  (100) Au and a  (100) A1 crystal
both turned around a [ O i l ]  axis. The
points are experim ental, the curves
theoretical (equation (22)).
Used param eters: A l, x = 60 A,

“ ioo= 4 ,1  keV"1* c  =<>1- 2*
Au, Xq = ISO A, t*100= 2.08keV *1, C =  1 .2 .
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shown in fig. 4.10, 4.11 and 4.12 for values of 30, 60 and 90 X. We found
within 7% for x = 60 A a ....... = o f = 2,84 keV * and af/1im = 3,25 keV *oQ (111) (100) (110)
and for x = 90 A a . . . 1V = o',, AA> = 1, 75 keV , o',,, A. = 2,06 keV and a .o .(H I) (190) (HO) poly-
cryst. =1,5 keV” . The differences in the a values for the different crystal
faces may be due to different transport "efficiènces" of momentum towards the
surface. If one assumes that the transport of momentum mainly takes place
along the focusing directions [ 110] and [ 100] and if one assumes that the ratio
of the probabilities to end in a [110] -  or to end in a [100] direction is 4 one
finds a (111) = lan d  ^(110) = 1,33. This follows from the fact that there are

(190) 3 [ n o ]  and 3 [100] directions through the (111)
face, 4 [110] and 1 [100] directions through the (100) face and 5 [110] and 2
[100] directions through the (110) face. If this explanation holds one should ex­
pect however also differences in xq values for crystals of different orientation
because the directions of different axes with respect to the surface change from
crystal to crystal. For Ar+ on (100) Au we find a good description with x = 135
X and = 1.4 keV  ̂ and with x^ = 150 X and =2,1 keV * (fig. 4.13).
So about the same a values as for the corresponding Ar-Cu case. The x values
for gold are however considerably greater than the x values for copper indi­
cating that the difference in focusing collision chain length between copper and
gold does play a role. In connection with this we refer to the work of Nelson et
al. (1962) and Sanders et al. (1964), where it was found that the maximum [110]

o ofocusing collision chains at room temperature are about 30 A and 100 A for Cu
and Au respectively. The results obtained above are in contradiction with recent
work of different authors (Harrison et a l . , 1966, Lehmann and Sigmund, 1966,
Olson and Smith, 1966, 1967, Schulz and Sigmund, 1967), where it is found that
the focused collision sequences only play a minor role in sputtering. We think
however that the work presented here might be useful for the discussion which
is still going on about this subject. The obtained description for the angular be­
haviour of the sputtering ratio is shown ip fig. 4.14, 4.15, 4.16, 4.17 and4.18.

O —1
For Ar on Cu we used x = 60 A and a -  2,80 + 0,03 keV . We used for all

o  —

curves C =1,2.  The sensitivity of the description of the angular behaviour for
a change in x is very small. It can be seen that the description is a good one
although the obtained ratio Sr/|111/Q is always too high, indicating that in

L411J /“[ 100]
the model presented the contribution of the first collision is under estimated.
The results for 20 keV Ar+ on Au and Al are given in fig. 4.19. The used param-

O  O
eters are for Al: x = 60 A and a = 4,1 keV and for Au: x = 150 A and a -

-1  °2,1 keV . The behaviour of the sputtering ratio at the [411] direction is not
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predicted very well. The deviation for Au can be suppressed by taking a larger
contribution for the first collision. For the A1 case we have the same although
in that case the occurrence of planar channeling can play a role. In spite of the
differences found between experiment and theory we may conclude that a satis­
factory two parameter description of sputtering ratio measurements has been
obtained both for the energy and the angular behaviour. Further studies have to
be made on the validity of the assumption of the perfectness of the crystal lat­
tice as well as on the influence of temperature vibrations on the used model.
I think (hope) however the main conclusions of this section, 1) a channeled par­
ticle does not contribute to sputtering, 2) not only the first collision contributes
to sputtering, 3) the length of a focusing collision sequence is important for the
magnitude of the yield, are strong enough to survive.
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S U M M A R Y

This thesis deals with the sputtering of f. c. c. metals under keV ion bom­
bardment. Experiments are performed to determine the sputtering ratio, i.e .
the number of particles ejected per incoming ion. The sputtering ratio depends
on the energy transfer of the ions to the metal atoms and on the transport of
momentum towards the surface. Both effects are strongly influenced by the reg­
ular structure of the lattice. This thesis describes an investigation of the influ­
ence of the lattice structure on the energy transfer of the incoming ions. The
measurements therefore have been compared with the so-called transparency
theories, demonstrating some imperfections of these models. A more realistic
treatment turns out to be possible with the aid of the theory of Lindhard on chan­
neling of energetic ions in a lattice.

In Chapter I the typical dependence of the sputtering ratio on parameters
like energy, mass and angle of incidence of the incoming ions is shown. Further­
more a short discussion of the theoretical work on sputtering is given.

In Chapter R the different effects which may influence the measurements
are discussed. The error in the obtained sputtering ratios is estimated to be
smaller than 3%.

The experimental results are given in the second part of Chapter II. Both
the energy dependence and the angular dependence of the sputtering ratio are
shown for various ions incident on single crystals of copper, gold, lead and
aluminium. Maxima in the curves, giving the energy dependence for normally
incident ions, shift towards higher energies for heavier ions, in accord with the
result for polycrystalline materials. The width of the minima around the "open"
crystal directions are shown to be energy dependent (~ E ^).

In Chapter III a short discussion is given on interaction potentials, which
can be used for the calculation of the energy transfer of the incoming ions to the
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target atoms. For the power potential used in Chapter IV a differential scatter­
ing cross-section has been derived with the aid of the momentum approximation.

The transport of momentum along a close-packed row of atoms is demon­
strated in the hard sphere approximation. These "focused" collision sequences
form an explanation for the preferential ejection directions of sputtered atoms.
The purpose of this thesis however is an investigation of the influence of cor­
related collisions of the incoming ions on the sputtering ratio. Therefore a more
extensive treatment of channeling of the incident ions is given. Formulae used in
Chapter IV are derived from the theory of Lindhard on the influence of crystal
lattice on motion of energetic charged particles.

Chapter IV deals with various models which can be used for the description
of our experimental data. Transparency theories of different authors are given.
A description of the measured sputtering ratio as a function of the angle of in­
cidence has been obtained with the theory of Odintsov. Imperfections of the mod­
el are discussed.

A comparison of the energy behaviour of the widths of the minima found for
the sputtering ratio as a function of the angle of incidence and the critical angle
for channeling strongly suggests the idea that a channeled particle does not con­
tribute to sputtering. This is sustained by the obtained description of the mono­
crystalline sputtering data from the corresponding polycrystalline results. The
introduction of channeling leads to a more-collision hard-sphere transparency
model showing that for an Ar+ ion in the keV energy region incident on a copper
crystal about ten collisions of the incident particle contribute to the sputtering.
A more realistic treatment is obtained by the introduction of a power potential
for the interaction of the incident ions and the target atoms. In this way a des­
cription of our experimental data has been obtained based on the following as­
sumptions: the sputtering ratio is proportional to the energy dissipation of the
incident beam in a surface layer with thickness xq ; the channeled part of the
beam does not contribute to sputtering. The value of xq is found to be about 80
p O
A for a copper target and 150 A for a gold target.
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S A M E N V A T T I N G

Dit proefschrift handelt over de verstuiving van kubisch vlakgecentreerde
metaalkristallen door bombardement met ionen in het keV-energiegebied. Ex­
perimenten zijn uitgevoerd ter bepaling van de verstuivingsverhouding, dit is
het aantal uit het metaal gestoten atomen per inkomend ion. De grootte van de
verstuivingsverhouding wordt enerzijds bepaald door de energie-overdracht van
de ionen aan de metaalatomen en anderzijds door het transport van impuls naar
het oppervlak. Beide effecten worden in sterke mate beïnvloed door de regelma­
tige opbouw van het metaalrooster. Dit proefschrift beschrijft een onderzoek
naar de grootte van de roos ter invloed op de energie afgifte van de invallende
ionen. De metingen worden daartoe vergeleken met de zogenaamde transparan­
tie theorieën, waarbij enkele onvolkomenheden van deze modellen aan het licht
komen. Een realistischer benadering blijkt mogelijk met behulp van de theorie
van Lindhard over geleiding van ionen in de kanalen van het metaalrooster
("channeling*f).

In Hoofdstuk I wordt de afhankelijkheid van de verstuivingsverhouding ge-
toond van parameters als energie, massa en hoek van inval van het projectiel.
Verder wordt een kort overzicht van het theoretisch werk over verstuiving ge­
geven.

In Hoofdstuk n  worden de verschillende effecten die de metingen kunnen
beïnvloeden, behandeld. De fout in de verkregen verstuivingsverhoudingen wordt
geschat kleiner dan 3% te zijn.

De experimentele resultaten worden in het tweede gedeelte van Hoofdstuk
II gegeven. De afhankelijkheid van de verstuivingsverhouding van de energie en
de hoek van inval wordt getoond voor verschillende soorten ionen op éénkristal-
len van koper, goud, lood en aluminium. De maxima, die optreden in de krom­
men die de energie afhankelijkheid voor loodrecht invallende ionen geven, ver-

85



schuiven naar hogere energieën voor ionen m et hogere m assa. Dit resu ltaa t is
in overeenstem m ing met ee rdere  resu lta ten  voor polykristallijn  m ateriaa l. De
breedte van de m inima die optreden rond de "open"-kristalrichtingen in de
krom m en die de hoekafhankelijkheid geven, blijkt energie afhankelijk te zijn

In Hoofdstuk III wordt een korte d iscussie  gegeven over w isselw erkings-
potentialen die gebruikt kunnen worden voor de berekening van de energieover-
d racht van de invallende ionen aan de m etaalatom en. Voor de uiteindelijk ge­
bruikte m achtspotentialen wordt een differentiële botsingsdoorsnede afgeleid.

Het transport van impuls langs een dichtgepakte r ij  atomen wordt gede­
m onstreerd  met behulp van de harde bollen benadering. Deze "focusserende"
sto tenseries geven een verklaring  voor het optreden van voorkeursuittreed-
richtingen voor verstoven atomen. Het doel van dit p roefschrift is  echter het
onderzoek naar de invloed van het optreden van gecorreleerde botsingen van de
invallende ionen op de grootte van de verstuivingsverhouding. Een uitgebreide
behandeling van deze kanaalgeleiding is  daarom  noodzakelijk. Form ules die ge­
bruikt worden in Hoofdstuk IV, worden afgeleid m et behulp van de theorie van
Lindhard over de invloed van het k ris ta lro o s te r op de beweging van energe­
tische deeltjes.

Hoofdstuk IV behandelt verschillende modellen die gebruikt kunnen worden
voor de beschrijving van onze m eetresultaten. T ransparantie theorieën van v er­
scheidene auteurs worden gegeven. Een beschrijving van de gemeten verstu i­
vingsverhouding als functie van de hoek van inval der ionen is  verkregen m et de
theorie van Odintsov. Onvolkomenheden van het model worden gediscussieerd.

Een vergelijking van de energieafhankelijkheid van de breedte d er minima
in de verstuivingsverhouding als functie van de hoek van inval en de kritische
hoek van kanaalgeleiding suggereert de idee dat een "gekanaliseerd" deeltje
niet bijdraagt tot de verstuiving. Dit wordt ondersteund door de verkregen be­
schrijving van de éénkristallijne verstu iv ingsresultaten  uit de corresponderende
polykristallijne resu ltaten . De invoering van de kanaalgeleiding leidt tot een
harde-bollen transparan tie  model, waarbij m eer dan één botsing van het inko­
mende ion in rekening wordt gebracht. E r wordt aangetoond dat voor Ar ionen
m et keV energieën opvallend op een koperkristal ongeveer 10 botsingen van het
Ar+ ion bijdragen aan de verstuiving. Een rea lis tisch e r beeld wordt verkregen
door de invoering van een m achtspotentiaal voor de in teractie  van de invallende
ionen en de doelwit atomen. Op deze wijze wordt een beschrijving van onze
m eetresultaten  verkregen gebaseerd op de volgende veronderstellingen: de ver-
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stuivingsverhouding is evenredig met de gedissipeerde energie van de invallen­
de bundel in een oppervlaktelaag met dikte xq; het gedeelte van de bundel dat in
de roosterkanalen geleid wordt draagt niet bij tot de verstuiving. Voor een ko-
perkristal bleek xq 80 X te zijn, voor goud wordt de beste aanpassing voor x =
150 A gevonden.
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