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Synopsis

Experimental evidence for peculiar sputtering effects under cluster impact of metals is discussed. 

It is emphasized that these effects, seen mainly as excessive yields, are also found for heavy single

atom impacts on heavy target materials and are connected with high energy-deposition densities 

in the surface region. The data are discussed in relation to a number of explanations put forward 

and found to be compatible only with spike effects and to somè extent with lowering of surface 

energies due to emission of clusters. Recent computer simulations of cluster impacts will also be 

discussed. A number of cases where experimental data are badly missed will be pointed out and 
some experiments suggested.

1 Introduction

When a solid target is sputtered with a molecule or a cluster of atoms the sput
tering yield may deviate from the sum of the yields of the individual atoms at 
the cluster velocity (Andersen & Bay, 1974). Such experimental nonlinear effects 
which in practice nearly always manifest themselves as enhanced yields, are the 
topic of the present review. An extensive review of such effects has not been given 
since that of Thompson (1981a; see also 1980). He discussed the phenomenon in 
the broad context of sputtering, radiation damage, gas desorption and ion beam 
mixing and suggested a number of explanations for the observed phenomena. Few 
systematic experimental investigations have been presented since 1981, but a num
ber of scattered data and ideas relevant for the subject have appeared. I shall here 
discuss only the collisional sputtering aspects of cluster impact but shall try to 
cover the experimental side of this topic completely to allow a discussion of the 
problems raised by Thompson in his 1981 review. Nonlinear phenomena are also 
seen in electronic sputtering but these effects will not be discussed here. For a gen- 
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eral discussion of electronic sputtering see Townsend (1983) and for a discussion of 
some of the electronic nonlinear effects see Johnson & Schou (1993).

Nonlinear effects may also be defined from a theoretical viewpoint. The ana
lytical theory of collisional sputtering (Sigmund 1969, 1981) is established through 
solving of a Boltzmann transport equation describing the collision cascade. As an 
essential step in obtaining a solution of this equation, it has been linearized. Phys
ically this means that moving atoms within the collision cascade are supposed to 
collide only with resting atoms, i.e., a moving atom will always loose and never gain 
energy through a collision. The solution of the linearized equation shows that the 
energy spectrum of the atoms set in motion within the cascade is approximately 
proportional to the inverse square of their starting energy. Hence at sufficiently 
low recoil energy any atom within the cascade volume has been set in motion and 
the linearity assumption breaks down. If this breakdown occurs at an energy that 
is very low compared to energies characteristic for the sputtering process, e.g. the 
sublimation energy, no consequences are expected for the sputtering yield. The 
higher the energy density within the cascade, the higher the breakdown energy. A 
way to enhance the energy density is through cluster bombardment. Hence non
linear experimental effects may be directly related to the behaviour caused by the 
breakdown of the linearized Boltzmann equation.

The main theoretical result for the sputtering yield is

Y = 0.042 ofAfa/Af!)5'11^" Z\Z^ 
USA.

(1)

where a is a numerically calculated function of the target-to-projectile atom mass 
ratio Sn is the nuclear stopping cross section, which is a function of the
projectile and target atomic numbers Z\ and Z^ and the projectile energy E. Note 
that this energy enters essentially through Se. Finally, Us is the surface binding 
energy, for metals mostly taken to be the sublimation energy.

Eq. (1) is usually considered to give a good fit to experimental sputtering yields 
if the projectile energy is above a few keV and if the energy density deposited 
at the target surface is not too high. There may, however, be several reasons for 
deviations from eq. (1), most of them non-related to the present review. Andersen 
& Bay (1981) discussed the region of applicability in connection with their yield
data graphs. For a number of elements, where the absolute yields are not well 
represented by eq. (1), the projectile-energy dependence is nevertheless given by 
Sn, except for large Sn in heavy targets, i.e. where the deposited-energy density is 
high.

When the energy spectrum of recoil atoms is modified by slowing down and by
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escape from the solid, the spectrum of sputtered atoms is found to be

dY _ cEi
dE, ~ (Ej + t/3)3 ’ (2)

the Thompson spectrum (Thompson, 1968). Also from this formula we expect 
minor deviations non-related to our present topic (Sigmund 1981, 1987), but it is 
clear from the discussion above that if the yield is influenced by nonlinear effects, 
such effects must also appear as a significant deviation from eq. (2) for small Ei.

It is not intuitively clear whether nonlinear effects will cause the yield to de
crease or to be enhanced. On the one hand, within the nonlinear cascade fewer 
atoms are set in motion than within the linear cascade. On the other hand the 
moving atoms cannot get rid ot their energy. Hence the cascade will live longer. 
As already mentioned above, we usually find an increase. We must expect these 
‘extra’ sputtered atoms to be of low energy, thus adding a low-energy component 
to the spectrum.

The connection between experimental and theoretical nonlinear effects was men
tioned above. Note that we observe nonlinearities experimentally. Thompson 
(1981b) on the other hand argued against the use of the term nonlinear effects. 
It appears that this argumentation is based on the misconception that nonlinear 
effects should also imply that collisions may not be treated as binary (see also 
Johar & Thompson, 1979 for a similar statement). I maintain that linear as well 
as nonlinear cascade theory may be based on binary collisions, and shall hence 
continue to use the term ‘nonlinear’.

The spatial region wdiere a very dense collisional cascade is propagating is usu
ally called a spike. A number of different adjectives like ‘thermal’, ‘collisional’, 
‘displacement’, etc. have been connected with the spike. I shall only use the pure 
word as such. Sputtering from spikes has of course also been modelled. Sigmund 
(1974), Sigmund & Claussen (1981) and Johnson (1987) presented theories for sput
tering from such spikes, while Sigmund & Szymonski (1984) also discussed what 
happens after the collisional part of the spike has passed (t > 10“11 sec). Collective 
mechanisms like gas flow (David et al., 1986; Urbassek & Michl, 1987) and shock 
waves (Carter, 1979; Kitazoe & Yamamura, 1980; Bitensky & Parilis, 1987) have 
also been treated. Common to most theoretical treatments is the concept of a spike 
lifetime considerable longer than that of the linear cascade (Sigmund, 1974, 1975, 
1977). Some aspects of these theories are discussed by Johnson & Schou (1993), 
but as only very few experimental data allow anything like a detailed quantitative 
comparison, I shall not discuss which spike theories may be most relevant. Experi
mental data do, on the other hand, allow to rule out a number of non-spike theories 
as discussed below.

Before presenting experimental data, we need eventually to discuss some nomen- 
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clature for clusters. Usually a distinction is made between clusters and molecules: 
Clusters are homatomic, molecules heteroatomic. But this is not consistent with 
chemical usage: We talk about the O2 or O3 molecule. Sizewise, Harrison & Ed
wards (1985) proposed a hierarchy of names. With 2-10 atoms they speak about 
clusters, for 10-100 atoms of aggregates, for 100 to 10000 atoms of ultrafine parti
cles and for larger sizes simply of particles. Kofman et al. (1990) remark that this 
classification is not fully established. This is certainly true within the ion-beam 
communities. Here the terms atoms, dimers and trimers are used for conglomerates 
of two and three identical atoms but anything containing from 2 to 10000 atoms 
may be called a cluster. For even larger sizes, we talk about particles. This nomen
clature is essentially in agreement with the one advocated by Beuhler & Friedman 
(1986) and Mathew et al. (1986). Finally, it is worth mentioning that Hayashi 
(1987) calls attention to the fact that the term aggregate ought to be reserved for 
irregularly shaped objects.

2 The Experimental Data

In this section a number of experimental data relevant for the elucidation of cluster
impact effects on sputtering will be presented. The data, the method by which they 
are obtained, and the motivation for treating them in this section will be discussed. 
Whether the data allow to discern between different theories of nonlinear effects 
will, in contrast, first be treated in the general discussion section below.

As mentioned in the introduction, nonlinear effects on sputtering yields were 
postulated to occur before dimer irradiations were performed. Sigmund (1969) 
showed comparisons between sputtering data and theoretical predictions. While 
experimental yields from Ar irradiation of Cu, Ag, and Au followed the theoretical 
predictions rather well, yields from Kr irradiations of Ag of Au showed a moderate 
enhancement around the yield maximum (via eq. (1) expected to occur at the 
same energy as the maximum in Sn), while yields from Xe bombardment showed a 
moderate enhancement in copper and a strong one (~ factor 2) in Ag and Au. Due 
to the difficulties of the Sigmund (1969) theory to reproduce the yields of low-yield 
materials, similar comparisons are difficult to make for those, and fewer data exist. 
It seems, however, that such enhancements of yields under atomic bombardment 
are not found for low-yield (high surface-binding-energy) materials (Andersen & 
Bay, 1981; Thompson, 1980). Enhancements are seen for high-yield materials if the 
stopping power is high (high Zi; close to maximum in Sn) and the recoil ranges are 
short (high Z2) as seen in fig. 1. Hence, enhanced yields are seen for high energy 
deposition in the surface region. (See also Sigmund, 1987).

The above statement is strongly corroborated by the systematic relative-yield
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Figure 1. Gold sputtering yields under bismuth, lead, and gold bombardment. The full line 
represents eq. (1).

measurements performed by Andersen & Bay (1972, 1973, 1975). Their data are 
presented in fig. 2. Again it is seen that while the Sigmund theory predicts the 
Zi dependence of the yield at 45 keV well for silicon and nicely for copper, strong 
enhancements of heavy-ion yields relative to Ar sputtering are seen for silver and 
gold. The enhancements comprise in both cases a factor of 2.5 for the heavy 
projectiles.

Based on the reviews by Thompson (1980, 1981a), Zalm & Beckers (1984) con
jectured that nonlinear effects should show up whenever Y exceeded 71. Therefore 
they measured yields of zinc (Us — 1,35 eV) bombarded by low-energy (0.2 - 20 
keV) Xe atoms. The yields covered the region from 3 to 28 and closely follow 
the energy dependence of the nuclear stopping power, which is surprising as the 
energy extends well below the point where collision-cascade theories are expected 
to apply. The data fit nicely together with the 45 keV point obtained by Almen 
& Bruce (1961). That the Y = 7 limit does not apply for lighter targets may also 
be seen from the Kr yield of copper (Andersen & Bay, 1981; fig. 4.16). The energy

1On the other hand, Sigmund & Claussen (1981) stated Yrrniinear > 10 as a necessary condi
tion for significant nonlinear sputtering. This is in good agreement with the experimental data 
of Oliva-Florio et al. (1979, 1987)

9*
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Figure 2. Relative Si, Cu, Ag, and Au sputtering yields for 22 different ions at 45 keV. Data from 
Andersen & Bay (1972, 1973 and 1975).

dependence follows that of Sn strictly from 2 to 1000 keV, while the yield rises to 
14. Obviously the condition of short recoil ranges has not been taken into account 
in the argumentation of Zahn & Beckers. Notwithstanding, yield measurements 
for a very-high yield material like Zn would be most interesting for higher Xe en
ergies. Such measurements are difficult as Zn is no easy target material to work 
with. Zahn and Beckers demonstrate by their careful measurements how such a 
task may be accomplished experimentally.

Nonlinear effects may be seen for light elements at low energies provided the 
binding energy is low enough. This is the case for condensed rare gases. The 
energies must be kept low to ensure collisional sputtering as these targets are 
otherwise sputtered heavily electronically. Fig. 3 shows data for 1-5 keV Ar, Kr 
and Xe sputtering of neon by Balaji et al. (1989). The yields rise much faster than 
proportional to Sn (an apparent slope of 1 would correspond to Y oc (Sn)6. In 
this case the surface binding energy is extremely low (40 meV). Balaji et al. also 
performed measurements on argon, krypton and xenon, where the increase of the
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Sn/Sn(1 keV)

Figure 3. Sputtering yields for condensed neon bombarded by 1 - 5 keV rare gas ions as a function 
of the relative nuclear stopping S,n(jE)/S'n(lkeV). The horizontal scale has been stretched by a 
factor of 6. A slope of 1 would hence correspond to Y oc (Sh)6. Yield data are from Balaji et al. 
(1990).

yield with S), is somewhat slower. Further data at slightly higher energies are given 
by Schou et al. (1992), and a more detailed discussion of the argon yields is given 
by Johnson & Schou (1993).

The evidence discussed above and mostly known prior to 1974 prompted An
dersen & Bay (1974) to attempt a direct experimental proof of the existence of 
nonlinear effects. Silicon, silver and gold were bombarded with the dimers CI2, Se2 
and Te2 and the corresponding monomers at the same energy per atom. While no 
significant enhancement was found for CI2 irradiation, Se2 yielded in all cases an 
enhancement, the larger the heavier the target. An example is shown in Fig. 4. It 
is important that the measurements be performed alternately with monomers and 
dimers. In this way neither chemical effects nor topographic changes of the surface 
will influence the measured enhancement factors.

A few cluster bombardments were reported earlier. Grønlund &: Moore (1960) 
bombarded silver with H and H2 at low energies. In hindsight it is not surprising 
that they saw no enhancement with such light projectiles. In contrast, Roi et al.
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Figure 4. Sputtering yield per atom of a polycrystalline silver target for 207 keV Te+ and 414 
keV TeT" ion bombardment as a function of sputtered-layer thickness. (From Andersen &: Bay, 
1974).

(1960) irradiated copper with 5-25 keV KJ+ and found a 15% enhancement over the 
sum of the atomic yields. For N2 irradiations they saw no particular effects. They 
were mildly puzzled by the KJ+ results. It is not clear whether chemical effects 
could have influenced their results, but they appear reasonable in view of later data. 
Andersen & Bay (1975) also measured the enhancement factor for Te2 and Se2 on 
gold as a function of energy. The enhancement factors stay approximately constant 
over a factor of ten in energy from the stopping maximum and downwards. Above 
the stopping maximum, the enhancement factors decrease rapidly with increasing 
energy.

The energy dependence at low energy was studied by Oliva-Florio et al. (1979). 
They used 1-50 keV Xe and Xe2 on Au. Their results are reproduced here as Fig. 5. 
The energy dependence appears to fit nicely to other experiments. The nonlinear 
effects are seen to persist down to a reduced energy £ = 0.0015 (E = 2 keV). Maybe 
there is even a cross-over giving rise to the enhancement factors being below 1.0 at 
lower energies. As mentioned in the discussion section, such a result would not be 
unreasonable. The measurements were later followed up (Oliva-Florio et al., 1987) 
with Ar2 measurements on Au and Xe2 measurements on Cu, all in the energy
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Figure 5. Nuclear stopping powers (full curve) and yield-enhancement factors for molecular 
irradiations of gold. Filled circles Xe2 (Oliva-Florio et al., 1979). Open circles Te2 (Andersen & 
Bay, 1974), square Sb2 (Thompson & Johar, 1979) From Oliva-Florio et al. (1979).

interval described above. Ar2 on Au showed a weak nonlinear effect (enhancement 
factor ~ 1.2) while the Xe2 on Cu showed an enhancement factor nearly as large 
as on Au. With the Cu result perhaps on the high side, the results fit nicely into 
the trend of other measurements discussed in this section.

Johar & Thompson (1979) and Thompson & Johar (1979 and 1981) carried 
out a large systematic series of measurements of cluster effects. They bombarded 
Ag, Au and Pt with P, As, Sb and Bi monomers, dimers, and, for Sb, trimers 
over the energy range 10-250 keV. For Sb3 enhancement factors as large as 10 
were found. Further, in the 1981 paper they published results on the influence of 
the bombarding angle. The enhancement factors decreased slightly for incidence 
angles far away from the target normal, but due to the variation of the yield 
with incidence angle, yields close to 2000 were reached. The yields are depicted 
in Fig. 6 as a function of surface-deposited energy. Note that F]j is calculated 
through a Monte-Carlo procedure. This may be most reasonable for large incidence 
angles, but published calculations for gold at perpendicular incidence (Thompson, 
1981b) show agreement with analytical values at 100 keV yet nearly a factor-of- 
two below at 1000 keV. All qualitative arguments indicate that the influence of the 
surface (the main reason for discrepancies between analytical and MC calculations) 
should decrease with increasing projectile energies rather than the opposite. Hence 
some doubt remains with respect to the MC calculations. The data from the
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Figure 6. Measured sputtering yields of silver and gold bombarded with mono- and polyatomic 
ions at different energies and incidence angles as a function of surface-deposited energy, calculated 
by Monte Carlo methods. (From Thompson & Johar, 1981).

group have been treated in detail by Thompson (1980, 1981a,b). A number of his 
interpretations will be scrutinized in the discussion section below.

Hofer et al. (1983) mainly studied the influence of temperature on yield to be 
discussed below, but they also determined the silver yield from 100 keV Sb+ and 
200 keV Sbj^ impact. The enhancement factor (~ 1.5) is in good agreement with 
other experimental data.

Merkle & Jäger (1981) (see also their preliminary report, Jäger and Merkle 
(1978)) bombarded gold foils with 10 to 500 keV Bi+ and Bi.j" ions and observed 
the foils by transmission electron microscopy (TEM). Some of their results are 
shown in Figs. 7 and 8. They observe craters in the surface of the foil and ascribe 
these craters to high-yield events. Within the resolution of the microscope only 
1.5% of the incident Bi^ ions at 100 keV/atom give rise to visible craters, but 
these craters contained some 40% of the sputtered atoms. Note also the facetted 
shape of the craters in fig. 7, a feature we shall return to in the discussion section. 
Fig. 8 shows the distribution of crater sizes. The yields from individual cratering 
events do of course scale as the crater volume, i.e. approximately with the third 
power of the diameter. The cutoff at low energy is related to an observational cutoff 
in the TEM. The figure is unique in the way that it constitutes the only published 
data set for fluctuations in sputtering yields. It illustrates that fluctuations are
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50 nm

Figure 7. Faceted craters on a (100) Au surface (a) and a (111) surface (b) bombarded with Bi^~ 
ions. (From Merkle &: Jäger, 1981).

substantially larger for dimer than for monomer irradiations. According to Merkle 
& Jäger (1981) this is thought to be related to the break-up of collision cascades 
into subcascades; a mechanism that will be more difficult under dimer than under 
monomer bombardment. If nonlinear effects exist for the system in question, they 
will be amplified by fluctuations, and the very large fluctuations may give some 
of the explanation for the large yield enhancement. Measurements of crater-size 
distributions are rather time-consuming. It is hence difficult to carry out systematic 
studies varying projectiles, targets and impact angles.

Beuhler & Friedman (1980, 1986) and Mathew et al. (1986) irradiated among 
other targets carbon with very large water clusters (n < 150) at 300 keV. Their 
results, partly also reported as TEM pictures, may to some extent be influenced 
by electronic energy deposition. It is interesting to note that yields are so large 
that the total ion energy is insufficient to atomize the sputtered carbon. Some 
of the TEM pictures by Mathew et al. from Pt-covered carbon look very much 
like the pictures published by Andersen et al. (1978) from Au-covered carbon foils 
bombarded with 15 MeV heavy ions, but there the irradiation conditions were 
clearly in the region dominated by electronic stopping.

A large number of papers (e.g. Hedin et al., 1989; Hunt et al., 1989; Thomas
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CRATER DIAMETER (nm)

Figure 8. Crater size distributions for 125 keV Bi+ and 250 keV bombardment of Au. (From 
Merkie & Jäger, 1981).

et al. 1985 and 1988; Salehpour et al., 1988 and 1989) report different sorts of 
yield enhancement under cluster bombardment in the electronic stopping region. 
Discussion of these results is considered to be outside the scope of the present 
review.

A particularly exciting cluster-enhanced yield involving nuclear collisions was 
introduced through the report of enhanced fusion rates under bombardment of 
metal targets with slow (Ü2O)n clusters. (Beuhler et al., 1989, 1990, 1991). The 
results were heavily challenged experimentally (Fallavier et al. 1990, 1993; Van- 
denbosch et al., 1991, 1992) and finally withdrawn by the original authors (Beuhler 
et al., 1992). Meanwhile attention has been called to an interesting collision mech
anism (Carraro et al., 1990) where a light atom (the deuteron) rattles to and fro 
between heavy atoms in the projectile cluster and the target (the so-called Fermi 
shuttle) and acquires a much larger energy than what might be transferred in a 
single collision, albeit with very low probability. The mechanism was not directly 
discussed by Sigmund in his 1989 review but implicitly present. Hautala et al. 
(1991) showed it to be incapable of explaining the yields originally published by 
Beuhler et al. (1989). The aspect which is interesting in this connection is whether
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Figure 9. Energy spectra of silver atoms sputtered from an AgAu alloy by 6 keV Xe bombardment.
A low energy spike component in the spectra is clearly seen. (From Szymonski et al., 1978).

the mechanism may give rise to sputtering effects. Sigmund (1989) suggests this 
may well be the case close to the sputtering threshold but experiments to con
firm the idea will be difficult. Fallavier et al. (1993) find they are not able to 
lower their background sufficiently to measure fusion yields at the rate predicted 
by Hautala et al. and thus to confirm the feasability of the mechanism. They 
speculate whether other measurements might be performed. In spite of the possi
bility of making sputtering measurements, much more direct evidence appears to 
be obtainable from measurements of backscattering spectra, in particular because 
higher energy monomers or small-cluster beam-background components will have 
a lower scattering cross section than those looked for in contrast to what was the 
case for cluster-induced fusion. Pile-up in the spectra might, however, give rise to 
problems.

In the original paper on yield enhancement from dimers, Andersen & Bay (1974) 
concluded that if the enhancement was due to a spike mechanism, the ‘extra’ sput
tered atoms must be expected to have very low energy. This prediction was tested 
through a measurement of the total reflected energy (also called sputtering effi
ciency), which is largely independent of surface-binding energy (Andersen, 1970). 
The experiment was performed with Se and Te monomers and dimers on lead. In 
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spite of an expected yield enhancement of about a factor of 4 in the latter case, 
no enhancement in the reflected energy could be detected within the measuring 
accuracy of 10%. The extra sputtered atoms must hence have an average energy of 
only some percent of those sputtered by monomers. In spite of the fact that these 
results were reported in the original publication of nonlinear yields, they appear to 
have been largely forgotten.

Even more direct evidence for a low-energy component in the energy spectra of 
collisionally sputtered particles was presented later. Szymonski & de Vries (1977) 
bombarded Ag and Au with 6 keV Xe. Later (Szymonski et al. 1978) they also used 
an AgAu alloy as a target. Fig. 9 shows one of their energy spectra decomposed into 
a cascade part (fitting eq. (2) to the high energy part) and a low-energy Maxwell- 
Boltzmann-like part. From the cascade part surface-binding energies for the pure 
metals as well as the alloy components may be deduced. Ahmad et al. (1981) used 
20 keV Ar and Xe on Ag2. While the spectrum found for Ar bombardment peaks 
at 2 eV, the maximum is found at 0.4 eV for xenon bombardment. Husinsky et 
al. (1978, 1980) used a very low binding energy target, viz. sodium. Again a clear 
low-energy spike component was seen. Measurements of velocity distributions of 
sputtered atoms in general were reviewed by Thompson (1987).

2See also Ahmad et al. (1980) as another example of the work of M.W. Thompson and his 
group on sputtered energy spectra.

Oostra et al. (1988) performed an experiment that was the direct spectrum 
equivalent of the sputtering-efficiency measurement of Andersen & Bay (1974). 
They irradiated gold with 4 keV/atom iodine monomers and dimers. The spike 
component was, as expected, much stronger in the dimer than in the monomer case 
and a substantial yield enhancement was found. The surprising feature of the pa
per was, that through fits of a Maxwell-Boltzmann distribution to the low-energy 
part of the spectra, a higher temperature was deduced for the monomer than for 
the dimer case. A natural point of criticism would be that the model was strained 
too much through assuming a distribution corresponding to thermal equilibrium. 
Szymonski & Postawa (1990) showed that if the fit was instead made to the cascade 
part, the monomer spectrum showed a negative component at the lower energies. 
Szymonski & Postawa resolved the discrepancy by ascribing this artefact to a com
bination of uncertain background subtraction and very poor statistics for that part 
of the spectrum.

Closely coupled to a possible low-energy part of the energy spectra was the 
question of the influence of temperature on sputtering yields. In particular the very 
strong temperature dependence of noble-gas sputtering of silver found by Nelson 
(1965) was by many taken as clear evidence for spikes, until Besocke et al. (1982) 
and Hofer et al. (1983) showed that the temperature dependence was mainly due 
to background sublimation, not sputtering. Hofer et al. found only an approximate 
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30% yield rise from 25° C to 775° C independent of whether irradiation was with 
100 keV/atom Sb or Sb2- In both the 1982 and 1983 publications the authors were 
very puzzled by the missing influence of target temperature on spike sputtering, 
but such evidence was also deduced from measurements of energy spectra from Cr 
and Ca by Husinsky et al. (1984, 1985). Sigmund & Szymonski (1984) showed from 
detailed analytical calculations that no strong influence should be expected, but 
that appears not to have influenced Hofer’s viewpoint in his recent (1991) review 
on angular energy and mass distributions of sputtered particles.

Ion-induced electron emission is a phenomenon basically connected to the elec
tronic stopping of the projectile ion although sometimes in a rather complicated 
way (Rothard et al. 1992). The question which has been raised several times is 
whether the much longer lifetime of the spike than that of the collision cascade 
proper will allow a sufficient coupling between atom and electron systems to cause 
enhanced electron emission. This hypothesis was tested by Thum & Hofer with V+ 
and Nb+ clusters (n < 9, v < 4x 105 m/s) incident on stainless steel. Absolutely no 
nonlinear effects were found. Other investigations (e.g. Hasselkamp & Scharmann, 
1983; Kroneberger et al., 1989) showed molecular effects at much higher velocities. 
These are thought to be caused by nonlinearities in the electronic stopping.

Early results for enhanced ion yields from Si bombarded by Ne2 and Ar2 were 
published by Wittmaack (1979). Molecular effects on ion emission have also been 
studied more recently. While it is difficult to extract information relevant for 
the present purpose from the measurements of total emitted negative charge un
der (H2O)n bombardment (Beuhler & Friedman, 1980, 1986) and from Reuter’s 
(1987) measurements with CFJ“ and irradiation, recent studies involving keV 
bombardment with (Csl)+ and Au+ (Blain et al., 1989; Benguerba et al., 1991) ap
pear more promising. Firstly, their use of a liquid-metal ion source (LMIS) allows 
beams up to Au^ ; presently only with energies up to approximately 30 keV, but 
when work to install a LMIS in a van de Graaff terminal will be finished shortly (Le 
Beyec, 1993) much higher energies and a much broader velocity region will be avail
able. The LMIS has also been used successfully in a tandem accelerator, where the 
clusters have been transported through the charge-exchange system without break
ing up (Schoppmann et al., 1993). This even further extends the energy range, still 
within the nuclear stopping region for heavy targets.

An example of the results of Benguerba et al. (1991) is shown as Fig. 10 display
ing Au- emission from gold bombarded with gold clusters. Very large enhancement 
factors are seen. For Au^ at 10 keV/atom, a slight extrapolation of the data in
dicates a factor of 15. If the same enhancement factor holds for the total yield, 
that would bring the yield up to 300 for a 40 keV Au4 cluster (c.f. fig. 1). If the 
involved atoms come out as single atoms - which they probably do not do - 30% of 
the incident energy would be consumed simply to overcome the sublimation energy.
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Figure 10. Au yield from a gold target as a function of primary ion energy per mass unit. The 
primary ions are Au„ and Au„+ with n < 5. (From Benguerba et al., 1991).

The question in such experiments is whether the ionization depends on the energy 
density of the spike. The Hofer & Thum results for electron emission discussed 
above indicate that not to be the case, but direct experimental evidence is entirely 
missing. Total yield measurements over a broad energy interval for Aun impact on 
gold ought to be one of the first priorities when the new beams become available 
(della Negra et al., 1993, Demirev et al., 1991, Schoppmann et al., 1993, Le Beyec, 
1993). A potential problem is to obtain mass and energy analyzed beams of heavy 
clusters. Beam lines are usually not equipped with bending magnets and focussing 
devices that allow handling of singly or doubly charged particles with masses of the 
order of 1000 to 2000 atomic mass units. It will be exceedingly difficult to measure 
absolute neutral sputtering yields on an event-by-event basis where the nature of 
the projectiles is identified by time-of-flight methods, which in other connections 
may be a convenient way to handle the indentihcation problem.

The Au-Au2 negative ion yield enhancement factor at 15 keV/atom is found to 
be approximately 3.5. Johar & Thompson (1979) found the Bi-Bi2 enhancement 
factor for the total gold sputtering yield to be 2.5 at 30 keV/atom and 3.9 at 
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45 keV/atom. This comparison seems to indicate that enhancement factors are 
substantially larger for Au- ion yields than for total sputtering yields, further 
strengthening the case for measurements of both parameters.

Emission of clusters under cluster bombardment has been studied only on a 
few occasions. The crater measurements of Merkle & Jäger (1981) constitute cir
cumstantial evidence for cluster emission but no direct proof. Beuhler & Friedman 
(1989) found emission of clusters up to from carbon bombarded with 240 
keV (H2O)80 clusters and give detailed mass spectra, but similar spectra for single
molecule or small-cluster impact at the same energy per molecule are not available. 
Again, Benguerba et al. present interesting data. They conclude that ‘cluster ions 
as projectiles are much more efficient than single atomic ions for ejecting complex 
secondary ions’ a result that is in complete agreement with the circumstantial ev
idence from Merkle & Jäger. Further they conclude that ‘our data support also a 
direct ejection mechanism of clusters under cluster impact’. This conclusion agrees 
well with the one reached by Andersen (1989) in his review of cluster emission in 
sputtering but less with the viewpoint of Hofer (1991) that tended to see sputtered 
clusters as created through a recombination mechanism. The two latter papers 
present general discussions of the field of cluster emission.

3 Computer Simulations

Simulations of sputtering through computer calculations were reviewed at length by 
Andersen (1987). It is not the idea here to repeat the classifications and conclusions 
of that paper nor to discuss any of the 400 references treated in the review. It is, 
however, amazing to note that virtually none of the papers discussed then treated 
cluster impacts in view of the number of papers on that subject that have appeared 
over the relatively short period since that review was completed.

The first group of papers treated here is concerned with cluster impact energies 
below the sputtering threshold: We are in the domain of cluster-beam deposition 
of films. The low energy makes possible rather detailed computer studies on small 
samples, but the general interest was very much triggered by the claim by Takagi 
& Yamada (1989) that the impact of large, ionized, low-energy clusters enhanced 
the epitaxial growth of high-quality crystal films. The claim was supported by 
the TEM observations of deposited discontinous films of Usui et al. (1989), but 
their films look very much like those described by Andersen et al. (1979) produced 
by simple evaporation. Silicon epitaxial deposition in particular was studied by 
Schneider et al. (1987) (not employing cluster impact), by Biswas et al. (1988) 
who gave some support for the Takagi conjecture and by Kwon et al. (1990) (the 
same group) who now were less enthusiastic. Kitazoe et al. ( 1984a,b) studied the 
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impact of Al clusters on silicon and Cu on carbon. These programs were further 
developed by Yamamura (1990) for (Ag)n on carbon. In all cases the impacting 
clusters (~ 500 atoms and 6-10 eV/ atom) were found to flatten out on the 
substrate. No sputtering resulted. Xu et al. (1989) studied the impact of (Ar)n 
on Pt and found the impacting clusters to break up and individual atoms to be 
scattered nearly parallel to the surface. Hsieh & Averback (1990) and Averback 
et al. (1991) treated copper cluster impact on copper. At very low energy they 
found no particular effects from clusters. At higher energies, but still below the 
sputtering threshold, they found evidence for craters with a rim, rather like the 
pictures published by Mathew et al. (1986). Hence they saw no particular merit in 
large cluster beam deposition. Maybe that is rather fortunate as a closer inspection 
of the output of the Takagi source did not reveal the presence of large clusters in 
the beam (Brown et al., 1991).

A number of groups investigated cluster impacts on solids by means of computer 
simulations at energies where sputtering may occur. Molecular dynamics methods 
are used for the majority of these calculations. A Cambridge group looked at cop
per sputtering by SiCU impact up to 1 keV (Park et al., 1987). Comparison to the 
yield of Ar atom impact showed no nonlinearities. For further details of their Ar 
sputtering studies, see also Stansfield et al. (1989). They returned to the SiCU —> 
Cu(001) case (Broomfield et al., 1990) using ab initio calculated interatomic po
tentials and now did find significant nonlinearities. Very large nonlinearities were 
found by Yamamura (1988) who investigated (Ar)n impact on carbon (10 < n < 
200, E = 100 eV/atom) using a binary-collision code. The enhancement factor 
of the yield was 80 for the largest clusters. Very strong nonlinearities were also 
found for the energy deposition. It is relevant here to mention that Yamamura 
& Muramoto (1992) found the reflected energy to show a slight enhancement for 
(Al)soo on Ag and (Ag)soo on Al. These results did not include the energy of the 
sputtered atoms. One of the basic ideas of the spike concept was confirmed by the 
simulations of de la Rubia et al. (1987) and Averback et al. (1991). Energy depo
sition of up to 5 keV in Cu and Ni caused local melting lasting some picoseconds. 
Most spectacular in this connection was the formation of craters surrounded by a 
rim without sputtering or with very little sputtering as also discussed above.

Shapiro & Tombrello have published a series of papers on simulation of cluster 
sputtering starting in 1990 with 1 keV/atom impact of AI32 and A1G3 on aluminium 
and gold. They found the target to be compressed substantially by the impact. 
Sputtering was seen, but nonlinearities in the yield might not be discerned. These 
results are presented in more detail by Shapiro & Tombrello (1991 a). In their next 
(1991 b) paper Au (100) and (111) targets were simulated, irradiated by monomer 
and dimer Kr, Xe, Au and U at perpendicular incidence at 5 keV/atom. Dimer yield 
enhancement factors larger than 1 were found in all cases, but they were smaller for 
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the heavy than for the light projectile constituents. The authors suggest this to be 
due to saturation, since a substantial nonlinear effect was suspected to be present 
already for the monomer impact. This sounds like the experimental saturation 
effects suggested by Benguerba et al. (1991) as discussed above. The simulated 
energy spectra show the enhancement to occur at surprisingly high ejection energies 
(1-10 eV). Even processes with a rather high-energy threshold like core excitations 
may display cluster effects (Shapiro Tombrello, 1992).

Finally a group of cluster impact papers by Sigmund and coworkers will be 
discussed. They are to a rather limited extent concerned with cluster sputtering 
effects (mostly not with sputtering at all). Nevertheless they raise a number of 
questions important for the problems discussed in the present paper. Shulga et al. 
(1989) introduced the tool of switching on and off the interaction between target 
particles (and also later between cluster constituents) in the simulation. Two im
portant mechanisms are disclosed through this process: The clearing-the-way and 
blocking-the-way effects which give rise to decreased or increased energy deposition 
(as earlier pointed out by Yamamura, 1988). These effects are discomforting in the 
present connection. We have regarded the Sigmund (1969) sputtering theory a sort 
of benchmark from which to judge nonlinear effects in monatomic sputtering. This 
attitude reflected the idea that deposited surface energy was strictly proportional 
to the nuclear stopping powers and that the stopping power of cluster components 
were additive. At energies close to threshold it now looks as if nonlinearities may 
as well be attributed to the stopping power as to the sputtering process. In this 
region the situation turns out to be as complicated as it is in the electronic-stopping 
region. In Shulga & Sigmund (1990) penetration of gold clusters through silicon is 
treated. Here the clearing-the-way effect dominates and stopping powers are low
ered. In Pan &; Sigmund (1990) the opposite situation is treated: carbon clusters 
on gold targets. Energy deposition is additive but carbon atoms may appear with 
high energies. This becomes even more pronounced if the clusters are mixed light 
and heavy (Hautala et al., 1991). Here we see the Fermi shuttle clearly demon
strated through Monte-Carlo and molecular-dynamics simulations as discussed in 
connection with cluster-induced fusion processes. Shulga (1991) finds lowered stop
ping powers for Cu clusters on copper as do Shulga & Sigmund (1992) for copper 
clusters on gold. In the latter case sputter-yield enhancement factors lower than 
one were calculated. Maybe the experimental data of Oliva-Florio et al. (1979) 
(see fig. 5 here) should really be extrapolated downwards to enhancement factors 
lower than one?

Johannessen (1993) studied Au (100) sputtering by 250 eV Xe and 500 eV Xe2- 
He found only slight nonlinear effects, but when the dimers were oriented with 
their axis perpendicular to the surface, the clearing-the-way effect showed up.

10
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4 Discussion

The aim of the present section is not to discuss which spike model best fits the 
experimental data. Experimental data are not sufficient nor covering a large enough 
energy interval to allow such an evaluation. The idea is rather to have a critical look 
at other alternative models that have been aired to see whether any of those could 
explain the experimental observations. We are hence for a brief moment neglecting 
the fact that the success of linear sputtering theory for moderate energy-deposition 
densities implies that spike effects must play a role for high densities due to the 
breakdown of the assumptions of linear theory.

Thompson (1981 a,b) implied that the mesoscopic roughening of the surface to
pography caused by high-yield events could explain part of the yield enhancement. 
Experimentally, such roughening has been clearly demonstrated (see Carter et al. 
(1981) for a review). Thompson made reference to the calculations of Littmark 
& Hofer (1978) indicating an increase of yield with increased surface roughening. 
Experimentally, the yield increase was seen by Besocke et al. (1982). Note in this 
connection that plenty of other high-dose effects may change the yields (Andersen 
& Bay, 1972, 1973; Andersen 1984). Thompson’s conjecture, however, neglects 
the main virtue of the measuring technique employed by Andersen and Bay (1974, 
1975): As seen from fig. 4 (and all the other data published by these authors), 
the enhancement factor is measured by comparing monomer and dimer yields at 
identical surface conditions. The measured enhancement factors must, therefore, 
be totally independent of dose even if strong dose effects are found for individual 
yields. The model was hence experimentally untenable before it was even proposed.

Johar & Thompson (1979) proposed an effect caused by a lowering of Us due 
to radiation damage. As discussed below, surface-binding energies will depend on 
exactly from which sites at the surface sputtering takes place. Sputtering-yield 
measurements have probably never been made from a perfect surface. In reality 
eq. (1) as well as eq. (2) should hence contain a distribution of surface binding 
sites. The surface roughening caused by high-energy-density events is probably 
not very different from that caused by low-yield events due to surface diffusion, as 
long as we look on the atomic scale. Under high-yield conditions sputtering may 
occur through a two-step process where an atom is first moved to a low-energy site 
and later within the same cascade - sputtered. A possibility in question is local 
surface melting. Such two-step processes will enhance the yields. By definition 
they are of a nonlinear nature. They are not thought to be particularly important.

Many authors proposed that the sputtering of clusters would lower the sur
face binding energy to be overcome (e.g. Merkle & Jäger (1981) and Beuhler År 
Friedman (1980, 1989)). The proposal is qualitatively appealing but has not been 
evaluated quantitatively. If the clusters are assumed to be hemispherical, a lot
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Table I

fee surface (Hl) (100)
Atom on plane 3 6
Corner on overlayer 6 6
Atom on ledge 7 7
Aton im plane 9 8

of different high-index crystal surfaces will be generated, and it is not clear what 
the binding energy will be. Here we shall present a much simplified model which, 
however, is easily quantified.

Calculations will be presented for close-packed clusters emitted from the (111) 
and (100) surfaces of an fee lattice. Surface binding energies will be assumed to be 
proportional to the number of nearest neighbours which the emitted configuration 
of atoms had to the lattice left behind. As the lattice will only relax to a very 
limited extent during the emission process, the assumption is presumably quite 
justified.

An atom in an fee lattice has 12 nearest neighbours. They are distributed dif
ferently in the (111) and (100) planes. An atom has 6 nearest neighbours within 
the (111) plane and 3 below and above. Within the (100) plane there are 4 neigh
bours while 4 are found below and above. Hence an atom expelled from the (111) 
plane leaves 9 nearest neighbours behind while an atom leaving the (100) plane 
only leaves 8: The (111) plane is hence expected to have a higher binding energy 
than (100). Within the present context this agrees with the fact that Hofer et al. 
(1983) found a lower enhancement factor for sputtering from the gold (111) surface 
than from (100).

Considering non-perfect surfaces we find the number of neighbours shown in 
table 1. Let us now look at planar triangular clusters expelled from the (111) 
surface. Let the edge length be n, the number of atoms in the cluster N and 
the number of nearest neighbours NN. For this particular configuration we find 
N = n(n+l)/2 and NN = 3n(n + 5)/2. Note that neighbours not only are found at 
the edges but also in the plane below. Fig. 11 shows NN and NN/87V as a function 
of N, i.e. normalization is chosen to an atom within the (100) plane.

Similarly, for the (100) plane, we find N = n2 and NN = 4n(n +1). In the limit 
of very large plates, we find NN/87V to be 0.5 for the (100) surface and 3/8 for the 
(111) surface as shown in Fig. 11.

We now consider triangular pyramids extending inwards from the (111) plane. 
Beneath a surface triangle with side length n is removed a triangle with side length 
(n — 1) etc. In total, a regular tetrahedron limited by (111) faces is cut out. After

io*
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Figure 11. Nearest neighbours and relative number of neighbours of planar and pyramidal clusters 
from on (111) and (100) surfaces of an fee lattice.

some calculations we find N — n(n + l)(n + 2)/6 and NN = 9n(n 4- l)/2. Note 
that a similar construction is not possible for an hep lattice.

For the 4-sided pyramids on the (100) plane, we find N = n(2n + l)(n + l)/6 
and NN = 2n(3n +1), again shown in Fig. 11. Again NN and NN/87V is shown as 
a function of N in fig. 11.

Note from the figure that significant differences between the surface energy 
saved for planar and volume clusters are not found before N > 10. Note also 
that the pyramids on the (100) face are ultimately the most energy-saving ones 
because their shape comes closer to a sphere than the (111) pyramids. Considering 
numbers, we note that a 2000 atom pyramid may be expelled at the cost of 200 
individual emitted atoms.

The shapes postulated here are exactly the ones found for segregated inclusions 
in an fee lattice (Johnson et al., 1992). They are also the shapes of the craters 
found by Merkle & Jäger (1981) as seen in fig. 8. This, however, does not tell 
whether the clusters were expelled in such a shape or whether the craters first 
obtained their equilibrium shape after the emission. Finally, it should be noted 
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that the full lines of fig. 11 may not be used for interpolation. Intermediately-sized 
clusters will have binding energies above the lines because they must have a more 
regular shape. A similar argument for the continuum case has very recently been 
presented by Tersoff et al. (1993). Note that the abundance of clusters may not 
be judged either from time-of-flight or from laser fluorescence measurements of the 
energy spectra. In both cases energies per atom are measured. It is concluded 
that emission of clusters may play a non-negligible role for the high nonlinear 
yields. This is also related to the role played by fluctuations in the sputtering 
yields. If fluctuations are large, cluster emission will per se give rise to nonlinear 
yields, but both experimental and theoretical information is insufficient to judge 
this possibility.

As the last suggestion, Thompson (1981a,b) proposed that rather than consid
ering the energy deposited within a thin layer at the surface, the energy deposited 
over the crater depth should be considered. He claims that if that be done, linear 
collision theory would still apply. It may be argued that if linear collision cascade 
theory gives the yields, it should also give the energy spectra and this is exper
imentally known not to be the case. Further, if it were, it might be shown that 
e.g. the 2000-atom yield found for 40 keV Bi3 sputtering of gold would imply a 
kinetic energy of the sputtered atoms of some 70 keV with an average energy of 35 
eV calculated from eq. (2). Hence the energy spectra must be different from eq. 2 
simply because of energy conservation. Finally in standard linear collision cascade 
theory it is not possible to deplete a layer of atoms: There will always be a full 
layer to sputter from.

It is concluded that emission of clusters may play a non-negligible role in non
linear effects but spike effects must carry the main load.

5 Conclusions and Recommendations

• Spike effects are the main cause for nonlinear effects in sputtering yields.
• Cluster emission may play a substantial role.
• The amount of existing systematic data does not allow to discern between 

different spike models.
• There is a substantial need for data on yields and energy spectra, to be taken 

over a very broad energy region with clusters containing different numbers of 
heavy atoms.

• The influence of spikes on the ionization probability (or electron attachment 
probability) should be studied.

• The influence of cluster impact on cluster emission should be studied.
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