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Abstract

Using molecular dynamics simulations of collision cascades, we examine point defect and defect cluster formation
mechanisms in metals and semiconductors. In metals we find that the primary mechanism causing separation of in-
terstitials and vacancies is the pushing of vacancies toward the cascade center during the cooling phase of the cascade.
We further describe how the isolation of a part of the liquid formed in the cascade can lead to the formation of in-
terstitial clusters in metals. By comparing ballistically similar pairs of metals and semiconductors like Al and Si and Cu
and Ge, we deduce how the cascade behavior depends on the nature of interatomic bonding and crystal structure. We
also find that close to sharp interfaces of metals with different melting points the ‘vacancy push’ mechanism can lead to
most vacancies being pushed to one of the materials, and an asymmetry in the impurity introduction over the interface
owing to an inverse Kirkendall effect. © 2000 Elsevier Science B.V. All rights reserved.

PACS: 61.80.Jh; 61.72.Cc; 61.72.Ji; 61.72.Nn

1. Introduction

The effects of ion irradiation on metals and semi-
conductors have been extensively studied over more
than four decades [1,2]. Despite this, some fundamental
aspects of the development of collision cascades have
started to become clear only fairly recently by the use of
molecular dynamics (MD) simulations of high-energy
cascades [3-6]. These simulations have shown that local
melting can have a crucial role in the development of
cascades, leading to low damage production in dense
metals and amorphization in semiconductors. In the
vicinity of surfaces local melting can have an even more
dramatic effect on the total damage production by the
flow of hot liquid onto surfaces [7,8].

In the present paper we review some recent MD
studies of high-energy collision cascades in bulk metals
and semiconductors, focusing on defect and defect
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cluster production mechanisms, and discuss how the
results relate to experimental findings. The role of sur-
faces on damage production will be discussed in another
paper in these proceedings [9].

In Section 2 we briefly recall our central simulation
principles. In Section 3 we discuss point defect and de-
fect cluster production mechanisms, and in Section 4 we
compare results between semiconductors and metals. In
Section 5 we show that the cascade dynamics can have
interesting consequences at sharp metallic bilayer inter-
faces.

2. Simulation principles

The simulation methods used in the studies discussed
here have been described in detail elsewhere [10,11], so
we only recall the most central principles here. In sim-
ulating ‘bulk’ collision cascades, which correspond to
the damage caused by isolated primary recoils produced
by neutrons or MeV ions, we give a lattice atom recoil
energy in a random direction in the lattice towards the
center of the simulation cell. Heat is dissipated out from
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the simulation cell at the borders using Berendsen
pressure control [12] at the outermost atom layers with
an optimized time constant. The development of the
system of atoms is followed using MD simulations until
the cascade has cooled down close to the ambient tem-
perature (usually 0 K). Varying the initial velocity di-
rection and position of the recoil atom can cause the
resulting cascades to behave quite differently (even for
the same ion-energy-sample combination) depending on
where the strongest collisions occur.

The interactions between atoms are treated with the
embedded-atom method (EAM) potentials for metals
[13] and Stillinger—Weber or Tersoff three-body poten-
tials for silicon and germanium [14-16]. The equilibrium
potentials are smoothly joined to the Ziegler—Biersack—
Littmark repulsive interatomic potential [17] or ab initio
dimer potentials [18] for small interatomic separations to
treat energetic collisions realistically. The SRIM96
electronic stopping power [19] is taken into account as a
frictional force affecting the motion of all atoms with a
kinetic energy higher than 10 eV. We do not include a
model for electron—phonon coupling since our recent
comparison of simulated and experimental ion beam
mixing values indicates that in the fcc metals treated
here it does not affect the overall cascade development
much [20].

We usually recognize defects using Wigner—Seitz
cells/Voronoy polyhedra centered on the original lattice
atom positions, labeling empty cells as vacancies and
double filled cells as interstitials. In the analysis of
amorphous regions in semiconductors this definition can
be somewhat misleading, but in practice the number of
Wigner—Seitz defects recognized in amorphous pockets
will be proportional to the size of the region [10], so this
definition can still be used as an estimate of the total
amount of damage in the simulation cell.

The use of model potentials to describe a material
does of course not necessarily guarantee that the results
reflect the behavior of the real material. In the present
case, however, the potentials used should give an ade-
quate description of those material properties that are
widely believed to be central for the development of
collision cascades. The EAM potentials give a quite
satisfactory description of the properties of melting, the
liquid and solid state, elastic constants and defect dif-
fusion of the metals [13]. For Si and Ge both the Still-
inger-Weber and Tersoff potentials reproduce elastic
constants and the nature of the covalent bonding well
[21]. The Tersoff potential has some problems in de-
scribing melting of the material, which may cause
problems in its description of amorphization [10]. In the
present work, however, we focus on comparing cascade
behavior in different materials. Although the interatomic
potentials used have some inaccuracies in their descrip-
tion of each material, these are in almost all cases much
smaller than the differences between the materials (both

in the models and in reality). Furthermore, the large
difference between metals and semiconductors in their
resolidification properties are primarily governed by the
different bonding types, which are described well by the
potentials [10,13,21,22]. Thus we believe that the present
work gives an at least qualitatively correct picture of
differences in the response of real materials to ion irra-
diation.

3. Defect production in metals

The present understanding of the overall develop-
ment of collision cascades induced by keV heavy ions
can be summarized as follows. In light materials with a
low atomic density like aluminum and silicon, the cas-
cades are roughly linear, and no large liquid zones form
within the cascade. For instance in silicon the cascade
development can in fact be rather well represented by
binary collision approximation simulations, especially if
the parameters in the simulation are calibrated with MD
simulations [23]. In semiconductors like Si and Ge the
regions of the crystal strongly disordered by the irradi-
ation form amorphous zones upon cooling-down due to
the low recrystallization rate of the materials [22]. In
heavy dense metals, on the other hand, large liquid
zones form during irradiation, but during the cooling-
down phase of the cascade the crystal regenerates almost
perfectly, and only a few isolated point defects remain
after cooling [3,10] (see Fig. 1). With this overall struc-
ture in mind, we now discuss the point defect and defect
cluster formation mechanisms.

The mechanism leading to the formation of vacancies
and vacancy clusters in metals is quite well understood.
The ejection of interstitials by replacement collision se-
quences (RCSs) or the formation of interstitial clusters
at the outskirts of the cascade leads to a deficiency of
atoms in the liquid region. When the liquid region so-
lidifies [3], it has a strong tendency to recrystallize into a
perfect crystal. Hence the empty volume in the liquid
will be pushed towards the center of the cascade, where
it will form a loose network of single vacancies or a
vacancy cluster.

In a recent comparison between simulated and ex-
perimental results on cascades in tungsten we found that
at least in this material MD simulations reproduce the
shape of this vacancy network quite well [24].

It has long been clear that isolated interstitials can be
produced by replacement collision sequences in fcc and
bce metals [25,26]. This was frequently assumed to be
the dominant mechanism separating interstitials from
vacancies, thus preventing their recombination by low-
temperature interstitial migration. Recent simulations
have indicated, however, that RCSs are in fact rather
short on average, so interstitials are mostly created close
to the edge of the liquid zones of the cascades [10,27].
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Fig. 1. Illustration of the development of a 10 keV cascade in the bulk in copper induced by a self-ion. Each dot shows the position of
one atom in a slice with a thickness of one unit cell. Note that although the empty volume in the cascade is distributed almost evenly at
1 ps, most of the vacancies left at 5 ps (when the crystal has regenerated almost completely) are in the central region of the simulation

cell. From Ref. [8].

Hence the ‘vacancy push’ effect in cascade cores de-
scribed above emerges as an important factor leading to
interstitial-vacancy separation in high-energy cascades.

While the mechanism forming vacancy clusters is
relatively well understood, the mechanisms producing
interstitial clusters in bulk cascades have long remained
unclear. While clusters have been observed to be pro-
duced directly in collision cascades [27], the mechanism
leading to cluster formation is not clear. A ‘loop
punching’ mechanism by coherent atom displacement

has been proposed to be active [28], but this has not been
clearly established [7,29].

We have compared the initial and final positions of
displaced atoms in a large number of 10 and 50 keV
collision cascades in fcc metals, analyzing the formation
of all interstitial clusters containing more than = 10
Wigner—Seitz defects, but none of these were found to
form by loop punching. We have, however, observed
another mechanism leading to interstitial cluster for-
mation. A part of the liquid zone produced by the
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Fig. 2. Formation of a defect cluster in a 10 keV cascade in Pt. The top four figures show the atom positions in a 40 x 40 x 50 A region
of the simulation cell projected onto the xy plane. The two atom rows which crystallize and isolate part of the liquid are highlighted
with a dashed rectangle. The lowest figures show the positions of atoms in the cluster at 5 and 25 ps. From Ref. [10].

cascade can be isolated by the formation of a recrys- occur since the high pressure in the central region tends
tallized ‘neck’ in the liquid. If the isolated part of the to push atoms towards the outskirts of the liquid), the
liquid contains too many atoms (which is quite likely to recrystallization of the neck prevents the interstitials
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Fig. 3. Interstitial cluster produced in a 50 keV collision cascade in copper, seen from two different directions. Each sphere shows the
final position of each atom in the cluster. The central cluster consists of a number of {1 1 1} atom platelets partially on top of each

other.

from collapsing inwards towards the center of the cas-
cade, leading to the formation of an interstitial cluster.
The mechanism is illustrated in Fig. 2.

Detecting the liquid isolation mechanism is not
straightforward, whence we have not unambiguously
recognized it in many events. Most of the interstitial
clusters seen tend to form at the outer regions of the
liquid zones of the cascades, however, which is consis-
tent with this mechanism.

Since the interstitial cluster is formed from the liquid,
its initial shape is rather disordered (see the lower part of
Fig. 2). But while the cascade cools-down, the temper-
ature around the center of the cell is still sufficiently high
to allow for reorganization of the interstitial atoms. The
final shape of the interstitial cluster, some 25 ps after
initiation of the cascade, already shows quite well-de-
fined side facets.

Analysis of five 50 keV cascades induced by self-ions
in bulk Cu and Ni, showed that even larger, rather well-
ordered interstitial clusters can form directly in the
collision cascade. The final shape of the largest one
(containing about 150 atoms) is illustrated in Fig. 3. The
size of clusters formed in the other bulk events varied
widely, but on average the size of the largest interstitial

and vacancy cluster in both Ni and Cu was about 30
defects. The total number of defects in the same events
was on average about 100. None of the clusters formed
had a perfect dislocation loop structure, but many of
them consisted in part of well-formed platelets, even
though the simulations were ended after the cascade had
cooled down after about 30 ps. On experimentally ac-
cessible timescales it seems plausible that at least many
of these defect clusters would collapse into regularly
shaped loops or stacking fault tetrahedra.

The experimental difference between damage pro-
duction in Ni and Cu during neutron irradiation, cor-
responding to cascades not affected by surfaces, is
roughly a factor of ~ 1.5 [30-35]. Although it is not
quite clear whether this difference is related to low-
temperature defect migration, the result has not been
observed to depend strongly on temperature, so we can
attempt to compare the result with MD simulations. The
average damage production in our simulations does not
differ much, but the largest clusters seem to be produced
in the Cu events. With only 5 events simulated in each
material, this can of course only be a statistical varia-
tion. But the difference would be consistent with the
observation that the liquid zone in Cu cascades is larger
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than in Ni [10], so it can be expected to lead to the
formation of larger clusters. The experimental difference
might also be related to an electron-phonon coupling
effect not affecting the mixing strongly.

4. Comparison between metals and semiconductors

We have compared the development of collision
cascades in Al and Si on the one hand, and Cu and Ge
on the other, to deduce how the crystal structure and
bonding type affect the development of cascades [10].
Since these pairs of materials have similar atomic
masses, their purely ballistic behavior is expected to be
quite similar. Al and Si also have almost the same
atomic density, whence differences between cascade be-
havior in them must primarily stem from the difference
in crystal structure and bonding type.

Cascade development in typical semiconductor ma-
terials like Si and Ge is in some respects quite different
than that in metals. The open diamond crystal structure
leads to medium-energy secondary recoils traveling
considerably longer than in metals with a similar atomic
density [36]. This explains why the ion beam mixing in
semiconductors tends to be higher than in metals [37,38]
and leads to dilute cascades in semiconductors [10].

Interstitials in silicon are not created by well-defined
RCS’s as in metals [39]. Instead they are formed by low-
energy recoils traveling typically 4-7 A [10]. The dis-
tances from the interstitials to the nearest vacancy,
however, is about 15 A, almost exactly the same as in
aluminum. Thus, even though the mechanisms forming
interstitials are rather different, their final distribution is
not that different.

80 Si self-recoils iy
] 10 keV
B 5keV | ]
2keV |
50 Ml 400eV | |

Average number of defects

0 4 /
0O 10 20 30 40 50 60 70 80 90 100
a Cluster size (defects)

The largest difference between the initial state of
damage lies in how the central liquid zone of the cascade
solidifies. As we have seen above, in metals the cascade
tends to regenerate into perfect crystal except for a few
vacancies left behind in the central zone of the cascade.
In Si and Ge, by contrast, the recrystallization velocity is
so low that during the very rapid cooling in a collision
cascade the liquid or disordered region formed in the
cascade does not have time to reorder into crystalline
material. Instead, it is left in an amorphous state [5,22].
The total amount of damage (counted as disordered
Wigner—Seitz cells, defect spheres or simply atoms in the
amorphous zones [10]) will be much larger in semicon-
ductors. This is illustrated in Fig. 4. which shows the
distribution of defects produced by self-recoils in clus-
ters of various sizes. Note that the abscissa scales in the
Si and Al figures differ by an order of magnitude. The
clusters, or amorphous zones, are dramatically larger in
Si than in Al.

5. Heat spikes at bilayer interfaces

The ‘vacancy push’ effect described above can have
interesting consequences at metallic bilayer interfaces.
Consider a collision cascade centered at a sharp bilayer
interface between, for instance, Ni and Cu. Since Ni has
a much higher melting point than Cu (1730 K vs. 1360 K
for Cu), the liquid zone formed in it is much smaller
than that in Cu, and resolidifies much faster [10]. Since
interstitials are created normally, however, the liquid in
Ni has some empty volume. As the Ni crystal strives to
regenerate, the empty volume in it will be pushed over to
the Cu side of the interface. Thus almost all the vacan-
cies will end up in Cu. But since there are too few Ni

T T
| Al self-recoils

T T T T
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30 ¢ 2keV | -
5L W 400eV | |

20}
15
10}

Average number of defects

7.
1 2 3 4 5 6 7 8 9
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Fig. 4. Distribution of Wigner—Seitz defects as a function of the cluster size for Si (a) and Al (b), measured as the number of Wigner—
Seitz defects each cluster contains. The data for each energy are overlayed on that of the higher energies. The numbers are the average
over 6-10 events for each energy. Because of the limited number of events and clusters produced by them, the upper end of the 2-10

keV distributions are not statistically significant. From Ref. [10].
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Table 1
Average defect results of the 5 keV collision cascades close to a Co/Cu or Co/Ni interface®
CuCo/Ni CO/NiCu ICu Iother VCu VCo/Ni
Co/Cu 17.3 13.6 5.7 6.9 9.3 33
Co/Ni 29 23 9.5 6.5 14.7 1.3

* Cuc,ni denotes Cu impurities in Co or Ni, Co/Ni, Co or Ni impurities in Cu, Ico/n; interstitials in Co or Ni and Vo ni vacancies in
Co or Ni. 16 events were simulated in the Cu/Co system and 6 in the Cu/Ni system. From Ref. [40].

atoms, the vacant sites in Ni (just before they are pushed
over into Cu)) will be filled with Cu atoms. This will lead
to more Cu impurities in Ni than vice versa.

We detected the mechanism outlined above by sim-
ulating 5 keV cascades at Cu/Ni and Cu/Co {1 11} in-
terfaces [40]. To prevent ballistic effects from biasing the
results, the recoils were started from random locations
on both sides of the interface, but directing them to-
wards it. The results are summarized in Table 1. As
outlined above, most vacancies are in Cu, and there are
more Cu impurities in Co or Ni than vice versa. The
final distribution of vacancies and impurities after one
event is illustrated in Fig. 5.

The behavior described above can be summarized as
a vacancy flux driving an impurity flux in the opposite
direction over an interface, that is, it is analogous to the
inverse Kirkendall effect known to occur during radia-
tion enhanced diffusion [41]. Since in this case the driv-
ing force is quite different than in the classical effect,
however, we prefer to interpret it as a new kind of

Fig. 5. Distribution of impurities and vacancies after one 5 keV
event close to a Co/Cu interface. The line shows the position of
the {1 1 1} interface, the filled circles the positions of impurities
and the open circles the positions of vacancies. The Co part of
the crystal is in the lower left part of the figure; thus all filled
circles in this part are Cu impurities. From Ref. [40].

Kirkendall effect, inverse Kirkendall mixing in collision
cascades.

6. Conclusions

The results discussed in the present paper have shown
that many aspects of cascade development in the bulk
have been much clarified by the systematic use of MD
simulations. The role of heat spikes in metals starts to be
fairly clear, and in particular the pushing of empty
volume in cascades towards the cascade center has been
found to have many interesting consequences. It appears
to be an important factor causing separation of vacan-
cies and interstitials, and it can lead to the formation of
vacancy clusters and loops in high-energy cascades.
Furthermore, the effect was also found to lead to an
imbalance in the defect and impurity distribution at
sharp metallic bilayer interfaces.

The results also demonstrated one mechanism lead-
ing to interstitial clustering, the isolation of a liquid
pocket with an excess of atoms, which then forms an
interstitial cluster during cooling. Further study is
needed, however, to determine whether this is the
dominant mechanism, or whether other mechanisms can
be active as well. In 50 keV bulk cascades in Cu and Ni
we observed the formation of large clusters of both in-
terstitial and vacancy character, sometimes containing
around 100 atoms and having dimensions of 2-4 nm.

The comparison of cascade development between
silicon and aluminum showed that isolated interstitials
are distributed in a roughly similar manner in both
materials, but that the nature of the damage produced is
otherwise quite different due to the formation of amor-
phous pockets in silicon.
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