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The sputtering mechanisms of monocrystalline Cu are studied using the binary-collision
lattice-simulation code COSIPO. Single-crystal Cu(100) is irradiated with normally incident 5-
keV Arions. The backward-directed modified recoil flux is compared to the angular distribution
of sputtered particles in order to follow the sputtering process. The angular distribution of sput-
tered particles is directly related to the modified recoil flux and collision cascade anisotropies.
Particular attention is given to different mechanisms acting in single-crystalline sputtering. Both
the collision sequence and Lehmann-Sigmund mechanisms are found to take place. The colli-
sion chains are mainly of the short-range type, except for the (110) replacement and directional
ones. The (110) and (100) sequences dominate the angular distribution of sputtered particles.
The contribution of defocused sequences is higher than that of replacement and focused ones.
The sputtering yield and angular distribution of sputtered particles are evaluated as a func-
tion of target thickness. Fifteen atomic layers are sufficient to achieve the bulk yield and spot
pattern of sputtered particles that corresponds well to that of a monocrystalline target. The
Lehmann-Sigmund model is simulated by employing a target with a varying number of (100)
atomic layers on the top of the amorphous bulk. Calculations show that two atomic layers of
regular structure on the top of the amorphous bulk reproduces the main features of the spot
pattern of sputtered atoms, but is inadequate in explaining the collision sequence mechanisms

of monocrystalline sputtering.

I. INTRODUCTION

This paper is the third in the series of collision cas-
cade anisotropy studies in single crystals. The first paper
(to be referred to as “I” throughout this paper) concen-
trated on presenting the method of calculations of the
collision cascade anisotropies with particular emphasis
on the flux concept.! In the second paper (to be referred
as “II”) we continued the development of the computer
code in order to be able to investigate more thoroughly
the different mechanisms during collision cascades.? In
the present paper we concentrate on sputtering mecha-
nisms. The same computational techniques are used here
that were described in I and II.

The interest in monocrystal sputtering grew especially
after Wehner’s discovery? that the angular distributions
of atoms ejected from single-crystal targets showed max-
imum intensities in directions corresponding to the more
closely packed atomic rows. Silsbee* explained the phe-
nomenon by focusing collision sequences as a means for
the long-range transport of momentum in crystals at low
energies. In addition to Wehner spots, it was observed
experimentally that the sputtering yields of monocrystals
largely depend on the crystallographic direction of the in-
cident beam.®'¢ This was connected to the varying open-
ness seen in stick-and-ball crystal models when viewed
from different directions.®’” An alternative to the Silsbee
mechanism was developed by Lehmann and Sigmund?®
who proposed a model for preferential sputtering based
on collisions of subsurface atoms with surface atoms.
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They pointed out that the spot pattern could result from
the regularity of the surface structure, coupled with ran-
dom collision cascade in the bulk. This model deals with
the reduced length of collision sequences by thermal vi-
brations of the atoms and with preferential sputtering
observed in cases when long-range sequences cannot oc-
cur (e.g., for hep crystals). Furthermore, in early com-
puter simulations it was found that the spot patterns did
not necessarily arise as a consequence of focused collision
sequences.® Neither model turns out to be wholly sat-
isfactory, although both contain elements that must be
present in a complete theory of the ejection pattern. In
recent computer simulations!®!! both mechanisms were
found to take place in monocrystal sputtering. These
mechanisms have been reviewed recently by Robinson!?
and Thompson.!3

In this paper the purpose is to study various sputter-
ing mechanisms in the case of a monocrystalline target
for which theoretical results are crude approximations.
If it turns out that the sputtering mechanisms can be
well separated from each other, it should be possible to
use information from simulations within the theory. A
good understanding of the basic mechanisms in cascades
and sputtering is thus needed. An analogous idea of di-
viding the simulation into smaller pieces and of using
the results of simulation within theory has already been
applied for mixing.!* Here we merely use recoil flux dis-
tributions qualitatively in studying the cascade develop-
ment and how this leads to sputtering. The comparison
and unification to theoretical results will be postponed
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to a later occasion.

Recent computer simulations have concentrated either
on specific sputtering mechanisms at a time!®:15-17 or
in momentum distributions in collision cascades,'® while
the connection between these two phenomena has been
totally overlooked. The aim of this paper is to study the
contributions of different kinds of collision sequences and
Lehmann-Sigmund mechanism in sputtering and com-
pare these results with those in paper II. The Lehmann-
Sigmund mechanism is studied more quantitatively than
in our recent paper,!® where stress was laid mainly on
qualitative features.

II. THE COMPUTATIONAL MODEL

The COSIPO code is used with the same input param-
eters as in paper I1.2 A Cu(100) surface is bombarded at
normal incidence with 5-keV Ar ions. In brief, the tra-
jectory of each particle is constructed as a series of clas-
sical quasielastic binary collisions. All collisions with im-
pact parameters less than 0.72a (a is the lattice unit) are
evaluated. The Moliére potential with screening lengths
suggested by Robinson?? is used to describe the elastic
scattering. Inelastic losses are based on the exponential
Oen-Robinson model.2! A target atom is displaced when
recoiling with a kinetic energy greater than a threshold
value E;. The recoils in the cascades are followed colli-
sion by collision until their energy falls below a threshold
energy E. or they escape the target surface, which is
represented by an isotropic or a planar barrier with the
sublimation energy as a surface binding energy E,. In the
isotropic barrier model, a particle escapes the surface if
its kinetic energy exceeds E,, whatever its direction may
be. In the planar binding model, only the normal com-
ponent of the velocity of an ejected atom is available to
overcome the surface barrier. Consequently, the atom is
refracted away from the surface normal. The threshold
energies E4 and E, are chosen to be equal to the sub-
limation energy. A small binding energy E3=0.2 eV to
the target site is used for atoms diplaced by the projec-
tile. Thermal vibrations with a target temperature 300
K are included by assuming that they are uncorrelated
and Gaussian distributed. The collision cascades that
are sufficiently dilute and linear take place in a perfect
crystal. The modified recoil vector flux N™(6,4¢,z, E)
and the distribution of sputtered particles are calculated
in the way described in I and II. The flux N includes
the contribution of collision sequences transferring only
energy in addition to normal mass flow.

Provision is also made for modeling and recording dif-
ferent types of collision sequences in connection with
sputtering. They are recorded in a similar way to those
previously.? In replacement chains the projectile replaces
the next row atom if the projectile is left with a kinetic
energy less than E., and it is closer to the target site than
to its original lattice site. In focused (defocused) sequence
the knocked-out atom momentum is focused (defocused)
from collision to collision. In directional chains only the
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momentum transfer along an atomic row is taken into ac-
count. The procedure for the simulation of the Lehmann-
Sigmund model was modified slightly compared to the
earlier one used in Ref. 19. The target is amorphous
with a thin monocrystalline layer at the surface. The
amorphous target is a single crystal that is randomly ro-
tated in space after each collision. The number of (100)
atomic layers on the top of the amorphous bulk is varied.
The neighboring structure is determined by the next col-
lider; i.e., if it turns out that the next collider is beyond
the interface, the structure is changed from monocrystal
to amorphous or vice versa depending on the direction
of the recoil. The next collider is searched from the new
structure. The procedure used here somewhat decreases
the indefiniteness of the position of the interface com-
pared to the previous one.

III. RESULTS AND DISCUSSION
A. Distributions

In our recent papers we have studied quite thoroughly
the effect of target structure'! and the influence of dis-
tinct model parameters?? (e.g., interaction potential and
electronic energy loss) in the sputtering of Cu by 5-keV
Ar ions. In papers I and II consideration was given to
anisotropies and to several mechanisms acting in colli-
sion cascades. The aim of this section is to get a deeper
insight into the relation between the angular distribution
of the sputtered particles and the cascade anisotropies.

Since about 90% of the sputtering!! originates from
the surface plane, its understanding requires knowledge
of the modified recoil flux distribution in the close vicin-
ity of the surface. The backward-directed N]* distri-
bution stays practically identical as a function of depth
(see paper II). As explained in our paper I, the distri-
bution of sputtered particles can be obtained from the
equation N,(8,¢) = CN™(0,¢,2 = 0) | cosf | (C is a
constant). The sputtering process can be divided into
successive steps. The flux N through a marker just
below the surface is the starting point for the procedure.
After passing through this marker the recoil collides with
a surface atom. The last collision inside the target does
not affect the N distribution very much because its
depth dependence is slight.? Once crossing the surface,
atoms in the sputtering process undergo surface scatter-
ing from some of their close neighbors. The final step is
the potential barrier, which the atoms have to overcome.
In addition to these, there are collision sequences prop-
agating along the surface. These surface processes also
contribute to the sputtering. Thus, the N distribution
just below the surface differs from the angular distribu-
tion of sputtered particles in respect of surface processes
and potential barrier.

In order to follow the sputtering process, the modified
recoil flux distribution near the surface is compared to the
angular distribution of sputtered particles in Fig. 1. The
combination of elastic and inelastic energy losses used
here gives good agreement with experimental results.??
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FIG. 1. (a) N/ distribution in the backward direction at
the depth z = 0.9 A, (b) previous N distribution multi-
plied by cos 8, (c) angular distribution of sputtered particles
N, when isotropic potential barrier is used, and (d) angular
distribution of sputtered particles N, when planar barrier is
used.

The experimental distribution of sputtered particles?3
shows four (110) spots and one (100) spot. The inten-
sity of the (100) spot is of the same order as the (110)
spots. In Fig. 1(a), the modified recoil vector flux in the
backward direction at the depth z = 0.9 A is presented.
6 = 180° corresponds to the backward surface normal
and 6 = 90° to direction parallel to the surface. The
distribution in Fig. 1(a) has been multiplied by cosé in
Fig. 1 (b). The (110) peaks in Fig. 1(b) have become
smaller by a factor of 1/v/2 (=| cos 135° |) with respect
to the (100) peak.

The recoils in Figs. 1(a) and 1(b) have to undergo colli-
sions when crossing the surface and the surface scattering
from some of their close neighbors. Figure 1(c) presents
this distribution of sputtered particles in the case of the
isotropic potential barrier with F; equal to the sublima-
tion energy. The isotropic barrier is used only in con-
nection with Fig. 1(c). The planar barrier is employed
elsewhere. The spot pattern, when E,=0 eV, is nearly
identical to that in Fig. 1(c). One can observe that the
strike between the (110) peaks is shifted towards the sur-
face normal and the small (111) peak has disappeared in
Fig. 1(c). In addition to these, the position of the (110)
peaks is shifted towards the surface normal, the deflec-
tion angle being 5°+3° from the (110) direction. This
is in close agreement with MARLOWE results.!® These
changes are due to the surface scattering. In the case of
the (111) peak in Fig. 1(a) the effect of the last incom-
plete focusing ring at the surface is stronger than for the
(110) peaks because the angle between the surface nor-
mal and the (111) axis is larger and the impact parameter
in the last collision smaller than for the (110) row. Thus,
the curvature of the band connecting the (110) peaks to-
wards the surface normal is quite logical. The (110) peak
heights in Figs. 1(b) and 1(c) are nearly equal. Neglect-
ing the small differences between Figs. 1(b) and 1(c)
the distribution of sputtered particles is well related to
the modified recoil flux distribution and to the collision
cascade anisotropies. In conclusion, the surface scatter-
ing is important and does have an influence on the spot
pattern. In contrast, surface processes, i.e., collision se-
quences along the surface, are not important.

The distribution of sputtered particles in the case of
the planar surface barrier is shown in Fig. 1(d). The
inclusion of the refraction decreases the (110) peaks with
respect to the (100) peak and changes the position of
the (110) peaks towards the surface by an amount of
5°+3° from the (110) axis. This agrees well with the
MARLOWE simulations (9°+2°) (Refs. 10 and 17) and
the experimental results (5°+4°) (Ref. 24). In addition
to these one can observe preferential ejection in directions
parallel to {100} planes intersecting the surface. A com-
parison with Fig. 1(c) shows that these strikes are due
to the refraction of the atom trajectories by the planar
binding potential. Calculations show that replacement,
focused, and defocused collision sequences contribute to
these strikes. Hou and Eckstein'® have found that only
replacement chains provide contributions to these strikes.
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The present calculations do not support any pronounced
preferential ejection in the (112) direction [see Fig. 1(d)].
Hou and Eckstein have observed (112) spots in the static
MARLOWE simulations. Static means that thermal vi-
brations have been omitted. Experimentally the (112)
spots have not been observed, however.?3 On the other
hand, the N/® distributions have a small (111) peak in
Figs. 1(a) and 1(b), which has practically disappeared
in Fig. 1(d). Calculations show that the (111) collision
sequences are sputtered mainly into a spot with § =~ 43°
and ¢ = 45°. This position of the spot corresponds to the
(112) spot observed by Hou and Eckstein.!? However, the
contribution of all (111} collision chains to this possible
(112) spot in the angular distribution of sputtered par-
ticles is only little over 1%, and thus the spot is hidden
by a background. The fraction of the (112) sequences in
this spot is also minor (13%). Overall, the present sim-
ulations do not support any preferential ejection in the
(112) direction.

B. Contribution of collision sequences
to the total yield

In the preceding section it was seen that several di-
rections of predominant sputtering exist. We shall now
study the collision sequence mechanisms contributing to
the total yield. The fractions of different collision se-
quences in the sputtering are shown in Fig. 2 as a func-
tion of length of the chain. The length L = 15¢,,4 (tuyw
is the unit translation along an axis [uvw]) includes all
chains with lengths L > 15t,,,. Table I presents the
mean lengths of the (100), (110), and (111) collision se-
quences and Table II the fractions of the chains contribut-
ing to the total yield.

The (110) sequences play the most dominant role in
Fig. 2 and the (111) ones the smallest, irrespective of
the type of chain. This is due to the fact that the (110)
direction has the smallest t,,, and experiences the least
energy loss to focusing rings as discussed in paper IL
The contributions of long-range (L >3tyyw) (110) re-
placement and directional sequences are also significant.
The distributions in Fig. 2 are qualitatively similar to
the corresponding ones in paper II (Fig. 6). The se-
quences are mainly found to be short-range, except for
the (110) replacement and directional ones. The sput-
tering process usually changes the mean lengths of the
collision sequences only a little. The mean lengths of the
(110) replacement and directional chains have, however,
changed about 10%. The higher mean length of (110)
replacement sequences in the sputtering is related to the
fact that the contribution of long-range (L >3t11¢) chains
has increased relatively when Fig. 2(a) is compared to
Fig. 6(a) in paper II. The increase of the mean length
of (110) replacement and directional chains in the back-
ward direction was also observed in paper II when the
depth of the marker decreases. In the case of (110) di-
rectional chains, the short-range (L < 3t110) sequences
have become more dominant, which is partly due to the
fact that the mean length of (110) focused chains has de-
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creased. The (110) focused chains have become shorter
because long-range (110) chains with low energies cannot
overcome the planar surface barrier. For directions other
than (110) the mean lengths of the replacement, focused
and directional chains have stayed practically constant in
most cases. The mean lengths of the defocused sequences
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TABLE I. Mean lengths (in units tu,w) of the (100}, (110), and (111) collision sequences con-
tributing to the sputtering (S) and the N* distribution (at the depth z = 0.9 A, backward direc-
tion). The latter results are from paper II. The statistical uncertainty AL is less than 0.05%,.., for
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the (110) replacement and directional chains and for other sequences 0.02¢yy.

Replacement Focused Defocused Directional
Direction S N S N S N S N
(100) 1.66 1.66 1.31 1.31 1.19 1.23 1.52 1.51
(110) 4.38 3.93 1.58 1.65 1.36 1.36 3.75 4.13
(111) 1.14 1.12 1.07 1.08 1.17 1.15 1.36 1.34

have not changed, except in the case of the (100) chains.
Most of the (100) chains are perpendicular to the sur-
face and thus are not affected by the refraction of the
planar barrier. The (100) defocused chains have become
shorter on average. Some comparisons can be made with
Shulga’s results.!® The (110) focused chains are shorter
and the (110) directional ones longer on average than in
Shulga’s simulations. The mean lengths of the (110) de-
focused sequences are equal. The (100) directional chains
are shorter than Shulga’s result. Reasons for the differ-
ences will be discussed in the next section. The different
values are understandably due to different model param-
eters; especially the interatomic potential is stronger in
Shulga’s work.

All types of (100) chains have become more significant
when compared to the contributions to the modified re-
coil flux at the depth z = 0.9 A in the backward direction
(see Table II). This can be attributed to the fact that
(100) sequences are more energetic than (110) ones, and
thus the effect of the planar surface barrier on the (100)
chains is smaller. In the case of the (110) chains, the con-
tribution of the focused sequences has diminished from 25
to 19 % and for other types it has increased. The decrease
of the fraction of (110) focused chains is quite natural be-
cause the (110) focused chains have mostly low energy,
and thus they cannot overcome the planar potential bar-
rier. In addition to this, the (100) and (110) sequences
along the surface probably effect the contributions. The
role of tlie (111) chains in the sputtering has not changed
as compared to the situation in the modified recoil flux.
The contributions of various (111) chains to the modified
recoil flux and sputtering are small. The total fractions
of various collision sequences in the sputtering have in-
creased except in the case of the focused chains. The

TABLEIL

changes are mainly due to the fact that the contribution
of the main component ((110)) has changed. Finally,
some comparisons can be made with Shulga’s results.!®
According to his calculations, the fraction of the (100)
directional chains in the total yield is 13%, which is some-
what smaller than our result. Correspondingly, the con-
tributions of the (110) focused, defocused, and directional
chains are 30, 23, and 53 %. The role of the focused and
directional sequences is somewhat more pronounced than
in our calculations, whereas the contribution of the de-
focused chains in our simulation is higher. Overall, our
results are in reasonable agreement with Shulga’s.

The contributions of preferential ejection and back-
ground in monocrystalline sputtering have been studied
experimentally.25:26 The (100) face of Cu was bombarded
with 1-10-keV Cs and Hg ions. The functions describing
the preferential ejection in the (110) and (100) directions
were Gaussian, whereas the background distribution was
represented by a cosine. The contribution of (110) pref-
erential ejection is about 17%, 83% being due to the
background.?® In Ref. 25 the fraction of (110) ejection is
11% and that of the background 89%. In our simulations
the preferential ejection in the (100) direction accounts
for 5%, the (110) direction 28%, while 67% is due to
the background. In both experiments the contribution of
(100) ejection was minor or unable to be measured. The
differences between the experimental and simulation re-
sults can, among other things, be attributed to different
ion-target combinations, especially to heavier bombard-
ing ions and denser cascade. As we pointed out, the ratio
of the heights of the (110) and (100) peaks is sensitive to
interaction potential.?? In spite of the differences there
is a reasonable agreement between the experimental and
simulation results.

Contributions (in percentage units) of the (100}, (110), and (111) collision sequences

to the sputtering (S) and to the N distribution (at the depth z = 0.9 A, backward direction).
The latter results are from paper II. The statistical uncertainty is less than 5%.

Replacement Focused Defocused Directional
Direction S N S N S N S N
(1 00) 10 7 6 4 10 7 16 12
(110) 21 16 19 25 28 20 47 45
(111) 2 2 1 1 3 3 5 4
Total 35 27 27 31 51 38 79 69
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C. Contribution of collision sequences
to the (100) and (110) spots

The particles are mostly ejected in the (110) and (100)
directions with more or less random background. We
shall now examine the mechanisms of sputtering into the
(100) and the (110) spots. The (110) spot is limited
by angles 6 = 117.5°-142.5° and ¢ = —12.5°-12.5°, the
(100) peak by angles 6 = 167.5°~180°. Table III presents
the contribution of replacement, focused, directional, and
all collision sequences to these spots in the sputtering and
N™ distribution (at the depth z = 0.9 A, backward di-
rection). There are some differences when the results in
Table III are compared to each other. In the case of the
(110) spots the fractions of directional and all collision
chains in the N/* distribution and in the sputtering are
practically equal. However, the contribution of the re-
placement and defocused sequences has increased, while
that of the focused chains has decreased in the sputtering
process. This is due to the fact that the focused sequences
have an upper limit for their energy, the focusing energy
E;, which means that chains with energy £ < E; are
focused. On the other hand, the replacement sequences
have a lower limit £ > E, for their propagation (E, is
replacement energy?” and E, < E;). This means that
the (110) replacement and defocused sequences are more
energetic than the focused ones and thus the effect of the
planar surface barrier and the refraction is smaller in the
case of the replacement and defocused chains.

In the (100) spot the contribution of directional and
all chains has increased in the sputtering process. This is
explained by the fact that the fraction of all (110) chains
in the (100) spot has increased. The contributions of the
replacement and the focused sequences have decreased.
This means that the defocused chains have become more
significant. The decrease in the contribution of all the
focused sequences can be explained by the fact that the
fraction of (100) focused chains in the (100) spot is di-
minished in the sputtering process. Correspondingly, the
(100) defocused sequences have become more important
because the contribution of the (100) directional ones
has not changed in the sputtering process. In the case
of replacement chains the decrease in the contribution is

TABLE III. Contributions (in percentage units) of vari-
ous collision sequences to the (100) and (110) spots in the
sputtering (S) and in the N/ distribution (at the depth
z = 0.9 A, backward direction). All means the contribution
of all types of chains to the (100) and (110) spots. The re-
sults for the N" distribution are from paper II. The statistical
uncertainty is less than 5%.

(100) peak (110) peak
Chain S N S N
Replacement 46 54 55 40
Focused 32 36 39 55
Directional 79 71 89 90
All 79 73 90 90
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connected with the fact that the fraction of (100) replace-
ment sequences in the (100) spot has diminished.

The momentum jump from one atomic row to another
is also possible in the case of sputtering. The fraction of
all collision sequences in the (100) spot is 79%. The (100)
chains contribute 49% and the (110) chains 12%. Corre-
spondingly, in the case of the (110) spots the fraction of
all sequences is 90%. The (110) chains have the highest
contribution (72%), whereas the (100) chains contribute
only 7%. An analogous situation also prevailed in paper
II. The fraction of (100) sequences in the (100) spot is
equal to the (100) peak in the N distribution (at the
depth z = 0.9 A, backward direction). The contribution
of (110) chains to the (100) spot has increased in the
sputtering process, which can be attributed to the fact
that some (110) defocused sequences are sputtered into
the (100) spot. In the case of the (110) spots the increase
in the fraction of the (100) sequences and the decrease
in the contribution of the (110) chains compared to the
N distribution is due to the fact that the former se-
quences are more energetic than the latter. Thus, the
effect of the planar barrier on the (100) chains is smaller.
The (100) sequences, which are sputtered into the (110)
spots, are principally defocused, and their contribution
increases in the sputtering process. Moreover, some (100)
chains along the surface contribute to the (110) spots.

Some comparisons can be made among the results in
Table III and other computer simulations. The amount
of reference material is quite himited because in other
simulations there has been concentration only on specific
mechanisms. The differences among the results of vari-
ous computer codes is due to different model parameters
used in the simulations. Thus, exact comparison between
distinct codes employed with different model parameters
is quite difficult. Shulga!® bombarded Cu(100) with 27-
keV Ar ions (incidence angle 45°), the target temperature
being 450 K. The Born-Mayer potential conjugated with
power potential was employed. Hou and Eckstein!® have
used a static Cu(100) crystal irradiated with normally
incident 5-keV Ar ions and Moliére potential. Eckstein
and Hou!” bombarded Au(111) (T = 15 K) with 0.6- or
15-keV Xe ions. Yamamura and Takeuchi!® had the same
interaction potential as Hou and Eckstein, though he ir-
radiated the target (7" = 0 or 300 K) with 1-keV Ar ions.
The effect of the thermal vibrations is significant and
quite straightforward; they hamper a focused transfer of
momentum along an atomic row and result in attenua-
tion of focused collision sequences. The chains get longer
when the thermal vibrations are omitted. The changes in
the mean lengths are most pronounced for (110} chains;
for other directions they are clearly smaller. The total
contributions of replacement and focused sequences in-
crease and that of defocused sequences decreases when
the thermal vibrations are neglected. The fraction of di-
rectional chains does not change. Shulga has made some
calculations with normal ion incidence and the results
proved to be quite similar to those with the ion inci-
dence angle 45°. The effect of the interaction potential
on the collision sequence mechanisms has not been stud-
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ied systematically, although there are some calculations
on the focusing energies based on different interaction
potentials,!? though the overall effect of elastic and in-
elastic energy losses still requires detailed study. In our
previous paper?? the angular distribution of sputtered
particles was found to depend significantly on the in-
teractions between the target atoms. The bombarding
energy has a significant effect on the contribution of var-
ious collision sequences. These become more significant
when the energy increases. According to Shulgal® the
contributions of the directional collision sequences to the
(100) and (110) spots are 80 and 90 %, which correspond
to our results. The fraction of the focused sequences in
these spots in our simulations are somewhat lower than
in Shulga’s calculations (42%). Further comparison with
Shulga’s results is not possible as Shulga classified the di-
rectional collision sequences in a somewhat different way.
Moreover, he uses a different definition for the angle be-
tween the asymptotes of trajectory and the row axis (see
Ref. 15). This changes the results to some degree. In
MARLOWE simulations the contributions of the replace-
ment sequences to the (100) spot are 21 and 37 % with
bombarding energies of 0.6 and 15 keV, respectively.l”
Our result is 46%. In the case of the (110) spots, the
fractions of the replacement sequences are 19% (0.6 keV),
46% (5 keV), and 77% (15 keV).1%:17 Also in this case
our results are higher. Yamamura and Takeuchi'® have
also made some studies of the contributions of different
mechanisms to the sputtering of Cu. According to their
simulations, the contribution of the focusing and the as-
sisted focusing to total yield is 37%, which is to some
extent higher than our result of 27%. Overall, we may
conclude that there is a reasonable agreement between
the results of distinct simulations, even though different
model parameters have been employed.

D. Dependence on target thickness

The target area and thickness have to be limited in
the molecular-dynamics (MD) simulations in practice be-
cause the programs are time consuming. This leads to the
inability of the lattice of target atoms to contain the en-
tire cascade created by the incident ion, this being called
a failure of containment.?® In this section we study the
problem of containment and the contribution of collision
processes occurring at the surface. Figure 3 shows the
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FIG. 3. Dependence of the sputtering yield on the target
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dependence of the sputtering yield on the target thick-
ness. The yield increases quite slowly and reaches a lim-
iting value (bulk yield) for targets thicker than about 15
atomic layers. Thus, to obtain bulk sputtering yield, the
target thickness must be sufficient to achieve the bulk
incident particle reflection coefficient. The difference be-
tween the bulk yield here and in the previous paper?? is
due to the fact that electronic energy loss was omitted
in Ref. 22 when calculating the collision kinematics, and
due to the larger maximum impact parameter byax2 here.

The relation between the angular distribution of sput-
tered particles and the modified recoil vector flux (in the
backward direction at the depth z = 0.9 A) is shown in
Fig. 4 as a function of target thickness. In Figs. 4(a) and
4(b), the target contains only two atomic layers. The an-
gular distribution of sputtered particles has two peaks, at
6 ~ 130°, ¢ = 0°,90° [Fig. 4(a)], which correspond to the
direction of the (110} spot. The fractions of (100), (110),
and all collision sequences in these spots are presented
in Table IV. All collision chains make a major contribu-
tion to them. The high fraction of (100) sequences in the
(110) spots can be attributed, among other things, to
the fact that the (110) chains have not been fully devel-
oped. In the case of infinite thickness, this contribution
is only 7%. In addition to this, some (100) sequences
along the surface contribute to the (110) spots in the an-
gular distribution of sputtered particles. The sputtering
yield for a target with two layers is about 15% of the bulk

TABLE IV. Contributions (in percentage units) of (100), (110), and all collision sequences to
the (100), (110), and (111) peaks in the sputtering (S) and N, distribution (at the depth z = 0.9
A, backward direction). The target thickness is 2 or 4 atomic layers. The statistical uncertainty is

less than 10%.

Two layers

Four layers

(110) (111) (100) (110) (111)

Chain s N s NI s NI NI
(100) 24 26 4 2 12 6 16
(110) 38 21 35 23 42 29 15
All 85 53 54 26 74 46 35
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yield. In addition to this, the number of sputtered atoms
in the (110) spots is about 15% of that in the single-
crystal case. Thus the collision processes occurring at
the surface are not very important in the sputtering of
the monocrystalline target. The corresponding N dis-
tribution is totally different [Fig. 4(b)]. It has a peak at
0 =~ 120°, ¢ = 45°. For brevity we will call this direc-
tion (111). The fractions of different chains are shown
in Table IV. All collision sequences make a major contri-
bution to the (111) peak, though the fractions of (100)
and (110) chains are also significant. The recoils moving
in the direction  ~ 180° are practically nonexistent, the
target thickness being so small that collision sequences
cannot be initiated in this direction.

When the target has four atomic layers, the distribu-
tion of sputtered atoms [Fig. 4(c)] has two (110) peaks
and one (100) peak. The fractions of (100), (110}, and all
collision chains in these spots are presented in Table IV.
The contribution of (110) sequences has increased, and
that of (100) chains has decreased in the (110) spots.
The role of all collision sequences has also decreased as
compared to the two-layer case. All collision sequences
make a major contribution to the (100) spot. The frac-
tion of (100) chains is small in this spot. This is due to
the fact that the target thickness is so small that (100)
chains cannot be created in the direction 6 ~ 180°. The
contribution of (110) sequences is, however, significant.
The N distribution again is very dissimilar [Fig. 4(d)).
It has a band at 115° < 6 < 130° and one (111) peak at
0 =~ 120°, ¢ ~ 45°. The step at § ~ 110° is due to the
scattering kinematics and was explained in paper II. The
fractions of (100}, (110}, and all collision sequences in the
(111) peak have decreased as compared to the case of two
layers. Other collision mechanisms have, however, a ma-
jor role in the (111) peak. The decreased contribution of
(100) sequences to the {111) peak can be attributed to the
facts that the (100) peak (f = 180°) has emerged in Fig.
4(d) and the total fraction of (100) collision sequences in
the N distribution has decreased. The (100) peak was
not observed in Fig. 4(b). The contributions of different
chains to the (100) peak are clearly smaller than in the
sputtering. Two small (110) peaks (6 ~ 120°, ¢ = 0,90°)
start to develop as compared to Fig. 4(b). This explains
why the fraction of (110) chains in the (111) peak has de-
creased. All collision sequences have a major role in the
(110) peaks, though the contribution of (110) sequences
is also significant. Thus, the increased fraction of (110)
chains in the (110) spots in Fig. 4(c) is to be expected.
The fact that the spot pattern of sputtered particles and
the N* distribution are different from each other shows
that the collision processes occurring at the surface are
important when the target thickness is small. In the case
of single-crystal targets, these surface processes are not,
however, very significant.

In Figs. 4(e) and 4(f) the target has ten layers and
the distribution of sputtered atoms is qualitatively quite
similar to that in Fig. 1(d), where the target thickness is
infinite. However, the yield in Fig. 4(e) is 12% smaller
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than the bulk yield. The contribution of collision chains
to the (110) spot (93%) is equal to that in the monocrys-
talline target, but in the case of the (100) spot the frac-
tion (74%) differs about 5% as compared to the single-
crystalline target. The N/ distribution [Fig. 4(f)] also
is quite similar to that in the case of infinite thickness
[Fig. 1(a)]. The (100) and (111) peaks are somewhat
more pronounced in Fig. 4(f) than in Fig. 1(a). In the
N distribution the fractions of all collision sequences in
the (100) and (110) peaks (64% and 86%) are 13% and
5% smaller than in the case of the monocrystalline tar-
get. Figure 4 shows very clearly that a spot pattern of
sputtered atoms can be obtained that corresponds quite
well to that of the monocrystalline target even though
the target thickness is small, i.e., the collision cascade is
not fully developed. However, the target thickness must
be at least 15 atomic layers in order to achieve the bulk
yield and spot pattern that corresponds well to that of
the single-crystalline target. In addition to this, the dis-
tribution of sputtered particles for a thin target can cor-
respond quite well to the monocrystalline case, though
the N distributions differ markedly from each other.
This shows that collision processes occurring at the sur-
face are important when the target is thin but not for a
single-crystal target. Thus, the flux-distribution is more
sensitive to the thickness than the spot pattern of sput-
tered atoms. This is due to the fact that there is at least
one atomic layer more that the sputtered atoms have to
pass after the marker.

Harrison?® has stated that eight layers are sufficient
for absolute containment at 5 keV for the Ar-Cu system.
Figure 3 shows that the yield in this case is about 20%
smaller than the bulk yield. When the target thickness
is ten layers, the yield is 12% lower, but the contribu-
tions of all collision sequences to the preferential ejection
directions in the sputtering are equal to those for the
monocrystalline target. Only when the thickness is 15
layers is the bulk yield achieved. One can conclude that
other results reach constant values for thinner targets
than those required to produce stable yields. To solve
the problem of containment, ten layers seem to be more
reasonable than eight in the case of the 5-keV Ar-Cu sys-
tem. We stress that the containment is not a problem in
binary collision approximation (BCA) programs because
they are much faster than the MD codes.

E. The Lehmann-Sigmund mechanism

Lehmann and Sigmund?® have shown that the spot pat-
tern of sputtered particles could result from the random
collision cascade in the bulk and the regularity of the
surface structure. In this model the predominant (110)
sputtering is associated with the surface atoms knocked
out by the nearest neighbors in the (110) atomic rows
and the predominant (100) sputtering with the second
layer atoms that passed through a focusing lens formed
by four atoms in the first layer. In the following we study
the effect of the number of monolayers on the top of the
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TABLE V. The contributions of all collision sequences (in percentage units) to the (100) and
(110) peaks in the sputtering (S) and the N;* distribution (at the depth z = 0.9 A, backward
direction). The target is amorphous with two, four, or ten (100) atomic layers on the top. The

statistical uncertainty is less than 5%.

Two layers Four layers Ten layers
(100) (110) (100) (110) (100) (110)
S 24 76 87 78 91
NI 9 13 84 74 91

amorphous bulk on the spot pattern of sputtered atoms
and flux N,

Lehmann and Sigmund draw the conclusion that most
focused chains must be very short (1-2f,,,) even at
high energies of bombarding ions. In the present cal-
culations the fraction of focused and defocused chains
with L > tyyw is 20% in the sputtering. If we take into
account all focused and defocused sequences of length
L = t,yy, We can get an estimation for the contribution of
the Lehmann-Sigmund mechanism. The fraction of these
chains is 59% in the total yield. This is in reasonable
agreement with the result of Yamamura and Takeuchi of
64%.16 However, it must be pointed out that Yamamura
and Takeuchi have classified the ejection mechanisms
only into three categories, i.e., the Lehmann-Sigmund,
the assisted focusing, and the focusing mechanisms. This
means that the random background of sputtered particles
is included in these mechanisms. Thus, the definitions by
Yamamura and Takeuchi of various mechanisms differ
somewhat from ours. Therefore the difference between
our result and theirs in the case of the contribution of the
focused chains is quite natural. In addition to collision se-
quences, the Lehmann-Sigmund mechanism is also found
to have a significant role in single-crystalline sputtering.
These two mechanisms may not be totally separated from
each other because they both contain collision sequences
of length L = tyyy. Even if all chains with L = t,,, are
assumed to be due to the Lehmann-Sigmund mechanism,
the contribution of collision sequences is significant.

The effect of target structure inherent in the Lehmann-
Sigmund model on the angular distribution of sputtered
particles is shown in Fig. 5 in various situations. The
target has two [Figs. 5(a) and 5(b)], four [Figs. 5(c) and
5(d)], or ten [Figs. 5(e) and 5(f)] (100) atomic layers on
the top of the amorphous bulk. Thus, the atoms beneath
the surface of a regular structure are slowing down ran-
domly. The contributions of different collision sequences
are calculated in two ways. In the first case all collision
chains are registered, whereas in the second, only focused
and defocused sequences of length L = t,,,, are included
in the distribution. The latter case corresponds better
to the Lehmann-Sigmund mechanism, though it is, how-
ever, interesting to study also the fractions of all chains.
The angular distribution of sputtered atoms [Fig. 5(a)]
has two (110) peaks (8 ~ 125°, ¢ = 0,90°) and one (100)
peak (6 = 180°). The contributions of all collision chains
to these spots are presented in Table V and in Table VI
those for chains of length L = ty,,. The amorphous

bulk has decreased the fraction of all sequences in the
(110) spot by about 10% (see Table IV). The contribu-
tion of focused and defocused chains of length L = t,,4
to the total yield is 52%, which is about 10% smaller
than in the monocrystalline case. The yield is about 6%
higher than the bulk yield. In the case of sequences of
length L = t,,, the contribution of these to the (110)
spots is practically equal to the fraction of all chains in
the (110) spots (see Tables V and VI). Thus, the se-
quences are mainly of the short-range type. This is due
to the fact that the target has only two atomic layers of
regular structure. For the (100) spot the difference be-
tween the two target structures is significant. The frac-
tion of chains with length L = t,44 in the (100) spot for
the target with two layers on the top of the amorphous
bulk is only one third of the fraction for the monocrys-
talline target. This is due to the fact that the (100)
focused and defocused chains are undeveloped. Further-
more, it is not straightforward to study the mechanism
for the (100) spot in the Lehmann-Sigmund model in the
way used here. Thus, the contribution of chains with
L = tyyy to the (100) spot does not quite correspond
to the situation in the Lehmann-Sigmund model. The
N™ distribution [Fig. 5(b)] has more pronounced (100)
and (110) peaks than in Fig. 5(a). The N* distribution
deviates markedly from that in Fig. 4(b). The peak at
6 ~ 120° has practically disappeared and the dominant
(100) and (110) peaks have emerged. The contribution
of all collision sequences to these peaks is minor because
there is only one atomic layer of regular structure be-
low the marker. When the contributions of all collision
sequences to the (100) and (110) spots in the angular dis-
tribution of sputtered particles (Table V) are compared
to the fractions in Table III one can observe that the

TABLE VI. Contributions (in percentage units) of fo-
cused and defocused sequences of length L = tu,w to the
(100) and (110) spots in the sputtering. The target has two
or four (100) atomic layers on the top of the amorphous bulk.
Mono stands for monocrystalline target. The statistical un-
certainty is less than 5%.

Layers {100) peak (110) peak
2 21 73
4 66 62
Mono 60 62
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former results are 70% ((100)) and 15% ({110)) smaller
than the latter ones. For the N/ distribution (in the
backward direction, at the depth z = 0.9 A) the differ-
ences are even more dramatic. Finally, one can conclude
that the Lehmann-Sigmund model with two (100) atomic
layers on the top of the amorphous bulk proves to be in-
adequate in explaining the collision sequence mechanisms
of monocrystalline sputtering. In addition to this, the
model reproduces the main features of the spot pattern
of sputtered atoms.

In the case of four (100) layers the angular distribution
of sputtered particles [Fig. 5(c)] is qualitatively similar
to that in Fig. 4(c), where the target thickness is four
atomic planes. The amorphous bulk has a significant ef-
fect on the contribution of all collision sequences to the
(100) and (110) spots when Tables IV and V are com-
pared with each other. The amorphous bulk increases
the fraction of all collision chains by about 30% in the
(100) spot and 20% in the (110). When the contribu-
tions in Table V are compared with those in Table III,
one can observe that the results are still smaller than
for the totally monocrystalline target, the differences be-
ing about 10% in the sputtering. The contributions of
focused and defocused sequences of length L = ¢,,, to
the (110) spots are equal for monocrystalline and amor-
phous targets with four (100) layers on the top (see Table
VI). For the (100) spot the contributions differ by about
10%. In the case of the monocrystalline target the ma-
Jjor contribution of focused and defocused chains of length
L = tyyy to the (100) and (110) spots in the sputtering is
significant. The fraction of the Lehmann-Sigmund mech-
anism in the total yield is practically equal to that in
the monocrystalline case. The yield is about 6% higher
than the bulk yield. The N/ distribution [Fig. 5(d)]
has pronounced (100) and (110) peaks. In addition to
these, there is also a small (111) peak. The (100) peak
is more dominant than in Fig. 4(d). The fractions of
all collision sequences in the (100) and (110) peaks are
clearly smaller than the corresponding ones in Table III.
In fact, the Lehmann-Sigmund model with four atomic
layers would explain the sputtering mechanisms better
than the two-layer model. There are still, however, some
minor differences as compared to the totally monocrys-
talline target. Harrison et al.® and Hou and Eckstein!®
have come to the conclusion that the Lehmann-Sigmund
model has to be extended up to the fourth layer from the
surface. They used, however, arguments quite different
from ours. It must be pointed out that four (100) atomic
layers on the top of the amorphous bulk are entirely in-
adequate for studying the relation between the angular
distribution of sputtered particles and vector fluxes.

In Figs. 5(e) and 5(f), the target has ten (100) atomic
layers on the top of the amorphous bulk. The angu-
lar distribution of sputtered particles and the N/™ dis-
tribution are similar to those in Figs. 4(e), 4(f), and
1. The sputtering yield in this case is equal to the bulk
yield. The fractions of collision sequences in the (100)
and (110) spots in sputtering (see Table V) are equal to
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those in Table III. The amorphous bulk has practically
no effect on the contribution of collision chains to the
(110) spot in the sputtering, though in the N/ distribu-
tion the bulk increases the fraction by about 5%. In the
case of the (100) spot the amorphous bulk increases the
contribution of sequences by about 5% in the sputtering
and 15% in the N™ distribution. The fractions of all
collision chains in the (100) and (110) peaks in the N[®
distribution are practically equal to those in Table III.
Moreover, the Lehmann-Sigmund mechanism is found to
have a similar role to that in the case of the monocrys-
talline target. The mean lengths of the (110) replacement
and directional collision chains in the sputtering are al-
most 20% less than for the monocrystalline target. For
other chains the mean lengths are equal to those for the
monocrystalline target. Thus, the distributions for the
target with ten (100) atomic layers above the amorphous
bulk correspond well to the N distribution (near the
surface) and spot pattern of sputtered particles of the
monocrystalline target. However, when compared to the
target with a thickness of ten atomic layers, the bulk has
a clear effect on the N distribution. These calculations
show that even though the contributions in the case of ten
(100) atomic layers on the top of the amorphous bulk are
equal to those for the monocrystalline target, the mean
lengths do not necessarily coincide.

IV. CONCLUSIONS

This paper completes the study of collision cascade
anisotropies and monocrystalline sputtering, which was
started and continued in papers I and II. The use of
marker planes has shown their usefulness in exploring
the evolution of collision cascade anisotropies, the rela-
tion between the recoil vector fluxes and the distribution
of sputtered particles as well as the collision sequence
mechanisms in the cascade and sputtering.

In the case of the sputtering of a (100) surface, the
distribution of sputtered particles shows four (110) spots
and one (100) spot. The combination of the interaction
potential and electronic energy loss used in this paper
gives good agreement with experimental and other com-
puter simulation results. No preferential ejection in the
(112) direction was observed. The linear collision chains
are the principal mechanisms in the angular distribution
of sputtered particles. Replacement and defocused se-
quences make a major, and focused chains a smaller, con-
tribution to the total yield. Chains along the (110) direc-
tions are most frequent, with the (111) sequences making
the least contribution. The collision chains are mainly
of the short-range type except for the (110) replacement
and directional ones. The momentum can jump from one
atomic row to another and the (110) sequences contribute
to the (100) spot, and the (100) chains to the (110) spots.

The sputtering yield and angular distribution of sput-
tered particles were studied as a function of target thick-
ness. The yield is strongly dependent on the thickness
and increases when the target becomes thicker. To ob-
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tain the limiting value for the yield the thickness must be
sufficient (at least 15 atomic layers in the case studied).
The spot pattern of sputtered particles can correspond
quite well to that of the monocrystalline target although
the thickness is small. However, the backward-directed
N distribution near the surface is totally different from
the spot pattern of sputtered atoms in the case of thin
targets. The failure of containment, which is associated
with thin targets, may become a problem in molecular-
dynamics simulations if special caution is not exercised.
In addition to collision sequences, the Lehmann-Sigmund
mechanism is found to take place in the sputtering of
single-crystalline Cu by Ar ions. However, the Lehmann-
Sigmund model with two (100) atomic layers on the top of
the amorphous bulk is not sufficient to explain the colli-
sion sequence mechanisms in monocrystalline sputtering.
The model reproduces the main features of the spot pat-
tern of sputtered atoms. Four atomic layers of regular
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structure on the top of the amorphous bulk would give
better correspondence with the monocrystalline sputter-
ing. However, when the relation between the angular
distribution of sputtered particles and vector fluxes is
studied, four (100) atomic layers on the top of the amor-
phous bulk is inadequate.

The contributions of various collision sequence mecha-
nisms were compared to experimental and other com-
puter simulation results. Even though different ion-
target combinations and model parameters were em-
ployed, the results turned out to be in a reasonable agree-
ment.
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