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2.14 Microtopography of metal surfaces eroded by ion bombardment

1. A. TEODORESCU, Institute for Atomic Physics, Bucharest, Romania

2.15 On the origin of surface topography on ion bombarded metal samples

N. HERMANNE and A. ART, Physique des Surfaces, Faculté des Sciences, Université
libre de Bruxelles, Brussels, Belgium

Our replica and transmission EM studies on ion (Argon) bombarded Cu
samples (dose: 1016 ions/cm2)? and the observations of several other authors?
enables us to propose a model for the formation of the surface structure which
appears on the surface of ion-bombarded metal $amples.

The fact that our experiments on bombarded bulk material and bombarded
thin foils (electropolished before bombardment) give exactly the same results
as far as relief structure is concerned, proves firstly that the obtained features
are independent of the preparation methods? before bombardment of both type
of samples, thus excluding electrochemical etching and thermal effects. Secondly
that the mechanism must be one compatible with bulk as well as thin material,
thus concerns a number of layers not exceeding a thickness of the thin films
(=150 atomic layers).

On the other hand, due to the values of the sputtering yield® that cor-
respond to the crystal orientation of the grains on which this surface structure
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is observed, the surface of these grains regresses at a high rate (for example
several layers per sec. on a {100) grain). It is thus impossible that the ori-
gin of this organized topography could be due to surface effects such as sur-
face diffusion, direct extraction of surface atoms by the incident ions or any
other mechanism involving a few surface layers only. The origin of the forma-
tion of the relief structure is thus related to phenomena acting deeper inside
the crystal. This is confirmed by our observations.

Indeed, apart from the relief structure, we also observed after ion bom-
bardment the presence in the foils of different types of dislocation-networks.
One of these networks appears to have the same spacing (2000 A) as the sur-
face relief structure on a same grain and on the other hand they have the same
dependence upon the orientation of the considered grain and certain directions
in the surface. They are indeed? aligned along the intersections of the (110)
planes with the surface of the foil. These planes intersect the surface of the
different grains along different directions.

{E. g., a) grains {111) are intersected along {112} directions (there are 3
of these forming angles of 60° between them, b) grains {100) intersected along
{(110) directions (two of them forming angles of 90° between them), c) grains
{110) are intersected along {110) directions (only one).}

Our qualitative model to explain the origin of surface topography after
ion bombardment is based as follows on the observation of this complete simi-
larity between the arrangement of dislocations and that of surface relief.

The defects induced during collision cascades of the incoming ions, are
point defects (vacancies or interstitials#)) located under the oil surface according
to the damage depth distribution.

These defects migrate and, if their concentration is high, they form clus-
ters, frequently observed by transmission E. M. owing to their black and white
contrast) (Fig. 1). These clusters become small dislocation loops, which grow
by ,,swallowing up* freshly induced defects. These loops lie in the (110) planes,
which are perpendicular or not to the foil surface depending of the considered

crystal orientation.
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The surface, during the going on of the bombardment receeds by sputte-
ring and will reach the level of the loops. Cutten by the surface these loops

open (Fig. 2).

incident ions
surface level
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The neighbouring parts of the open loops, which lie in the same family
of (110) planes, will interact, duz to their opposite Burgers vector sign, to
form long dislocation segments (Fig. 3), which lie very near the surface (black
and white contrast®). These dislocation lines now will either attract to form
longer dislocations, either repel mutually to reach a configuration of parallel
lines, depending on their initial relative position. This network can extend over

surface
level

the whole width of the grain (Fig. 4). These dislocations are entire edge dis-
locations formed either by the presence of an extraplane (in the case the
induced point defects were interstitials), either by lack of one plane (in the
case the induced point defects were vacancies).

For the incoming ions their presence under the surface is a cause for
dechanneling (7). The sputtering yield thus locally increases just above these
dislocations, i. e. along the intersection of the (110) planes and the foil surface.
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‘Consequently small ribs (Fig. 5) parallel to the dislocation lines appear in the
surface which grow out to form an alignement of grooves by a mechanism
similar to the one discribed by Stewart-Thompson to explain the formation of
cones on polycrystalline surfaces during ion bombardment®. Indeed, the walls
of the grooves have an inclination with respect to the direction of the incident
ions corresponding to a higher sputtering yield than the undisturbed parts of
the surface and thus regress quicker during the going on of the bombard-

ment.

This variation in sputtering yield originates in a double effect. Firstly
there is a variation of angle of incidence (angle between the surface normal
and the direction of the incident beam) and secondly the crystal orientation of
the surface, locally seen by the incoming ions, is not the same for the origi=
nal surface-as for the walls of the grooves. As this second variation is always
one leading to orientations of higher Akl indices, this will thus correspond to
an increase of sputtering yield. Which of both effects is predominant is not
yet known.

The inclination of the walls increases until an angle 0* between the surface
normal and incident beam is reached which corresponds to a maximum in
sputtering yield.

In an intermediate stade the grooves could take the form of W. This
stage could be the origin of formation of cones in the bottom of craters if an
impurity was present on the surface before the beginning of the bombardment?.
The grooves become deeper due to the continuous regress of the surface and
will finally join each other to reach the roof structure configuration (Fig. 7).

When considering the angle between the local surface normal of the ro-
ofstructure and the direction of ion incidence one has to remember that we
are concerned with single crystals. As we start from the rather flat walls of
the initial little grooves, 0* will correspond to the first maximum encountered
when starting from the 6 =0° to higher 0 values in the curve of the variation

of sputtering yield with the angle between incident beam and surface
normal.



76 FIZIKA 2 Suppl. 1 (1970)

The resulting configuration of relief topography on each grain depends of
the crystal orientation of the concerned grain. On those grains where different
systems can develope, the resulting aspect is due to the intersection of this
different systems of roofs.

As the dislocations are formed in the (110) planes and as the grooves
appear along the intersection of these planes with the surface, the number of
roof systems that can develope is thus equal to the number of famlhes of (110)
planes cutting the surface of the considered grain.

This explains how are formed for example triangular craters on the
{111) grains (3 systems intersecting) (Fig. 6) and square shaped craters on
the (100) grains (2 systems intersecting) (Fig. 7), but only one system of
roof structure around the (110} pble (Fig. 8).

For normal incidence both facets of the roof structure will develope symmet-
rically, even on those grains where the (110) planes do not intersect the foil
surface perpendicularly.

For non-normal incidence the roof structure will not more be symmetrical.
Indeed each facet will develope to reach the same angle with respect to the
beam, which corresponds to the same maximum in sputtering yield.

It is the previous discribed microtopography which causes the ,milky
appearence* by Rayleigh diffusion of the incident light of the optical micros~
cope (A=5000 A, distance d=2000 A).
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When observing the bombarded drop shaped monocrystal (normal incid-
ence) as well as the bombarded polycrystalline thin foils, the question arises
why the relief structure does not develope during the ion bombardment on all
possible grains, indenpendent of the crystal orientation.

A necessary condition for starting the mechanism is a minimum concent-
ration of point-defects induced at certain depth under the surface. The depth
and spread of the damage due to the bombardment depends upon the penet-
ration of the incoming ions, which itself depends of the transparency of the
crystal for each crystal orientation.

Three types of crystal orientations which behave differently have to be

distinguished: (see figures below)

surface - damage
level /__/' L concentration
f

1) Orientations for which the penetration of the incoming ion is very
high: on these grains the damage is distributed deep inside the crystal and is
largely spread. The local concentration of defects is thus low which means a
a small probability of cluster formation during their migration. Without cluster
formation no starting of the mechanism of relief topograpy is possible and the
surface remains smooth. In our experimental conditions the exact (110> pole
has this behaviour.

2) Orientations for which the penetration is very poor: the damage lies
just under the surface and is densely distributed. On the other hand the sput-
tering yield is high and the surface regresses thus quickly. Here the migration
of the defects into clusters cannot take place before the surfac reaches their
level. On these grains the instantaneous removal of the disturbed layer prevents
the mechanism to start and the surface will remain unattacked if it was clean
before the bombardment. Most grains or crystal orientations of high Akl indices
behave in such a way.

For the two previous type of grains, all sorts of cones, spikes, craters
and pits will develope on the surface, if this was not clean or well polished
before the bombardment.
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3) For the grains of medium penetration the surface regresses at such a
rate that it is possible for the defects (if their concentration is high enough)
to form clusters during their migration, before the surface reaches the level of
the perturbed layer. Here the previous mechanism can start and relief topography
will be formed on grains of low Akl indices as for example the (100> and

the {111) grains.
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To determine which grains behave in which way during different exper-
iments, one has to know the energy of the incoming ions, their mass, the
mass of the target atoms, as well as the target temperature and dosis. For
example, an increase of the energy of the incoming ions will give rise to a
greater penetration and will thus cause a shift of the crystal orientations of
the behaviour 2) to the behaviour 1). Other grains will thus have to be taken
into account for the formation of relief topography.

The masses of both target atoms and incident ions, have an influence
on the same aspect by the intermediate of the energy transfer coefficient a.
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Fig. 1 Transmission electron micrograph of a Cu-foil after a 5keV A* jon bombardment
(dosis: 10" ions/s cm? x 125s). Pointdefects and clusters induced by the ion bombardment are
visible. Grain (110).



FIZIKA 2 Suppl. 1 (1970)
(2.15)

Fig. 2 Cu bombarded with 5keV A* ions, at a dose of 10 ions/cm? When the loops, grown
out of the clusters, are cutten by the surface, open and interact to form long dislocation
segments under the surface (black and white contrast).
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i 2 :
Fig. 3 Transmission electron micrograph of a Cu-foil bombarded with 5keV A+ ions (dose
of 10'? ions/s cm? x 30s). Alignement of opened loops to form long dislocation segments
along the (110) directions ({211) grain ). Burgers vector of the dislocations is (022).
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Fig. 4 Cu bombarded with 5keV A+ ions, at a dose of 10'® ions/cm? The dislocations extend

over the whole width of the grain. A second system of dislocations is visible, less regular

and more looking like stress .dislocations. They are probably created to release the stress in
the damaged crystal.
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Fig. 5 Transmission electron micrograph of a Cu-foil irradiated wih 5keV A+ ions at a dose
of 10* jons/s cm? x 360 s. Dislocations lying very near the foil surface induce the formation
of small grooves by a local increase of the sputtering yield.
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Fig. 6 Cu-foil bombarded with SkeV A+ ions at a dose of 10} ions/s cm?x 500s. On the
(111) grains, the intersection of three systems of dislocations, each along a (112) direction
originates a relief structure of triangular craters.
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Fig. 7 Replica electron micrograph of a {100) grain of bulk Cu bombarded by 5keV A+
ions. The relief structure formed by the ion irradiation on this grain is the result of the inter-
section of two systems of roofs, each aligned along the intersection of the (110) planes with
the foil surface, i. e. along the (110) directions. The resulting aspect is one of square-shaped
craters.
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Fig. 8 Transmission electron micrograph of a Cu-foil irradiated with 5keV A* ions at a
dose of 10! ions/s cm? x500s. A relief structure is appearing on the ion bombarded surface

of a (110) grain of the foil, the roofs are.aligned along the (100 direction.
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Fig. 9. Cu thin foil bombarded with 5keV A+ ions at a dose of 10'¢ jons/cm?. Apart of the
dislocation segments due to the opening of the loops, another network of dislocation lines is
visible, not showing the black and white contrast. These lie thus deeper under the surface
and belong to a system of misfit dislocations.
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A higher dose as well as a higher target temperature will favour the
cluster formation either by increase of the defect concentration, either by increase
of their mobility. A shift of the 1) and 2) behaviour towards the 3) behaviour
is expected, more grains will be susceptible to develope a relief structure on
their surface. The aspect of the ,,milky appearence zone on bombarded mono-
crystals (normal incidence) will thus vary with all these parameters.

During the ion bombardment of crystals some other perturbations of the
material take place. For certan dose conditions, there exists at a higher depth
under the surface a concentration of induced gas atoms and point defects such
that the lattice is distorted with respect to the adjacent original matrix. At one
or at both junctions with the normal lattice, misfit dislocations will appear
(Fig. 9). These dislocation network does not present the black and white contrast
observed for the damage induced dislocations. The observed dislocations lie thus
deeper under the surface; this corresponds to the fact that the incoming ions
generally come to rest behind their collision cascade!® and at such a depth the
concentration of point defects is not high enough to form clusters.

During the going on of the bombardment, the concentration of the gas
atoms increases until finally gas bubbles are formed by coalescence of these
after diffusion. At this moment we suppose the misfit dislocations to disappear.

A third system of dislocations is observed in the bombarded thin foils.
These dislocations find their origin in the release of the stresses induced in
the foil by the previous two systems. This third system is mainly perpendicular
to the damage induced network (Fig. 4).

Neither the second system nor the third one seems to have any influence
on the formation of the relief structure.
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Abstract

A semiempirical method is proposed to deduce an inverse power-law potential from
the experimental data on ion ranges in solids in the energy region 20—70 keV.

Using the usual matching procedure and the experimental values for the penetration
depths we derived the parameters of the power-law potentials for the Kr-Al, Cs-Al,
Xe-Ni, Xe-Mo and Xe-Cu pairs. Comparing the obtained potentials and the Bohr and
Thomas-Fermi ones, one can conclude that this method gives a representation of the
interatomic potentials in this energetic region, as good as the Bohr or Thomas-Fermi

potentials.
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