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SEM investigations of iron surface ion
erosion as a function of specimen
temperature and incidence angle
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lon bombardment of iron surfaces produced an ion eroded surface microtopography
strongly dependent on the incidence angle and specimen temperature. For bombardment
temperatures exceeding the self-diffusion temperature, T4, a microstructural smoothing
process due to the thermally activated diffusion effects, assisted by ion bombardment, can
be observed by SEM. The role of migrational processes which should be taken into
account for a correct interpretation of the final surface topography formed by “hot

sputtering’’, was also considered.

1. Introduction

In recent years, there has been an increase in the
amount of data, and an improvement in the
relevant theory concerning surface micro-
topography induced by ion bombardment.
Arising from this, a clearer picture of this
phenomenon and possible explanations have
been built up.

The dependence of surface microtopography
on the incidence angle of the ion beam was
pointed out by many authors [1-4] and, on the
basis of experimental and theoretical results
accumulated to date, it is assumed that this is a
general phenomenon for all crystalline and
amorphous materials. Experimentally, the sur-
face ion erosion effects can be characterized by
“scale-shaped” microreliefs, etch lines, cones,
furrows, hillocks, etc., which are all approxi-
mately parallel and opposite to the tangential
component of the ion beam.

In recent theoretical works, the development
of some topographical features has been
successfully explained and predicted using
Franks’ kinematic theory of crystal dissolution
[5] or erosion slowness curves which define the
directions and the velocities of points of constant
orientation on the sputtered surface [6]. Both
treatments describe the occurrence of regular

ion erosion surface features as a result of a
non-monotonic dependence of sputtering rate
upon angle of incidence to each point on the
surface. Reduction or increase in local sputtering
rate can result from the location of the deposited-
energy function maximum at a finite distance
from the point of ion impact, which results in an
enhancement of small irregularities during ion
bombardment [7].

Some significant deviations of the ion micro-
relief from these recent theoretical predictions
can be expected as a result of the following
simultaneous secondary processes: (1) the
redeposition of sputtered material on to closely
adjacent planes; (2) the ion reflection at grazing
incidence [8]; (3) dechannelling at dislocation
lines [9]; (4) the surface binding energy modifica-
tions arising from variations in crystallographic
orientation or elastic stress [10]; (5) diffusion
processes.

Although there is total agreement concerning
the important role played by sample temperature
on the ion sputtered microrelief, the surface
smoothing due to the diffusion effects which act
together with sputtering during ion bombard-
ment at elevated temperatures, has usually not
been taken into consideration in the various
mechanisms proposed for nucleation and growth
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of radiation-induced microtopography [6, 7, 11].
In addition, until now little data on the evolution
of sputter-topographies with increasing tempera-
ture for heated metallic targets subjected to ion
bombardment have been available [3, 12, 13].

The present investigation aimed to show the
complex role played by the sample temperature
and ion-incidence angle on the final ion-eroded
microtopography developed on polycrystalline
iron and studied by SEM.

2. Experimental

The iron samples were bombarded with argon
ion beams of energy of 20 keV and density 300
HA cm—2sec at incidence angles of ¢ = 0°, 30°,
45° and 60°. The specimen temperature was
varied between 20 and 900°C with a constant
irradiation time (30 min) and vacuum (p < 5
x 10-% Torr) during bombardment. The
specimen heater was mounted in a goniometric
facility so that the beam direction could be
adjusted and reproduced easily.

The microtopography of the irradiated targets
was investigated using a JSM-4C scanning
electron microscope. The viewing angle was 45°
with respect to the surface normal, for all SEM
micrographs.

3. Results and discussion

Ion bombardment of iron surfaces, which
initially had a regular microtopography formed
by thermal etching and characterized by
pyramid-shaped growths at the points where the
dislocations intersect the surface [14], produced
an ion eroded microrelief, strongly dependent on
the incidence angle and the initial microrelief,
showing various local inclinations to the parallel
ion beam [4]. The typical ion etching patterns
(etch lines and “‘scale-shaped” microreliefs),
occurring for inclined incidence angles on various
crystalline solids (metals, semiconductors, cera-
mics, alkali halides) or amorphous materials
(glass, glass-ceramics) can be explained on the
basis of two factors: (a) the surface micro-
geometry existing before ion bombardment; (b)
the angular dependence of the sputtering yield
S = S(¢).

The combined effect of the bombardment
temperature (20°C <t < 900°C) and incidence
angle (¢ = 0°, 30° 45°, 60°) on iron surface
sputtered topography has been investigated by
SEM in the present work. The aspects revealed
for ion bombardment at room temperature given
in [4} are not discussed here.
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Figure I Iron surface, bombarded with 20 keV Ar* ions
at ¢ = 30° for 30 min (+ = 300°C) x 3000.

|

Figure 2 Tron surface, bombarded with 20 keV Ar™ ions
at ¢ = 45° for 30 min (z = 300°C) x 3000.

Some microstructural aspects, typical for ion
erosion at t = 300°C, ¢ = 30° and 45° re-
spectively, are illustrated in Figs. 1 and 2, where
“scale-shaped” figures and etch lines may be
seen to invariably point in the opposite direction
to the incident ion beam; this is also character-
istic for room temperature bombardment. An
additional weak effect of thermal facetting can
be easily observed in Fig. 2 even at this tempera-
ture. At ¢ = 60°, the etch lines become pre-
dominant, being parallel to the ion beam on all
grains.

At ¢t = 400°C, ¢ = 45° (Fig. 3) the thermal
facetting induces an undulatory substructure of
etch lines which have a major component along
the ion beam direction. Microstructures revealed
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Figure 3 Tron surface, bombarded with 20 keV Ar* ions
at ¢ = 45° for 30 min (r = 400°C) x 6000.

Figure 4 Iron surface, bombarded with 20 keV Ar+* ions
at ¢ = 30° for 30 min {# = 500°C) x 3000.

at t = 500°C for various incidence angles show
that at this critical temperature the accelerated
self-diffusion effects can begin to alter the ion
eroded microtopography formed on some
grains. A good example for r = 500°C, ¢ = 30°
is seen in Fig. 4, where the ion erosion of the
lower grain appears strongly modified as a result
of thermal migration processes. However, some
interesting effects of ion erosion can still occur in
some localized areas for 1 = 500°C, ¢ = 45°
(Fig. 5). The right-hand grain exhibits 2 common
scale-shaped microrelief but on the left-hand
grain, inclined at 45° to the surface normal and
to the specimen surface, a large number of
“needles” perpendicular to.the grain micro-

Figure 5 Iron surface, bombarded with 20 keV Ar* ions
at ¢ = 45° for 30 min (r = 500°C) x 3000.

surface and oriented in the opposite direction to
the ion beam, is observed. Two possible explana-
tions can be proposed:

(a) Recently, Sigmund [7] has demonstrated
that during the sputtering of a “‘ridge” pre-
existing on surfaces or formed later during the
sputtering, the surface regression speed varies
from a maximum at the ridge base to a minimum
value at the top of the ridge, being of an inter-
mediary magnitude for ridge planes or a
horizontal surface. Finally, this proposed
mechanism leads to a theoretical prediction for
the development of cones with very small apex
angles (in fact real “needles”) having an origin
different from that of the conical spikes which
have larger half angles and are usually formed
during ion bombardment experiments [1, 15,
16];

(b) By using erosion slowness curves to predict
ion eroded microtopography, Barber ef al. [5]
demonstrated that during erosion of some
hemispherical protuberances existing on the
sputtered surface, small-angle cones could be
generated. These cones have a half angle «
equal to (7/2) — 8, where 8 is the angle at which
the sputtering yield is again equal to the value
obtained with a normal incidence (evidently
¢ ~ 80° to 85° implying that « ~ 5° to 10°). It
should also be noted that such non-eroded
protuberances are also revealed on other
micrographs corresponding to the same experi-
mental conditions.

Another interesting aspect observed during
ion erosion at ¢ = 500°C is related to the
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formation of small pyramid-shaped growths in
the regions adjacent to the bombardment area
characteristic for the thermal etching of iron.
However, the usual temperature for the growth
of pyramids is 900 te 1000° C after a treatment of
30 min [14]. This decrease in threshold tempera-
ture for pyramid formation outside the bom-
barded area may be due to diffusion phenomena
which are enhanced by ion bombardment,
dislocation motion to the undamaged areas, and
material transport by surface diffusion and
sputtering.

For specimen temperatures exceeding the
self-diffusion temperature Tq (for iron =~ 500°C),
a surface flattening effect can clearly be observed
for all incidence angles. An ion eroded micro-
topography formed due to the sputtering effects
in association with a simultaneous thermal
etching process, is presented in Fig. 6 for
t = 700°C and ¢ = 30°. At higher magnifica-
tions the fine details of etch line structure may be
seen. Flattened structures are also observed at
t=700°C, ¢$=45° (Fig. 7) and 60° (Fig. 8§) and a
comparison of Figs. 2 and 3with Fig.5 shows the
relevant points of the effect of increasing
temperature on the characteristic microstructure
for the same incidence angle, ¢ = 45°. An
isolated ““scale-shaped” microrelief due to ion
etching at an incidence angle occurs at ¢ =
700°C, ¢ = 60° on a grain recently formed by
recrystallization (Fig. 9).

An extensive pyramid formation is observed
at the edge of the bombarded area at ¢ = 900°C,
¢ = 0° (Fig. 10). Two main points can be

Figure 6 Tron surface, bombarded with 20 keV Ar* ions
at ¢ = 30° for 30 min (+ = 700°C) x 6000.
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Figure 7 Tron surface, bombarded with 20 keV Ar* ions
at ¢ = 45° for 30 min (r = 700°C) x 6000.

Figure 8 Tron surface, bombarded with 20 keV Ar+ ions
at ¢ = 60° for 30 min (¢ = 700°C) x 6000,

observed. (1) The pyramids are not formed on the
ion bombarded area because of the conditions
created by the simultaneous ion erosion. This
disturbs the thermodynamic equilibrium which is
necessary for the growth of pyramids at the
points where the dislocations intersect the
specimen surface and which can also induce a
dislocation flow out of the area exposed to the
ion beam. (2) The shape of many pyramids
formed outside the bombarded area is strongly
changed, compared to those originally formed
(see Fig. la in [4]) thus suggesting a possible
influence of diffusion effects, assisted by ion
bombardment, allowing the migration of point
and line defects (formed due to the displacement
cascades induced in layers near the surface of
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Figure 9 Iron surface, bombarded with 20 keV Ar+ jons
at ¢ = 60° for 30 min (+ = 700°C) x 3000.

Figure 10 Bombarded area boundary on iron surface,
bombarded with 20 keV Ar~ ions at ¢ = 0° for 30 min
(r = 900°C) x 1000.

the irradiated area) to regions unaffected by ion
irradiation (Fig. 11).

At t = 900°C, ¢ = 30°, very shallow etch
lines can only be observed at high magnifications.
A TOPO-image (Fig. 12) allows a three-
dimensional view of topographic profiles charac-
teristic of these etch lines which seem very
flattened in normal SEM images. A slight
influence of directional ion erosion over the
dominant thermal etching pattern is shown in
Fig. 13 (for t = 900°C and ¢ = 45°). This
shows a selective erosion of step surfaces formed
by thermal etching. For ¢ > 60° these faint etch

lines disappear as a consequence of small
sputtering effects. Comparison of Figs. 3 and 13
reveals a predominance of ion etching at tem-
peratures below T4 (the role of specimen
temperature being of secondary importance here
for the development of surface microtopography)
and a marked influence of thermal etching for
specimen temperatures exceeding 74, when
overlapping of typical ion erosion features on the
surface microtopography formed by thermal
etching, is seen. During further heating of the
specimen, the oriented erosion effects eventually
flatten.

Figure 11 Pyramids on unirradiated area of iron surface,
bombarded with 20 keV Ar+ ions at ¢ = 0° for 30 min
(¢ 11 900°C) x 3000.

Figure 12 TOPO-SEM micrograph of iron surface,
bombarded with 20 keV Ar* ions at ¢ = 30° for 30 min
(tr = 900°C) x 6000,
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Figure 13 Iron surface, bombarded with 20 keV Ar+ ions
at ¢ = 45° for 30 min (+ = 900°C) x 15 000.

The smoothing effect is generally increased
at normal incidence or for ¢ > 60° when the
values of sputtering yield, S(¢), are lower than
‘Ehose corresponding to Smax(¢ =~ 60°) or
S(¢ = 30°) and S(¢ = 45°). On the other hand,
the penetration depth decreases with increasing
¢ so that the disturbed region moves nearer to
the sample surface.

Between 300 and 1000 K, increasing tempera-
ture has been found to cause faster sputtering
rates [17, 18], slower sputtering rates [18-20] but
usually no change in the sputtering rate [I8,
21-24] in mono- or polycrystalline metals.
Unfortunately, experimental data for the tem-
perature dependence of sputtering yield,
S(atoms/ion), are very sparse and are for
different metals and experimental conditions
(ion beam nature, energy, flux, sample tempera-
ture). The absence of accurate measurements of
angular dependence S = S(¢) performed at
different temperatures for given values of the
irradiation parameters, makes the discussion of
the present SEM investigations difficult. In
addition, the surface and volume diffusion
effects, which are strongly dependent on
specimen temperature, may have an important
role as possible cancellation mechanisms for
competing factors responsible for an increase
(annealing of ion-bombardment damage,
decrease in effective binding energy due to lattice
vibration enhancement) or decrease (decreasing
in the range of focused collision sequences) in
sputtering yield with temperature.

The above results show that the microrelief
formed during ion bombardment at high
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temperatures can be quite different from that
expected and observed for low temperature
irradiation. As the development of ion eroded
microtopography is a surface phenomenon,
various factors may be involved in the deter-
mination of the final surface structure:

(1) the amount of energy deposited by energetic
particles (incident ions and recoil atoms) near the
surface — the essential parameter of the surface
erosion (sputtering) process;

(2) the surface and volume atomic migration:

— thermally induced diffusion and recrystal-
lization

—surface migration assisted by ion bombard-
ment (ion bombardment enhanced diffusion);

(3) the redeposition of the sputtered material;

(4) the effects of surface breakdown can
sometimes play an important role depending on
the electrical properties of the specimen and on
the ion beam parameters.

4. Conclusions

(1) For specimen temperatures below the
self-diffusion  temperature 7q (for iron
~ 500°C) ion erosion is the most influential
effect, and the agglomeration and migration of
defects and surface atoms do not influence the
ion eroded microtopography.

(2) For specimen temperatures exceeding 7a,
the surface topography is a result of ion erosion
and thermal etching. A flattening process is
observed and the selective ion etching features
(etch lines, “scale-shaped” microrelief) appear to
be formed on top of the thermal etching micro-
structure. This effect, due to the thermally-
activated surface and volume diffusion, assisted
by ion bombardment, is responsible for the
constant values obtained for the sputtering yield
S of many metals at temperatures higher than
300°C.

(3) The pyramids commonly revealed by the
thermal etching of iron at the dislocation ends
intersecting the surface, do not appear within the
ion bombarded area in spite of the fact that
outside the area they occur at temperatures lower
than normal for the usual thermal etching
unassisted by ion bombardment. The influence
of jon bombardment and surface radiation
damage on the dynamic behaviour of dislocations
and on the diffusion processes may be responsible
for the modification of oriented crystal growth.
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