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Instead of the expected erosion morphology composed of craters, rare gas ion bombardment of the
Al(111) surface is found to cause initial surface growth of several atomic layers. This phenomenon
is observed for Ne*, Ar*, and Xe* at all temperatures at which bombardment induces morphological
surface changes and for ion energies down to afew hundred eV. The effect isinterpreted on the basis of a
thermal spike induced separation of damage into subsurface vacancy clusters and surface adatom clusters.

PACS numbers: 61.80.Jh, 68.35.Bs, 68.55.Ln, 81.15.—z

Adatom production due to ion bombardment, predicted
by Webb and Harrison in a pioneering molecular dynamics
simulation (MDS) [1], has attracted considerable experi-
mental [2—5] and theoretical interest [6—9] in recent years.
Under a wide variety of conditions, the adatoms created
exceed in number the sputtered atoms [2,6] and can
congtitute an important part of ion bombardment induced
surface damage. The large adatom yields of 10'-10? for
keV ion impacts on metals are a consequence of a flow
of melt onto the surface, which forms as a result of a
thermal spike [3,7]. The resulting damage pattern at low
temperatures, where surface diffusion is absent, typically
consists of a small crater, several atomic layers deep, sur-
rounded by adatom clusters [10]. Adatom production by
energetic particles plays a crucial role in determining
the film structure size in ion beam assisted deposition and
sputter deposition [4,5] and may be of great importance
for the erosive destabilization of a surface under ion
bombardment [11].

Despite the importance of adatoms, due to loss of
atoms by sputtering, the majority damage species is the
vacancy. As aconseguence, the characteristic morphol ogy
observed after ion bombardment [10,12—-15] is dominated
by erosion and evolves from surface vacancy islands of
monoatomic depth to craters (stacked vacancy islands).
As an example of this generic behavior, 1 keV Xe' ion
bombardment of Pt(111) at 650 K (= 0.32 of the melting
temperature Thei;) iS shown in the insets of Figs. 1(a)
and 1(d). We expected a similar erosion morphology for
irradiation of Al(111) by 1 keV Xe*. Our experiments,
however, reveal the opposite behavior; namely, at low
doses a growth process occurred, which created severa
new atomic layers before higher doses produced erosion.

The experiments were performed in a variable tempera-
ture scanning tunneling microscopy (STM) apparatus [16]
with a base pressure of 5 X 10~!'! mbar. The Al(111)
sampleis cleaned by cycles of bombardment with a1 keV
Ar* ion beam at 527 K and annealing to 800 K. After
preparation, no Auger signals of impurities, including Ar,
can be detected, but occasionally the STM pictures exhib-
ited oxide clusters. The average terrace width is about
2000 A, which made it possible to perform a quantitative
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analysis only on areas sufficiently far away from preex-
isting steps. For the irradiation experiments, mass selected
ion beams of variousion species and energies at normal in-
cidencewith aflux between 8 x 10% ions/m? sand 3.6 X
10'¢ ions/m? s were used. The quantities of removed or
created amounts and ion fluences are given in units of
monolayer [ML, 1 ML = 1.41 X 10" (atoms/ions)/m?
for Al(111)]. STM topographs are shown as differentiated
images and appear asif illuminated from the | eft.

The growth process due to bombardment at 300 K
(= 0.32 Tyerr) can be seenin Fig. 1. Figure 1(a) exhibits
adatom idlands, but no vacancy islands. The amount
of adatoms created evidently exceeds the number of
surface vacancies due to sputtering by far. In addition,
surface vacancies must be effectively filled with adatoms.
In Fig. 1(b) further growth leads to coalescence of the
adatom islands and nucleation in the second layer. As
ion bombardment proceeds, the first grown layer almost
closes, a second layer of adatom islands grows, and a
third layer of adatom islands has nucleated [Fig. 1(c)]. In
Fig. 1(d) the maximum (1.9 ML) of created material is
visible. This exposure marks the transition to the erosion
regime since small vacancy islands have nucleated in
different layers. This indicates that the flow of adatoms
to the surface no longer overcompensates the amount
of vacancies created. Further bombardment turns the
morphology to the expected erosion one.

An analysis of coverage on the surface is displayed in
Fig. 2. In the erosion regime (fluences >0.8 ML), the
slope of the coverage versus fluence curve corresponds to
the sputtering yield Y. Theyieldsare4.1 = 0.4 for 1 keV
Xe*,2.0 £ 0.2 for Art, and 0.50 + 0.05 for Ne*. Mate-
rial balance requires that adatoms and sputtered atoms be
compensated by bulk vacancies. Thus, during the growth
phase the amount of bulk vacancies grows and saturates
at 4.4 + 0.4 ML for Xe*, 1.2 = 0.1 for Ar*, and 0.20 =
0.02 for Ne*. Once the maximum vacancy concentration
below the surface is reached, excess surface vacancies col-
lect to form vacancy islands.

The number and stability of the bulk vacancies are re-
markable. For Al bulk irradiation experiments, complete
damage annealing is observed at 220 K with the onset of
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FIG. 1. STM topographs of Al(111) obtained after irradiation at 300 K with 1 keV Xe* ion fluences of (a) 0.026 ML, (b) 0.20 ML,
(c) 0.34 ML, and (d) 0.51 ML. The amounts grown by bombardment are (a) 0.20 ML, (b) 0.91 ML, (c) 1.4 ML, and (d) 1.9 ML. The
initial surface is marked in al topographs by a cross (+). [This qualitative analysis is possible only using additional measurements

not shown here, compare Fig. 2 (below).]

The topograph sizes are 3300 A X 2350 A. The insets (700 A X 500 A) show the

morphologies after (a) 0.09 ML and (d) 0.7 ML of 1 keV Xe* ions on a Pt(111) surface at 650 K resulting in removed amounts of

(a) 0.26 ML and (d) 2.1 ML.

vacancy migration (stage 111 of damagerecovery) [17]. Va
cancy stabilization by rare gas implantation [18] is not of
relevance here, as in the low fluence limit [Fig. 1(a)] at
room temperature about 12 stable vacancies remain below
the surface after a single 1 keV Xe' impact (see below).
The nature of the defects becomes evident by annealing
experiments [19]. After irradiation with 6 X 1073 ML
1 keV Xe" at 100 K about 0.20 ML of adatoms are cre-
ated. In anisochronal annealing sequence, the adatom cov-
erage is found to decrease in two distinct steps near 200 to
250 K and near 400 to 450 K. While the temperature of
the first annealing step coincides with the onset of vacancy
migration, the second annealing step coincides with the on-
set of vacancy cluster dissociation as determined from an-
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FIG. 2. Evolution of the surface coverage with ion fluence for
1 keV Xe' (filled triangles, illustrated in Fig. 1), Ar* (circles),
and Ne* (squares). Positive (negative) values of coverage denote
net created (removed) material with respect to the initia surface
level. The evolution of bulk vacancies with ion fluence is given
for 1 keV Xe" (open triangles) only.

nealing sequences following quenching of Al [20]. Thus,
we conclude that the vacancies are present as clusters.

Growth by ion bombardment is observed from the low-
est investigated temperature of 100 up to 400 K. At higher
temperatures the growth turns into erosion by step retrac-
tion due to the high mobility of surface defects. The de-
pendence of the effect on the ion species is obvious from
Fig. 3 (comparealso Fig. 2). Thegrowth effect isstrongest
for 1 keV Xe* bombardment and diminishes for Ar* and
further yet for Ne*. As seen in Fig. 3(a), growth is ab-
sent for 1 keV He" and only small vacancy islands are
observed. Growth by ion bombardment is observed at the
lowest used energies of 350 eV for Xe* and 500 eV for
Art. It persists up to the highest investigated ion ener-
gies of 8 keV, but the growth effect becomes weaker; e.g.,
at 300 K and a fluence of 0.025 ML Ar™ the net created
coverages are 0.10 ML for 0.5 keV, 0.13 ML for 1 keV
Ar, and 0.07 ML for 8 keV.

A simple model based on MDS of surface damage
by energetic particles [7] can explain the observations.

FIG. 3. STM topographs after ion bombardment of Al(111) at
300 K with a fluence of 0.03 ML of 1 keV (a) He*, (b) Ne*,
(c) Ar*, and (d) Xe* ions. In (a), vacancy islands formed with
an area of 0.006 ML, in (b), (c), and (d), adatom islands with
areas of 0.02, 0.1, and 0.2 ML, respectively. STM topograph
size is 3300 A x 1650 A.
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Following the collision cascade initiated by the incoming
ion, the energy of the moving atoms is distributed uni-
formly in a small volume; i.e., athermal spike is formed.
A few picoseconds after the initial impact this volume is
molten [Fig. 4(a)]. According to MDS of different sys
tems, the melt volume V.1 may be estimated by [21]
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Vmelt =~ Vatom
where V,om iSsthe atomic volume, E, . isthe energy avail-
able for nuclear collisions [22], and kg is Boltzmann's
constant. The density piiquia Of liquid Al is lower than
the density pgoiia Of solid Al a room temperature [23]:
Psolid/ Priquia = 1.14. Thus, the liquid droplet formed in
the thermal spike is under pressure. If the droplet con-
nects to the surface, the liquid metal can release pressure
and flow upward producing adatoms. Recrystallization of
the melt proceeds in the bulk from the phase boundary
between liquid and solid. The shrinking molten volume
decreases in density until finally at least one vacancy clus-
ter in the initial core of the thermal spike is left over
[Fig. 4(b)]. The separation of the vacancy cluster from
the surface would be especially effective, if the melt was
connected to the surface only by a neck, as depicted in
Fig. 4. Inthecase of 1 keV Xe" /Al, Eq. (1) yields amelt
volume of 660 atoms[24]. If the entire excess volume cre-
ated by melt expansion remains on the surface, one expects
(1 = piiquid/ Psotia) X Vmere = 80 adatoms per impact.

In order to test the model prediction for the adatom yield,
we performed experiments at 100 K with very low ion flu-
ences (5 X 1074 ML) [19]. After 1 keV Xe" bombard-
ment single impacts can be distinguished, which produced
between one and three closely spaced adatom islands, but
no surface vacancies. The measured adatom yield is50, in
surprisingly good agreement with the upper bound value
of 80 obtained above.

In view of the outflow model Fig. 1 may be understood
asfollows: Initially each impact leads to outflow of about

(@) (b)

FIG. 4. Schematic sketch of the melt outflow model. (a) As
a consequence of the collision cascade initiated by the incom-
ing ion (1), a melt (2) forms below the surface. Materia out-
flow onto the surface occurs as suggested by the dashed arrows.
(b) The small arrows show the direction for recrystallization.
Adatoms (4) are trapped on the surface and finaly a bulk va-
cancy cluster (5) freezes out.
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50 adatoms balanced by an equal number of subsurface
vacancies. On average about 12 vacancies are created in
stable clusters (as can be derived from the initial slope
of the coverage vs fluence plot), while the other annihi-
late with adatoms. The remaining adatoms diffuse and
nucleate the large islands seen in Fig. 1. Asion bombard-
ment progresses, the target density decreases to a critical
value, at which no more excess volume is created during
the phase transition and, hence, no outflow takes place. At
this point, the saturation of the surface near layers with va-
cancy clusters and the maximum grown amount of adatoms
are reached. The critical density is to first approximation
identical to the density of the liquid. This density can be
obtained by distributing the 4.4 ML of vacancy clusters
uniformly in a porous zone with a thickness of 30 ML.

In the model above, it was assumed that the entire Ey ¢
of theion contributes to melt formation. However, whether
or not a molten volume is formed after the collision cas-
cade and to what extent E,, is contributing to Vi), de-
pends on the energy density deposited. lons with a high
atomic number Z are stopped more efficiently than those
with low Z [25] and can transfer their energy to the tar-
get in a smaller volume, creating a high energy density.
Thus, the amount of outflow decreases in going from Xe™
to Ne" and vanishes for He", which exhibits no growth
[Fig. 3(a)]. Inthis case the deposited energy density is not
sufficient to induce the phase transition.

The experimentally observed energy dependence of
bombardment-induced growth may be related to the depth
and shape of the melt volume with the help of the above
model. For too low ion energies, the melt formed is
shallow with a depth d similar to or less than its diameter
L (compare Fig. 4). In this case melt outflow takes place
easily, and recrystallization leaves the vacancy rich core
connected to the surface. Surface diffusion leads then
to the well-known erosion morphology. Bombardment-
induced growth becomes efficient, as soon as the melt
depth allows to trap the vacancy rich core below the sur-
face during recrystallization, causing bulk vacancy cluster
formation. For too high ion energies, the melt volume,
athough larger, is less connected to the surface and only a
small fraction of melt, if at all, flows out. This measured
dependence on energy does not correspond to the one
proposed in [7], possibly because there the melt volumeis
modeled by a long cylinder normal to the surface, which
is probably not the case here. We note that MDS are
highly desirable to clarify the observed behavior. In the
case of bulk radiation damage, pressure relief through
the outflow of melt is impossible and, consequently, after
recrystallization only single vacancies or small vacancy
clusters are left behind [26], which anneal completely
already at 220 K [17].

Finally, it is necessary to discuss the conditions for
reaching the bombardment-induced growth regime. Melt
formation, sputtering yield, and ion ranges do not de-
pend at the low ion energies under concern here critically
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on crystal orientation. Thus the bombardment-induced
growth is most likely a genera phenomenon for all Al
surfaces including polycrystalline Al. Why was this phe-
nomenon not observed on other metals such as Pt, Au, Ag,
and Cu [10-13,15]? We speculate that for Al the optimal
melt depth for bombardment-induced growth isreached for
impacts with a few hundred eV, i.e., smultaneously with
the onset of spike formation. In contrast, for heavier met-
as the same melt depth is reached only for ion energies
above several keV —an energy regime which has not been
investigated until now. As an example, binary collision
cascade simulations [25] indicate that in order to reach the
same ion range as a 350 eV Xe" ion in Al, an ion en-
ergy above 5 keV is necessary in Pt. In fact, single ion
impacts of 4.5 keV Xe" on Pt(111) exhibit a crater sur-
rounded by adatom islands, characteristic of atoo shallow
melt. By increasing the Xe* ion energy to 6.5 keV, va-
cancy cluster formation below the surface could beinduced
in Pt [27]. Consequently, at thision energy bombardment-
induced growth might take place also on Pt(111).

The phenomenon of bombardment-induced growth is of
importance for the growth of Al thin films under the influ-
ence of energetic particles, e.g., in ion beam assisted depo-
sition, magnetron sputtering, or ion plating. Thinfilmsof a
density close to nominal solid density can be grown only if
the cluster dissociation rate exceeds considerably the clus-
ter formation rate. For usual deposition rates of several
hundred ML /s, this may be achieved only for deposition
temperatures of approximately 300 °C. Below this tem-
perature a porous films structure with low density will re-
sult. Implications may be inferior mechanical or electrical
properties (e.g., electromigration). The same effect may
be relevant for other low Z materials with piiquia < psotids
e.g., Be, which is used as wall material in fusion reactors
and is exposed to intense irradiation.

In conclusion, we have observed that ion bombardment
induces growth of several new atomic layers on a metal
surface. This effect is persistent for temperatures, where
diffusion of single vacanciesis efficient, and vanishes only
for temperatures high enough to dissociate vacancy clus-
ters. A model of a flow of melt onto the surface, created
by athermal spike, is able to explain the observations.
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Forschungsgemeinschaft.”
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