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Adatom yields, sputtering yields, and damage patterns of single-ion impacts on Pt(111)
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Scanning-tunneling-microscopy methods are presented, which allow us to determine the adatom yield,

the number of adatoms created per primary ion, and the sputtering yield. The reliability and the possi-

ble errors of the scanning-tunneling-microscope yield-determination methods are analyzed. For noble-

gas ions normally incident on Pt(111), the dependence of adatom and sputtering yields on ion energy and

ion mass are determined. The dependence of the adatom yield on these quantities is not in agreement

with previous theoretica1 predictions. Possible mechanisms for the observed ion-energy and ion-mass

dependence of the adatom yield are suggested. The observation of the damage patterns of single keV ion

impacts and the lateral distribution of the damage features gives additional information on the damage

mechanism.

I. INTRODUCTION

The creation of adatoms on a surface due to energetic
ion impacts has been predicted theoretically by Webb and
Harrison in 1983. In a molecular-dynamics simulation
of 5-keV Ar+-ion bombardment of Cu(100) they observed
a large number of atoms being pushed onto the outermost
surface layer within a few picoseconds after the ion im-
pact. This effect of target adatom creation was demon-
strated experimentally in 1991. After 600-eV Ar+-ion
bombardment of Pt(ill} scanning-tunneling-microscopy
(STM) topographs exhibited small monolayer-high Pt-
adatom islands on the original surface layer. The pres-
ence of these adatom islands is a result of the nucleation
of the target adatoms generated by the ion bombardment.
Meanwhile, also on Cu(100} adatom generation due to ion
bombardment has been observed, by Breemann and Boer-
ma with low-energy ion scattering and by Girard et al.
with STM. Adatom production on Cu(100) for ion ener-
gies even below the sputtering threshold has been predict-
ed theoretically from molecular-dynamics simulations by
Karetta and Urbassek. Large amounts of adatoms per
impact are predicted by Ghaly and Averback for 10-keV
Au on Au(100). Recently, we reported briefly on STM
topographs of the Pt(111) surface damaged by single 5-

keV Xe+-ion impacts, which give evidence for large
amounts of adatoms created by single impacts. The
deeper understanding of the adatom generation is highly
desirable, both from a fundamental and an applied point
of view. The sputtering yield has been for a long time the
only observable to describe the ion-surface interaction.
The adatom yield —the number of adatoms created per
ion impact on the surface —is also a quantity which al-
lows us to characterize this interaction, and it becomes
an observable by the methods presented in this paper.
Similar to the sputtering yield, the energy and projecti1e
dependence should allow to test models for adatom gen-
eration and to elucidate the underlying atomic mecha-
nisms. Ion-beam assisted deposition is nowadays a

powerful technique to engineer thin films with specific
properties. The poor understanding of the effect of the
applied ion beam on the atomic level is in sharp contrast
to the technological importance of the method. One of
the effects of the ion beam is obviously the adatom gen-
eration. It supplies additional diffusing species to the film
surface. Moreover, the adatom yield should allow us to
characterize on atomic scale the capability of the ion
beam to mix atoms between the topmost layers of the
growing film.

In this paper, we describe experiments and results of a
systematic STM investigation of the projectile mass and
energy dependence of the adatom yield and sputtering
yield on Pt(111). These quantitative results on the yields
are supplemented by the analysis of damage patterns of
single-ion impacts.

II. EXPERIMENT

The experiments described in this paper have been per-
formed in an apparatus designed for temperature-
dependent STM investigations of ion bombardment
effects. The apparatus is described in detail in Ref. 9. In
principle, the sample is mounted thermally insulated but
mechanically stiff to a solid metal block, which is damped
against vibrations. The assembly is contained in a rigid
manipulator tube with two degrees of freedom: rotation
and translation. This allows the sample to be moved in
front of the measuring stages: low-energy electron
diffraction, Auger-electron spectroscopy, ion source, and
STM.

The sample is heated by electron bombardment and
can be cooled down to 120 K by a liquid-nitrogen heat-
exchanger coupled via a copper braid to the sample. The
temperature is controlled by a thermocouple spotwelded
to the sample. A unique feature of the apparatus is the
capability of the STM to operate in the wide temperature
range between 120 and 450 K. The STM is a modified
beetle-type STM' turned upside down, so that the micro-
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scope is lowered onto the sample and not vice versa. All
topographs presented were obtained under constant
current imaging mode with typical tunneling parameters
of 1-nA tunneling current and +300-mV tunneling volt-
age applied to the tip. Variations of the current or volt-

age did not influence the topography observed by STM.
As target for the ion bombardment a platinum single

crystal cut with high precision parallel to the (111)plane
has been used. The clean target surface consists of atomi-
cally flat terraces of a typical width of 2000 A separated
by monatomic steps. '" The clean sample is prepared by

cycles of oxygen exposure (p,„„,„=2X10 mbar) and
600-eV Ar+-ion bombardment both at 800 K followed by
annealing to 1250 K.

The ion bombardment has been performed at normal
incidence with a differentially pumped ion source with
maximum acceleration voltage of 5 keV. ' The ion beam
is scanned to ensure a homogeneous deposition of the ion
dose over the entire sample surface. As primary ion
species Ne+, Xe+, and Ar+ are used with impurity lev-

els of the gases below 1 X 10 for Ne+ and Xe+ or 1 X 10
for Ar+. The ion current is determined by a Faraday
cup, which can be located exactly at the sample position
in front of the ion source. The ion energies used are 40
eV, 200 eV, 600 eV, 3 keV, and 5 keV. In the special case
of ion bombardment with 40 eV, this low ion energy was
achieved by operating the ion source at 200 U accelera-
tion voltage and applying a retarding bias of +160 V to
the sample. With the help of a retarding aperture before
the Faraday cup entrance hole it was established that the
retarding bias of +160 V did not influence the ion flux

arriving at the sample. The ion fluxes used are
7.63X10' ions/m s for Ar+ and Ne+ and 6.99X10'
ions/m s for Xe+. In view of the large yields at high en-

ergies, the 5-keV Xe+ and 5-keV Ar+ ion fluxes have
been reduced to 1.75X10' ions/in s and 3.82X10'
ions/m s, respectively, to keep the relative error in the
duration of the bombardment small. The ion doses
ranged from 2.41 X 10' ions/m for 5-keV Xe+ to
2. 83X10' ions/m~ for 40-eV Ne+.

To perform an ion bombardment experiment the clean
and well-annealed sample is exposed to the ion beam for a
certain time, while the target is at constant temperature.
This temperature during ion exposure is named in the fol-
lowing bombardment temperature Tb and is 150 K, if not
otherwise specified. When the desired ion dose D is
reached the ion bombardment is switched off and the
sample is moved —while keeping the temperature at 150
K—to the STM position. After imaging the morphology
at 150 K, the sample is successively annealed to higher
temperatures T, &T&. Generally successive 2-min an-
nealing steps at 400 and at 750 K were chosen. Morpho-
logies prepared in this way are indicated for convenience
as 150-400-K and 150-400-750-K. After each annealing
step the sample is cooled to room temperature (rt) and
then imaged to determine the adatom yield F, and the
sputtering yield F„respectively, as will be discussed in
the section below. After the annealing steps, cooling
down to rt is suScient for yield determination, since at
this imaging temperature annealed samples show no
difFusional changes over hours.

III. ADATOM AND SPUTTERING
YIELD-DETERMINATION METHOD

In order to facilitate the presentation of the method
and of the associated errors, let us summarize a few facts
on the annealing behavior of the defects created by ion
bombardment.

A few ten picoseconds after the ion impact, the kinetic
energy of the primary ion has been dispersed in the lat-
tice. Relatively stable slower and only thermally decay-
ing defects reinain in the impact region (see, e.g., accom-
panying theoretical paper). These are bulk vacancies, va-
cancies in the surface layer (surface vacancies), self-
interstitial atoms (interstitials), and adatoms on the sur-
face. Especially at higher ion energies in the keV range
also agglomerates of surface and bulk vacancies remain in
the central cascade region. ' The formation of intersti-
tial agglomerates, containing more than a few atoms has
not been observed so far' and seems rather unlikely for
ion energies in the keV range. In the case of Pt and the
Pt(111) surface, the various defects are mobile for tem-
peratures above 30 K—interstitials, ' 80 K—adatoms, '

180 K—surface vacancies, ' and 500 K—bulk vacan-
cies. ' Moreover, for mobile adatoms there is an addi-
tional barrier for recombination with surface vacancies
and vacancy islands in the surface layer, which is thought
to be effective up to 450 K. '

Figure 1(a) represents the topography obtained after
exposing the Pt(111) surface at 150 K to an ion dose of
1.14X10' iona/m of 200-eV Ne+ iona, which corre-
sponds to the removal of 4.0% of a monolayer (ML) by
sputtering. The topography is dominated by small rather
irregular adatom islands of monatomic height with a typ-
ical length scale of 10 A. The adatom islands are due to
the nucleation of the adatoms generated by the ion im-
pacts. To these adatoms contribute both, atoms trans-
ported atherma/ly by collisions and replacement collision
sequences during the first picoseconds to the surface (en-
ergetic contribution) and the atoms transported thermally
by interstitial migration to the surface (interstitial contri-
bution) on a by far longer time scale. Due to the recom-
bination barrier, the adatoms created at this temperature
are relatively stable against recombination with vacancies
present at the surface. Thus, most of the generated ada-
toms condense into adatom islands. In order to avoid the
removal of adatoms by subsequent ion impacts, it is im-
portant to restrict the ion dose to values corresponding to
only a few percent adatom coverage.

At the first glance it is surprising that the morphology
of Fig. 1(a) seems to be dominated by adatom islands and
not by surface vacancies (mono-, di-, . . . , or islands of
vacancies). Only very small dark structures correspond-
ing to surface vacancies are visible. There are two
reasons for this. First, the monovacancies created at 150
K by 200-eV Ne+ bombardment are almost immobile
and will thus not form agglomerates larger than a few
monovacancies. Due to the finite STM-tip size, small
area depressions like surface vacancies are always imaged
smaller than they really are. The STM-tip can hardly
move into monovacancies or small agglomerates of them.
This partially causes the apparent lack of surface vacan-
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cies in Fig. 1(a). Generally the area of a depression is re-
duced by the area of a stripe along its step edge, with a
resolution dependent width of the order of 1 A. Note,
that the same effect applies with the opposite sign to ada-
tom islands, i.e., the area of an adatom island is imaged
too large by the area of a stripe along the island step
edge. Second, the primary ions create many vacancies
below the surface which in contrast to the interstitials
stay below the surface at 150 K. These bulk vacancies
are evidently invisible to STM.

For the other investigated ion energies and species the
observed topography after the removal of approximately
the same amount of material at t. 50 K is quite similar.

The main difference is that at higher ion energies and
larger ion masses the surface vacancies become better
visible, despite of the fact that the morphology is still
dominated by adatom structures. The reason for this is
that at increasingly higher ion energies (or larger ion
masses) the surface vacancies are created more and more
as agglomerates (craters) of several monovacancies. The
large agglomerates are better observable by STM, but still
their size is underestimated by the STM-tip effect.

The crucial step in the determination of the adatom
yield F, is the determination of the average fraction X,
of the surface covered by the monolayer high adatom is-
lands. It is evident that this quantity is only meaningful
when the analyzed topographs in fact represent almost all
generated adatoms in the form of adatom islands. Ac-
cording to the discussion above this condition should be
fulfilled for topographs like those in Fig. 1(a). However,
due to the small size and even more the roughness and ir-
regular shape of the adatom islands they are imaged-
due to the STM-tip effect mentioned above—
considerably larger than they are in reality. Image
analysis thus would result in an overestimation of the
true fraction of a ML covered by adatoms.

To circumvent this problem, the sample is annealed at
400 K resulting in a morphology as shown in Fig. 1(b).
The adatom islands have now greatly reduced the length
of their boundary step and are compact. Thus the imag-
ing error, which is roughly proportional to the boundary
step length is greatly reduced. The adatom islands are
bounded by (110) oriented steps and have the appear-
ance of small triangles or hexagons. This island shape
with well oriented step directions gives a good criterion
for tip quality, allowing us to select only high quality
STM topographs for image analysis. Moreover, a coars-
ening process has taken place, the larger adatom islands
having further grown at the expense of the disappearance
of the smaller ones. All these changes greatly reduce the
error made by estimating X, via image analysis of STM
topographs. Once the value X, has been determined, the
adatom yield is simply

X, XNp,
Q D

FIG. 1. Annealing sequence of STM topographs after a dose
of 1.14X10' ions/m of 200-eV Ne+ at T&=150 K. (a} is im-

aged directly after bo'mbardment at 150 K (topograph-size
550X480 A, illumination from the left), (b) is a 150-400-K to-

pograph (550X480 A, gray scale), and (c) is a 150-400-750-K to-

pograph (1100X960A, gray scale).

where Np, is the number of Pt atoms in a ML per m and
D is the ion dose per m . After the annealing to 400 K
not only the adatom islands have become more compact,
but also vacancy islands are now clearly visible as dark
spots in Fig. 1(b). The improved visibility in comparison
to Fig. 1(a) mainly results from the migration and nu-
cleation of the small surface vacancy clusters (monomers,
dimers, . . . ) to stable immobile vacancy islands.

Annealing to even higher temperatures is detrimental
for the correct determination of the adatom yield. It
causes a loss of adatoms, which at the higher temperature
are no more hindered by the recombination barrier to an-
nihilate with surface vacancies. In addition, when ap-
proaching 500-K bulk vacancies start to migrate to the
surface where they become either incorporated in a va-
cancy island or annihilate with an adatom or an adatom
island. The decrease in the adatom island covered area is
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illustrated in Fig. 2. Figure 2(a) is a 150-400-K topo-
graph after 5-keV Xe+ ion bombardment while Fig. 2(b)
is the corresponding 150-400-550-K topograph. Due to
the higher annealing temperature the adatom island
covered area has decreased whereas the vacancy island
covered area has increased substantially in Fig. 2(b} in
comparison to Fig. 2(a). The increase in the vacancy
covered area demonstrates directly the migration of a
large number of bulk vacancies to the surface. Indeed,
dissociation of adatom islands and recombination of the
resulting adatoms with surface vacancies alone would

only have decreased the vacancy island covered area.
Moreover, the increase of the vacancy island covered
area is a proof for the existence of a large number of sub-
surface vacancies after ion bombardment at Tb = 150 K.

The disappearance of adatom islands and the migration
of bulk vacancies to the surface at higher annealing tem-
peratures gives the unique opportunity to determine the
sputtering yield and the adatom yield in one experiment.
Figure 1(c} shows a typical 150-400-750-K topograph.
Adatom islands are absent on the topograph. During an-

nealing to 750 K the adatom islands dissociated com-
pletely into adatoms, which then recombined with sur-
face vacancies. The topograph exhibits only vacancy is-

lands, which are exclusively of monatomic depth with
typical lateral dimensions of 50-100 A. It was carefully
checked that the apparent fraction X, of a ML covered
with vacancy islands does not change any more for an-
nealing temperatures from 650 to 850 K. This is a clear
indication that in fact all bulk vacancies and vacancy
clusters have arrived at the surface after annealing to 750
K. This result is consistent with the annealing behavior
of Pt after fast electron irradiation, ' for which the radia-
tion damage recovers by annealing to 700 K. Conse-
quently, on a 150-400-750-K topograph the missing
atoms at the surface —the vacancy islands —represent
the sputtered away atoms. The sputtering yield Y, is
then simply

similar to the adatom yield Y, .
After annealing to 750 K it becomes evident, that a

high crystal quality with an extremely low initial step
density is a prerequisite for the yield determination
method presented here. Figure 3 is a large scale 150-
400-750-K topograph (8200X 8200 A ) after an ion dose
of 8.05 X 10'6 ions/m of 3-keV Xe+ ions. It presents a
large terrace on which another narrow and elongated ter-
race (indicated as T in Fig. 3) is present. It is obvious
that on both sides of the boundary step of this terrace
feature as well as on both sides of the step at the upper
edge of the topograph the size and the number of vacancy
islands is decreased. In general, all preexisting steps
cause such vacancy island denuded zones, which have
after annealing for 2 min at 750 K a typical width of 500
A. Two processes are responsible for the formation of
the denuded zones. On the one hand, bulk vacancies ar-

l ~

I I'

~ i.

( 'll 'p„

}
3

(

(iip ii

'gi i

I ~ I

FIG. 2. Gray-scale STM topographs (1100X1100 A ) after a
dose of 2.41X10' ions/m of 5-keV Xe+. (a) is a 150-400-K to-
pograph and (b) a 150-400-550-K topograph. In (b) the vacancy
island covered area is substantially increased and the adatom is-
land covered area decreased in comparison to (a).

FIG. 3. Large scale 150-400-750-K topograph (8200X8200
o 2A, illumination from the left) of a surface bombarded with a
dose of 8.05 X 10' ions/m 3-keV Xe+ ions. Vacancy island
denuded zones are visible on both sides of the boundary step of
the large elongated terrace feature T as well as on both sides of
the step at the upper edge of the topograph.
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riving at the surface close to a preexisting step can anneal
at the step edge instead of joining a vacancy island. On
the other hand, during the annealing at 750-K atoms be-
come two-dimensional (2D)-evaporated from preexisting
step edges. These adatoms move until they recombine
with nearby surface vacancies. Such vacancy island
denuded zones must be avoided for yield determination
purposes. However, areas like those indicated by the
square in Fig. 3 are not affected by the preexisting steps
and, thus, they represent vacancy island covered areas
corresponding to the removed atoms.

In summary, the STM-based methods of adatom yield
F, and sputtering yield F, determination require a pre-
cise knowledge of the annealing properties of the ion
bombardment defects. Bombardment temperature and
annealing steps have to be chosen to fulfill two partially
convicting requirements. On the one hand, the adatom
islands after the first annealing step or the vacancy is-
lands after the second annealing step have to represent a11

adatoms created or all sputtered away atoms, respective-
ly. On the other hand, the islands have to be compact
and large enough to keep the errors associated with STM
imaging small (moreover, the fractions X, and X, should
amount at least to a few percent of a ML for the same
reason}. These requirements may be fulfilled for a variety
of metals and different surface orientations, but there
may be metals and surface orientations for which this is
not possible.

Finally, we want to consider explicitly the errors enter-

ing the determination of F, and 7, . As has already be-

come evident from the discussion above, there are three
main error sources for the determination of Y, .

(1) The uncertainty in the knowledge of the ion dose.
(2) The overestimation of the adatom covered area by

STM-tip effects.
(3) The underestimation of the number of adatoms

generated by using the number of adatoms present in
adatom islands as a measure for the adatom yield.

The uncertainty in the knowledge of the ion dose is due
to the difficulty to check the precision of the ion current
measurement. The adatom yield-determination method
has this problem in common with all sputtering yield
determination methods. In the present case, however,
where the information is obtained from STM images, the
actual dose can be checked with superior precision taking
advantage of the fact that for ion energies of a few keV
each single impact leaves behind a characteristic damage
pattern on the surface (see also the discussion in Sec. VI
and Fig. 7}. For sufficiently low ion doses the damage
patterns do not overlap and we are able to check the
Faraday cup measurement by comparing its result with
the ion dose determined by impact counting. Both values
coincide for 5-keV Xe -ion bombardment within less
than 5%. The overestimation of the adatom covered
area due to STM-tip effects [error (2)] could be estimated
by comparing typical high-quality topographs with atom-
ic resolution images. However, it was almost impossible
to obtain atomic resolution on the rough sputtered sur-
faces. For image analysis only topographs with sharp is-
land edges have been selected, which typically give the
lowest adatom coverages. By a background subtraction

and a careful selection of the gray-value thresho1d, the
STM-tip effect was minimized. For small adatom islands
with straight step edges on high-quality topographs it is
possible to determine the number of adatoms contained
in the islands. Comparing this number with the apparent
island area the overestimation of the island size due to
the STM-tip effect can be assumed to be below 15%. Er-
ror (3}, the underestimation of the number of generated
adatoms by counting the adatom covered area is the big-
gest problem. The discussion of this error will be
separated in three parts. After giving a definition of the
ideal adatom yield, the losses of adatoms by nearby im-
pacts, by the imperfection of the recombination barrier
and by the annealing process are considered. As rnen-
tioned above, the adatoms present on the surface consist
of an energetic contribution and an interstitial contribu-
tion. The ideal adatom yield as measured by STM here
would consist of the number of adatoms present at the
surface at the end of the energetic phase (when the num-
ber of adatoms on the surface is constant on the time
scale of picoseconds, see accompanying paper by Gades
and Urbassek) plus the adatoms created by interstitial mi-
gration to the surface. Note that the ideal adatom yield
does not include adatoms being only temporarily present
on the surface during the energetic phase. The losses of
adatoms already created by nearby impacts are due to the
fact, that an adatom may be removed (sputtered or
pushed into a vacancy) from the surface by a collision
with an energetic atom of another impact. We are unable
to give the magnitude of this error. To minimize this er-
ror we performed all measurements in the limit of a small
dose so that only an adatom coverage of approximately
5% resulted. If the recombination barrier for the recom-
bination of an adatom with a surface vacancy is not per-
fect, even after the end of the energetic phase single Pt
adatom may recombine with a surface vacancy by migra-
tion to and subsequent jump into it. Homoepitaxial
growth experiments of Pt on Pt(111) by Esch et al. '
directly demonstrated the action of the barrier even at
the temperature of 400 K. Recent molecular-dynamics
simulations by Villarba and Jonsson confirmed the ex-
istence of the step edge barrier. However, the height of
the barrier is considerably reduced for rough steps and
for such steps recombination events have been observed
in the simulation of homoepitaxial growth on Pt(111).
%e thus only tentatively conclude that the recombination
barrier at the much lower temperature of 150 K
effectively prevents the adatom-vacancy recombination.
Again, we are unable to give quantitatively the magni-
tude of the leakage of the barrier. Finally, by annealing
the sample from 150 to 400 K adatoms may be lost to
surface vacancies. By careful comparison of high-quality
topographs obtained at 150 K and after annealing to 400
K and by reasonable assumptions on the magnitude of
the STM-tip effect we can give an upper bound for this
error of 25%. It is quite unsatisfactory that at the mo-
ment the total magnitude of error (3} cannot be given.
This aspect needs further investigation and we will ad-
dress this problem in an STM apparatus, which will allow
to freeze out the adatom motion. Even though the errors
(2) and (3) are systematic, they tend to cancel each other.
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Since the uncertainty of error (3) is largest, the adatom
yield values determined experimentally have to be con-
sidered as a lower limit of the real ones. In fact, the mea-
sured adatom yields are considerably lower than the ada-
tom yields determined by the molecular-dynamics simu-
lations presented in the accompanying theoretical paper
of Gades and Urbassek (see Fig. 6 of their paper). It is
compatible with the above error analysis that this devia-
tion may be at least in part due to an experimental un-
derestimation of the true adatom yield. Nevertheless, we
want to point out that the errors have roughly the same
size and sign for all data points taken. Accordingly, the
trends of the energy and ion-mass dependence of the ada-
tom yields thus will be hardly a6ected.

For the determination of the sputtering yield Y, a cor-
responding list applies, the three main error sources be-
ing (compare also Ref. 20} the following.

(1} The uncertainty in the knowledge of the ion dose.
(2) The underestimation of the vacancy island covered

area by STM-tip e8ects.
(3) The underestimation of the number of sputtered

atoms by using the number of monovacancies present in
vacancy islands as a measure for the sputtering yield.

Error (1) needs no further discussion, since it is identi-
cal to error (1) in the determination of Y, . Error (2) is by
far smaller than the corresponding error in the adatom is-
land case. After annealing to 750 K the vacancy islands
have typical linear dimensions of 30—90 A [see Fig. 1(c)
and also Fig. 3], i.e., they have by far larger areas than
the adatom islands with typical linear dimensions of
10-25 A. The underestimation of the vacancy island
area will amount only to a few percent. It could be fur-
ther reduced by using larger ion doses, causing larger va-
cancy islands (however, this is not useful for the present
experiments, where also the adatom yield is determined).
Also, error (3}is smaller and of simpler nature than in the
adatom yield case. The losses of vacancies to preexisting
steps as well as the filling of surface vacancies by 2D-
evaporated atoms from preexisting steps may be neglect-
ed in a sufficient distance from these steps. As Fig. 3
demonstrates the crystal quality of our Pt(111) sample al-
lows us to fulfill this condition. The number of atoms
sputtered away is underestimated as well, if not all of the
subsurface vacancies become annealed at the surface. As
mentioned before, from the independence of the vacancy
island covered area X, above annealing temperatures of
650 K and in agreement with the damage annealing in
Pt after electron irradiation ' it can be concluded that the
bulk vacancies have almost completely arrived at the sur-
face after annealing to 750 K. Based on the annealing ex-

periments, we estimate the magnitude of this part of er-
ror (3) for the presented data to be only a few percent.
However, we want to point out the possibility that for
even higher bombardment energies in the 10-keV range
this might no longer hold. Large vacancy loops, which
are still immobile at 750 K might be created at these high
energies. Vacancy loop formation has in fact been ob-
served experimentally by Jager and Merkle for 10-keV
Bi bombardment of Au(100).

In conclusion, the sputtering yields presented are con-
sidered to be quantitatively correct and the adatom yields

to be the lower limits of the true adatom yield, represent-
ing correctly their dependence on ion energy and mass.
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FICx. 4. Sputtering yields Y, determined by STM for Pt(111)
bombardment at Tb = 150 K and at normal incidence.

IV. SPUTTERING YIELDS

The sputtering yield data obtained for Ne+, Ar+, and
Xe+ in the energy range from 40 eV to 5 keV are present-
ed in Fig. 4 and Table I. 7, is ranging over more than
three orders of magnitude from 5.2X10 for 40-eV Ne+
to 1.45 X 10' for 5-keV Xe+ ions. The yields are
representative for ion bombardment at normal incidence
at Tb =150 K on an atomically fiat and clean Pt(111) sur-
face.

The yield depends on the primary ion mass and energy
as qualitatively expected form linear cascade theory and
as observed previously in experiments with polycrystal-
line platinum (poly-Pt}. For a fixed energy the sputter-
ing yield increases with the mass of the primary ion and
for all three gases used the yield increases steeply with
energy in the low ion-energy range. However, the max-
imum, of Y, for Ne+ already around 5 keV is surprising.
The maximum seems to be shifted to lower energy com-
pared to the expectation from linear cascade theory and
measurements for poly-Pt. In addition, the still steep
increase of Y, for Xe+ from 3 to 5 keV is also surprising.
In general, when comparing the yields obtained on
Pt(111) with the corresponding poly-Pt data reviewed by
Anderson and Bay (some of them are given in the table
for comparison) it becomes evident that the Pt(111)
values are systematically larger than the poly-Pt ones.
For Ar+ and Xe+ the deviation clearly increases with ion
energy until at 5 keV the single-crystal values exceed the
poly-Pt values roughly by a factor of 2.

The situation appears to be similar to the thoroughly
investigated case of Ar+-ion bombardment of Cu(111}
and poly-Cu: ' it was found that the Y, versus energy
curve of Cu(111) exhibits (i) a sharper maximum of Y„
i.e., a steeper increase of the yield with ion energy below
the energy of maximum yield and a steeper decrease of
the yield for energies above, (ii) a shift of the yield max-
imum from =30 keV towards lower energies of =7 keV,
and (iii} increasingly higher yields up to the energy of the
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TABLE I. The table gives the sputtering yield Y„the ada-
tom yield Y„and the ratio Y, /Y, for Pt(111) and normal in-
cidence at TI, =150 K in dependence of ion energy and species.
Poly-Pt values from the literature (see also Ref. 29) for Y, are
given for comparison.

100— ~ I

Ion Ion
species energy Y,(poly-Pt) Y, Y, /Y,

1-
Y

Ne
Ne
Ne
Ne
Ne

40
200
600

3000
5000

0.0052
0.52
1.25
3.6
3.7

0.31 (Ref. 42)
0.70 (Ref. 42)

0.011
0.45
2.5
5.0
5.1

2.1

0.86
2.0
1.4
1.4

0.1—

0.01—
I I I I I

10000

Ar
Ar
Ar
Ar
Ar
Xe
Xe
Xe
Xe
Xe

40
200
600

3000
5000

40
200
600

3000
5000

0.0061
0.58
1.7
7.0
7.4
0.011
1.0
2.8
8.3

14.5

0.63 (Ref. 42)
1.56 (Ref. 42)

3.7 (Ref. 43)

0.72 (Ref. 44)
2.23 (Ref. 44)

0.018
0.64
1.3

10.1
20.5
0.10
1.5
4.0

26
66

2.9
F 1

0.75
1.5
2.8
8.9
1.5
1.4
3.1

4.6

V. ADATOM YIELDS

maximum yield than in the corresponding curve for
poly-Cu. Although it was not possible to measure the
yield curves for Pt up to the energies of the maximum
yield for Ar+ and Xe+, the energy dependence of the
sputtering yields of Pt(111) deviates in a similar way from
the poly-Pt values as observed formerly for Cu(111) and
poly-Cu. Moreover, the sputtering yield curves presented
here for Ne+- and Xe+-ion bombardment on Pt(111) are
qualitatively similar to the curves obtained by Szymczak
and Wittmaack for Ne+- and Xe+-ion bombardment
on Au(111). The two sets of curves are even quantitative-
ly almost identical. The molecular-dynamics simulations
presented in the accompanying paper also show reason-
able agreement with the sputtering yields determined
here. All these facts suggest, that the STM based method
allows for reliable sputtering yield determination. The
STM yield-determination method is inherently a low dose
method and allows us to attack some of the remaining
problems in sputtering, e.g. , the morphology dependence
of the yield and closely related to this the dose depen-
dence of the yield.

ion energy (eV)

FIG. 5. Adatom yields Y, determined by STM for Pt(111)
bombarded at T& = 150 K and at normal incidence.

between 40 and 200 eV is not as strong as for the corre-
sponding sputtering yields. (iv) Whereas Y, for Ne+ al-

ready seems to approach its maximum value around 5

keV, Y, increases strongly above 600 eV for Ar+ and
Xe+.

What dependence on ion energy and on ion mass
should one expect for the adatom yields? Based on previ-
ous theoretical and calculational approaches we find the
following answers to this question.

(1) According to the sputtering theory of Sigmund,
Robinson states that "In a structureless medium, ap-
proximately one half of the particle incident on the sur-
face barrier are actually sputtered. " Assuming that a
particle incident on the surface barrier not being sput-
tered becomes an adatom, linear cascade theory predicts
a ratio Y, /Y, =1 independent of the primary ion energy
and the ion mass.

(2) TRIM (Ref. 36) calculations performed for various
ion species and energies give the same result: the number
of particles approaching the surface barrier is approxi-
mately twice the number of particles sputtered, i.e.,
Y, /Y, = l.

30

10-

Figure 5 and Table I present the adatom yield data ob-
tained after bombardment at Tb =1SO K with the same
ion species and in the same energy range as for the
sputtering yield data. The Y, -data exhibit the following
characteristics: (i) the adatom yields are typically larger
than the sputtering yields (see also Fig. 6). They range
from 1.1 X 10 for 40-eV Ne+ to 6.6 X 10' for 5-keV Xe+.
(ii) For a fixed ion energy an increase of Y, with the mass
of the primary ion is observed, similar to Y, . However,
there is an exception at 600 eV, where Y, for Ne+ is
larger than the yield for Ar+. (iii) The adatom yield in-
creases steeply in the low-energy region, but the increase

Ylv, 3.

0.3
10

~ ~ I

100 1000
ion energy (eV)

10000

FIG. 6. Ratio of the adatom yield to the sputtering yield

Y, /Y, for the data of Figs. 4 and 5.
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(3) Based on molecular-dynamics simulations of Ar+-
ion bombardment on Cu(100) Webb and Harrison' postu-
lated that "Approximately, the number of target adatoms
created equals the number of adatoms sputtered. This
general principle holds for most impact points and ener-
gies to date. At lower energies ( —1 keV) the ratio of tar-
get adatoms to sputtered atoms tends to decrease. " In
conclusion, Y, /Y, =1 for energies, & 1 keV, again in-

dependent of ion energy and ion mass, and a tendency for
Y, /Y, & 1 at energies & 1 keV.

In view of the limitations of the applied concepts, the
answers should hold for ion energies in the keV range. It
is surprising, how these concepts agree in their prediction
of the yield ratio Y, /Y, =1. It is even more surprising
that in comparison to the experimental data all three con-
cepts clearly fail.

The experimental yield ratios Y, /Y, are present in Fig.
6 and Table I. They show that (1) the highest yield ratio
for all three ion species is obtained for the lowest investi-
gated ion energy of 40 eV ranging from 2.1 to 8.9. (2)
The theoretical prediction of Y, /Y, = 1 is close to the
lower limit of all experimental ratios. (3) For Ar+ and
Xe+ a clear minimum around 600 eV is present. For
higher ion energies their yield ratios increase again,
whereas for Ne+ the ion-energy dependence is weak. (4)
Except for the 600-eV Ne+ data point the rule holds: the
higher the primary ion mass, the greater the ratio Y, /Y, .
In conclusion, the yield ratios exhibit a pronounced
dependence on both the ion energy and the mass of the
primary ion.

In the following, the origin of the behavior of Y, /Y,
will be discussed qualitatively. First, the origin of the
high ratios at 40 eV is briefly considered. In contrast to a
sputtered atom, an adatom is still bound to the surface.
Consequently, creation of an adatom needs less collision-
al energy than sputtering an atom. In other words, the
threshold energy of the primary ion for creating an ada-
tom is lower than for creating a sputtered atom. Thus,
the lowering of the primary ion energy, in an energy
range where a sputtering event is already rare, will reduce
the number of atoms sputtered to a greater extent, than
the number of atoms becoming adatoms. This gives rise
to a steeper decrease of the sputtering yield and conse-
quently large numbers of Y, /Y, . A full analysis of the
origin of the high yield ratios at low energies, which is in
agreement with the simplified picture presented here, is
given in the accompanying theoretical paper by Urbassek
and Gades. Profound consequences for ion-beam assisted
deposition may be inferred from the observation of the
high yield ratios at very low energies: at ion energies
& 100 eV the ion beam creates additional diffusing
species —surface vacancies and the more mobile adatoms
in equal numbers —while the amount of sputtered atoms
is very low.

Let us now consider the origin of the increase of the
yield ratios for Ar+ and Xe+ in the keV range. As al-
ready pointed out in Sec. III the adatom yield consists of
the energetic contribution of the adatoms present at the
surface after the end of the energetic phase and of the in-
terstitial contribution due to interstitial migration to the
surface. Experimentally it would only be possible to

separate these two contributions by performing ion bom-
bardment experiments at temperatures low enough to
freeze out interstitial migration. The interstitial contri-
bution is not included in any of the adatom yields of the
theoretical answers above. Thus, one might suspect that
the experimentally observed increase of the yield ratio
Y, /Y, at higher ion energies for Ar+ and Xe+ is due to
the increasing magnitude of the interstitial contribution
to the experimentally determined adatom yields. This
could then explain the difference between the theoretical
yield ratios Y, /Y, =1 and the larger experimental ones.
However, this reasoning fails as the following estimates
show. An upper bound for the number of interstitials
created by a primary knock on atom (PKA) of 5 keV in
bulk Pt can be estimated to be 35 using the modified
Kinchin-Pease approximation of Norget, Robinson, and
Torrens (NRT) and by taking into account the orienta-
tional dependence of the damage threshold for Pt.
After subtracting this number from the experimental ada-
tom yield for 5-keV Xe+ still a ratio Y, /Y, & 2 results for
this energy and ion species. In addition, the interstitial
contribution could not cause the strong increase of Y, be-
tween 3 and 5 keV for Ar+ and Xe+ ( Y, increases from
26—66 for Xe+). Moreover, the interstitial contribution
to the adatom yield is largely overestimated by the use of
the NRT approximation due to following reasons. (1)
Moleculear dynamics simulations of 5-keV PKA events
in Cu- and Ni-bulk by Diaz de la Rubia et ul. systemat-
ically yield less interstitials than would be expected from
the NRT approximation, indicating a general overestima-
tion of the interstitials created by use of the NRT approx-
imation. (2) The NRT approximation is based on the as-
sumption, that the PKA's are initiated in the bulk. How-
ever, in our case the PKA's are initiated near the surface.
Thus energetic atoms will move towards the empty half
space above the surface and may become adatoms or
sputtered atoms. In the bulk case, where no empty half
space exists at least some of these atoms would have be-
come interstitials. (3) At the temperatures under con-
sideration, which allow interstitial migration, it has to be
expected that a considerable number of interstitials
recombine with bulk vacancies before they reach the sur-
face. (4) As will be discussed in more detail in the follow-
ing section on single ion impacts, for 5-keV Xe an aver-
age of 5.5 extra atoms per impact is found in the surface
layer in a reconstruction loop and not on the surface.
These extra atoms may be assumed to result from inter-
stitial migration into the surface layer. In conclusion,
the possible interstitial contribution to the adatom yield
on the surface layer decreases to something like five inter-
stitials per 5-keV Xe+ impact, and is even less for the
other ion species and energies. The interstitial contribu-
tion contained in the experimentally determined adatom
yields thus cannot account for deviations in the keV
range of the experimenta1 Y, /Y, values from the theoret-
ically expected value Y, /Y, =1.

A speculative explanation of the origin of the increase
of the yield ratios of Ar+ and Xe+ with ion energy is the
possible onset of nonlinear or spike effects. In fact, for
3-keV Xe+-ion bombardment the molecular-dynamics
simulations presented in the accompanying paper of
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Gades and Urbassek indicate the presence of a collisional
spike. Recent molecular-dynamics simulations of col-
lision cascades initiated by 10-keV Au+ impacts on Au
performed by Ghaly and Averback indicate the develop-
ment of a molten area reaching the surface during the
evolution of the spike. Due to the thermal expansion of
the liquid droplet a considerable amount of material is
observed to How onto the surface where it recrystallizes.
Such spike effects could cause a considerable increase in
the adatom yield and might also play a role for keV ion
bombardment on Pt(111). This is supported by the oc-
casional observation of "large" impact events with up to
500 atoms pushed onto the original surface layer after
5-keV xenon bombardment. Spike effects are expected to
be more pronounced for heavier ions which deposit their
energy in a smaller volume and thus allow the necessary
energy density for spike formation to be achieved. In the
case of keV Ne+-ion impacts the necessary energy densi-
ty is not reached, and thus the yield ratio does not in-

crease with ion energy, as observed. Finally, we want to
remark that the increasing energy density in the impact
region due to the increased ion energy might affect the
adatom yield already below the spike threshold.

In summary, the ratio of adatom to sputtering yield ex-
hibits a substantial dependence on ion mass and energy,
in contrast to previous theoretical and calculational ex-
pectations. The high yield ratios observed for 40-eV,
Ne+-, Ar+-, and Xe+-ion bombardment are a threshold
effect, whereas the large yield ratios in the keV range for
Ar+ and Xe+ are possibly indicative for spike effects.

VI. SINGLE-ION IMPACTS

During the experiments for adatom and sputtering
yield determination, it was discovered that the damage
pattern of indiuidual ion impacts on a metal may be
recognized in detail by STM. In the case of Pt(111},this
appears to be possible even at ambient temperature ion
bombardment for ion energies of a few keV. The lowest

energy at which single-ion impacts can be detected is
temperature dependent. For low target temperatures
where surface diffusion is completely prevented, single-
ion impacts in the eV range should also be detectable.
Figure 7 represents the surface morphology after a dose
of 4. 1X10' ions/m of 5-keV Xe+ ions at 300 K, corre-
sponding to an average of 24 impacts on an area of the
size of the topograph shown. Each impact causes a dam-

aged area with linear dimensions of less than 100 A, typi-

cally of 50 A. As mentioned before, in a number of bom-
bardment experiments with ion doses between
(0.75 —4. 1)X 10'~ ions/m it was always found that the
number of visible defected areas coincides within 5%%uo

with the number impacts to be expected from the Fara-
day cup measurements. Three distinct damage features
contained in the damaged areas can clearly be dis-
tinguished: vacancy islands (craters), adatom islands of
monatomic height, and ringlike to triangular corrugation
line features with a height of 0.2 A (for convenience
called loops). A typical defected area consists of a crater
and one of the following configurations: (1) one or several
adatom islands, (2) a loop and one or several adatom is-

lands, or (3) a loop only. Sometimes even larger more
structured corrugation line features are found in between
several impact craters (see 4 in Fig. 7) and occasionally
also loops further away from defected areas are observed
(5 in Fig. 7}. In general, the lateral correlation between
loops and impact craters is somewhat weaker than be-
tween the adatom islands and the craters.

If we assume that the craters are bounded by I 111j
facets, which are the steepest possible crater walls
without overhangs, they contain an average between 10
and 20 vacancies. The sputtering yield of 5-keV Xe+
ions is 14.5. The craters are thus roughly the size that
would result from the sputtered away atoms alone. The
observation has the implication that most of the vacan-
cies compensating for the adatoms on the surface have
still to be found below the surface. This is in agreement
with the annealing experiments described in III (see also
Fig. 2), which already proved the existence of a large
number of subsurface vacancies after ion bombardment
at 150 K. The correlation between sputtering yield and
visible vacancies requires that at the given bombardment
temperature the adatoms created are unable to fill in the
surface vacancies and the bulk vacancies created are un-

able to migrate to the surface. These conditions are ex-
pected to be still fulfilled at 300 K, at which temperature
bombardment in Fig. 7 was performed. A similar corre-
lation between surface vacancies and sputtering yield was
found in a field-ion microscopy (FIM) investigation of
20-keV Kr irradiation on a Pt-tip by Pramanik and
Seidmann. ' Also a large number of subsurface vacancies
was detected in accord with our observations. The fate of
the atoms kicked out in order to create the subsurface va-
cancies, however, could not be established in that study.

The number of adatom islands associated with an im-

pact crater varies between 0 and 4 at Tb =300 K, and can

FIG. 7. STM topograph (770X770 A, illumination from the

left} of single-ion impacts on Pt(111}obtained after a dose of
4. 1 X 10" ions/m' of 5-keV Xe+ at T& =300 K. The defect pat-
terns 1 —6 are discussed in the text.
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be as high as 7 at Tb =150 K. If there is more than one
adatom island associated with one impact crater, the im-
pact crater is found between the islands. The adatom is-
lands surround the impact crater. The same holds for
combinations of loops and adatom islands. The crater is
almost exclusively found between the different damage
features. This arrangement in fact indicates that the
craters are positioned at the impact point (not more than
a few angstroms away from it) and the other damage
features are created further away from it in a typical sep-
aration of 20-30 A. The lateral distribution of the dam-

age observed by STM at the surface corresponds well to
the FIN experiments of Seidmann, Averback, and
Benedek. ' There, the formation of a vacancy rich core
with vacancy clusters is observed together with a zone of
increased atomic density (interstitials) surrounding it. A
similar distribution of damage is also simulated for keV
cascades in metal bulk.

Note, however, that the damage patterns of energetic
ion impacts scatter considerably. This has already been
concluded from the scatter of the number and distribu-
tion of bulk vacancies as analyzed by FIM. ' The present
data give a drastic illustration of this scatter, too. Not
only the crater size varies, but even more obvious does
the number of adatoms created per impact. In event 3 of
Fig. 7 no adatoms are created, in event 6, around 200
adatoms were created. Events with up to 500 adatoms
created by a single impact have been observed.

The loop features present in Fig. 7 have been discussed
in detail in Ref. 7. Briefly, the Pt(111) surface layer has a
natural tendency (due to the existence of tensile surface
excess stress) to decrease the Pt-Pt bond length by inser-
tion of extra atoms. Manifestations of this tendency are
the formation of an equilibrium reconstructed surface
phase above 1330 K (Ref. 41) and of a metastable recon-
structed surface phase which an be created above 400 K
in the presence of a supersaturated Pt vapor. ' Both
reconstructed phases exhibit an atomic surface density in-
creased by a few percent in comparison to the unrecon-
structed surface. The loop features observable in Fig. 7
are again a consequence of the tendency of Pt(111) to
reconstruct. They are created by insertion of an average
of 18+5 extra atoms per loop into the surface layer after
5-keV Xe+ bombardment. The interior of the loop has
hcp stacking, the exterior evidently fcc stacking, and the
bright corrugation line is a transition area which accom-
modates the extra atoms. It has been demonstrated ex-

perimentally that the loops created upon ion impact are
in fact identical to the nuclei of the metastable recon-
struction surface phase of Pt. The ion impact induced
interstitials, which migrate to the surface, are trapped
with high eSciency in the surface layer and create these
loops even at temperatures as low as 150 K. However, it
is still an open question, to what extent collective effects
contribute to loop formation. Dedicated molecular-
dynamics simulations could probably answer it. For the
special case of surfaces with substantial tensile stress like
Pt(111) not only the sputtering yield and adatom yield
may be determined experimentally, but also the surface
interstitial yield. This surface interstitial yield is defined
as the number of extra atoms created in the surface layer
per ion impact. For Xe+ ions it starts to deviate from 0
already at 400 eV and reaches a value as high as 5.5 at 5
keV.

In this last section of the paper, it has been demon-
strated that by STM detailed images of the complex dam-
age patterns of single-ion impacts are obtained. For 5-
keV Xe+ bombardment one crater per impact is visible,
which is surrounded by a number of adatom islands con-
taining between zero and up to 500 adatoms and also by
loop features characteristic so far only for the Pt(111)
surface. Comparison of molecular-dynamics simulations
with the real-space damage distributions obtained by
STM might be of great help for getting a deeper insight
into the processes determining the ion-surface interac-
tion.
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