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Using the STM technique we have determined the sputter yield on a pristine Cu(001) surface after mild (fluence
less than 0.044 ions per surface atom) bombardment of the pristine surface with 800 eV Ar*ions at normal
incidence. The experiments have been performed at substrate temperatures ranging from 200 to 350 K. Making
use of the positional correlation of adatoms and surface vacancies, at 200 K and 325 K, we concluded that about
1/3 of the surface adatoms originate from interstitials arriving at the surface and they give a direct indication of
the buried bulk vacancies. A careful analysis of the different areas for surface vacancies and adatom then allowed
a quantitative evaluation of the sputter yield at 1.2 Cu atoms per 800 eV Ar™ ion.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Noble gas ion beam erosion, also referred to as ion sputtering, is
nowadays a versatile process in surface science. Its applications range
from surface preparation [1] and surface/bulk analysis [2] to fabrication
of well-ordered nanostructures with specific properties [3-6]. Energetic
ions impinging on a solid target eject target atoms, i.e. they cause
sputtering. A quantitative measure for the effect of ion sputtering is
the sputter yield, which is the average number of atoms ejected from
the solid per incident ion.

The classical method to experimentally measure the value of the
sputter yield is to measure the weight loss of a target subjected to a
known ion fluence [7]. The disadvantage of this technique is that
the sample has to be taken out from vacuum to be weighed. Despite
of this drawback, the weight loss method has been employed to
determine the sputter yield after extended bombardment for a large
number of different ion-target combinations [8]. In-situ measurement
of the sputter yield was later performed with the help of a quartz
oscillator crystal, which acted as a support for the target material
[9]. In-situ measurements of sputter yields of pristine crystal surfaces
have been reported for Pt(111), making use of Thermal Energy Atom
Scattering (TEAS) [10,11]. However, this approach is restricted to
relatively high sample temperatures.

In the late eighties the Scanning Tunneling Microscope (STM), a new
technique at that time, has proven to be a powerful tool to address the
question of ion-solid interaction. Since then, a great number of studies
have employed STM to investigate ion erosion on a broad variety of
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metals [12-14]. Most of these studies are concerned with morphologi-
cal changes after ion bombardment and to a much smaller extent with
the determination of the sputter yield. The advantage of the STM tech-
nique over the previously used weight loss method is its ability to tackle
the sputter yield after mild erosion. In the nineties, Michely and Teichert
performed a systematic STM investigation of the energy dependence of
the sputter yield of the Pt(111) surface after mild erosion with various
noble gas ions [16]. In addition, STM has demonstrated its ability to
resolve single ion impacts on Ag(001) [13], Pt(111) [14] and has even
been able to distinguish differences in the sputter yield at steps and
terraces after grazing incidence ion beam bombardment on Pt (111)
[12].

Parallel to the experimental developments, understanding of the
sputtering process on the atomic level has been achieved through com-
puter simulations. Molecular Dynamics simulations were employed by
Gades and Urbassek [15] to estimate the sputter yield of the Pt(111)
surface when exposed to rare gas ion bombardment at ion energies be-
tween 100 and 3000 eV. The calculated sputter yield was consistent
with previously reported experimental results [16]. The energy depen-
dence of the sputter yield of Cu(001), sputtered with 10-2500 eV Ar™
ions, was calculated by Promokov et al. by means of Molecular Dynam-
ics simulations [17]. These authors obtained good agreement with the
experimental weight loss data of Snouse [18] and Southern [19] finding
a sputter yield of 2.3 atoms/ion.

In this paper we perform a STM investigation of the sputter yield
after normal incidence Ar* ion beam erosion of a pristine Cu(001)
surface. Experimental investigations of the sputter yield for this system
date back to the sixties and have been made using the weight loss meth-
od. Our present STM investigation is triggered by the importance of the
sputter yield in the formation of ion beam induced nanostructures. An
experimental value of the sputter yield is not known for the pristine
Cu(001) substrate. Such a number is required for the fabrication of
nanostructures or patterning of single crystal surfaces with an ion
beam. STM in principle can establish the value of the sputter yield
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during the initial stages of ion bombardment. Moreover, we demonstrate
here that it allows the sputter yield to be measured without the need for
any additional thermal treatment after sputtering. The use of STM for this
purpose can however be cumbersome because of potentially large tip
convolution effects with adatoms and vacancies. We present a recipe
that systematically addresses errors introduced by this effect.

2. Experimental procedure

The experiments were carried out in an Ultra High Vacuum
(UHV) chamber with a base pressure lower than 2-10~ ®mbar.
The cleaning procedure of the Cu(001) sample was accomplished
by 800 eV Ar* ion bombardment at room temperature followed by
10 min annealing at 773 K. The ion fluence during the cleaning
procedure was 4-10'®ions-cm™2. For the ion bombardment ex-
periments, the clean and well-annealed Cu(001) sample was ex-
posed to a flux of 8.76-10"! jons-cm~2-s~! and an ion dose of
6.75-10"3 ions-cm ™2, which corresponds to 0.044 monolayer equiv-
alent (MLE). For the Cu(001) surface, 1.00 MLE is equal to an ion
dose of 1.53-10"° jons-cm™2. The ion flux was calibrated using a
Faraday cup with an aperture diameter of 2 mm placed at the sample
position in front of the ion gun. We have deliberately defocused the
ion beam to ensure that the ion flux is homogeneous over the entire
Cu(001) surface area. The experiments were performed at variable
substrate temperatures from 200 K up to 350 K, at increments of
25 K. As soon as the sputter experiment ended, the ion gun was
switched off and the freshly eroded Cu(001) substrate was rapidly
cooled to 110 K to prevent or at least minimize subsequent surface
reorganization. Thereafter, the surface topography was imaged
with a Scanning Tunneling Microscope (STM). The STM images are
recorded in constant current mode at 0.44 V and 0.4 nA, if not other-
wise specified. Experiments performed at temperatures greater than
350 K did not yield accurate data because of abundant annealing and
recombination of the produced defects at steps.

To accurately determine the correct threshold position for image
analysis, a planar image background was subtracted and a histogram
of the surface heights was made. The peak positions that were visible
in the histogram for the substrate, adatom and vacancy levels were
determined by fitting a Gaussian profile to each. The threshold to dis-
criminate between the three possible identifications of a pixel in the
STM images, was then determined by taking the median value be-
tween the respective peaks.

3. Results

The surface topographies measured with the STM after ion erosion
with an ion fluence of 0.044 MLE at substrate temperatures in the
range of 200 K-350 K, are shown in Fig. 1(a)-(g). The temperature
dependent morphology in Fig. 1 can be rationalized in terms of com-
petition between the erosive effect of the ion beam and the smooth-
ening effect of thermal diffusion.

At the lowest substrate temperatures used in our experiments,
surface diffusion on Cu(001) is very limited and the morphology is
mostly governed by the erosive effect of the impinging ions which
leads to simultaneous creation of adatom and vacancy clusters. In
Fig. 1 the monatomically high adatom and vacancy clusters are repre-
sented by bright and dark areas, respectively. Although surface diffusion
is negligible below 230 K, the ion impact causes a local enhancement in
surface mobility around the impact point [4]. The ion impact driven sur-
face diffusion enables the point defects created in the single ion impacts
and those originating from neighboring ion impacts to partly coalesce.
The result is a high density of small, irregularly shaped adatom and
vacancy clusters (see Fig. 1(a)-(b)).

At intermediate substrate temperatures, surface diffusion is activat-
ed and larger adatom and vacancy islands are formed (Fig. 1(c)-(d)). A

Fig. 1. STM topographies of the Cu(001) surface after bombardment with 800 eV Ar*
ions, at normal incidence with a ion fluence of 0.044 MLE, for various substrate tempera-
tures, from 200 K up to 350 K. Image sizes: (a)-(f) 40 x40 nm? and (g) 350x 250 nm?,
tunneling current 0.5 nA and tunneling voltage 0.4 V.

decrease of the cluster density is observed accompanied by an increase
of the average cluster area.

At high temperatures (Fig. 1(e)-(g)) surface diffusion is very
effective. The surface morphology exhibits low densities of large
adatom and vacancy islands. The efficient diffusion of atoms along
steps allows the adatom and vacancy islands to assume their equilib-
rium shape: square with rounded corners. The steps of the islands fol-
low the high symmetry [110] and [110] crystallographic directions of
the Cu(001) surface. At 350 K most of the adatoms that are formed
after an ion impact annihilate with the vacancy islands and the sur-
viving vacancies coalesce into larger clusters. It is worthwhile to
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note the large terrace area in Fig. 1(g). Such large terraces are neces-
sary to properly quantify the defects caused by ion bombardment at
high temperatures. The steps between terraces act as sinks for diffu-
sive species present on the surface. Because of this, an unknown frac-
tion of the defects created by ion impacts in the immediate vicinity of
a step cannot be observed.

4. Analysis and discussion

The impact between the energetic argon ions and the Cu(001) sur-
face leads to collision cascades in the top layers of the target. During
the collision cascades some atoms acquire sufficient energy to over-
come the surface binding energy and permanently leave the surface.
As the collision cascades end, various types of defects remain at the
impact sites. Defects are found both at the surface (surface vacancies
and adatoms) as well as in the bulk, bulk vacancies and interstitials, of
the copper target. The latter appear naturally when a bulk atom is
kicked out of its lattice position and is promoted to become an inter-
stitial. Such vacancy — interstitial defect pairs are known as Frenkel
pairs. As discussed further below, in all subsequent cases the intersti-
tials will arrive at the surface to finally form an adatom (bulk-) vacan-
cy, i.e. Schottky-, pair. For higher fluences, the trapped ions (or better
neutrals) may form clusters and sub-surface vacancy clusters.

A quantitative description of the sputter yield is expressed in terms
of the defects left behind by the ion-substrate collision. The integrated
areas of vacancy clusters and adatom clusters in Fig. 1 provide two out
of the three parameters needed to determine the sputter yield as de-
fined in Eq. (1):

v by ad

Y = 95*9#9 (1)
where 6 indicates the relative coverages of surface vacancies (6*"), bulk
vacancies (6Y), and adatoms (6°?). 6" is the ion dose used in our
experiments, equal to 0.044 MLE. The interstitials that are formed in
the sputter events are already mobile at 45 K in the copper substrate
[20]. This implies that at the substrate temperatures used the intersti-
tials will either have annihilated with nearby bulk vacancies or have
segregated to the surface, with a subsequent interaction with surface
defects (through annihilation with surface vacancies or transformation
into adatoms) prior to the start of the STM measurements. These anni-
hilation events reduce the number interstitials to zero and changes the
individual contributions in the numerator of Eq. (1), but does not alter
the balance between vacancies and adatoms. The effect of interstitials
can therefore be neglected in the sputter yield as defined in Eq. (1).
Bulk vacancies have a more complicated annealing behavior and they
have a tendency to become lodged in the subsurface region, where
they have been created. For obvious reasons, these bulk defects are
not detectable by STM. At relatively low substrate temperatures (well)
below 25% of the melting temperature, bulk vacancies are immobile
and thus remain hidden at their native, near surface positions [21].
Therefore, from STM images we can only infer the apparent sputter
yield Y*, defined as:

. Gsv_ Gad
Y = eion

)

As a first approximation we can assume the sputter yield Y to be
equal to the apparent sputter yield Y*. Fig. 2 shows the temperature
dependence of the adatom and vacancy coverage. The apparent sput-
ter yield inferred from Eq. (2) is plotted in the inset of Fig. 2.

At low substrate temperatures, the adatom coverage far exceeds
the coverage of surface vacancies. This implies that the apparent sput-
ter yield has a negative value, as shown in the inset in Fig. 2. Whereas
a negative value can be obtained for the apparent sputter yield under
certain conditions, obviously a negative sputter yield is physically not
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Fig. 2. Surface vacancy and adatom coverages versus substrate temperature after
800 eV Ar" ion bombardment of Cu(001) with a fluence of 0.044 MLE. The inset
shows the apparent sputter yield as defined by Eq. (2). The solid line in the inset guides
the eye for the temperature dependence of the apparent sputter yield.

realistic. Moreover, a sizeable temperature dependence of the sputter
yield is not expected [22,23] since the bulk vacancies do not play a
role in this temperature regime, as discussed above. Still working
with the assumption Y=Y, this seemingly unphysical behavior of
the sputter yield is caused by the strong systematic convolution ef-
fects inherent to the STM imaging technique and by the hidden bulk
vacancies that are formed upon ion impact. These factors contribute
to a considerable underestimation of the surface area covered by va-
cancy clusters, which in turn diminishes the value of the apparent
sputter yield. In the high temperature regime, our measurement of
the apparent sputter yield is improved because the interfering factors
are mitigated. At elevated temperatures the previously trapped bulk
vacancies may segregate toward the surface were they join pre-
existing surface vacancies or are annihilated. However, as stated
above, a contribution of bulk diffusion in the temperature regime
under consideration here can be neglected [21]. In addition, adatom
and surface vacancy clusters might coalesce to form larger ones. In
doing so, they reduce their boundary length, which leads to reduced
convolution effects. Taking into account the above mentioned factors,
at high temperatures the apparent sputter yield Y* should be similar
to the absolute sputter yield Y, except for the remaining near surface
bulk vacancies.

Uncertainties in the coverage measurement of monatomically high
adatom clusters, respectively, monatomically deep vacancy clusters
obviously provide a problem for the accurate determination of the sput-
ter yield from STM measurements. However, we can estimate the mag-
nitude of the convolution features and their consequence for the
present analysis. Besides our assumption of low diffusivity of bulk
vacancies [21], we also assume that in the entire temperature range
considered here, the interstitials will have either moved toward the sur-
face or have annihilated previously formed bulk vacancies while being
on their journey toward the surface [20]. Moreover, we assume that
the sputter yield does not depend on the substrate temperature, since
no evidence has been reported for temperature dependence over a
wide temperature range. With this set of physically acceptable assump-
tions we now address the convolution issue. The uncertainty in the
exact position of an adatom cluster or a vacancy cluster's circumference
is given by AN and AN, respectively, as sketched in Fig. 3. The real
area of an adatom cluster with an apparent area of N°¢ is then approxi-
mately [(N%)2 — 4N@AN 4 4(AN)2]. A similar argument holds for
the real size of a vacancy cluster with an apparent size of N which is
then approximated by [(N"")? 4 4N"*AN"™ + 4( AN")?].
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Fig. 3. Schematic representation of the convolution effects induced by the STM tip for a vacancy (left) and adatom island (right). See text for discussion.

Obviously, the magnitude of convolution effect depends on the
exact shape of the STM-tip, which can in fact change during the ex-
periment. We assume that the magnitude of the convolution effect
is identical for vacancy and for adatom clusters, i.e. AN =AN%=
AN. For completeness, we note that AN must not be an integer
number.

Fig. 4 shows the result obtained after applying this approach for
the apparent sputtering yield Y* as a function of temperature for var-
ious values of AN, with AN=0, 0.25, 0.3, 0.35, 0.5 in units of linear
atom size. Here, the evaluation of the integrated areas has been
made using the average cluster size for each given temperature. Tak-
ing the full size distributions into account will not yield sizable devi-
ations. The result for AN =0 is replotted from the inset of Fig. 2 and it
is obviously non-physical. The result for AN =0.5 leads to a strong de-
crease of the apparent sputter yield from about 1.6 at 200 K to 0.7 at
350 K. This latter result is in contradiction with our assumption
which requires a temperature independent apparent sputter yield.
Based on our previous assumptions, the apparent sputter yield is
best approximated for AN=0.3 which is reasonable in all respects.
Another encouraging fact is that the deconvolution leads to quite
minor changes for the data obtained at 350 K. The apparent sputter
yield at this temperature is 0.7 copper atoms per incident ion. The ex-
cursion of the data at 275 K is attributed to a slightly deviating shape
of the STM tip. However, the overall picture appears quite reasonable.

The integrated areas of adatom and vacancy clusters, after elimi-
nating the errors due to convolution effects with a AN=0.3, are
shown in Fig. 5. The solid lines guide the eye for the temperature de-
pendence of the integrated area of the two species. The overall trend
of the data in Fig. 5 is much improved compared to the previously
shown data in Fig. 2, i.e. before the convolution effects exclusion. An
exception is observed at 275 K where the adatom coverage is still
higher than the vacancy coverage. We attribute this effect to a slightly
deviating tip shape, i.e. less sharp STM tip.

The reduction of the integrated areas in the 225 K-300 K temper-
ature regime and the plateau at higher temperatures in Fig. 5 is as-
cribed to the site selective interlayer mass transport taking place on
the eroded Cu(001) surface. The annihilation of an adatom cluster
with an existing vacancy island is favored by a facile descent of an
adatom via a kink site which are quite abundant in the low tempera-
ture regime on the ion eroded Cu(001) surface. An atom attempting
to descent a step edge needs to overcome an additional energetic bar-
rier Egs which is commonly referred to as Ehrlich-Schwoebel barrier
[24,25]. It is this latter additional barrier that plays a key role in the
enhanced interlayer mass transport in the 225 K-300 K temperature
range in Fig. 5. An atom descending a step edge via a kink site expe-
riences a negative Egs barrier of — 5 meV [26]. In our experiments,
in the low temperature regime, the vacancy islands have relatively
small sizes, thus there is a large areal density of kinks. An adatom re-
siding in the close vicinity of a small vacancy island will therefore eas-
ily find its way down via a kinked site. Although one would expect an
increase in annihilation processes with a further increase of surface
temperature, our experiments suggest that in the 300 K-325 K tem-
perature range, the interlayer mass transport is inhibited. The plateau
at these temperatures in Fig. 5 can be rationalized as follows. For
sputtering at elevated substrate temperature, due to the effective sur-
face diffusivity, large vacancy islands are formed. They will easily

assume their equilibrium shape: square islands with steps oriented
along the densely (close) packed (110) direction [29,30]. In this situ-
ation, an adatom will experience much higher barriers in its attempts
to descend the (110) oriented step edge because of a much lower
density of kinks per unit step length. The increase in vacancy island
size with temperature will further diminish the descend probability
of an adatom since it can not easily find kinks that could provide a
channel for its descent. Note that the descent across a (110) segment
is associated with a much higher ES barrier of >120 meV. In litera-
ture, broad agreement has been reached about the fact that a descent
across a (110) step requires substantially higher thermal activation
than a descent across a (110) step, although the actual values for
the barriers deviate considerably [27,28]. This difference in mass
transport across (110> and (110) oriented step edges was in fact re-
sponsible for the observed pit rotation in ion sputtering experiments
performed by Broekman et al [31]. In their study, the transition from a
(110) oriented pits to a (110) pits is observed to take place at 275 K.
This latter piece of information agrees with our experimental findings
related to the plateau at 300 K-325 K in Fig. 5. At 350 K the interlayer
mass transport is very effective, which results in a decrease of both
the adatom and vacancy island integrated surface areas. However,
the reduction in adatom covered surface fraction is not identical to
the fraction of annihilated vacancies. Although we assumed that mi-
gration of bulk defects is ruled out in this temperature regime, at
350 K we are not far from its onset [21].

Although the systematic errors introduced by the STM tip (i.e. con-
volution effects) in our sputter yield determination have been eliminat-
ed, the value of the sputter yield inferred from our STM measurements
(0.7 atoms/ion and equal to the apparent sputter yield) is still smaller
than the value previously determined using the weight loss method.
This seems reasonable since, in the temperature regime discussed
here, the bulk vacancies do not contribute to the sputter yield. To get
a better estimate of the sputter yield, we need to incorporate the latter
in our analysis. For this purpose, we attempt to give an estimate of the
number of bulk vacancies. A maximum estimate for the number of the
bulk vacancies can be derived if one considers that surface vacancies
are created by atoms expelled to the vacuum. Surface adatoms are
than solely created by interstitials that have ascended to the surface.
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Fig. 4. The temperature dependence of the apparent sputter yield for various values of
AN.
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Fig. 5. Recalculated integrated areas for adatom (open circles) and vacancy (filled cir-
cles) clusters after deconvolution with AN=0.3. The solid lines connecting the exper-
imental data guide the eye for the temperature dependence of the integrated areas. The
anomalous behavior at 275 K is ascribed to a change in tip shape.

The creation of each interstitial is accompanied by the creation of a bulk
vacancy. Therefore each interstitial that has not recombined with a bulk
vacancy is identified as a surface adatom and is in this limit equivalent
to the amount of hidden bulk vacancies, i.e. #**=6"" and the sputter
yield reduces to: (Y=6%6"") Fig. 5 shows that at 200 K the coverage
of surface vacancies is a little over 10%, leading to an upper limit of
the sputter yield of 2.3 atoms/ion.

An even more realistic estimation of the sputter yield takes into
account the atoms ejected from surface positions as well, which have
a finite probability of being trapped by the surface potential and thereby
transforming in adatoms. In this case, adatoms are created very close to
surface vacancies and have a high probability to recombine with the
latter when thermally activated [32]. This gives rise to the measured
decay of adatom coverage in the 225 K-300 K temperature range in
Fig. 5. On the other hand, one should expect that adatoms resulting
from interstitials created at deeper positions show a lower positional
correlation with surface vacancies and therefore a lower probability
for annihilation. If we ascribe the observed plateau at 300 K-325 K to
this effect, we can establish the number of adatoms issued from direct
surface ejection and the amount of adatoms due to interstitial migra-
tion. In this case, the total observed adatom coverage (7.7%) at 200 K
incorporates the adatoms originating from the surface layer (5.3%)
and the remaining 2.4% originating from interstitial migration. With
these last pieces of information, together with the available numbers
for coverages at 200 K and with the assumption that the coverage of
adatoms resulting from interstitials migration are indicative for the
amount of bulk vacancies, we determine a more realistic value of the
sputter yield of 1.2 copper atoms/ion. Further confidence in the correct-
ness of this result is obtained from a comparison with Ref. [16]. For var-
ious conditions it was claimed that the number of adatoms per incident
ion scales with the sputter yield by a factor of two. If we apply the same
procedure we find for the number of adatoms per incident ion 0.105/
0.044 =2.39. Halving that number would lead to a sputter yield of 1.2
in excellent agreement with the value mentioned above.

Finally we would like to address one last issue that could give rise
to a dissimilar sputter yield between weight loss measurements and
STM. An essential difference between the present STM study and
the previously mentioned sputter yield determination is the magni-
tude of the ion erosion given to the target. In our STM study the target
was subjected to a mild erosion on an atomically flat Cu(001) surface,
whereas in weight loss methods the target is subjected to extended
sputtering. Upon extended ion erosion, the surface roughness that de-
velops during sputtering can alter the energy deposited by the ion. A

local variation in energy deposition on a roughened surface according
to Sigmund's theory [33] was used by Bradley and Harper as one of
the driving forces to explain pattern formation during ion sputtering
[34]. Studies reported differences in sputter yields of 10% to 25% for
flat and roughened surfaces, respectively [19,35]. Consequently, the
sputter yield would have a tendency to increase with ion fluence.
This is further corroborated by the substantial variation of the sputter
yield with dose as calculated by Makeev and Barabasi [36].

5. Conclusions

In this paper, we have reported a STM investigation of the sputter
yield of a pristine Cu(001) surface after mild Ar* ion erosion. From a
comparison of integrated areas of adatoms and surface vacancies, we
infer an apparent sputter yield of about 0.7 copper atoms per 800 eV
Ar™ ion at normal incidence. This value provides a lower limit for the
sputter yield due to the limited mobility of bulk vacancies in the tem-
perature regime accessible in our measurements. An upper limit of
the sputter yield is obtained by assuming that all adatoms result from
interstitials arriving at the surface. The maximum value for the sputter
yield is then 2.3 atoms/ion. This determines a range that covers the
values measured previously using the weight loss method. We suggest
that a more likely value for the total sputtering yield is 1.2 atoms/
800 eV Ar™ ion, which is derived by considering the quite high posi-
tional correlation between ion impacts and adatoms.
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