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Is Ion Sputtering Always a “Negative Homoepitaxial Deposition”?
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We present a scanning tunneling microscopy study of the direct comparison between homoepitaxial de-
position and surface ion sputtering on the Ag(001) system. At a temperature of 200 K, sputtering results
in mound formation similar to the epitaxy case, while at higher temperatures an erosive regime sets in with
the appearance of regular square pits. Contrary to the conventional wisdom, which considers ion sputter-
ing as a deposition of vacancies, the analysis of single ion impact events reveals that the process produces
both adatom and vacancy clusters. The key parameter determining the temperature dependence of surface
morphology turns out to be the mobility of the adatom clusters which exceeds that of vacancy clusters.
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Ion sputtering, i.e., the bombardment of surfaces by
means of energetic ionized particles, is used in a large
number of experimental techniques for the analysis and
preparation of solid interfaces. For example, sputtering
is employed for depth profile analysis in secondary ion
mass spectroscopy and has been shown to improve the
quality of thin films if used in combination with molecu-
lar beam epitaxy [1]. Recently, it was demonstrated that
ion bombardment at low energies is also a powerful tool
for surface nanostructuring: By simply changing a few
experimental parameters such as substrate temperature or
sputtering geometry, a large variety of self-assembled peri-
odic structures was reported on metals [2], semiconductors
[3], and amorphous materials [4]. According to this, GaSb
quantum dots were produced by means of Ar1 sputtering
[5] and showed quantum confinement effects marked by
photoluminescence properties.

In spite of the wide spreading of surface applications
based on ion bombardment, a detailed understanding of
the time-extended surface sputtering process is still lack-
ing. In particular, while the effects of ion irradiation of
solid materials have been extensively studied at the bulk
level, surface modifications received only minor attention,
being mainly focused on the damage process caused by
the ion-substrate interaction, which ends in the first tens of
psec after the impact [6,7]. On the other hand, especially
for what concerns surface nanostructuring, a great impor-
tance is held by the later evolution of the surface, since
the final morphology depends on how the surface defects
created by the ion impact diffuse on the substrate and in-
teract with each other. A continuum theory for surface
sputtering has actually been developed [8] but, obviously,
it gives only a coarse-grained description of the process,
completely neglecting the atomistic aspects which, on the
contrary, are fundamental for the full comprehension and
control of this phenomenon. A simplifying assumption
is often made by considering the sputtering process as
equivalent to a “negative deposition” where adatoms are
replaced by single atomic voids (monovacancies) (see, e.g.,
[9,10]). Experimental evidences supporting this picture
have been reported in the case of low energy ion bombard-
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ment of Ge(001) [11]; moreover this statement has also
been used in computational models which tried to simu-
late surface sputtering [12,13]. In order to achieve a better
understanding of the sputtering phenomenon and to di-
rectly test the presumed equivalence between ion sputter-
ing and negative deposition, we performed a temperature
dependent comparison between the morphology of an ion-
bombarded Ag(001) surface and the morphology which re-
sults from exposing the same surface to a thermal atomic
beam. We chose this particular metallic substrate both for
its simple crystalline structure and because surface diffu-
sion is isotropic, which makes it an ideal model system.
Moreover on this system single adatoms and vacancies
have almost the same surface diffusivity [14,15], which
in a simple guess should lead to specular surface mor-
phologies if the negative deposition assumption were true.

The experiments were made by means of a variable
temperature scanning tunneling microscope (STM) housed
in an ultrahigh vacuum chamber with a base pressure of
1 3 10210 mbar [16]. Ne1 ions with an energy of 1 KeV
were used for sputtering, while an electron-bombardment
Ag source was employed for homoepitaxial growth. The
direction of the ions was chosen normal to the surface,
so to eliminate from the final surface morphology any
effect caused by the curvature-dependent sputtering yield
[8]. In order to make the comparison between sputtering
and deposition more meaningful, the atom deposition
rate was chosen to be equivalent to the rate of total
displaced material during sputtering. In particular, the
ion flux (Fsput � 2.5 3 1012 ions ? cm22 ? s21) was
scaled down in respect to the deposition flux (Fdep �
8.8 3 1013 atoms ? cm22 ? s21) by the total number of
atomic defects created by each impact (discussed later).
In both experiments the surface was exposed for the same
time (t � 450 s, corresponding to a nominal deposition
of 33 monolayers) to the ionic or atomic beam and,
immediately after turning off the particle source, the
surface temperature was rapidly quenched to 130 K in
order to avoid subsequent surface restructuring.

For both types of experiments the final surface mor-
phology is marked by quite regular three-dimensional
© 2001 The American Physical Society
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nanostructures with a square symmetry, whose aspect
resembles, respectively, that of pyramidlike mounds for
homoepitaxy or both mounds and pits for sputtering. A
quantitative characterization of such structures is obtained
by computing from the STM images the morphological
parameters of surface roughness W and correlation length
L, which are related, respectively, to the vertical and
lateral dimensions of the surface nanostructures [17].
The results of such an analysis, conducted as a function
of T on a large number of STM data, are reported in
Figs. 1(a) and 1(b), and clearly reveal a strong difference
between sputtering and homoepitaxy. In particular, in both
cases a bell-shaped dependence of W on T [Fig. 1(a)]
is observed with very similar values of the maximum
roughness, but the two curves are mutually shifted by
almost 100 K, indicating that, for example, at room
temperature sputtering still produces high-roughness 3D
structures, while homoepitaxial growth already proceeds

FIG. 1. Temperature dependence of the morphological parame-
ters W and L for ion sputtering (full squares) and homoepitaxial
deposition (open circles) on Ag(001). (a) Surface roughness W
versus T . The continuum lines serve only as guides to the eye.
(b) Lateral dimension L versus T . The dotted lines represent
Arrhenius best fits to the experimental data and are obtained
by excluding the lowest temperature values. In both panels the
experimental error bars show the statistical uncertainties derived
from averaging over a large set of STM topographies.
smoothly. These differences are also reflected by the
temperature dependence of the lateral dimension of the
surface nanostructures in Fig. 1(b). In fact, for both
processes, the L�T � curves follow an Arrhenius behavior
L ~ exp�2Eeff�kT �, which is typical of activated diffu-
sion processes, but a significantly higher effective energy
barrier Eeff is found in the case of the sputtered surface.
Since the evolution of the nanostructures results from
several elementary diffusion processes which involve
single atoms or monovacancies and above all a concerted
motion of the whole cluster, the value of Eeff cannot be
directly associated with a particular atomic movement.

In order to simplify the picture and to understand
which processes are really important in determining the
surface morphology, we studied the single ion impact
event by sputtering the surface at extremely low ion fluxes
and doses (flux 1011 ions ? cm22 ? s21, dose 1011 ions ?

cm22). A characteristic pattern is shown in Fig. 2 where
a vacancy cluster (central depression) is surrounded by
several adatom clusters (bright islands) which are found in
a radius of a few nanometers around the impact site. We
notice that since the experiment of Fig. 2 is done at a low
temperature, diffusion induced cluster restructuring can
be ruled out. A similar behavior was observed on Pt(111)
by Michely et al. [18]. A more detailed analysis of the
patterns in Fig. 2 shows that the adatom and vacancy
clusters are one atomic layer high/deep. On average each

FIG. 2. Top: Typical surface morphology after single ion im-
pact experiments at T � 115 K (scan area 40 3 23 nm2). Bot-
tom right: high resolution scan of a single ion impact pattern
with software superposition of an atomic resolution image. Such
images were used in order to determine the dimension of adatom
and vacancy clusters. Bottom left: typical linear scan through
an adatom and a vacancy cluster, demonstrating their monatomic
height/depth of about 2 Å.
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pattern extends over an area of about 12 nm2 and is com-
posed by one vacancy cluster of 8–10 monovacancies and
3–4 adatom clusters of 6–7 atoms each [19]. Assuming a
sputter yield of about 5 atoms per ion [20], in order to sat-
isfy mass conservation, we have to consider the formation
of bulk vacancies as was reported in the case of Pt(111)
[18]. In our case, surface diffraction measurements [2]
demonstrate that the crystalline quality of the top layers
is not affected by the presence of such bulk defects. This
behavior is common to other metal systems as reported
in the case of Pt(111), where the diffusivity of such bulk
vacancies is very low, so that they can be considered to
be essentially immobile in the temperature range of the
present experiment.

Therefore these observations demonstrate that surface
restructuring by ion sputtering cannot be simply attributed
to a deposition of vacancies, but is determined by a
temporally and spatially correlated deposition of two-
dimensional adatom and vacancy clusters. In order to
understand the temperature shift between the sputtering
and deposition experiments, the difference in diffusivity
of such clusters must be taken into account and not the
diffusivity of monovacancies and adatoms. A simple
bond counting argument suggests that the diffusion energy
barriers of adatom clusters are lower than those of vacancy
clusters; moreover a direct experimental evaluation of
cluster diffusion on Ag(001) exists [21] which shows that
the diffusion rate of adatom clusters exceeds by about an
order of magnitude that of vacancy clusters. We checked
this statement by means of annealing experiments of the
surface morphologies corresponding to Fig. 2 (data not
shown). By gradually increasing the substrate temperature,
first (T � 180 K) the adatom clusters begin to diffuse and
coalesce, while the vacancy clusters still remain stuck (the
number density of the former decreases, while that of the
latter remains almost unchanged). Only at higher T does
the vacancy cluster also begin to diffuse (T � 250 K),
while the adatom ones completely disappear from the
terraces, being probably incorporated at ascendant step
edges. Finally, upon a further increase of T , the surface
terraces appear almost free from defects, meaning that the
diffusivity of vacancy cluster has increased to the point
at which they quickly migrate at descendant step edges
where they become incorporated.

Based on these experimental evidences, it becomes pos-
sible to formulate a temperature dependent model for the
surface sputtering process in which two reference tempera-
tures are present: an activation temperature for adatom
cluster diffusion, Tad � 180 K, and one for vacancy clus-
ter diffusion, Tvac � 250 K, with Tad , Tvac. In particu-
lar, for Tad , T , Tvac the surface morphology will be
dominated by the diffusion and coalescence of adatom
clusters (the vacancy ones being practically neglected be-
cause of their immobility) and thus, similarly to the ho-
moepitaxial case, it will be characterized by moundlike
structures such as those shown in Fig. 3(a) which corre-
spond to a substrate temperature T � 200 K. For T .
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FIG. 3. Gray scale images representing the Ag(001) surface
after Ne1 sputtering (upper row) and Ag deposition (lower row)
at low temperatures (left column, scan area 40 3 40 nm2) and
high temperatures (right column, scan area 63 3 63 nm2). The
shown temperatures are such that the sputter induced nano-
structures in (a) and (b) have the same lateral extension of the
corresponding homoepitaxy induced ones in (e) and (f). Images
(c) and (d) in the middle row are the “photographic negatives”
of the corresponding sputtering images (a) and (b).

Tvac, the diffusion and coalescence of vacancy clusters
will be the leading process, because the adatom clusters
are quickly incorporated at step edges. In this case, pitlike
structures like those of Fig. 3(b) (T � 300 K) will char-
acterize the surface morphology.

On the contrary, independently on substrate temperature,
homoepitaxy experiments always lead to mound structures
[Fig. 3(e), T � 130 K, and Fig. 3(f), T � 250 K], since
in this case adatoms are the only diffusing surface de-
fects. Figures 3(c) and 3(d) (central row) are the “photo-
graphic negatives” of the respective sputtering images
(upper row) and, because of the gray scale representation
of the STM data, correspond to the mirror reflections of the
morphologies in Figs. 3(a) and 3(b). Following our initial
discussion, since this image treatment is equivalent to the
substitution of heights with valleys and vice versa, if
sputtering were equivalent to a deposition of vacancies,
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sputtering morphologies should be directly transformed
into homoepitaxy ones. Thus the data in Fig. 3 are a
further demonstration that this picture is wrong: The
“negative” sputtering morphologies in the higher tempera-
ture regime [Fig. 3(d)] are actually very similar to the
positive deposition ones [Fig. 3(f)], but this is absolutely
not true at lower temperatures [compare Fig. 3(c) with
3(e)], because sputtering produces unexpected mound-
like structures such as those of Fig. 3(a). Moreover,
independently on the details of the model, these mound
morphologies cannot be interpreted by any theoretical
scheme for ion sputtering that involves only vacancies.

Finally let us notice that for a complete description of
the temperature dependence of the sputtering process, the
two extreme temperature regimes have to be considered.
For T , Tad, both adatom and vacancy clusters are im-
mobile, thus a random surface morphology characterized
by a high step density occurs. In this case, a lowering of
surface roughness is observed thanks to athermal processes
such as sputter induced diffusion [4] or local surface heat-
ing due to ion impacts. The very high temperature regime
is on the contrary characterized by very quick motion of
adatom and vacancy clusters so that they do not meet any-
more, but migrate to step edges immediately after having
been created by ion hits, and erosion takes place almost
by step flow. As a consequence, both extreme temperature
regimes are characterized by a small number of exposed
layers as can be seen from the bell shape of the W�T �
curve for sputtering in Fig. 1(a). Notice that very simi-
lar temperature regimes can be found for homoepitaxial
growth [see Fig. 1(a) and [17,22] ].

We expect that the validity of the above model is not re-
stricted to our particular choice of sputtering conditions
and target substrate, since we consider only the nature
of surface defects created by ion bombardment (adatom/
vacancy clusters) and their temperature dependent diffu-
sion coefficients. On the contrary, this model should be
applicable whenever the damage mechanism induced by
ion impacts cannot be simply described by a linear cas-
cade of binary collisions into the solid, but involves a lo-
cal surface melting and a viscous flow of melt material
onto the surface. In fact, while the first case generates
only isolated point defects (see, for example, Ref. [11]),
the second one, as demonstrated in [7], has larger surface
effects with a high probability for the formation of sur-
face clusters of adatoms and vacancies. As a consequence,
our model should describe the sputtering of targets with
high atomic densities and low melting temperatures (e.g.,
noble metals), which happens in the so-called thermal
spike regime [23].

In conclusion, we have made a direct comparison be-
tween the surface morphologies induced by ion sputter-
ing and homoepitaxial deposition on the model system
Ag(001). The results of such an analysis show that a re-
alistic description of the ion sputtering process must con-
sider that the most relevant surface defects produced by
ion impacts are two-dimensional adatom and vacancy clus-
ters instead of isolated monovacancies. Basing upon single
ion impact experiments, the temperature dependence of the
morphologies generated by low temperature ion sputtering
is attributed to the lower activation temperature for adatom
cluster diffusion compared to vacancy clusters.

The authors acknowledge a useful discussion with
R. Ferrando and thank Z. Zhang for a critical reading of
the manuscript.

*Present address: Max-Planck-Institut für Festkörperfor-
schung, Heisenbergstraße 1, D-70569 Stuttgart, Germany.

†Corresponding author.
Email address: boragno@fisica.unige.it

[1] C.-H. Choi, R. Ai, and S. A. Barnett, Phys. Rev. Lett. 67,
2826 (1991).

[2] S. Rusponi et al., Appl. Phys. Lett. 75, 3318 (1999).
[3] E. Chason et al., Phys. Rev. Lett. 72, 3040 (1994).
[4] G. Carter and V. Vishnyakov, Phys. Rev. B 54, 17 647

(1996).
[5] S. Facsko et al., Science 285, 1551 (1999).
[6] H. Gades and H. M. Urbassek, Phys. Rev. B 50, 11 167

(1994).
[7] M. Ghaly, K. Nordlund, and R. S. Averback, Philos. Mag. A

79, 795 (1999).
[8] R. M. Bradley and J. M. E. Harper, J. Vac. Sci. Technol. A

6, 2390 (1988); R. Cuerno and A. L. Barabasi, Phys. Rev.
Lett. 74, 4746 (1995).

[9] A. L. Barabasi and H. E. Stanley, Fractal Concepts in
Surface Growth (Cambridge University Press, Cambridge,
England, 1995).

[10] H. J. Ernst, Surf. Sci. 383, L755 (1997).
[11] E. Chason et al., J. Vac. Sci. Technol. A 8, 2507 (1990).
[12] M. V. R. Murty, B. Cowles, and B. H. Cooper, Surf. Sci.

415, 328 (1998).
[13] C. Teichert et al., Phys. Status Solidi A 146, 223 (1994).
[14] U. Kürprick and T. S. Rahaman, Surf. Sci. 383, 137 (1997);

Phys. Rev. B 59, 11 014 (1999).
[15] R. C. Nelson, T. L. Einstein, and S. V. Khare, Surf. Sci. 295,

462 (1993).
[16] R. Conti et al., Vacuum 48, 639 (1997).
[17] G. Costantini et al., Surf. Sci. 459, L487 (2000).
[18] T. Michely and C. Teichert, Phys. Rev. B 50, 11 156 (1994);

M. Morgenstern and T. Michely, Philos. Mag. A 79, 775
(1999).

[19] The total defect creation yield is thus Ytot � Yad 1 Yvac �
30 40, and this number was used in order to scale the
Ne1 ion flux (FNe) in respect to the atomic flux (FAg):
FNe � FAg�Ytot.

[20] H. H. Andersen and H. L. Bay, in Sputtering by Particle
Bombardment I, edited by R. Behrisch (Springer-Verlag,
Berlin, 1991).

[21] J. M. Wen et al., Phys. Rev. Lett. 76, 652 (1996).
[22] M. C. Bartelt and J. W. Evans, Phys. Rev. Lett. 75, 4250

(1995); Surf. Sci. 423, 189 (1999).
[23] For the case of Ge(001) in [11], sputtering produces al-

most only surface point defects because of the low atomic
density of the substrate [7].
841


