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Step Edge Sputtering Yield at Grazing Incidence Ion Bombardment
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The surface morphology of Pt(111) was investigated by scanning tunneling microscopy after 5 keV
Ar� ion bombardment at grazing incidence in dependence of the ion fluence and in the temperature
range between 625 and 720 K. The average erosion rate was found to be strongly dependent on the ion
fluence and the substrate temperature during bombardment. This dependence is traced back to the
variation of step concentration with temperature and fluence. We develop a simple model allowing us to
determine separately the constant sputtering yields for terraces and for impact area stripes in front of
ascending steps. The experimentally determined yield of these stripes—the step-edge sputtering
yield—is in excellent agreement with our molecular dynamics simulations performed for the experi-
mental situation.
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Grazing incidence ion bombardment may be used for
smoothing of surfaces [1,2] and of growing films [3] as
well as for the formation of regular nanogrooves [4],
ripple [5], and dot [6] patterns. Measuring the reflected
ion current or the related sample current during grazing
incidence ion bombardment allows us to obtain informa-
tion on surface structure and even surface morphological
evolution during epitaxial growth [7–10]. The origin of
all these applications is the selective interaction of the ion
beam with the surface topology. Focusing to the case of
crystalline surfaces this statement specializes for most
applications to a highly selective interaction of grazing
incidence ions with atomic steps. Because of the only
small perpendicular kinetic energy of the grazing inci-
dent ions they are reflected from the atomically smooth
terraces with a high degree of perfection. However, graz-
ing incidence ions impinging on rising steps are scattered
at large angles, give rise to significant momentum and
energy transfer to the substrate, and thus cause sputtering.
As a consequence, unlike in normal incidence ion bom-
bardment [11,12], at grazing incidence the areal averaged
sputtering yield Y is no more a nearly constant quantity:
The variation of the step density with fluence F and tem-
perature T makes this quantity a strong function of F and
T. Motivated by previous molecular dynamics simula-
tions [13], here we introduce a new concept for the
description of ion erosion at grazing incidence, attributing
separate constant sputtering yields to terraces (Y terr) and
steps (Ystep) such that Y may be written as Y��Ystep �
�1���Yterr, where � is a measure of the step density. This
concept allows us for the first time to measure the step-
edge sputtering yield Ystep, which is in very good agree-
ment with our molecular dynamics simulations.

The experiments were performed in an ultrahigh vac-
uum variable temperature scanning tunneling micros-
0031-9007=04=92(24)=246106(4)$22.50
10�11mbar range. Sample cleaning was accomplished by
cycles of ion bombardment and flash annealing to 1273 K.
For the grazing incidence ion experiments the clean
surface was exposed to a flux of 1:6� 1016 ions=m2 of
5 keV Ar� ions incident along the ��11 �11 2� direction at an
angle of # � 83o to the surface normal at various tem-
peratures and for various exposure times. For simplicity,
in the following not only the removed material � but also
the ion fluence F (the product of ion flux and exposure
time) is specified in monolayers (ML), where 1ML �
1:504� 1019 atoms�ions�=m2. After bombardment the
sample was quenched to room temperature and imaged
by STM.

A sequence of experiments with increasing fluences at
720 K is visualized by the STM topographs in Figs. 1(a)–
1(d). At this bombardment temperature subsurface dam-
age anneals rapidly to the surface [14] such that the
removed material is represented by surface vacancies,
which are aggregated in the form of monolayer deep
vacancy islands. Because of rapid edge diffusion and
step adatom detachment [15], the island shapes are close
to their threefold symmetric equilibrium shape. As ex-
pected, the quantitative analysis in Fig. 1(e) shows a
monotonic increase of the removed and thus sputtered
material � with F. However, the slope of the increase—
corresponding to Y—is nonuniform, with a small initial
Y during the island nucleation phase, a maximum around
F � 1ML and a decreasing Y as island coalescence takes
place [compare Fig. 1(d)]. To first approximation the in-
stantaneous Y appears thus to be proportional to the
concentration of step atoms on the surface.

A second sequence of experiments shown in Figs. 2(a)–
2(d) visualizes the dependence of Y on T for a fixed ion
fluence of F � 0:5 ML. As expected from nucleation
theory, the vacancy island density increases with decreas-
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FIG. 2. (a)–(d) STM topographs after the irradiation with a
fluence of 0.5 ML at (a) 720, (b) 675, (c) 650, and (d) 625 K,
respectively. The ion beam is incident along the direction
indicated by the white arrow in (a). The topograph size is
always 2450 �A� 2450 �A. (e) Plot of the removed amount �
versus the bombardment temperature T. Full circles represent
the experimental data, while the open circles are the prediction
of the model based on the Yterr and Ystep as determined from the
fluence dependence of �. Lines are guides to the eye.

FIG. 1. (a)–(d) STM topographs of Pt(111) after 5 keV Ar�

ion bombardment at 720 K. The ion fluences are (a) 0.25,
(b) 0.50, (c) 1.00, and (d) 1.75 ML. The topograph size is
always2450 �A� 2450 �A. (e) Plot of the removed amount �
versus the ion fluence F. Full circles represent the experimental
data, while the full line is the best fit of the geometric model to
the experimental data up to fluences of 1.0 ML (see text). For
larger fluences, beyond the limits of applicability, the best fit
results of the geometric model are represented by a dashed line.
The hashed area represents the removed material due to im-
pacts on the terrace area Aterr.
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vacancies and small vacancy clusters. More interesting is
the increase in � with decreasing T from 720 [Fig. 2(a)]
to 650 K [Fig. 2(c)]. Below 650 K � decreases again
below its maximum value as apparent from the quantita-
tive analysis of Fig. 2(e). The increase of � with a
decrease of T from 720 to 650 K may again be rational-
ized by the higher average step density at lower tempera-
tures, which is caused by the higher island number
density. The interpretation of the decrease of � below
650 K is straightforward. Certainly below 650 K the
surface vacancy island coverage does no more represent
the entire removed material, as subsurface vacancies and
vacancy clusters created during the bombardment do not
anneal completely to the surface [14]. Additional factors
for the decrease of � below 650 K are discussed below.

In order to obtain a quantitative understanding of the
evolution of � (and thus Y) we resort to the geometric
246106-2
model developed on the basis of molecular dynamics
simulations for Xe� ions at grazing incidence along the
��11 �11 2� direction impinging on ascending dense packed
steps oriented along the h110i [13]. Ions geometrically
hitting the ascending step of height �h, i.e., that enter at a
distance within ��xc; 0� the level of the upper terrace
[dashed line in Fig. 3(a)] were found to have a significant
sputtering yield. We denote its average in the interval
��xc; 0� in the following by Ystep. The critical distance
xc can be calculated from Fig. 3(a) to be xc � 2�h tan#,
where # � 83� is the ion impact angle, which amounts to
xc � 36:9 �A in the present case. With �x � 2:40 �A being
the spacing of the atomic rows in the ��11 �11 2� direction, this
corresponds to a distance of xc=�x � 15:4 atomic rows.
Ions not hitting the ascending step but the terrace were
found to have a zero yield at T � 0. This is reasonable
since the perpendicular energy, Ecos2#, amounts to only
74 eV. Though still small, due to vibrations at finite
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FIG. 3. (a) Schematic side view of a surface with a step. In
this geometric model ions entering the upper terrace level
(dashed line) between ��xc; 0� hit the ascending step either
directly or indirectly by reflection at the lower terrace. (b) De-
pendence of the sputtering yield calculated by molecular dy-
namics as a function of the distance from the step location at
xc. The dashed line is the average in the impact distance
interval ��xc; 0� of the geometric model. x=�x measures the
distance of the ion impact point to the step edge in units of the
spacing of dense packed atomic rows on the �111� surface.
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temperatures and the possible existence of point defects at
the surface their yield will be nonzero in general and we
assign in the following a yield Yterr to them. The molecu-
lar dynamics simulation performed for 5 keV Ar� ions
impinging along the ��11 �11 2� direction on an ascending
dense packed step on Pt(111) directly verify the validity
of the above model for the present case. The simulation
data are shown in Fig. 3(b). Within the step-edge zone of
width ��xc; 0� the yield significantly deviates from zero
with an average value of Ystep � 8:3 denoted by the
dashed line. The two maxima visible in Fig. 3(b) indicate
the impact zones, where the impinging ion either directly
[x � ��2 . . .� 4��x] or after reflection from the lower
terrace [x � ��11 . . .� 13��x] collides with the step-
edge atom and thereby transfers a high amount of energy
to near-surface atoms, leading to sputtering. In an impact
zone around �xc=2, the sputtering yield, however, is quite
small. In this case the projectile has a good chance to be
channeled immediately under the top monolayer of the
upper terrace, and thus has least interaction with the step-
edge atom. Here, a finite target temperature would tend to
smoothen the structures visible in Fig. 3(b). We note that
each data point in Fig. 3(b) is the averaged yield for 25
impacts. Further details of the simulation are given in
Ref. [13].
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For a large, compact island with a lateral dimension l
in the direction normal to the impinging ion beam the
impact area astep is to good approximation astep  lxc, if
l � xc. However, for small, compact islands this approxi-
mation overestimates astep, as astep becomes larger than
the island area. Therefore, for small, compact islands we
approximate astep by the island area. For the geometry
present in the experiments described above with hexago-
nal islands this is the case if l � 8=�3

���
3

p
�xc. In the further

analysis we denote the total area fraction of island impact
areas by Astep. The total area fraction of the remaining
terrace areas with the low yield Yterr is then simply given
by Aterr � 1� Astep.

During the surface morphological evolution caused
by ion bombardment the step-edge concentration and
consequently the ratio between Astep and Aterr are subject
to large changes. The fluence dependent average sputter-
ing yield Y is then given by the following differential
equation:

Y �
d�
dF

� YstepAstep � Yterr�1� Astep�: (1)

To solve (1) we make the following simplifying as-
sumptions: (i) all islands nucleate at t � 0; (ii) the islands
grow with the same speed and have the same size at all
times; (iii) the island density stays constant.

Using the approximations for astep introduced above
and as experimental input data the vacancy island number
densities determined from the STM topographs, Eq. (1)
can be applied to reproduce the experimental data. The
full line in Fig. 1(e) represents the best fit of (1) to the
measurements at 720 K for fluences up to 1:0 ML. For
larger fluences coalescence becomes noticeable [compare
Fig. 1(d)]. In the coalescence regime the model is no
longer applicable, and the extension of the fit into this
regime is represented by the dashed line in Fig. 1(e). The
best fit parameters are Ystep � 8:4 and Yterr � 0:08. A
three-dimensional representation of the sum � of the
quadratic deviations of the fitted data from the experi-
ment as a function of Yterr and Ystep allows us to estimate
the errors for Ystep and Yterr to be 1:5 and 0:03, respec-
tively. We note that our experimental results are in ex-
cellent agreement with the molecular dynamics
simulations [compare Fig. 3(b)], which yield Ystep � 8:3
and Yterr � 0 at 0 K.

The total removed material � can be divided into
material �terr removed by ions impinging on Aterr and
material �step removed by ions impinging on Astep. The
hashed area in Fig. 1(e) represents �terr � Yterr �R
F
0 df �1� Astep�f��. It grows nearly linearly with time

as Aterr stays close to 1 during the entire experiment. �step,
the difference between the hatched area and the best fit
grows much stronger than linearly. Assuming Yterr � 0,
once initial nuclei are given, �step grows quadratically as
the increase in � with F is proportional to

�����
�

p
.
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In order to test the validity of the model, we apply the
values obtained for Yterr and Ystep from the fluence de-
pendence of � at 720 K to predict the temperature de-
pendence of � for the fixed fluence F � 0:50 ML. The
predicted dependence of the removed amount � on T is
shown in Fig. 2(e) as open circles. The agreement of
experiment and prediction is quite good down to 650 K.
Below 650 K the measured � decreases again, while the
calculated one goes into saturation. The constancy of the
calculated � for low temperatures can be understood as
follows: At these low temperatures the island number
density is so high such that the average island size stays
below l � 8=�3

���
3

p
�xc during the entire bombardment

time. As described above, therefore the area fraction
Astep in (1) is taken to be identical to the total area fraction
of the islands, which is thus no longer dependent on the
island number density and therefore on the temperature.

The experimentally observed decrease of the vacancy
island area below 650 K is expected, as below 650 K
bombardment induced subsurface vacancies no more an-
neal completely to the surface [14]. However, there are
additional possible reasons why our model might deviate
from the measurements for temperatures below 650 K. As
can be seen from Fig. 2, the island size distribution
becomes broader towards lower temperatures, making
our simplifying assumptions about nucleation at t � 0
and identical island sizes crude. Moreover, at 625 K cor-
relations in the positions of the vacancy islands become
noticeable: Islands appear to be partly aligned along the
ion beam. One possible explanation for this observation is
that at 625 K step-edge diffusion is no longer efficient
enough to ensure a compact island shape during bombard-
ment, counteracting the highly anisotropic removal of
material at the exposed ascending step. Therefore, during
the bombardment the islands might be elongated along
the beam direction—thereby having a much smaller area
fraction Astep than assumed in our calculation—while
after switching off the ion beam and during the finite
cool down time the elongated islands pinch off into
several parts [16]. In this scenario the correlations in
the island positions at 625 K could indicate the onset of
a transition from a diffusion dominated to a bombard-
ment dominated regime of morphological evolution [5]
and thus to the onset of ripple formation. Experiments are
under way to clarify this issue.

In conclusion, we demonstrated experimentally that
unlike in normal incidence ion bombardment, at grazing
incidence the average sputtering yield Y is strongly flu-
ence and temperature dependent. This dependence may be
rationalized by attributing separate constant yields Yterr

and Ystep to terraces and impact area stripes in front of
ascending steps exposed to the ion beam, respectively.
Based on these assumptions, we derive for the first time a
step-edge sputtering yield, which amounts to Ystep �
246106-4
8:4� 1:5 for 5 keV Ar� incident along the ��11 �11 2� direc-
tion at # � 83o on Pt(111). This value is in excellent
agreement with our molecular dynamics simulations of
the experimental situation which yield Ystep � 8:3 as the
average within the step impact stripe. Moreover, we con-
firmed the expected high selectivity of step-edge sputter-
ing at grazing incidence ion bombardment. For the
experimental conditions used here, the step-edge yield
exceeds the terrace yield by a factor of 100. The measure-
ments presented here may be a first step towards a quan-
titative and atomistic modeling of surface morphological
evolution and ripple formation under grazing incidence
ion bombardment.
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