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Abstract
We measured charge state dependence and incident angle dependence of sputtering yields and two-dimensional (2D)
position distributions for H+, Si+ and SiOH+ ions emitted from a water adsorbed Si(1 0 0) surface irradiated by a few
keV Arq+ (q = 4–8). It was found that (1) H+ yield strongly depended on the charge state and increased with increasing
incident angle, (2) Si+ and SiOH+ yields were independent of the charge state and increased with increasing incident
angle.
 2005 Elsevier B.V. All rights reserved.
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1. Introduction
Sputtering phenomena induced with slow
highly charged ions (HCIs) have been intensively
studied in the last two decades to search for fundamental sputtering processes and to apply the phe*
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nomena to surface analysis and nano-size etching
[1,2]. When an HCI approaches and impacts on
a surface, atoms and molecules on the surface
can be emitted via kinetic as well as via electronic
processes due to the strong electric ﬁeld and large
potential energy of the HCI. The former process is
called kinetic sputtering (KS) and the latter process is called potential sputtering (PS). The contribution of PS and KS for various materials had
been reported by measuring sputtering yields as a
function of charge state [3–10]. One of the examples showing dominant contribution of PS is the
sputtering from a LiF and SiO2 irradiated by slow
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HCI [7,8]. Recently, another sputtering model was
proposed for insulating surfaces, where PS was
combined with KS leading to eﬀective secondary
particle ejection [9].
A typical example showing dominance of PS for
a well-deﬁned adsorbate is emission of H+ from
hydrogen terminated Si(1 0 0) surfaces irradiated
by a few keV Xeq+ (q = 4–12). It was reported that
the H+ yield strongly depended on the charge state
like qc (c  5) but was independent of the incident
angle [4]. The charge state dependence could be explained by a pair-wise bond-breaking model [11]
which had its basis in the classical over-barrier
model [12]. In the present work, in order to study
further H+ sputtering process, a water adsorbed
Si(1 0 0)-2 · 1 surface was adopted. Charge state
dependence and incident angle dependence of
sputtering yields and two-dimensional (2D) position distributions for H+, Si+ and SiOH+ ions are
reported.

2. Experimental
The experimental setup and data analysis were
described in detail elsewhere [13,14] and are only
brieﬂy repeated here. HCIs were extracted from
a mini-EBIS [15], charge-state selected with a
Wien-ﬁlter, periodically swept with a deﬂector to
form a pulse train, and guided into a target chamber. A pulsed electron source was also available
for electron stimulated desorption (ESD) experiments. Positively charged secondary ions are accelerated normal to the surface by the electric ﬁeld
applied between the target and a grounded mesh
in front of the target. After the mesh, secondary
ions travel in the ﬁeld free region and are ﬁnally
detected by a 2D position sensitive detector which
provides information on 2D position and time-ofﬂight of each secondary ion.
The sample was cut to 24 · 14 mm2 in area
from an 0.5 mm thick B-doped Si(1 0 0) wafer (orientation accuracy ±0.5) with a resistivity of
18 X cm. Before insertion into the target chamber,
the sample was chemically treated to prepare a
thin oxide layer, which protected the Si surface
from contamination [16]. After the target chamber
reached ultra high vacuum (UHV), the oxide layer

245

Fig. 1. 2D position distribution of H+ ions emitted from the
H2O/Si(1 0 0) surface irradiated by 600 eV e with the target
biased at 300 V.

was removed by repeated heating as high as
1170 K for three minutes, which formed the
Si(1 0 0)-2 · 1 reconstructed surface [16]. The
Si(1 0 0)-2 · 1 surface so prepared was exposed to
the residual water molecules.
Fig. 1 shows a 2D position distribution of H+
ions emitted from the H2O/Si(1 0 0) surface irradiated by 600 eV electrons, where the target bias is
300 V. In case of ESD, ionized adsorbate is expected to be ejected along the initial bond [17].
The Si(1 0 0) surface has two domains, one with
its Si dimer bond along [0 1 1] and the other along
½0 1 1. Each Si atom in the dimer bonds has one
dangling bond on which water molecule is dissociatively adsorbed to form Si–H or Si–OH
[18,19]. It is known that HCI- or electron-induced
emission of H+ ions dominantly takes place from
Si–OH [5,18,19] bond. Although the OH bond
has its equilibrium direction along the dimer row
[18,20], the torsional vibrational level is rather
shallow (e.g. 70 cm1 [20]), and as a result, the
OH bond may not be ﬁxed along the dimer row
at the room temperature, The observed H+ pattern
exhibiting a caldera-shaped pattern (see Fig. 1) is
consistent with the above expectation [18,19].

3. Results and discussion
Fig. 2 shows charge state dependences of sputtering yields for H+, Si+ and SiOH+ ions, which
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Fig. 2. Charge state dependences of sputtering yields for H+,
Si+ and SiOH+ ions emitted from the H2O/Si(1 0 0) surface
irradiated by 3.2 keV Arq+ incident at h = 30.

were the main species emitted from the H2O/
Si(1 0 0) surface irradiated by 3.2 keV Arq+ ions
(q = 4–8) [13]. The incident angle h measured from
surface normal is 30. It is seen that the H+ yield
drastically increases with q like qc(c  3), showing
the typical feature of PS process. On the other
hand, the Si+ and SiOH+ yields are independent
of q, showing the characteristic feature of KS process. This sharp contrast between H+ and Si+ is
similar to the case for H/Si(1 0 0) surface irradiated
by a few keV Xeq+ (q = 4–12), although c  5 [4].
One of the reasons of this lower value of c may
be the contribution of KS, which was actually observed for H+ emission from untreated surfaces
irradiated by 4.8 keV Arq+ (q = 6–14) [3].
Fig. 3 shows incident angle dependences of
sputtering yields for H+, Si+ and SiOH+ ions emitted from the H2O/Si(1 0 0) surface irradiated by
3.2 keV Ar5+ ions. It is seen that the yield of H+
ions increases with h like 1=ðcos hÞ1.7 , which is
the typical feature of KS process. This incident
angle dependence of H+ yield is diﬀerent from that
for H/Si(1 0 0) surface irradiated by 4 keV Xe8+,
where H+ yield is independent of h [4]. The yields
of Si+ and SiOH+ ions also increased with h like
1.7
1=ðcos hÞ , again showing the typical feature of
KS process. This observation is the same as the
case of Si+ yield of H/Si(1 0 0) surface irradiated
by 4 keV Xe8+ [4].
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Fig. 3. Incident angle dependences of sputtering yields for H+,
Si+ and SiOH+ ions emitted from the H2O/Si(1 0 0) surface
irradiated by 3.2 keV Ar5+.

Fig. 4 shows 2D position distributions of H+
ions emitted from the H2O/Si(1 0 0) surface irradiated by (a) 1.2 keV Ar3+ and (b) 1.2 keV Ar6+ for
h = 40 and a target bias of 600 V. The origin of
the spatial coordinates of the distribution was
determined at the center of F+ distributions [14]
of contaminant F atoms on the same surface,
assuming F+ distributions were not disturbed by
the KS process very much. It is seen that the distribution for Ar3+ impact consists of a single peak
shifted along the ½0 1 1 direction which coincides
with the direction of incident beam. This observation indicates that the KS process plays some roles
in addition to the PS process. The shift of the proton distribution for Ar6+ impact is less than that

Fig. 4. 2D position distributions of H+ ions emitted from the
H2O/Si(1 0 0) surface irradiated by (a) 1.2 keV Ar3+ and (b)
1.2 keV Ar6+, with the incident angle of 40 and the target bias
of 600 V. The ½0 1 1 direction is identical with the direction of
incident beam.
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for Ar3+ impact, indicating the relative contribution of PS process gets more important than the
case of Ar3+.
Fig. 5 shows the 2D position distributions of
H+ ions emitted from the H2O/Si(1 0 0) surface
irradiated by 1.8 keV Ar6+ incident at (a) h = 29
and (b) h = 47, where the target bias is 400 V. It
is seen that the peak position is shifted along the
½0 
1
1 direction as the incident angle increases,
which shows that the KS process plays some role
on the proton emission.
Fig. 6 shows 2D position distributions of (a) Si+
ions and (b) SiOH+ ions emitted from the H2O/
Si(1 0 0) surface irradiated by 1.8 keV Ar6+ inci-
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dent at h = 47, where the target bias is 400 V. It
is seen that the 2D distribution of Si+ has a tail toward the downstream of Ar ions, which extends
further when the incident angle increases, although
the peak appears at normal direction to the surface
almost independently of the incident angle. On the
other hand, the 2D distribution of SiOH+ does not
have such a long tail but the peak position is
shifted toward the downstream of Ar ions. These
observations indicate that Si+ and SiOH+ ions
are both preferentially sputtered toward the downstream of Ar ions, which are at least qualitatively
consistent with the feature of KS process.

4. Conclusion
In the present paper, charge state dependence
and incident angle dependence of sputtering yields
and 2D position distributions for H+, Si+ and
SiOH+ ions emitted from the H2O/Si(1 0 0) surface
were reported. It was shown for a few keV Arq+
(q = 4–8) impact that (1) the emission of H+ ions
had the features of PS process and KS process,
(2) Si+ and SiOH+ ions were ejected dominantly
by KS process.
Fig. 5. 2D position distributions of H+ ions emitted from the
H2O/Si(1 0 0) surface irradiated by 1.8 keV Ar6+ incident at (a)
h = 29 and (b) h = 47, with the target bias of 400 V. The ½0 1 1
direction is identical with the direction of incident beam.
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