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In order to clarify the interactions of ethanol cluster ion beams with solid surfaces, sputtering
processes for Si, SiO2 and Au surfaces were investigated by changing the acceleration voltage, the
retarding voltage, and the incident angle. For the case of the normal incidence, the sputtered depth
increased with increase of the acceleration voltage, and the sputtering ratio of Si to SiO2 was
approximately 10 at an acceleration voltage of 9 kV. Furthermore, with regard to the incident angle
dependence, the sputtered depth for the Si surfaces had a maximum value at an incident angle
between 10° and 60°. On the other hand, for the case of the physical sputtering by ethanol cluster
ion irradiation on Au surfaces, the sputtered depth decreased with increase of the incident angle.
With regard to the retarding voltage dependence, the sputtered depth had a maximum value for the
Si surfaces, and the retarding voltage corresponding to the peak value changed according to the
acceleration voltage applied. In addition, for the case of Au surfaces, the sputtered depth decreased
with increase of the retarding voltage, and the physical sputtering was influenced by the minimum
size of the cluster. © 2008 American Institute of Physics. �DOI: 10.1063/1.2819326�

I. INTRODUCTION

Collisions of cluster ions with solid surfaces have at-
tracted much interest because they have exhibited specific
features such as dissociation, chemical reaction, secondary
electron emission, etc.1–5 With regard to the chemical reac-
tion, the incident energy of the cluster ions is transferred in a
surface collision, and chemical sputtering as well as physical
sputtering is induced. On the other hand, liquid materials
such as water and alcohol are well-known solvents. How-
ever, they cannot be used for etching the solid surfaces in
conventional wet processes. While we have paid much atten-
tion to the unique properties of cluster ions, which are dif-
ferent from those of bulk state, we have produced liquid
clusters such as water, alcohol, and paraffin clusters by an
adiabatic expansion phenomenon. In addition, we have in-
vestigated the interactions of the liquid cluster ions on the
solid surfaces.6–8

For the case of ethanol cluster ion irradiation, the impact
of the cluster ions on the solid surfaces produced hydrogen
and various kinds of alkyl radicals through the cluster ion
fragmentation due to the high density irradiation effect.
These radicals could drive the enhancement of surface reac-
tion in chemical sputtering.8 In addition to the chemical sput-
tering, the physical sputtering also occurred through the mul-
tiple collisions, which were significantly different from the
binary collision usually applied to monomer ion beam sput-
tering. As a result, high rate sputtering and smooth surface
formation could be performed.9,10 For these sputtering pro-

cesses, the incident energy and the cluster size of the ethanol
cluster ions have an important role, and the sputtering phe-
nomenon is also considered to change according to the inci-
dent angle. In this article, the sputtering effects of ethanol
cluster ions on solid surfaces are investigated by changing
the retarding voltage and the incident angle. The physical
and chemical sputtering processes are discussed based on the
cluster size distribution as well as the incident energy of the
ethanol cluster ions.

II. EXPERIMENTAL PROCEDURE

The details of the liquid cluster ion beam system have
been described elsewhere.6 Briefly, liquid materials such as
ethanol were introduced into the cluster source and heated up
to 150 °C by a wire heater attached around the source. The
vapors of ethanol were ejected through a nozzle into a
vacuum region. When the vapor pressure was larger than
1 atm, the ethanol clusters were produced by an adiabatic
expansion phenomenon. In the ionizer, the neutral clusters
were ionized by electron bombardment. The cluster ions ex-
tracted from the ionizer were size separated by a retarding
potential method. The size distribution of the ethanol cluster
ions was controlled by adjusting the retarding voltage, and
the minimum size of the cluster ions increased with increase
of the retarding voltage. The size-separated cluster ion beams
were accelerated toward a substrate, which was set on a sub-
strate holder. The acceleration voltage �Va� was adjusted be-
tween 0 and 10 kV, and the retarding voltage �Vr� was ad-
justed between 28 and 196 V. The substrates used were
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Si�100�, SiO2, and Au surfaces. The background pressure
around the substrate was 1�10−7 Torr, which was attained
using a turbomolecular pump.

III. RESULTS AND DISCUSSION

The sputtering process by irradiation of ethanol cluster
ions on substrate surfaces was investigated by changing the
acceleration voltage and incident angle ��� of the cluster
ions. Figure 1 shows the dependence of sputtered depth for
Si�100� and SiO2 surfaces on acceleration voltage for the
ethanol cluster ions at a normal incidence of �=0°. The re-
tarding voltage was at Vr=28 V, and the cluster size used
was larger than 100 molecules. The ion dose was 1.0
�1016 ions /cm2. As shown in the figure, the sputtered depth
increases with increase of the acceleration voltage. When the
acceleration voltage is 9 kV, the sputtered depth is 475 nm
for Si and 47 nm for SiO2, respectively. The sputtering ratio
of Si to SiO2 is approximately 10 at an acceleration voltage
of 9 kV. The selectivity arises from the volatility of the re-
action products and the difference in binding energy among
the materials. This suggests that chemical reactions between
Si and ethanol produce silicon hydride which is the dominant
etching material for the Si surfaces.

Figure 2 shows the dependence of the sputtering yield
for Si�100� and Au surfaces on the incident angle ��� of the
cluster ions. The retarding voltage was at Vr=28 V, and the
cluster size used was larger than 100 molecules. The accel-
eration voltage was at Va=6 and 9 kV. With regard to the
chemical sputtering by ethanol cluster ion irradiation on Si
surfaces, the sputtering yield has a maximum value at an
incident angle between 10° and 60°. The angle correspond-
ing to the maximum peak increases with increase of the ac-
celeration voltage. When the incident angle changes from
normal to oblique, the chemical reaction frequency in the
near surface region becomes high, and the ejected particles
increase, resulting in high sputtering yield. However, for the
ethanol cluster ion irradiation at higher incident angles, the
incident energy of the cluster ions is partially deposited onto
the substrate, and many molecules in the cluster are ejected
or reflected from the substrate surface. Therefore, the sput-

tering yield decreases with increase of the incident angle, and
it has a peak at an incident angle between 10° and 60°.

In contrast, for the case of the physical sputtering by
ethanol cluster ion irradiation on Au surfaces, the sputtering
yield decreases with increase of the incident angle, and it
changes according to cos �. For the case of the normal inci-
dence, the penetration depth is the greatest, and most of the
incident energy is deposited onto the substrate atoms. As a
result, the sputtered atoms are ejected in the horizontal direc-
tion to the substrate surface due to the lateral sputtering ef-
fect. However, for the oblique incidence, the sputtered atoms
are ejected in the forward direction of the cluster ion beams,
and the atoms in the backward direction are redeposited on
the substrate surface. Therefore, the sputtering yield de-
creases with increase of the incident angle for the Au
surfaces.

Figure 3 shows the dependence of the sputtered depth
for �a� Si�100� and �b� Au surfaces on the retarding voltage.
Incident direction of the ethanol cluster ions was at a normal
incidence. The ion dose was 1.0�1015 ions /cm2 for Si sur-
face and 5.0�1015 ions /cm2 for Au surface, respectively.
For the Si surfaces, the sputtering yield increases with in-
crease of the retarding voltage. After it reaches a maximum
value, it decreases with increase of the retarding voltage. On
the other hand, for the Au surfaces irradiated by the ethanol

FIG. 1. Dependence of the sputtered depth for Si�100� and SiO2 surfaces on
the acceleration voltage for the ethanol cluster ions at a normal incidence of
�=0°. FIG. 2. �Color online� Dependence of the sputtering yield for Si�100� and

Au surfaces on the incident angle ��� of the cluster ions.

FIG. 3. Dependence of the sputtered depth for �a� Si�100� and �b� Au sur-
faces on the retarding voltage for the ethanol cluster ions at a normal inci-
dence of �=0°.
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cluster ions, the sputtering yield decreases with increase of
the retarding voltage. These results are related to the cluster-
size as well as the acceleration voltage, which suggests that
the energy per molecule of the cluster ions influences the
irradiation effects.

With regard to the size distribution of the ethanol cluster
ions, the peak size was approximately 1000 molecules per
cluster, and the minimum size was approximately
100 molecules per cluster at a retarding voltage of 28 V.8,9

In the previous study by using molecular dynamics simula-
tion, the physical sputtering by the cluster ion beam irradia-
tion was enhanced when the energy per molecule of the clus-
ter ions was larger than 10 eV per molecule.11 In contrast,
the damage-free irradiation was achieved when the energy
per molecule was less than a few eV per molecule. For the
energy per molecule between a few eV per molecule and
10 eV per molecule, the chemical sputtering is considered to
have an important role in the irradiation effects. The amount
of ethanol molecules, which are included in the energy range
relating to the chemical sputtering irradiation, increases with
increase of the retarding voltage, and it has a peak at a re-
tarding voltage. This corresponds to the dependence of the

sputtering yield for the Si surfaces on the retarding voltage.
Based on these results, the chemical sputtering is predomi-
nant for the Si surfaces irradiated by the ethanol cluster ion
beams.
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