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Abstract

To examine the possibility of applying the liquid clus-
ter ion beam technique to the surface processing of semi-
conductors, an ethanol cluster ion beam was irradiated on
photoresist masked silicon substrates. The ethanol cluster
ion beam was produced by the adiabatic expansion method
without a support of helium gas. The line patterns of the
line widths of 1.0 µm and 0.5 µm were reproduced on the
silicon substrates by the irradiation of an ethanol cluster ion
beam.

INTRODUCTION

The ion beam technology has been utilized as an essen-
tial method for surface processing in the semiconductor in-
dustry as well as an ion implantation method. However,
the radiation damage in the silicon wafers caused by the
irradiation of ion beams during the processing became a
serious drawback to the improvement in the performance
of semiconductor devices. So, the semiconductor indus-
try is in need of some processing methods of semiconduc-
tors that do not cause serious radiation damages. On the
other hand, some micro-processing methods that can be ap-
plied to polymers are required for producing, for example,
micro-reactors.

The liquid cluster ion beam technique is thought to be
one of the promising techniques that fulfill these require-
ments. A cluster is an aggregate of atoms or molecules
bound by intermolecular forces. Various cluster ion beams
such as metal [1, 2], fullerene [3], silicon [4], gas [5], and
liquid [6] cluster ion beams have attracted much interest.
The number of molecules that comprise the cluster (cluster
size) ranges from a few to thousands in accordance with
the production methods and the materials that comprise the
cluster. One of the production methods, the adiabatic ex-
pansion method [7], was employed here. The properties of
the interaction between a cluster ion and solid surface are
characterized by the high-density energy deposition and the
low energy incident energy per molecule. For example, if
an argon cluster at 10 keV whose cluster size is 2000 im-
pacts on a solid surface, 2000 argon atoms hit almost simul-
taneously an area of a diameter of a few tens of nanometers,
and the incident energy is as low as 5 eV/molecule which
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is sufficiently lower than the threshold energy of atom dis-
placements. Moreover, a molecular dynamics simulation
showed that the temperature of the bombarded area rises
to a few tens of thousand degrees during approximately 0.2
ps [8]. The contribution of chemical interaction is expected
in addition to the atomic collision processes when a cluster
that consists of polyatomic molecules is bombarded on a
solid surface. Therefore, the chemical interactions are ex-
pected to be enhanced by the high temperature when the
clusters of polyatomic molecules are bombarded. In this
study, the effects of the clusters of one of the polyatomic
molecules, ethanol clusters, were investigated. The possi-
bility of the simultaneous realization of the high sputtering
yields and the low radiation damage using an ethanol clus-
ter ion beam was reported [9]. The outstanding ability of
oxidation of another kind of liquid cluster ion beam, a wa-
ter cluster ion beam, was also reported [10]. As the first
step to the actual application of the liquid cluster ion beam
technology to the surface processing of silicon substrates,
an ethanol cluster ion beam was irradiated on photoresist
masked silicon substrates.

EXPERIMENTAL PROCEDURE

Ethanol clusters were produced by the adiabatic expan-
sion method [7]. Figure 1 shows a schematic view of the
liquid cluster ion beam apparatus. An ethanol in liquid
phase was filled in a liquid container, and heated to 382
K using a heater attached onto the outer wall of the liq-
uid container to increase vapor pressure. The typical vapor
pressure used for the production of ethanol clusters was 0.3
MPa. The typical variation of the temperature is approxi-
mately ±1 K, which corresponds to ±10 kPa variation of
ethanol vapor pressure. Ethanol clusters were produced
by ejecting the vaporized ethanol through a Laval nozzle
to a vacuum chamber [11]. No support helium gas was
used to produce ethanol clusters [6]. The middle part of
the flow of the ethanol vapor was selected using the skim-
mer to avoid the disintegration of clusters caused by shock-
waves. A high vacuum downstream of the vacuum cham-
ber was maintained by the differential pumping method to
avoid the disintegration of ethanol clusters caused by the
collisions with residual gases. The ethanol clusters were
ionized by the electrons emitted from the loop of a tung-
sten filament. The acceleration voltage (Ve) and current
(Ie) of the electrons for ionization were 200 V and 200
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Figure 1: Schematic view of liquid cluster ion beam apparatus.

mA, respectively. The ethanol monomers and smaller clus-
ters were eliminated by the retarding voltage method. The
retarding voltage method is based on the phenomenon that
the initial velocities of the clusters produced by the expand-
ing nozzle flow are fairly uniform, typically within 10%
[7, 12]. The ethanol clusters whose cluster sizes were ap-
proximately less than 94 were blocked by a retarding volt-
age of 27 V. The ethanol cluster ions were accelerated by
the acceleration voltage typically from 3 to 9 kV. The trans-
verse divergence of the beam was suppressed by an Einzel
lens, then the ethanol cluster ion beam was transported to
the target attached on a linear motion feedthrough. The in-
tensity of the ethanol cluster ion beam was measured using
a Faraday cup with an electron suppressor approximately
at -300 V also attached on the linear motion feedthrough.
The horizontal position of the beam was fine-tuned by an
electrostatic deflector.

Figure 2 shows a cluster size distribution of the ethanol
cluster ion beam measured by the time of flight method.
Singly charged ethanol clusters were assumed. The clus-
ter size distribution slightly depends on Ve and Ie [13].
The acceleration voltage and current of electrons for ion-
ization were 200 V and 200 mA, respectively. The ethanol
monomers and smaller clusters were eliminated by the re-
tarding voltage of 27 V. The mode, median, and full width
at half maximum (FWHM) of the cluster size distribution
of ethanol clusters produced with these parameters were
approximately 1600, 2200, and 2300, respectively. The
typical beam current density of the ethanol cluster ion beam
was approximately 290 nA/cm2.

The surface of photoresist masked silicon substrates
were irradiated with the ethanol cluster ion beam. The
mask patterns were the line patterns whose line widths
were 1.0 µm and 0.5 µm. The acceleration voltage of the
ethanol cluster ion beam was 9 kV, and the dose was 2x1016

ions/cm2. The surfaces of the silicon substrates were ob-

Figure 2: Cluster size distribution of ethanol cluster ion
beam. The Ve, Ie, and Vr were 200 V, 200 mA, and 27 V,
respectively.

served using a scanning electron microscope (SEM).

RESULTS AND DISCUSSION

Figure 3 shows SEM images of the line patterns on sil-
icon substrates produced by irradiating an ethanol clus-
ter ion beam on photoresist masked silicon surfaces. The
width of the line patterns were (a) 1.0 µm and (b) 0.5
µm, respectively. The photoresist was removed by ace-
tone treatment after the irradiation. The etch depth in the
Si(100) substrate without a photoresist mask sputtered by
the ethanol cluster ion beam produced with approximately
the same parameters as the beam parameters used in the
present experiment was reported to be approximately 0.5
µm [14]. The mask patterns of both line widths of 1.0
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Figure 3: SEM images of photoresist masked silicon sur-
face after processing by ethanol cluster ion beam tech-
nique. The width of the line patterns are (a) 1.0 µm and
(b) 0.5 µm.

µm and 0.5 µm were clearly reproduced by the irradiation
of the ethanol cluster ion beam. So, the liquid cluster ion
beam technique may be a promising processing technique
that can be applied in the semiconductor industry.

CONCLUSION

The surfaces of the photoresist masked silicon substrates
were irradiated with an ethanol cluster ion beam to exam-
ine the possibility of applying the liquid cluster ion beam
technique to the surface processing of semiconductors. The
line patterns whose line widths are 1.0 µm and 0.5 µm were
used for the mask patterns. The line patterns were clearly
etched by the irradiation of the ethanol cluster ion beam.
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