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Silicon (Si) cage clusters, i.e., Si fullerenes doped with argon (Ar) atom are formed using a Si plasma. The Si
plasma is generated by irradiation of an electron beam to a Si lump in Ar gas atmosphere. When the Ar gas pressure
is 0.08 Pa or more, the Ar plasma is also generated by the collision of the electron beam and superimposed upon the
Si plasma. The ionized Si agglutinates in the diffusion process and agglutinated Si fullerenes are deposited on a
substrate. The mass analysis of the Si fullerenes deposited on the substrate is performed using a laser-desorption
time-of-flight mass spectrometer. As a result, the mass peaks of the Si fullerenes doped with the Ar atom, i.e., Ar
encapsulated Si fullerenes are observed only under the condition that the Ar ions are generated in addition to the Si
plasma. This result suggests that the Ar ions influence the formation of the Ar encapsulated Si fullerenes.
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1. Introduction

Silicon (Si) cage clusters, i.e., Si fullerenes are
expected as one of the electronic materials for future nano-
and opto-electronics. Ab initio calculation works have
theoretically indicated that the metal encapsulated Si
fullerenes have high structural stability compared with the
case of the pure Si fullerenes [1]. In addition, several
experimental works about the formation of the metal
encapsulated Si fullerenes have been reported [2 - 7].
Furthermore, it is calculated that Si fullerenes have
advantageous characteristics, such as wide band gap and
luminescence in an optical region [1]. Therefore, they can
be applied to semiconductor and light emitting devices.
However, the reports on the formation of the Si fullerenes
are still few, and the encapsulated materials are limited to
metal atoms [2 - 7]. In the case of carbon fullerenes such as
Ceo and Cq, on the other hand, not only the metal atoms
but also noble gas atoms can be doped into carbon
fullerenes [8 - 10], and the noble gas-atom encapsulated
Cgo has an improved property in the superconductivity
compared with the case of pristine Cg [10]. On the basis of
these results, in this study, we are trying to form gas-atom
encapsulated Si fullerenes using a Si plasma. Since the gas
atoms are easily ionized and a large amount of gas ions can
affect the formation of the Si fullerenes, the high efficient
formation of the atom encapsulated Si fullerenes is
expected when suitable plasma technology is adopted for
that purpose. Therefore, it is desired to develop a method
for the formation of the Si fullerenes including the gas
atoms in their cages.
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In our experiment, the Si plasma is generated by
irradiation of a high-energy electron beam to a Si lump in
the solid phase [11]. To synthesize the Si fullerenes, an
argon (Ar) plasma is also generated by the collision of the
electron beam and superimposed upon the Si plasma. The
ionized Si agglutinates and becomes cage-shaped clusters
in the diffusion process. As a result, Ar atoms are
encapsulated into the cage of Si fullerenes.
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Fig.1  Schematic diagram of experimental setup.
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Fig.2  Principle of EB gun.

2. Experimental Apparatus

A schematic of experimental apparatus is shown in
Fig. 1. The Si lump is set in a water-cooled copper crucible
located at the axial position of z =0 cm, and Si atoms from
the lump are evaporated and ionized using an electron
beam gun (EB gun; ANELVA, 980-7300). The EB gun can
easily evaporate and ionize the Si which is a high boiling
point material. Plasma parameters are measured by a
Langmuir probe installed at z = 1 - 4 cm. A stainless
substrate is set at z =4 cm and electrically floated. The Si
clusters that are formed during experiments are deposited
on the substrate.

Figure 2 shows a principle of the EB gun. Thermionic
electrons are emitted from a tungsten filament which is
heated by applying an alternating-current power. The
emitted thermionic electrons are accelerated by an electric
field and deflected in a magnetic field by Lorentz force.
The deflected electrons are irradiated toward the Si lump
set in the copper crucible. Then, the Si is evaporated and
ionized by the collision of the high-energy electron beam
(4 -5keV).

The experimental
background gas pressure P~ 10™ Pa, Ar gas pressure Py, =
0 - 0.5 Pa, electron acceleration voltage of EB gun Vg =
4 - 5 kV and electron emission current of the EB gun /gg =
25 - 150 mA, which can determine the amount of Si
evaporation.

The mass analysis of Si clusters deposited on the
substrate is performed wusing a laser-desorption
time-of-flight mass spectrometer (LD-TOF-MS; Shimadzu,
AXIMA-CFR+). The Si clusters are detected as negative
ions (negative ion mode) in LD-TOF-MS. Here, the
deposited Si clusters are once taken out of the vacuum
chamber, and are transferred to LD-TOF-MS.

conditions are as follows:
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Fig.3  Electron density n, as a function of electron

beam current /g (a) for Py, = 0 Pa, and (b) for
Px=0.1 Pa, where z=1 cm and Vgg =4 kV.
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Fig4  Electron density n. as a function of Ar gas
pressure Py, for Vig = 5 kV, Igg = 50 mA,

andz=4 cm.

3. Experimental Results

Figure 3 shows the electron density #, as a function of
electron beam current /g (a) for P, = 0 Pa and (b) for Py,
= 0.1 Pa, which is measured at z = 1 cm for Vgg = 4 kV.
Since the Ar gas is absent under the condition in Fig. 3(a),
the electron density denotes the Si ion density. The Si ion
density gradually increases with an increase in Igp,
suggesting that the electron beam can evaporate and ionize
Si, and the Si plasma is easily generated using the electron
beam gun. In the case that the Ar gas is introduced, on the
other hand, the electron density is larger than the case that
Ar gas is absent, and increases with an increase in /g [Fig.
3(b)]. This is because the Ar plasma is generated by
collisions of the electron beam with the Ar gas atoms.
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Fig.5 LD-TOF mass spectra of the Si clusters deposited on the substrate, which are produced by (a) the pure Si
plasma for Vgg =4 kV, Igg= 100 mA, P, = 0 Pa, and deposition time # = 10 min, and (b) the Si—Ar plasma
for Vgg =4 kV, Igg= 100 mA, P,,= 0.3 Pa, and 7= 10 min. The inset shows the magnification of the mass
spectra in the range of 250-600 m/z.
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Fig.6 LD-TOF mass spectra of the Si fullerenes with Ar gas pressure Py, as a parameter for Vgg =5 kV, Igg=

50 mA, and ¢ = 10 min. (a) Ps, = 0 Pa, (b) Pa, = 0.05 Pa, (c) Pa,= 0.08 Pa, (d) Po,= 0.1 Pa, (€) Pa,=
0.3 Pa, and (f) PA,=0.5 Pa.
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Figure 4 displays the electron density #. as a function
of Py, for Veg = 5 kV, Igg = 50 mA, and z = 4 cm. It is
found that #, drastically increases when Pa, exceeds about
0.06 Pa. This change of n, represents the generation of the
Si and Ar plasmas. For P4, < 0.08 Pa, only the Si plasma is
generated. Under the condition P, > 0.08 Pa, the Ar
plasma starts to be generated. With increasing Py,
collisions of the electron beam with the Ar gas atoms
increase, and the Ar ions are more generated.

Figure 5 gives typical LD-TOF mass spectra of the Si
clusters deposited on the substrate, which are formed by (a)
the pure Si plasma for Vg = 4 kV, Igg = 100 mA, P, =0
Pa, and deposition time 7 = 10 min, and (b) the Si-Ar
plasma for Vgg =4 KV, Igg = 100 mA, Py, = 0.3 Pa, and ¢ =
10 min. In the case of using the pure Si plasma [Fig. 5(a)],
the mass peaks of the Si nano-clusters Si, withn =1 - 10
are clearly observed every 28 m/z, which are labeled by
closed circles. In the case of using the Si—Ar plasma [Fig.
5(b)], on the other hand, the Si clusters having mass
numbers larger than the pure Si nano-clusters by 40 m/z
are observed in the high mass number region in addition to
the pure Si nano-clusters Si, (n = 1 — 13). This mass
number shift is considered to be attributed to the addition
of Ar to the Si clusters [11]. The mass peaks of the Si
clusters doped with Ar atom (ArSi,; n = 8 — 20) are labeled
by the closed squares. The Si clusters doped with Ar atom
formed in this experiment consist of Si atoms more than
eight. And, it is predicted that the Si cluster composed of
eight atoms or more has the cage structure. Based on there
results, it is thought that ArSi, (n > 8) has the cage
structure, in other words, ArSi, may be Ar encapsulated Si
fullerenes (Ar@Si,).

Figure 6 shows LD-TOF mass spectra of the Si
fullerenes doped with Ar atom with Py, as a parameter for
Veg = 5 kV, Igg = 50 mA, and ¢ = 10 min. In all the cases,
the pure Si nano-clusters are formed in the same manner as
the case of P,, = 0 Pa as shown in Fig. 5(a). When we
focus on the Ar@Si,, the mass peaks of Ar@Si, are
observed in the case of P, > 0.08 Pa, where the Si-Ar
plasma is generated as shown in Fig. 4. However, in the
case of Pa; < 0.08 Pa where the Ar plasma is not generated,
the mass peaks of Ar@Si, are not observed.

Figure 7 shows the mass peak intensity ratio of
Ar@Si, to Si, as a function of P,,. The mass peak intensity
ratio Ar@Si,/Si, is calculated in the following formula:

Ar@Si, _Ar@Sis + Ar@Sig +-+ Ar@Siyy | o
si, i+ Siy +--+Siy '

The mass peak intensity ratio Ar@Si,/Si, increases with an
increase in Pa,. As shown in Fig. 4, there exists the
threshold that the Ar plasma begins to be generated
between Pa, = 0.06 Pa and 0.08 Pa, and additionally, the Ar
ion density gradually increases with an increase in P,
This situation accords with Figs. 6 and 7. These results
suggest the possibility that existence of the Ar ions near the
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Fig.7  Mass peak intensity ratio of Ar@Si, for Si,

as a function of Pj,.

Si plasma source enhances the formation of the Si cage
clusters doped with Ar atom, namely, Ar encapsulated Si
fullerenes.

4. Conclusions

When a Si plasma is generated by a high-energy
electron beam, the silicon nano-clusters (Si,; n =1 — 13)
are found to be formed from a solid Si source. Furthermore,
when Ar ions are generated in addition to the Si plasma,
the Si cage clusters doped with Ar atom, ie., Ar
encapsulated Si fullerenes (Ar@Si,; n = 8§ — 20) are
demonstrated to be formed. Ar@Si, begins to be formed
when the Ar gas pressure exceeds 0.06 Pa, which
corresponds to the threshold that the Ar plasma starts to be
generated. In addition, the intensity of the mass peaks of
Ar@Si, increases with an increase in Py
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