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Growth of hydrogenated Si clusters using a quadrupole ion trap
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For the purpose of formation of nanoclusters with a definite atomic structure, a new electrical trapping
technique of charged particles has been developed, which allows us to confine, grow and mass-selectively extract
cluster jons. In the trap, SiH," clusters were grown from dilute silane gas, where trapped SiH," ions were
allowed to react with neutral silane molecules or radicals. The mass spectra were measured for n=1-10 and several
particularly stable compositions were observed, including the compact structures with less H atoms and the
bulk-like tetrahedrally coordinated structures with H-terminated dangling bonds.

1. INTRODUCTION

The electromagnetic trapping technique of charged
particles [1-3] may have profound potential for
material processing. While it has already been used
for observation of reactions of confined ions with
neutral molecules [4-10], no particular method has
ever been proposed specifically for the purpose of
preparation of well defined clusters. To this end, we
have developed a new type of ion trap aiming at
growth of nanometric composite clusters under
controlled conditions [11]. Here we describe the
principle of our trap/growth equipment and discuss
results of our growth experiments of Si,H," clusters
starting from SiH, [12].

2. ION TRAP

The basic structure of our ion trap [11] is shown
in Fig.1. The purpose of this equipment is to
confine ions in a definite region and grow them by
supplying neutral atoms or molecules until the mass
reaches a predetermined value. The main part is a set
of linear quadrupole, whose role is to hold ions with a
wide range of mass values in the outside region
surrounding it. The ion is trapped by the electrostatic
force from the dc voltage V,, applied commonly to
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the electrodes. The quadrupole field generated from
the ac voltage V', acts as a repulsive force to the ion,
when time averaged [13]. The balanced position of
the repulsive force and the dc attractive force 7,
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Figure 1. Schematic structure of the present ion

trap. Ions are frapped around a set of quadrupole
electrodes, to which ac voltages of opposite phases
with a common dc bias are connected. The trapping
region is defined by wrapping the quadrupole by the
cage at the ground potential.



depends on the ion mass m, as

ro - (anC2/mw2VdC)l/6 2 (1)
where g is the ion charge and @ is the angular
frequency of the ac. The equation of motion in the
above field is characterized by the dimensionless
parameter k

k - (Vacmwz/qucz)V3 ’ (2)
and our numerical simulation [11] indicated that the
trapping motion is stable if k¥ > 10. These relations
ensure that the trap can confine particles with a wide
range of mass values. Furthermore, as the particle
gets heavier, its position comes near to the
electrodes. Thus it is possible to pull out the particle
mass-selectively into the internal region and finish
the growth.

The above features were verified by trapping
experiments of inert gas ions. The quadrupole used
consisted of four cylinders with 1 cm diameter, to
which ac voltages of ~100 kHz were connected with
a common dc bias of —1-5 V. Figure 2 shows that
the trap can confine ions with largely different
masses such as Xe' and He' for several seconds
without the need for adjusting the parameters. It has
also been experimentally verified that the present trap
has the ability to extract the ions mass-selectively
through the internal region of the quadrupole. For
this purpose, the ion channel was made between the
external and the internal regions by cutting the
quadrupole at the three quarter length, while in Fig.1
the guadrupole penetrates through the ground cage.
The ion can enter into the internal region through the
cut end only when it has a mass larger than a specific
value determined by the ac voltage and frequency.
Thus, this feature allows us to selectively pick up
clusters grown to a predetermined mass by funing ©
with keeping other ions confined in the extemal
region.

3. GROWTH OF Si,H,' CLUSTERS

We have applied the above trapping technique to
formation of hydrogenated Si clusters. As a source
material, SiH, gas of ~10™ Pa and He buffer of ~10°
Pa were introduced into the trapping region and
irradiated with electrons of 100 eV for ~1s. The
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Figure 2. Results of trapping experiments of Xe and
He ions. Ions are produced in the trapping region by
the pulsed electron beam and counted through the
extraction electrode after a predetermined trapping
time. The number of ions extracted from the trap is
plotied against the time interval between the
ionization and the extraction. Values of 1/e lifetime
T are also shown.

SiH," ions generated were confined in the trap and
allowed to grow to SiH," through reaction with
neutral SiH, radicals which were also formed by the
electron irradiation.  After being oonfined for
additional interval of ~0.1 s from the electron
irradiation, produced clusters were extracted from the
trap and were analyzed by a quadrupole mass
spectrometer. In the trap, confined ions are vibrated
by the ac trapping field and the resultant vibration
energy of ~1 eV partly turns into the internal energy
of the ions through ocollisions with ambient He
atoms. Consequently, trapped ions always receive
some annealing effect.

Mass spectra of formed Si,H,” (» =1-7) clusters
are shown in Fig.3. It is seen that when the
trapping time is increased from 10 to 100 ms, the
population of the hexamer ions grows up while that
of the monomer almost disappears. This shows that
the growth reaction proceeds in this time range. In
contrast, no cluster formation was observed unless
the trap was operated. This is because the reactant
density is very low in the present experiment and the
ions are lost before the growth reactions occur.
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Figure 3. Histogram showing the product
distributions for Si,H,” (n =1-7) clusters for holding
time of 10 ms (upper) and 100 ms (lower). Two
peaks are seen at SisH,," and SigH,;’, indicating that
these clusters are particularly stable. Their structures
are inferred from the compositions to be the
fiveemembered and the six-membered rings
consisting of SiH,, as shown in the inset.

The observed mass distribution is not uniform
but characterized by peaks at the several mass
values. The most prominent one is at SigH,; 15 in
the figure, indicating that this cluster ion is
particularly stable. The observed composition
suggests that the SigH,," cluster has the form of a
six-membered ring consisting of SiH,, as shown in
the inset. In addition to the hexamer, the second
largest is SigH,,’, the structure of which is also
inferred 1o be a SiH, ring. Although formation of
SiH, clusters are frequently observed in silane
plasmas and their mass spectra were discussed by
several authors [14-20], no particular preference has
been observed in the hydrogen content x, We believe
that the reason why only the stable structures survive
in the present experiment is due to the annealing
effect mentioned above [12].

398

400
350
300
250
200
150
100

50

1 11T LI L LA I A R

SigHy ]

%@%@%@a@%

T 11 rrrrtrrr & 1711 T

NN

4 o ARy

140
120
100
80
60
40
20

Y

T

Counts

200

LRt it (e S S I e SRR AN S B L N BN B R BN B N B B

Si1oHx -
w

150

100

50

Eammm 11 A4 ZLZ Ll
0 5 10 15 20
Number of H Atoms x

Figure 4. Mass spectra for SiH," (» =8-10)
clusters. While the spectrum is widely spread for n
=8, it shrinks to two peaks when n goes up through
9 to 10. This indicates that there are two stable
structures for n =10: one containing 12-17 H atoms
and the other with 0-4.

We observed intriguing features in mass spectra
for Si,H," (n =8-10) clusters shown in Fig.4. While
the spectrum is widely spread for n =8, it shrinks to
two peaks when n goes up through 9 to 10. This
indicates that there are two different kinds of stable
structures for n =10: one with x =0-4 and the other
with x =12-17. The one with a smaller number of H
atoms probably has the compact structure
theoretically predicted [21-23] for Siy, clusters,
shown in Fig.5 (). This structure maximizes the
coordination number of Si atoms to reduce the
dangling bonds within an energetic allowance.
Interestingly, the second composition of x =12-17
coincides with the bulk fragment structure shown in



(b)

Figure 5. Possible structures for Si,H,. The
compact structures on the left-hand side (@) are
predicted for Si,, without H atoms by theoretical
studies [21,22]. The one on the right-hand side (b) is
abulk fragment of the diamond structure with 16 H
atoms on the periphery.

Fig.5 (b). In the bulk-like diamond structure, ten
atoms form three intersecting six-membered rings.
When this structure is cut out from the bulk, there
remain 16 dangling bonds and this number of H
atoms are required to terminate them. We attribute
the peak at x =12-17 to this hydrogen terminated
bulk-fragment structure.

4. CONCLUSION

Hydrogenated Si clusters were grown in a
quadrupole ion trap recently developed for this
purpose, resulting in several characteristic stable
compositions. Their structures are inferred to be the
compact structures with less H atoms and the
bulk-like tetrahedrally coordinated structures with
H-terminated dangling bonds. We believe that these
results confirm the validity of the present trap as a
cradle for nanostructure formation.
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