Eur. Phys. J. D 9, 571-573 (1999)

THE EUROPEAN
PHYSICAL JOURNAL D

EDP Sciences
© Societa Italiana di Fisica
Springer-Verlag 1999

Hydrogenated silicon clusters for deposition on solid surfaces

M.O. Watanabe!, N. Uchida?, and T. Kanayama??

! Joint Research Center for Atom Technology (JRCAT) — Angstrom Technology Partnership, 1-1-4 Higashi,

Tsukuba 305-0046, Japan

2 JRCAT - National Institute for Advanced Interdisciplinary Research, 1-1-4 Higashi, Tsukuba 305-8562, Japan

Received: 1 September 1998 / Received in final form: 20 October 1998

Abstract. We have investigated formation characteristics of stable hydrogenated Si cluster ions, SinHy , for
deposition on solid substrates. The Si, HF clusters were grown from silane gas in an ion trap developed for
cluster growth, and transported to the solid substrate through an electrostatic quadrupole deflector. Several
kinds of the clusters (n =4 — 10) were grown and transported to the solid substrate. Among them, Si6H1+3

had the largest population under the optimized conditions. When the Sing—3 cluster ion beam was focused
to less than 3 mm in diameter on the solid substrate with a deposition energy of 3 €V/Si atom, the beam
current obtained was more than 30 pA, which is in the range useful for observation of cluster adsorption

structures on solid surfaces.

PACS. 36.40.Qv Stability and fragmentation of clusters — 36.40.Wa Charged clusters — 61.46.+w Clusters,

nanoparticles, and nanocrystalline materials

1 Introduction

Atomic semiconductor clusters have been a subject of in-
tense basic and applied research because of interest in the
fundamental characteristics with the cluster size and their
structures [1]. Silicon atomic clusters are the most import-
ant, since Si is the most useful material in microelectron-
ics. Owing to the continuous push to smaller features in
semiconductor devices, it is clearly desirable to know how
the properties of Si crystals change as the sizes approach
atomic scales. From this point of view, it is especially im-
portant to deposit well-defined clusters on solid surfaces
and investigate the resulting structures and properties.
The deposited clusters can also be used as nanodevices in
suitable technological applications.

Silicon atomic clusters are known to have entirely dif-
ferent structures from the bulk-like sp3 bonding: so-called
compact structures [2—4]. This arises from the fact that
the bulk-like structure inherently results in the presence of
many dangling bonds, making it inadequate to use Si clus-
ters to investigate how the properties vary with the size.
The addition of hydrogen atoms has restored the sp® na-
ture [5], allowing one to examine genuine dependence on
the cluster size, if hydrogenated Si clusters with identified
structures can be prepared.

We have developed an ultrahigh vacuum (UHV) sys-
tem for growth of hydrogenated Si clusters and their de-
position on solid surfaces [6, 7]. This allows us to deposit
well-defined hydrogenated Si clusters on Si surfaces. In this
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paper, we investigate which kinds of hydrogenated Si clus-
ters can be grown and transported on solid surfaces using
this system. We also show that a flux of the clusters suffi-
cient for deposition can be obtained by optimization of the
growth conditions.

2 Experimental details

The developed system for cluster growth and deposition
is shown in Fig. 1. It consists of three chambers; a clus-
ter growth chamber equipped with a quadrupole ion trap
for selective cluster growth in a low-pressure gas phase [8],
a mass selection chamber containing a quadrupole mass
filter, and a cluster deposition chamber, which installs an
electrostatic quadrupole deflector [9].

Only a basic outline of the cluster growth technique is
given here, since the details have already been reported
elsewhere [5—8,10]. The role of the ion trap is to ac-
cept ions with a wide range of mass values, allowing con-
fined ions to react with gaseous species to grow to cluster
ions under controlled conditions. Hydrogenated Si clus-
ter cations, Si,H}, were grown from silane (SiHy) gas in
the ion trap in the presence of Hy gas [6]. A dc bias volt-
age of —3V and ac voltages between 50 and 190 V with
frequencies between 500 and 920 kHz were applied to the
quadrupole of the ion trap. The SiH, pressure was fixed
to be at 107° Pa and the Hy pressure was regulated at
1072 Pa. These are the optimized pressures to generate
SigH; clusters efficiently [6,7]. with electrons of 200 V.
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Fig. 1. A schematic diagram of the growth and deposition sys-
tem of cluster ions.

The SiH;r ions generated were confined in the ion trap and
were allowed to grow to SinHI clusters.

The Si, H; ions grown to a predetermined mass were
automatically extracted from the ion trap through the in-
side of the quadrupole [10, 11] and injected as an ion beam
into the mass-selection chamber, where the ions could be
further mass-selected by a mass filter. The mass-selected
cluster ions were focused and injected into the deposition
chamber. Then they were deflected by +90° at a higher
kinetic energy, 200eV, to get rid of neutral species ef-
fusing from the ion trap. The deflection angle was con-
trolled with the voltages applied to the quadrupole de-
flector. The ion beam, deflected by 90°, was decelerated
to a final deposition energy between 0.1 and 50 eV /atom
and focused on the substrate surface. The ion beam de-
flected by —90°, in the opposite direction, was similarly
decelerated, and the mass distribution was measured by
a quadrupole mass spectrometer, as shown by a dotted
curve in Fig. 1. The measured mass distribution should be
identical with that at the substrate position. The substrate
samples, on which the clusters had been deposited, were
transferred in UHV to the Scanning Tunneling Microscopy
(STM) chamber connected to the deposition chamber. The
background pressure in the growth chamber and the depo-
sition chamber was about 1.0 x 10~7 Pa and 1.0 x 1072 Pa,
respectively.

3 Results and discussion

The mass distribution of the deflected Si,H; ion beam
was measured for n =1 — 10. For this purpose, the clus-
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Fig. 2. Mass spectrum of SipHF (n =4 —10) measured by
a mass spectrometer installed after the quadrupole deflector
(see Fig. 1). Each section of the spectrum for different values of
n was measured by tuning of the trap parameters for respective
values of n.

ters with mass m were extracted from the ion trap by
the tuning of the ac frequency w, and their amplitude,
Vacy a8 w?/Vae ccm [10,11]. The typical mass spectrum
for the clusters (n = 14) is shown in Fig. 2. Although the
Si, HY spectrum showed many peaks, several distinct and
reproducible peaks were observed at SisHi', SigH™, SigH
SigH{3, SisH7 , and SigH{,. Among them, the highest peak
for n = 4 was always at n = 6 and = 13 under the growth
conditions adopted here, as clearly seen in Fig. 2. This
result is similar to that for Si,H} clusters growing in
the ion trap [5], indicating that the clusters were trans-
ported to the solid substrate without their structures being
changed. The formation energy and the stable structure
of SigH, ions were theoretically calculated [12,13]. The
results showed that the SigHj; has the largest formation
energy among SigH clusters, predicting that the SiGHT3 is
the most stable. Thus, good agreement between the experi-
mental and calculated results was obtained. The calcula-
tion also showed that SigHJ; has a bulk-like ring structure
with sp® bonding, in which an additional H atom occupies
a center position between two Si atoms.

We shall confine ourselves to the SigHj; clusters for de-
position. The mass spectrum of the beam ejected from the
trap was measured under a condition in which the ion trap
parameters were tuned for SigH{; clusters, and no further
mass selection was performed in the mass filter. The re-
sult is shown around SigH{; in Fig. 3, where it is clear that
the SigH{; clusters (m = 181) are dominant. The signal at
m = 180 is a tail of the signal at m = 181, owing to the reso-
lution of the quadrupole mass spectrometer. The signals of
the mass spectrum outside the indicated region (m < 168,
m > 195) were at noise level. The fraction of SigH{; in
the total ion beam at the solid substrate was estimated to
be 0.90, which is high enough for deposition purposes, al-
though the ion beam was not mass-selected.

The SigH{; clusters obtained under the same conditions
as in Fig. 3 were deposited on Si(111) substrates with a de-
position energy of 18 V. The deposition energy of 18 eV
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Fig. 3. Mass spectrum of SigH7 clusters. The data were ob-
tained under the conditions where the trap parameters were
tuned for Sig;Hi"3 ions.
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Fig. 4. Time dependence of Si6H1+3 ion beam current measured
at the substrate position.

is expected to result in nondestructive landing of the clus-
ters on the surface. The effect of deposition energy was
examined for metal clusters [14], and it is accepted that the
deposition is nondestructive with the energy of 1 €V /atom
or less. The deposition energy of 18 eV corresponding to
3 eV /Si atom for SigH}; was selected, since the SigH{; clus-
ter consists of stable sp® bonding and is expected to be
more stable than metal clusters.

Figure 4 shows the obtained ion beam current, as
a function of time, lasting for five hours. The current
was 11 pA when the deposition started, and gradually in-
creased to saturation current around 36 pA. The total
amount deposited on the substrate was 3.5 x 102 clusters,
if the sticking coefficient was 1.0. The beam shape was ob-
served by the multichannel plate with a phosphorescent
screen, which was set behind the sample substrate, show-
ing that the beam spot was an ellipse with 3 mm and 5 mm
diameters. Accordingly, the deposited area on the sample
surface was estimated to be 0.12 cm? or less, because the
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beam was focused on the sample surface. Thus, the clus-
ter density deposited with the run shown in Fig. 4 was
estimated to be higher than 3.0 x 1013 clusters/cm?. This
corresponds to a density higher than 1.9 clusters/(7 x 7)
unit cell of Si(111) surfaces [15], which is sufficient for STM
observation.

4 Summary

We have examined characteristics of Si,H} cluster ion
beams obtained from the ion trap for deposition on solid
surfaces. The clusters were grown from SiH, gas in a low-
pressure gas phase in the ion trap and were transported
to a solid substrate after 90° adjustment by a deflector.
The mass spectrum of Si,H (n =4—10) was measured
by a mass spectrometer at a position corresponding to the
sample substrate, and several peaks were observed. The
highest peak was always for Sie,Hf'g, with a ring structure
consisting of the bulk-like sp® bonding. The SigH;; clusters
were selected and deposited on Si(111) with a deposition
energy of 18 eV, and the deposition current was more than
30 pA.
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