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Abstract. We present results of scanning tunneling spectroscopy (STS) measurements of hydrogen-
saturated silicon clusters islands formed on Si(111)-(7 × 7) surfaces. Nanometer-size islands of Si6H12

with a height of 0.2-4 nm were assembled with a scanning tunneling microscope (STM) using a tip-to-
sample voltage larger than 3 V. STS spectra of Si6H12 cluster islands show characteristic peaks originating
in resonance tunneling through discrete states of the clusters. The peak positions change little with is-
land height, while the peak width shows a tendency of narrowing for the tall islands. The peak narrowing
is interpreted as increase of lifetime of electron trapped at the cluster states. The lifetime was as short
as 10−13 s resulting from interaction with the dangling bonds of surface atoms, which prevents charge
accumulation at the cluster islands.

PACS. 61.16.Ch Scanning probe microscopy: scanning tunneling, atomic force, scanning optical, magnetic
force, etc. – 61.46.+w Nanoscale materials clusters, nanoparticles, nanotubes and nanocrystals – 36.40.Cg
Electronic and magnetic properties of clusters – 73.50.-h Electronic transport phenomena in thin films

1 Introduction

Charge transport in nanostructures is of fundamental im-
portance in physics and electronics. In particular, trans-
port of electrons in individual molecular structures and
nanocrystals is affected by quantum phenomena such as
size quantization and Coulomb blockade yielding new op-
eration principles of nanometer-scale devices. For exam-
ple, it has been demonstrated that a layer of conjugated
organic molecules placed between two metal electrodes has
diode-like electronic characteristics originating in the spa-
tial asymmetry of the molecule structure [1,2]. In the same
way, gold nanocrystals of 5.8 nm diameter linked to metal
leads have shown oscillations in tunneling conductance
originating in Coulomb interaction of transit electrons
with a charge trapped in the nanocrystal [3,4]. These re-
sults, on one hand, have stimulated activities to fabricate
electronic devices using molecules as active components
[5–7]. On the other hand, electron transport through indi-
vidual nanostructures has extensively been studied from
theoretical point of view, demonstrating its sensitivity to
coupling between the molecule and the substrate [8,9].
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Recently, significant interest has been addressing to
small semiconductor clusters since their physical proper-
ties are widely tunable with size, structure and composi-
tion. A cluster growth technique [10,11] providing com-
position control and size selection of clusters allows us to
study hydrogenated silicon clusters SinHx (n = 3−8) as-
sembled on solid surfaces. We have already reported that
hydrogen-saturated silicon cluster cations Si6H+

13 were
generated in an ion trap and deposited on Si substrates
[12]. The Si6H+

13 cations were converted on the surface to
the neutral Si6H12 structure and were partially ordered
at surface steps and domain boundaries [12,13]. Scan-
ning tunneling spectroscopy (STS) of an isolated cluster
showed characteristic peaks corresponding to resonance
tunneling in discrete states of the cluster broadened by
interaction with the dangling-bonds of surface atoms [13].

In this paper we present scanning tunneling spec-
troscopy study of Si6H12 islands prepared on Si(111)-
(7× 7) surfaces. These islands were precisely formed with
a scanning tunneling microscope (STM). Tunneling spec-
troscopy of the prepared islands shows variation in elec-
tron transport through cluster nanostructures with their
height when the height is smaller than ∼ 1 nm.
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Fig. 1. An STM image (80 × 80 nm2, −1.7 V, 0.12 nA) of
three assembled islands consisting of Si6H12 clusters on the
Si(111)-(7 × 7) surface. The assembling was performed while
keeping the bias voltage at −3 V with the tunneling current of
0.12 nA. For duration of ∼ 4 s, ∼ 6 s and ∼ 12 s the islands
were grown to the apparent height of 0.21 (at the top), 0.34 (on
the left-hand side) and 0.52 nm (at the bottom) corresponding
to apparently 1, 2 and 3 cluster layers, respectively.

2 Experiment

The Si6H12 clusters were synthesized using the cluster-
ion growth technique and the deposition equipment de-
scribed previously [10,12]. Hydrogen-saturated Si cluster
cations Si6H+

13 were grown from silane (SiH4) gas with
H2 ambient gas in an ion trap through reaction between
SiH+

x ions and radicals. Thus prepared cluster cations were
mass-selectively ejected as an ion beam with kinetic en-
ergy of 18± 1 eV. The beam energy was reduced to 6 and
12 eV by applying retarding voltages to the substrate in
order to achieved non-destructive deposition of the clus-
ters. Clean Si(111)-(7× 7) surfaces prepared from Si(111)
wafers (n-type, 0.001 Ω cm, arsenic doped) were exposed
to the cluster-ion beam at room temperature (RT). The
cluster density of 2 × 1011-2 × 1012 cm−2 was achieved
for the cluster beam current of 4-20 pA. The cluster as-
sembling and characterizations were performed at residual
pressure of ∼ 5 × 10−9 Pa with an STM operating at RT
in the constant current mode with tunnel currents of 0.1-
0.5 nA. We used W(111) tips having the radii less than
10 nm which were treated in situ with field-ion microscopy.

3 Island formation

Nanometer-scale islands of the deposited clusters were
prepared by assembling the clusters with STM tips using
the tip-to-sample bias voltage exceeding 3 V. At the bias
voltage below 3 V the deposited clusters remained station-
ary [13]. When observed with low voltages, the clusters ap-
peared as bright circular protrusions and were randomly
distributed along the surface, statistically, preferring to
stay in faulted halves of the (7 × 7) unit cell. Beyond the

Fig. 2. A high-resolution STM image (16 × 11 nm2, −1.5 V,
0.2 nA) of an island consisting of six Si6H12 clusters. The island
was prepared at the sample bias of −3 V on the surface with the
cluster density of ∼ 1012 cm−2. The crosses indicate the cluster
positions. The clusters are separated by ∼ 1 nm distance.

threshold of 3 V the cluster became mobile and accumu-
lated at the tip position. Fig. 1 shows an STM image of
three assembled islands consisting of Si6H12 clusters on
the Si(111)-(7×7) surface. The small island (in the upper-
center) were formed in ∼ 4 s to a size of ∼ 5 nm diameter
and 0.21 nm height. The largest one was grown in ∼ 12 s
to a height of ∼ 0.52 nm. The cluster islands were com-
posed of individual clusters separated by ∼ 1 nm distance
as shown in Fig. 2.

The islands were prepared at both polarities of the
bias voltage. The threshold voltages for cluster assembling
were about −3 V and +3 V. The lack in polarity depen-
dence suggests that the clusters are neutral on the sur-
face in contrast to the situation that charged Cs atoms on
GaAs(110) surfaces were agglomerated with STM only at
positive sample bias [14]. The fact that individual clusters
in the small islands are resolved (see Fig. 2) with separa-
tion as close as 1 nm also indicates the agglomeration of
neutral clusters. Agglomeration of neutral clusters agrees
with neutralization of the cluster ions on the surface by
losing one hydrogen atom reported previously [13].

The islands with a height of 0.2-4 nm were prepared
consisting of apparently 1 to ∼ 10 cluster layers since the
calculated height of the Si6H12 is 0.384 nm [15]. The true
height of the islands is difficult to determine from topo-
graphical data since the tip movement represents distri-
bution of electron density at the surface and is sensitive
to the electron states of the cluster. In order to get com-
parable STS data we measured the height of the cluster
islands from the dangling bonds of the adatoms at −1.7 V
and the tunneling resistance of 8-12 GΩ.

4 Tunneling spectroscopy

Figure 3 shows the STS spectra observed over prepared
islands. Spectroscopy data were acquired while keeping
the tip position fixed directly over the top of the islands.
In order to avoid the cluster displacement at the large
bias voltage, the I-V spectra were measured within the
range of −2 · · · + 2 V at the tunneling resistance of 8-
12 GΩ. The conductance spectrum (I/V ) for each island
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Fig. 3. STS spectra over assembled islands with a height of
0.21 (a), 0.52 (b) and ∼ 4 nm (c). The characteristic peaks
at about +1.8 V (filled circules), +1.3 V (open triangles) and
−1.2 V (filled triangles) are indicated. The tunneling resictance
was 12 GΩ.

Fig. 4. Energy of characteristic peaks observed in STS spectra
at about +1.8 V (filled circules), +1.3 V (open triangles) and
−1.2 V (filled triangles) plotted as a function of Si6H12 island
height. The peak energy was determined by fitting STS spectra
with Lorentzian functions. The dashed lines are eyeguides.

was fitted to an exponential function, and the differential
conductance (dI/dV ) was normalized by the (I/V ) fitted
function. As is conventional to semiconductor surfaces, the
(dI/dV )/(I/V ) spectrum reflects density of states for sin-
gle electron tunneling, identifying electronic structure of
an adsorbate. We see peaks in the STS spectra at about
+1.8 V, +1.3 V (empty states) and about −1.2 V (filled
states). These peaks were observed in every STS spectrum
of the prepared islands, suggesting to be characteristic for
the cluster nanostructures.

In order to determine the peak position E0 and the
peak width Γ , we fitted the peak by a Lorentzian func-
tion (A0/[(E−E0)2 +Γ 2]), where A0 is a constant, as was
employed in resonance tunneling spectroscopy of atoms
adsorbed on metal surfaces [16]. Fig. 4 shows the peak en-
ergy plotted as a function of the island height. The char-
acteristic peaks shifted little with the island height. As
the similar peaks in STS spectra were observed over the
isolated Si6H12 clusters, this observation indicates that
the assembled clusters preserved their original electronic
states even when assembled.

Fig. 5 shows change of the peak widths as a function
of island height. For small islands the peak width varies
from 0.2 to ∼ 1.2 eV. The peak width observed is larger
than the thermal broadening of ∼ 5.4 kT (∼ 140 meV)
and, thus corresponds to lifetime broadening of the cluster
state [4,16]. The lifetime of electrons at the cluster state
is given by τ = h/Γ , where h is the Plank constant. For
small islands the lifetime is on the order of 10−13-10−14 s.

The effect of lifetime broadening on atomic levels is
well known for resonance tunneling of field-emitted elec-
trons through adsorbates in proximity to a metal surface.
For example, the atomic levels of Zr and Ba atoms ad-
sorbed on the W(111) surface was broadened to ∼ 1 eV
resulting from interaction with the continuum of metal
states [17,18]. In the case of the Si6H12 clusters adsorbed
on the Si(111)-(7× 7) surface, the lifetime broadening oc-
curs owing to interaction with underlying dangling bonds
of the surface atoms. Considering different adsorption sites
of the clusters in the (7 × 7) unit cell [13], the cluster-
surface interaction is position-dependent, thus leading to
change of the electron lifetime with the adsorption site.

For multi-layer islands the peaks become narrower as
seen in Fig. 5. The peak narrowing with island height is
interpreted as increase in electron lifetime. The interac-
tion with the surface dangling bonds decreases with the
distance from the surface and becomes less effective above
∼ 0.6 nm (see Fig. 5), thus increasing the electron lifetime
in a cluster state. Dependence of excited molecule lifetimes
on distance from a conductive surface has been reported
in the literature [19,20]. For example, for C60 molecules
separated from the gold substrate by alkanethiol layers,
the lifetime showed the cube dependence on the sepa-
ration distance, and was ∼ 4.2 × 10−11 s for ∼ 1.2 nm
distance [20]. For pyrene molecules separeted from the
Si(111) surface by Xe spacer layers of ∼ 1.7 nm thick,
it was ∼ 3 × 10−9 s [19]. In the present case, the cluster-
surface distance is as small as 0.2-0.6 nm resulting in the
shorter lifetime (∼ 10−13 s). In our experiments deter-
mination of the electron lifetime was done only for small
islands when the peak width was larger than the ther-
mal broadening limit (∼ 140 meV). Even for the islands
of ∼ 0.6 nm thick, the electron lifetime is three orders of
magnitude shorter than the tunneling time of ∼ 10−10 s,
which prevents charge accumulation at the cluster islands.
Consequently, the Coulomb blockade effect is evidently re-
stricted. This conclusion was confirmed by insensitivity of
the peak energies to the tunneling resistance in the range
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Fig. 5. Peak width (2Γ ) corresponding to characteristic peaks
in STS spectra at about +1.8 V (filled circules), +1.3 V (open
triangles) and −1.2 V (filled triangles) plotted as a function
of Si6H12 island height. The peak width was determined by
fitting STS spectra with Lorentzian functions. The dashed line
indicates the thermal broadening limit at 300 K. The width is
large for the Si6H12 islands smaller than 0.6 nm.

of 1-12 GΩ, contrasting to the dependence of the Coulomb
blockade effect on the tunneling resistance.

5 Conclusion

Nanometer-size islands of hydrogen-saturated silicon clus-
ters Si6H12 with a height of 0.2-4 nm were assembled with
an STM using the bias voltage above 3 V. The formation
of cluster islands allows us to elucidate electron transport
in cluster nanostructures as a function of their size. STS
spectra of the islands showed characteristic peaks origi-
nating in resonance tunneling through discrete states of
the Si6H12 cluster. The lifetime of electron at the cluster
state increases with the island height and is as short as
10−13 s due to a proximity to the surface dangling bonds,
which prevents charge accumulation at the cluster islands.
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