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Silicon Cluster Ions: Evidence for a Structural Transition
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The mobilities of size-selected silicon cluster ions in helium have been measured using injected-ion
drift-tube techniques. The results suggest that a major structural transition occurs for clusters with
-27 atoms. Clusters with up to —27 atoms appear to follow a prolate growth sequence, resulting in

geometries with an aspect ratio estimated to be —3. Larger clusters appear to have more spherical
shapes. For annealed clusters this structural transition occurs over a narrow size range.

PACS numbers: 61.50.Lt, 36.40.+d

In this Letter we report measurements of the mobilities
of silicon cluster ions which suggest that a major struc-
tural transition occurs for clusters with around 27 atoms.
There is currently intense interest in the physical and
chemical properties of semiconductor clusters, particular-
ly silicon clusters [1-9]. Despite the enormous progress
that has been made in the last few years, little is known
about the structures of silicon clusters containing 10-100
atoms, and the theoretical studies of these clusters are
currently the subject of vigorous debate [2-9]. A number
of structures have been proposed ranging from a stack of
six-membered rings [4,5] to reconstructed fragments of
the bulk lattice [7,8]. In many cases the proposed struc-
tures have been deduced from chemical-reactivity trends
[4-8]. However, it is clear from studies of the reactivity
of well-defined surfaces that the relationship between
structure, stability, and chemical reactivity does not al-
ways follow simple rules [10]. Clearly, a more direct
probe of cluster structure is required. Bowers and co-
workers [11] have recently shown that it is possible to
separate the geometric isomers of carbon cluster ions by
their diflerent mobilities. For example, the linear chains,
monocylic rings, and fullerenes can all be separated. The
mobility is a measure of how rapidly an ion moves
through a buAer gas under the influence of an electric
field. For a given cluster size a compact three-dimen-
sional cluster ion will have a larger mobility than a less
compact geometry.

The silicon cluster ions for these studies were generated
by pulsed laser vaporization of a silicon rod in a continu-
ous fiow of helium buffer gas [12]. After exiting the
source, the cluster ions were focused into a quadrupole
mass spectrometer, where a particular cluster size was
selected. The size-selected clusters were then focused
into a low-energy ion beam, and injected into a 7.62-cm-
long drift tube, containing helium buff'er gas at —9 torr.
At the end of the drift tube some of the cluster ions exit
through a 0.025-cm-diam aperture, and are subsequently
mass analyzed by a second quadrupole mass spectrome-
ter. The ions were then detected by an off-axis collision
dynode and dual microchannel plates. To measure the
drift velocity, an electrostatic shutter is used to allow a
50-ps pulse of cluster ions to enter the drift tube, and the
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In Eq. (2), QHs is the hard-sphere collision cross section
[14], m and M are the masses of the cluster ion and
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FIG. l. Arrival-time distributions for Si2q+ and Siq~+ mea-
sured at room temperature using a helium buffer gas pressure of
9.8 torr, a drift field of 13.12 V/cm, and an injection energy of
50 eV.

arrival time distribution at the detector is recorded with a
multichannel analyzer.

Figure 1 shows arrival-time distributions recorded for
Si22+ and Si25+. The reduced mobilities Ko of the clus-
ter ions can be obtained from these results using [13]
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where vz is the average drift velocity and E is the electric
field in the drift tube. All measurements described here
were performed in the low-field regime where the drift ve-

locity is directly proportional to the electric field [13]. As
can be seen from Fig. 1, a single component is observed in

the arrival-time distribution of Si22, indicating that all
the Si22 clusters have very similar mobilities. For Si2q
two components are present. Figure 2 shows a plot of the
relative mobilities of silicon cluster ion s with 10-60
atoms. These relative mobilities were derived by dividing
the measured mobility by the hard-sphere mobility, which
in turn was obtained from [13]
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percent of the hard-sphere values.
The most plausible explanation for the variations in the

mobilities with cluster size that are apparent in Fig. 2 is
that they arise from changes in the shape of the clusters.
If a spherical cluster distorts to a prolate top or an oblate
top, the relative mobility will decrease because the col-
lision cross section increases. The average collision cross
section of a cylinder of length I and diameter 2r is

0.60
0

I

10 20 30 40 50

ATOMS IN CLUSTER

60 70

FIG. 2. The relative mobilities (the measured mobility divid-

ed by the hard-sphere mobility) against cluster size. These re-
sults are an average of two sets of measurements with a typical
reproducibility of better than 1%. The dashed lines show the
predictions for prolate and oblate growth sequences (see text).

buA'er gas, respectively, and N is the buAer gas number
density. As can be seen from Fig. 2, the relative mobili-
ties initially decrease with increasing cluster size. Start-
ing at Si24+ two components are observed in the arrival-
time distributions (as shown in Fig. 1 for Si25 ). The
second component which appears for n & 23 has a larger
relative mobility. With increasing cluster size the relative
abundance of the component with the smaller relative
mobility diminishes and becomes unmeasurable for clus-
ters with n & 34.

We have also measured mobilities of some of the sil-
icon cluster ions in neon and argon. With neon the rela-
tive mobilities are a few percent smaller than with helium
and show the same trends. With argon the relative
mobilities are —30% smaller than with helium. Larger
differences between the relative mobilities in helium and
argon are generally observed for the smaller clusters.
The variations which arise as the buAer gas is changed
can be understood in terms of the long-range ion-induced
dipole interaction between the silicon cluster ions and the
buffer gas. For a point charge the ion-induced dipole in-

teraction is —ae /2R, where a is the polarizability of
the neutral species. The polarizabilities of He, Ne, and
Ar are 0.205, 0.395, and 1.64 A, respectively [15]. Fig-
ure 3 shows a plot of the relative mobilities of Si25 and
Si50 in He, Ne, and Ar against the polarizability of the
buAer gas. Similar results were obtained for other cluster
sizes. With argon, the ion-induced dipole interaction is
sufficiently strong that it makes a substantial contribution
to the collision cross section, and the measured mobility is
significantly smaller than the hard-sphere value. On the
other hand, as the polarizability approaches zero the mo-
bility should approach the hard-sphere value. The results
shown in Fig. 3 suggest that with helium the polarizabili-
ty is small enough that the mobilities are within a few

Equation (3) was obtained by averaging over all orienta-

tions of the cylinder in space and so we assume that there
is no alignment in the drift field. Small alignment eAects
have been observed [16] with molecular ions but signif-

icant alignment is not expected under the low-field condi-

tions employed here. As can be seen from Fig. 2, the mo-

bility of Siiu+ is -90'%%uo of the hard-sphere value suggest-

ing that this cluster is roughly sphencal in shape (in

agreement with the predictions of molecular-orbital cal-
culations [2]). Starting with the assumption that Silo+
can be represented by a cylinder with l =2r [171, we have

shown in Fig. 2 the mobilities predicted using the expres-
sions described above, assuming that the clusters grow as

prolate tops (constant r) and oblate tops (constant l).
Note that the values of I and r have not been optimized to
fit the experimental data. Much smaller variations in the
mobilities are expected for an oblate growth sequence
than for a prolate growth sequence. The experimental re-

sults follow the predictions for the prolate growth se-

quence, suggesting that clusters in this size regime grow

as prolate spheroids by addition of atoms preferentially
along one of their axes. Using Eq. (3), we estimate from

our measurements that this growth sequence results in

prolate spheroids with an aspect ratio (defined as I/2r) of
-3 by Sizz+. This growth sequence cannot continue
indefinitely because of the large surface energy associated
with these geometric structures. Eventually the prolate
clusters should reconstruct to more spherical shapes to
reduce their surface energy. From the results shown in

Fig. 2, it appears that this structural transition starts to
occur for clusters with 24 atoms, but the prolate ge-
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FIG. 3. The relative mobilities of Sizs+ (both components)
and Sicko measured in He, Ne, and Ar against the polarizabili-
ty of the buffer gas.

2995



VOLUME 67, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NOVEMBER 1991

S132

I

1000 1500 2000
I

2500 3000

0.8—
Oz
LIJ

I—
~ 1JJz2

0.6—
O 1JJ

Q3 I—

O 04
—CC

CL

a 1JJ
iJJ Z

0.2—
UNANNEAL ED

Si32
ANNEALED

0.0
10 20 30 40

ATOMS I N C LU STER

50

FIG. 5. The relative abundance of the prolate geometry
against cluster size for unannealed and annealed clusters.
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FIG. 4. Arrival-time distributions for Si32 . The distribu-
tions were recorded with injection energies of 50 eV (upper)
and l 30 eV (lower).

ometry persists for clusters with as many as 34 atoms.
It may be possible to convert the prolate geometry into

the more spherical form by annealing. The clusters can
be annealed by injecting them into the drift tube at
elevated kinetic energies so that they become excited by
collisions with the buffer gas as they enter the drift tube
[18]. Figure 4 shows arrival-time distributions recorded
for Sizz with injection energies of 50 and 130 eV. With
the larger injection energy the slower moving component
assigned to the prolate geometry has essentially vanished,
because it has been annealed into the more spherical
form. Clearly, for this cluster the spherical form is con-
siderably more stable than the prolate geometry. Figure
5 shows a plot of the relative abundance of the prolate
form as a function of cluster size for both annealed and
unannealed clusters. The transition between the two
different structural forms occurs over a narrow cluster
size range for the annealed clusters. We have previously
reported studies of the chemical reactivity of these clus-
ters and showed that isomers, which react with some
reagents at different rates, exist for virtually all clusters
in the size range examined here [18,19]. In some cases,
the structural isomers that can be resolved by their
different mobilities can be correlated with isomers ob-
served in our previous chemical-reactivity studies. How-
ever, the chemical-reactivity studies indicate isomers are
present for many clusters where isomers were not re-
solved in the arrival-time distributions. Clearly, these
isomers must have similar shapes. For many of the larger

clusters the arrival-time distributions appear to consist of
several unresolved components. For some clusters the
arrival-time distributions are clearly asymmetric. Gen-
erally, annealing narrows the arrival-time distributions of
the larger clusters and the average mobilities increase by
a few percent.

There have been many theoretical studies of silicon
clusters [2-7]. For clusters with up to 10 atoms probably
the most reliable information has come from large-scale
molecular-orbital calculations [2]. These clusters have

compact, high-coordination number structures that are
not fragments of the bulk diamond lattice. The size of
the molecular-orbital calculations increases geometrically
with cluster size, and for larger clusters less rigorous
computational methods must be employed. A wide range
of possible structures have been proposed for clusters with
10-100 atoms. The recent work of Chelikowsky, Glass-
ford, and Phillips [20] appears to be qualitatively con-
sistent with our results. These calculations were per-
formed using a classical interatomic force field and simu-
lated annealing methods. According to their calculations,
clusters with 20-23 and 25 atoms are prolate spheroids
with an aspect ratio of 1.5-2.0 (which is smaller than es-
timated from our results). Their structures for clusters
with 24 and 26-30 atoms are more spherical. The ge-
ometries obtained from these calculations are close-
packed metalliclike structures. For smaller clusters the
molecular-orbital calculations suggest that coordination
numbers larger than six are unfavorable [21. If true, this
would provide a strong motivation for adopting a prolate
growth sequence because it is possible to avoid overcoor-
dinating any of the atoms in the cluster. We have con-
structed a number of models of the silicon clusters and
found that structures based on a stack of capped trigonal
prisms are attractive candidates for the geometries of the
prolate clusters with 20-34 atoms. These geometric

2996



VOLUME 67, NUMBER 21 PHYSICAL REVIEW LETTERS 18 NOVEMBER 1991

structures have approximately the aspect ratio expected
from our measurements, the coordination numbers are
3-6, and finally these species can readily lose a Si~o Unit.
Loss of Si~p (which is a tetracapped trigonal prism ac-
cording to the molecular-orbital calculations) is the
lowest-energy dissociation pathway for clusters in this
size regime [21].

In summary, the mobilities of silicon cluster ions sug-
gest that a major structural transition occurs for clusters
with -27 atoms. Clusters with n & 10 appear to follow a
prolate growth sequence resulting in a geometry with an
aspect ratio estimated to be —3 for Si27+. Larger clus-
ters appear to have more spherical geometries. The pro-
late growth sequence may arise as a way to avoid over-
coordinating any of the atoms in the cluster. Ultimately,
the surface energy of this geometry becomes too large
and the clusters reconstruct to a more spherical shape.

We are grateful for helpful discussions with K. Ragha-
vachari, M. L. Mandich, E. C. Honea, and J. E. Bower.
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