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The photofragmentation spectra of Si„+ for n = 2 to 12 have been obtained in an apparatus that
produces, isolates, and fragments ionic clusters on a mass-resolved basis. The most prominent
species are found to be Si6+ and Sicko. The fragmentation data are shown to be consistent with a mi-
crocrystal model of cluster geometry for Si„+.

PACS numbers: 61.90.+d, 33.80.—b, 36.40.+d

"Magic numbers" have been identified in the rela-
tive populations of aggregates between 2 and 150
atoms in recent studies of small metal, semiconductor,
and noble-gas clusters. ' These magic numbers have
been attributed to geometry, maximal bond num-
ber, and electronic structure. In a typical experiment
designed to measure the relative abundances of cluster
sizes, a collection of neutral aggregates with differing
masses is ionized, and the resulting ionic clusters are
then mass separated and counted. Even in the event
that the ionization-efficiency and detection-probability
functions of the equipment are well understood, frag-
mentation can make the correspondence between a
strong cluster-ion signal and a "magic" neutral-cluster
size uncertain. Fragmentation can compete with ioni-
zation under many experimental conditions, especial-
ly when the fluence of the ionizing agent is large, be-
cause as we show, fragmentation cross sections are
comparable to large photoionization cross sections.

The ambiguities associated with ionization may be
avoided either by growing preionized clusters, as has
been demonstrated very recently, or by studying the
properties of clusters after they have been both ionized
and mass selected. ' " In this Letter, we describe
results for Si using the latter type of measurement.
Our experiments produce Si+ clusters as large as 150
atoms, but the results reported here are limited to
photofragmentation of Si„+ microclusters for n = 2 to
12. Analysis of the photofragmentation cross sections
and branching ratios as a function of initial cluster ion
mass show Si6+ to be an unusually stable ionic cluster.
On the basis of a simple model, geometries for Si„+
clusters for n greater than 6 are also suggested.

The apparatus for these studies is shown in Fig. 1

and makes use of a pulsed source of clusters, pulsed
ionization and fragmentation lasers, and time-of-flight
techniques to isolate a given cluster size. The inset
shows the timing sequence of the experiment. The ap-
paratus is cycled at 10 Hz, and the complete mass scan
for each shot is accumulated by a 200-MHz transient
digitizer.

The neutral clusters, produced in a pulsed-laser-
vaporization expansion source following Hopkins
et al. ,

' enter the vacuum-isolated ionization region
through a skimmer' where they are ionized by an
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FIG. 1. Experimental apparatus: Clusters are grown from
vaporized Si in the source, converted to cluster ions, and
dispersed according to mass after acceleration. A single
mass is isolated, fragmented with a laser, and the separated
fragments are detected on the microchannel plates.

193-nm ArF laser focused to an intensity of approxi-
mately 10s W/cm between the first two plates of a
three-element grid system. ' The cluster output of the
source is monitored by recording the full-beam arrival
at the detector, located 1.25 m downstream. A typical
mass scan for silicon, with the focusing elements (Fig.
1) set to optimize collection of small to medium clus-
ters at the detector, is shown in the lower portion of
Fig. 2. The measured distribution envelope of cluster
sizes depends on the settings of the deflecting ele-
ments, the choice of source carrier gas and pressures,
and the intensity of the ionizing laser. The relative
production of cluster sizes is independent of whether
ArF (6.4 eV) or KrF (5.0 eV) is used as the ionizing
laser, although the total flux of clusters is much larger
with ArF.

A set of "switch-out" electrodes is installed half-
way down to the time-of-flight region and operates as a
fast valve, allowing only clusters with the mass of in-
terest to proceed further. The chosen cluster group is
slowed by the deaccelaration grids and exposed to an
intense beam of 267-, 355-, or 532-nm pulsed-laser ra-
diation. The resulting charged photofragments are
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FIG. 2. A spectrum of small to medium cluster ions. An
example of the preselection of cluster size is shown on the
upper right where a single ion mass, SiI2, is isolated and
fragmented with 266-nm radiation to produce the fragmen-
tation spectrum shown on the upper right.

reaccelerated and dispersed in the second half of the
time-of-flight region. The inset of Fig. 2 displays the
fragmentation spectra obtained when Siq2 is isolated by
the "switch-out" plates and photofragmented by a sat-
uration fluence of 266-nm light.

The recorded fragmentation spectra for any cluster

size depends critically on how well the laser beam
overlaps the cluster packet. This experimental diffi-
culty is largely overcome by explicitly measuring the
laser intensity dependence of the separate fragmenta-
tion channels for each cluster size. For those channels
that show a low-intensity linear dependence of signal
on light intensity, a relative cross section for direct
fragmentation can be readily extracted. Alternatively,
a complete "family tree" for the breakup of any Si„+
for an arbitrary intensity can be constructed by analyz-
ing all the data starting with Si2+ and working up to
Si„+. Such an analysis indicates, for example, that the
fragmentation pattern for Si&2 at high intensity, shown
in the inset of Fig. 2, arises from saturation of the pri-
mary fragmentation of Si,+2 into Si&p with subsequent
fragmentation of Si&+0 into Si6+.

The relative cross sections for primary photofrag-
mentation at 532 nm of Si„+ Si+ for n =2 to 12
(m ( n) are shown in Table I. These values for a
given n are found to be largely independent of whether
the fragmentation-laser photon energy is 2.3, 3.5, or
4.7 eV, although the absolute cross sections are con-
siderably larger at 4.7 eV than at 2.3 eV.

Figure 3 shows the relative total photofragmentation
cross sections for Si„+ for n =2 to 11 at 532 nm.
These values are the cross sections for photofragmen-
tation of Si„+ summed over all fragmentation chan-
nels, and are measured by recording the saturation in
the depletion of the original beam of Si„+ as a function
of laser intensity. For this measurement the apparatus
is programmed to record simultaneously the various
Si„+ cross sections relative to that of Si6+, thus avoid-

TABLE I. Branching ratios for the fragmentation of Si„ initial states into Si~ final states.

INITIAL CLUSTER

Siz Si&
+

Si~
~ +

Sis Si6 Si7
~ +

Si8 Sig
~ + +

Si1O Si&&
~ +

Si1~

Si 1.00 0.25 (3) 0.17 (3) 0.05 (1 ) 0.00 (1 ) 0.01(1) 0.00 (1) 0.00 (1) O.OO (1 } 0.00 (1 ) 0.00(1 )

.+
Si&

,+

Sq
UJ~ Sis

S-+
I6

S'+z
4

Sis

Si9

075(3} 0 18(3) 005 (1) 0 04(1) 0 02(1) 0 01(1) 0 00 (1) 0.00()) 0 00 (1) 0 02 (1)

0.65 (5) 0.08 (1) 0.05 (1) 0.01(1 ) 0.01 (1) Q.02 (1} 0.01 (1) 0.02 (1) 0.00 (1)

0.82 (2) 0.21(2} 0.03 (1) 0.07 (2) 0.06 (2) 0.09 (2) 0.09 (2) 0.05 (2)

0.70 (4) 0.11 (2) 0.07 (2) 0.08 (2) 0.03 (2) 0. I3 (3) 0.05 (2)

0.82(2) 0.28 (4) 0.39 (3) 0.64 (4) 0.29 (3) 0.05 (2)

0.55 (4) 0.19 (3) 0.12 (3) 0.36 (4) 0.08 (2)

0.26 (4) 0.07 (2) 0.04 (2) 0.12 (3)

0.04 (2} 0.03 (2) 0.09 (2)

0.04 (2) 0.42 (5)

0.13 (3}
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ing most of the systematic errors associated with abso-
lute cross-section measurements. The absolute total
photofragmentation cross section for Si6+ was deter-
mined in a separate experiment in which detailed mea-
surements of the laser power, spot size, and overlap
with the cluster packet were performed. This value is
7(3) X 10 '9 cm 2 at 532 nm, comparable to previous
measurements of photodissociation cross sections in
ions, '5 but larger than typical values for nonresonant
photoionization cross sections. Thus, substantial pho-
tofragmentation is likely to occur during the photoion-
ization process.

Table I and Fig. 3 support several important obser-
vations about the photofragmentation of Si„+. Table I
shows that when the initial ionic cluster breaks up, the
positive charge remains predominantly on the larger
fragment and, for breakup of clusters with n =7-11,
the fragment Si6+ is unusually prominent. Figure 3
shows that Si4+, Si6+, and Si&~ have relatively small to-
tal photofragmentation cross sections, and are presum-
ably more tightly bound than other Si„+ that differ by
one constant atom, - e.g. , Si5+ and Si9+.

Other than the early work of Honig, ' and recent
laser-stimulated desorption studies of Tsong, 5 Si clus-
ters have not been studied experimentally. Honig
formed Si„ in an oven above molten silicon and mea-
sured relative numbers of neutral Si„up to Si6. His
data are in remarkable agreement with the relative sta-
bility of Si„+, n ~ 6, clusters inferred from the data
displayed in Fig. 3.

Recently, calculations of the equilibrium geometries
of small clusters (n & 6) of Ge'7 and Si's have been
attempted which suggest that, unlike carbon, the small
microclusters of Si and Ge are not linear. While the
exact form of the geometries for n = 3—6 is not estab-
lished, the microcrystals are believed to be relatively

I I I I I I I I

2 3 4 5 6 7 8 9 10
Si„

FIG. 3. Relative total photofragmentation cross sections
of Si„+ at 532 nm. Si6+ is used as a reference. The absolute
total photofragmentation cross section for Si6+ is 7(3)
x jo-"cm-'.

compact, reconstructed subunits, viz. , triangle, rhom-
bus, trigonal bipyramid, and distorted trigonal bipy-
ramid (n =6). To our knowledge, there exist no cal-
culations of either ionic or neutral Si or Ge clusters
geometries for n & 6.

Because the relative photofragmentation cross sec-
tions of Si„+ are found to be independent of the
wavelength of the fragmenting light, the mass depen-
dence of the cross sections is assumed to reflect the re-
lative stability of the clusters. One is then tempted to
propose models of the geometries of Si„+ clusters for
n & 6 which are consistent with our fragmentation
data. A particularly simple, though probably naive,
model is one in which the Si atoms are configured as
microcrystals of a tetrahedral diamond lattice, and the
photofragmentation of these microcrystals occurs pre-
ferentially along (111) directed bonds. The essential
structures in this model are the reconstructed six-
membered "chair" ring and the ten-membered micro-
crystal subunit of the tetrahedral diamond lattice
("adamantane cage"). The six-membered complex is
the most tightly bound unit and is a prominent frag-
ment in the breakup of larger clusters. It is envisioned
visioned to fragment from larger clusters as a "chair"
ring which reconstructs into a compact symmetric unit;
most probably a distorted trigonal bipyramid. 's

Geometries of clusters larger than six are obtained by
adding successive atoms to this structure in some (as
yet) undetermined manner. At n = 10, a highly sym-
metric three-dimensional complex results. It may well
be that the geometry of this complex is substantially
different from a crystal subunit (i.e. , heavily recon-
structed), but this simple model envisions the n =10
unit to contain four equivalent six-membered rings. It
is again tightly bound, and is a common fragment in
the breakup of larger clusters.

Although this model of equilibrium geometries and
preferential bond fragmentation is not unique, it ac-
counts for the photofragmentation data of the larger
Si„+ clusters in a natural way. For example, the model
predicts that Si&p is more tightly bound than Si9+ or
Si&+&, and that it should fragment primarily along (111)
bonds into Si6 and Si4. This prediction is borne out by
the data of Fig. 3 and Table I. For Si&+& the predicted
structure is shown in Fig. 4(a). [The placement of the
eleventh atom (shaded in Fig. 4) is undetermined,
other than being attached to the core Si&o. ] According
to the model, photofragmentation should be dominat-
ed by fragments resulting from the two breakup pat-
terns (6+5 and 7+4) shown in Fig. 4(b) and 4(c).
Figure 4(d) and 4(e) show how the fragmented six-
membered ring can readily reconstruct into a compact
equilibrium geometry. Table I indicates that clusters
with four, five, six, and seven atoms do indeed dom-
inate the photofragmentation spectra of Si„+

In conclusion, we have measured the photofragmen-
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which are in progress of the mass dependence of
charge exchange.

We would like to thank R. E. Smalley and his co-
workers for detailed consultations on the laser-
vaporization source, and P. H. Citrin, J. C. Phillips,
and J. Bokor for helpful discussions.
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FIG. 4. (a) A possible structure for Site showing fragmen-
tation paths to Si~7 (b), (c). The placement of the eleventh
atom (shaded) is uncertain. (d), (e) A possible bond-
rotation mechanism by which the six-membered "chair"
ring can reconstruct into a distorted trigonal bipyramid is
shown.

tation spectra of Si„+ for n = 2-12 and have shown that
a model of Si cluster geometries based on microcrys-
tals is consistent with the data. The apparatus used in
these experiments is capable of examining many physi-
cal properties of clusters, including measurements
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