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Novel mechanisms were found to operate in dissociation of I; embedded in a CO; cluster, I;(CO;),, by its impact onto
a silicon surface. The bond of I} is split by a CO; molecule located halfway between the two iodine atoms in the parent

I7 (CO2)n, as if the CO; molecule behaves as a molecular ‘wedge’ (wedge effect). On the other hand, the dissociation of I
is suppressed when it is caged in a complete CO; molecular shell (cage effect). The wedge effect was also demonstrated by

a molecular-dynamics simulation. By measuring the surface-parallel component of the translational energy of the IS and I™
product anions, it was concluded that a ‘quasi-equilibrium’ was established on the surface before the product anions leave
from it. The translational-energy distribution of the product anions also shows the cage effect.

KEYWORDS: 15 (CO2)x, cluster impact, silicon surface, wedge effect, cage effect, translational-energy distribution, quasi-
equilibrium

1. Introduction 2. Experimental

Molecular-dynamics-simulation studies by groups of A tandem time-of-flight (TOF) mass-spectrometer %)
Levine and Jortner 1:2) have clarified that dissociation of having a cluster-ion source and a surface-collision cham-
I; embedded in a rare-gas cluster, Io(Rg), (Rg: rare-gas  ber was used. As a detailed description of the mass
atom), by its impact on a hard wall (‘cluster impact’) is  spectrometer ®) and the cluster-ion source 3-5) has been
greatly assisted by the Rg atom; even chemically-inert reported elsewhere, only a brief description related to
Rg atoms participate to the I;-bond dissociation. Ex-  the present study is given. Cluster anions, 15 (CO3),,
perimentally, we have investigated the dissociation of were produced by injecting 100-350-eV electrons into a
I7 (CO3), In collision with a silicon surface 3=3). The supersonic expansion of CO, gas containing 1 mol% of
result shows that dissociation of I; is assisted by the I, at a stagnation pressure of 1-2x10% Pa 19, admit-
CO3 molecules, but the degree of the assistance depends  ted through a skimmer into an ion-extraction chamber,
markedly on the number, n, of CO, molecules present and accelerated to 4150 eV. A cluster anion, I;(COy)y,
in the cluster anion. The characteristic n-dependence  with a given size, n, was selected out from a train of spa-
is explained in terms of the structure of I; (COs),; the tially mass-selected cluster anions with a pulsed deflector
wedge effect that the CO, molecules located halfway be-  (mass gate) placed in the primary TOF mass spectrom-
tween the two iodine atoms assist to split the I; bond eter.

as a ‘wedge’ vs. the cage effect that the CO5 molecules Figure 1 shows a schematic diagram of surface-
forming a complete solvation shell around I3 reheal the collision and product-detection regions.
I3 dissociation. A cluster ion, I; (COz)y,, thus selected was allowed to

These dynamic solvation effects are considered to be  collide with a silicon surface placed at the bottom of a
operative in the first step of the cluster impact. As reflectron at a collision energy per I5, Eca, of 1-100 eV
the cluster impact induces vigorous many-body collisions  under an ambient pressure of 4-10x 10~2 Pa. Unless oth-
among the cluster constituents and surface atoms in the  erwise noted, a collision energy per I is given. Prod-
vicinity of the cluster-impact point in several picosec- uct anions scattered from the surface were re-accelerated
onds, a ‘quasi-equilibrium’ including the constituents in the same electric field that was used for deceleration
and the surface atoms is accomplished ©7, in which the  of the incoming parent cluster anion, and were mass-
internal energy of the quasi-equilibrium might be redis-  analyzed in the secondary TOF mass-spectrometer.
tributed, and the ‘temperature’ of the quasi-equilibrium Simultaneously, a surface-parallel component, El , of
increases greatly (‘cluster-impact heating’): In a com-  the translational energy of a product anion was deter-
puter simulation of Arse1 impact onto a NaCl(001) sur-  mined by changing the ion-detector position in a line
face, the argon cluster is heated up to ~4000 K ®). These  almost parallel to the surface as shown in Fig. 1 by ar-
microscopic dynamics of the cluster impact should be  1ows. The surface-parallel component, E!/, of the trans-
reflected in the amounts and the energy distribution of lational energy is related to the detector position as,
the products. In the present study, we observed mass
spectra of product anions and analyzed their transla- |E'£/| = (¢Vs + Ey ) tan® ¢, (1)

tional energy (surface-parallel component), when a size- where ¢ is an electric charge of the product anions, Vs
selected cluster anion, I; (COz)n, was allowed to collide g 5 bias voltage applied to the surface, ¢ is an angle be-
with a silicon surface. tween the surface-normal direction and the trajectory of

a product anion concerned, and Eé‘ is the surface-normal
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Figure 1. Schematic diagram of surface-collision and
product detection regions. The silicon surface (a) is bi-
ased with a high-voltage of Vg. Position of the ion detec-
tor (b) can be changed almost in parallel to the surface
shown as arrows so as to measure a surface-parallel com-
ponent of the translational energy of the product anions.
é is an angle between the surface-normal direction and
the trajectory of a product anion concerned.

component of the translational energy of the product an-
ion. The surface-paralle]l component, E3-, was found to
be negligible compared with the re-acceleration energy
for the product anions. Thus eq. (1) is reduced to

|El/| ~ qVstan®¢. (2)

The silicon surface was prepared by heating a Si(100)
wafer (15 mmx25 mm) to 1000 K under an ambient
pressure of 3x10~7 Pa; the surface is expected to be
covered with several amorphous-oxide layers after this
heat treatment. The amorphous-oxide layers were in-
tentionally left on the wafer surface in order to suppress
electron transfer from 15 (CO;3), to the surface.

3. Results

When I; (CO,), was admitted to the silicon surface,
I~ (CO2)m (m=0-2) and I5 (COz)ms (m'=0-2) were scat-
tered from the surface. The former anions result from
recombination of CO2 with I~ produced by the I3 dis-
sociation, while the latter from recombination of CO,
with I .

3.1. Dissociation of I; Core Ion
The rate of the I; dissociation can be represented by
a branching fraction, fais, as

2 [~ (CO),]

fais = — m=e : (3)

Z {[I— (002)m’] + [I; (COz)m,]}

m'!=0

where [X] represents an intensity of X, which is obtained
by 1ntegrat1ng the intensities of the product anions hav-
ing different Es The branching fraction, fqis, increases
monotonically and tends to level off with increase in

Eoo. In the Ec>30 eV range, fqis increases by adding
CO4 molecules to I . This increase implies that the CO2
molecules contribute to dissociation of I; above the col-
lision energy of 30 eV. Figure 2 shows the dependence
of fais on the parent cluster size, n, at the collision en-
ergy of Eco;=50 eV and at almost normal incident angles
(©<20 °, where © is the incident angle with respect to
the surface normal).
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Figure 2. Branching fraction, fais (see text), of I disso-
ciation by the impact of I; (CO3),, onto a silicon surface
is plotted against n at the collision energy (per I3) of
50 eV and at almost normal incident angles (<20 ° with
respect to the surface normal). The geometrical struc-
tures of I; (CO2)n (n=4, 9 and 16) are shown in the
insets 1. The solid curve is shown for an eye-guide.

The uncertainty in fqis originates mainly from a statis-
tical error of the ion intensity of the product anions. For
comparison, the key structures of I; (COz), with n=4,
9, and 16 1) are shown in the insets of Fig. 2.

3.2. E/ ! Distribution of Product Anions

Figure 3 shows the intensities of the product anions
plotted against Es/ for the I7(COg)16 impact at the
collision energy of 50 eV and at the incident angle of
©=26 °, where positive and negative Eél correspond to
>0 and <0, respectively.
The uncertainties in the ion intensities originate mainly
from their statistical error, while those in E,{/ mainly
from a systematic error in the accuracy of the ion-
detector position. The intensities of the product anions
were calibrated against the gain of the MCP ion-detector
for each product anion 2, but any further instrumental
functions were not taken into account for signal calibra-
tion. The essential features of the ES// distribution did
not depend on the parent cluster size in the size range
studied: (1) All the product anions have almost the same
E!! distribution. (2) The Es !/ distributions have a max-
imum at E'N =0 eV, and is symmetrical with respect to

s{/:0 eV. (3) The population of the Eé/ distributions

decreases exponentially with |E'£/ |.
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Ion Intensity / arb. units

Es/// eV

Figure 3. Intensities of the product anions, I~ (O)
(COZ) (D) I— (0) 12 (COz) (A), n I (002)16 im-
pact onto a sﬂlcon surface at the CO]]ISIOH energy (per
I7) of 50 eV and at the incident angle of 26 ° with re-
spect to the surface normal, as a function of the surface-
parallel component, Eg{/, of the translational energy
of the product anions. The solid curves are obtained
by fitting the experimental Eél distribution to a one-
dimensional Maxwell-Boltzmann distribution having an
effective temperature of T2/ =8000 K (see text).
Because of feature (3) stated above, the E./ distribu-
tion was assumed to obey a one-dimensional Maxwell-

Boltzmann law having an effective temperature, Ts{/ , as

IAY
PlNdv!! « exp _mw) dv!/ (4)
( kTl

E// /" )
= exp(——)dv!/, (5
( kpT!/

where P(vé / )dv/ lisa population of a product anion hav-
ing a surface-parallel velocity between v / and vs{ / -I—dv/ /

m is the mass of a product anion, and kg is the Boltz-
mann constant. The real E‘! /" distribution was sim-
ulated by taking into account instrumental functions
such as divergence of the parent-cluster-anion beam on
the surface and a diameter of the MCP ion-detector;
the diameter of the parent-cluster-anion beam was mea-
sured to be 7 mm with a position-sensitive ion-detector,
whereas the effective diameter of the MCP ion-detector
was 14 mm. The one-dimensional Maxwell-Boltzmann
distribution was convoluted with both the divergence of
the parent-cluster-anion beam on the surface and the
effective diameter of the ion detector so as to fit the ex-
perimental results with a fitting parameter, Tél : As the
diameter of the parent-cluster-anion beam is 7 mm, the
section of the parent-cluster-anion beam on the surface
was mimicked by an elliptic disk having the heights of
minor- and major axes of 7 and 7.8(=7/cos26 °) mm,
respectively, where the incident angle of the parent clus-
ter anion is ©=26 ° with respect to the surface normal.
On the other hand, the shape of the ion-detector was
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Figure 4. The n-dependence of the effective tempera-
tures, Tg{/ , obtained from the Eé/ distribution of the
product anions, I~ () and I; (), for the impact of
I5 (CO42)16 onto a silicon surface at the collision energy
(per I3) of 50 eV and at the incident angle of 26 ° with
respect to the surface normal. The solid curve provides
an eye guide.

approximated by a circle with a diameter of 14 mm.
Solid curves in Fig. 3 show the Eél distributions calcu-
lated with T4/ =8000 K, where the calculated distribu-
tions were normalized with the maximum intensities of
the corresponding product anions. The uncertainty in
Tg ! of +1000 K originates mainly from ambiguity in the
fitting procedure. The best-fit distributions agree well
with the experimental ones.

Figure 4 shows the n-dependence of Tél for the Iy

and I~ product anions in the I;(CO3), impact at
E.q1=50 eV and ©=26 °.
The effective temperature, Tg/, / , for the I; product anion
is almost the same as that for the I~ product anion. As
n increases, both T,{/ ’s increase for n <12, decrease for
13<n<~18, and increase again for n>~19; there is a
dip in the 13<n<~18 range.

4. Discussion

4.1. Dissociation of I; Core Ion

The n-dependence of the branching fraction of the
I; dissociation (Fig. 2) exhibits (1) a sharp rise in the
0<n<4 range, (2) almost size-independent f4 in the
5<n<15 range, and (3) a dip in the vicinity of n~18.
The comparison of feature (1) with the geometries of
I3 (CO2)n (0<n<4) leads us to conclude that a CO,
molecule located halfway between the two iodine atoms
(see the geometry of I;(CO,), in the inset of Fig. 2)
splits the I; bond efficiently as if the CO, molecule
acts as a molecular wedge’ for the splitting of the I
bond. Feature (3) is attributable to completion of the
first solvation shell of the CO, molecules at n=16 (cage
effect) The decreasing portion of the dip results from
an increasing geminate-recombination rate between the
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separating I and I~ pair in the solvation shell 10,14,15)
while its increasing portion is attributable to an increas-
ing contribution of CO» molecular wedges in the second
solvation shell to the I3 splitting.

A molecular-dynamics simulation lends a further sup-
port for the wedge effect. For a demonstration of the
wedge effect, collision of I; and I; (CO3) on a Si(100)
surface was simulated. The algorithm used was the fifth-
order Gear’s predictor-corrector method !9, These an-
ions were allowed to collide with the Si(100) surface con-
sisting of ~1000 Si atoms at the collision energy of 50 eV,
maintaining their I; molecular axes parallel to the sur-
face, where the surface-parallel and normal components
of the collision energy were set to be 10 eV and 40 eV,
respectively. In the I7(CO,) impact, the CO; molecule
was positioned halfway between the two iodine atoms 11)
and between I; and the surface. The Si atoms were
placed in the sites of the diamond structure with four va-
lences of each Si atom. The potential energy of each col-
lision system was calculated by summing the two-body
potentials between all the component species: The po-
tential energy between I; and CO, was approximated by
Lenard-Jones and electrostatic potentials 11, and that
between each component species of the incoming anion
and a silicon atom was mimicked by a soft-core poten-
tial consisting of a ar~? term, where 7 is an internuclear
distance and a=7 eVA®. The intramolecular potential
of I; and those of CO; were approximated by a Morse
potential 17) and harmonic oscillator potentials, respec-
tively. The potential energy between two silicon atoms
was approximated by a Lenard-Jones potential.

Figure 5 shows snapshots of the I; (COj) collision
event.

The cluster anion, I; (CO3), positioned at 10 A apart
from the surface at the time, ¢=0 fs, approaches to
the surface and simultaneously CO2 approaches to I3
(t=120 fs). As shown in the picture, COq splits I; into
I and I~ at ¢=210 fs. As the mass of CO; is much
smaller than that of I, CO; is scattered back into vac-
uum right after the I3 splitting as shown in the picture
at =420 fs. These snapshots demonstrated the splitting
of the I; bond by the CO2 molecular wedge. Figure 6
shows time evolution of the I; vibrational energy during
the I (CO3) collision event.

For comparison, the I; vibrational-energy in the impact
of a bare I; is also shown in the figure. Here, the vi-
brational energy is calculated by summing the potential
energy of I; and the relative translational energy be-
tween the two iodine atoms along the Iy molecular axis.
In the I; (CO2) impact, the vibrational energy increases
sharply up to 6 eV at about 100 fs. This increase shows
efficient transmission of the CO3 translational energy to
the vibrational degree of freedom of I; (wedge effect).
The decrease of the vibrational energy at about 200 fs
is caused by vibrational energy dissipation to surface-
phonon modes, which induces a shock wave in the sur-
face.

1o} t=0 is

z /A

Figure 5. Snapshots of a I;(CO3) collision event cal-
culated by the molecular-dynamics simulation given in
the text. In each shot, the large and the small spheres
show iodine atoms and a carbon dioxide molecules, re-
spectively, while diamonds show silicon atoms.

E, / eV

Figure 6. Time evolution of the vibrational energies of I
for I; (dashed curve) and I (CO3) (solid curve) collision
events. These are calculated by the molecular-dynamics
simulation.
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4.2. Eé/ Distribution

Although the parent cluster anion, I (COs),, has a
surface-parallel component of the collision energy (per
I;) as much as 10 eV at E.y=50 eV and ©=26 °,

Eg{/ for the I~ and I; product anions reveals symmet-

rical distributions with respect to E£/:0 eV, namely,

the distributions are isotropic. Thus, in the cluster im-
pact, the constituent species of the parent cluster an-
ton lose their memories that the parent cluster anion
had before the impact. In addition, Eél obeys the
one-dimensional Maxwell-Boltzmann distribution hav-
ing the effective temperature, Té/ , which does not de-
pend on the mass of the product anion. These ex-
perimental results show that vigorous many-body col-
lisions occur among the constituent species and surface
atoms located in the vicinity of the cluster-impact point.
The translational energy of the incident cluster anion is
redistributed completely among the cluster-constituent
species and the surface atoms; a ‘quasi-equilibrium’. The
n-dependence of T£ / (see Fig. 4) is explained in terms of
‘cluster-impact heating’ and the cage effect as follows:
Large Té/’s imply that the translational energy of a
parent cluster anion onto the surface is converted effi-
ciently to its internal energies and hence Ts{ / specifying
the quasi-equilibrium becomes very high (cluster-impact
heating). On the other hand, Tél’s should increase with
the cluster size, n, since the total energy of the parent
cluster anion increases linearly with n, although the col-
lision energy per I3 is fixed. The reduction of TE{/ ’s in
the 12<n<~18 is ascribable to the formation of the CO4
cage around the core ion, I; 3~9).
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