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FT-ICR Study of Chemical Reaction of Silicon Clusters’
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Abstract

Chemical reaction of small silicon cluster ions Si,," (11 £ n £ 20) with ethylene was studied with a
newly implemented Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer. Silicon
clusters were generated by a pulsed laser-vaporization supersonic-expansion cluster beam source d-
rectly connected to FT-ICR spectrometer. Injected and size sel ected silicon clusters were thermalized to
the room temperature by collisions with argon gas. The exposure time of ethylene gas before the mass
detection was varied in order to study the reaction kinetics. The reaction rate of chemisorption of first
ethylene molecule was generally in good agreement with the ion drift tube experiments. Effect of a hy-
drogen atom hidden in isotope distribution of mass spectra was clearly determined. Furthermore, the
saturated reaction products were summarized. Si,(C,Ha),," when n + m = 19 were observed to be re-
markably stable. Furthermore, it was found that a hydrogen atom terminated the reaction as an ethylene

molecule.
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1 Introduction

The understandings of silicon surface reaction are
crucial for the thin-film technology such as the CVD
deposition process using silane (SiH,) as the starting
material. Since most of chemical reagent is not attack-
ing the perfect (111)-(7" 7) surface during the deposi-
tion process, the adegquate modeling of chemical reac-
tion for atomically irregular surface is demanded. Here,
silicon clusters are best material to compare the theo-
retical modeling with experimental results. Furthermore,
silicon clusters formed in the gas phase before deposi-
tion in CVD process are suggested to have essential

effect on the quality of the thin film product.

On the other hand, silicon clusters have been exten-
sively studied in order to understand how the properties
of abulk material change as atomic dimensions are -
proached. It is well known that such efforts for carbon
clusters lead to the discovery of fullerene and nanotube
[1]. Geometrica and electronical structures of very
small silicon clusters with less than 8 atoms have been
well understood by recent progress in theoretical [2,3]
and experimental studies [4,5]. Difficulty in ab initio
calculations increased exponentially for larger clusters
with increase in complexity of electronic structure and
geometrical configurations that need to be considered.
Hence, most of ab initio or density functional calcula
tions have been tried for the geometric configurations
based on physical insight [2]. Simulated annealing tech-
nique [3] or genetic algorithm [6] with Car-Parrinello
molecular dynamics with LDA  approximation,
tight-binding molecular dynamics or classical molecular
dynamics have been tried, as well. Experimentally, the
practical preparation of size-selected clusters larger
than 8 aoms has been possible with the la
ser-vaporization cluster beam source. Smalley and
co-workers have probed chemical reaction with ammo-
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nia[7,8], ethylene [9,10], and trimethylamine [11] with
the Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer. On the other hand, Jarrold [12] and
co-workers have extensively studied chemical reaction
with ethylene [13,14], O, [15] water [16], and ammonia
[17,18] using the ion drift tube apparatus. They also
measured the mobility of clusters and distinguished
some geometric isomers [19-23]. There has been a -
rious controversy between results of these 2 groups.
From FT-ICR reaction experiments with ammonia and
ethylene, Sizs, Siag, and Siys were demonstrated to be
unreactive. However, ion drift tube experiments showed
completely no specialty in these cluster sizes. In spite
of many efforts to explain thiscontroversy such as laser
annealing [10] and collision induced annealing experi-
ments[12], itisstill unclear.

In this paper, we have implemented a new FT-ICR
spectrometer with direct injection cluster beam source
similar to Smalley’'s group. Since most of experiments
with FT-1ICR concentrated on silicon clusters larger than
30, here, measurements of smaller sizerange Si,," (11 £
n £ 20) to ethylene were performed for the direct com-
parison with ion drift tube experiments. Furthermore,
new experimental information such as saturated prod-
ucts after long enough reaction time is discussed.

2 Experimental Apparatusand Procedure

The experimental apparatus implemented are similar
to Smalley’'s group [9-11, 24] and the detailed charac-
teristics are described in elsewhere [25-27]. Fig. 1 and
Fig. 2 show the cluster beams source and direct injec-
tion FT-ICR apparatus, respectively. The silicon cluster
beam was generated outside of magnetic field by the
| aser-vaporization cluster beam source shown in Fig. 1.
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A pulsed gas valve, the sample motion mechanism and a
skimmer wereinstalled in a 6-inch 6-way UHV cross. A
solid sample disk was vaporized by the focused beam of
Nd: YAG laser (2nd Harmonics) while timed pulsed gas
was injected to the nozzle. In the atmosphere of he-
lium gas, vaporized atoms condensed to clusters, and
then, were carried and cooled by the supersonic expan-
sion of helium gas. The cluster beam was directly in-
jected to the magnetic field through a skimmer with the
opening diameter of 2 mm and a decel eration tube [24].

The FT-ICR is the unigque mass spectroscopy based on

the ion-cyclotron motion of clusters in a strong mag-
netic field. In principle, extremely high mass-resolution
at high mass-range such as resolution of 1 amu at
10,000 amu range can be obtained. Furthermore, since
the ions can be trapped in the vacuum for afew minutes,
it is possible to perform the chemical reaction experi-
ments. The ICR cell, 42 mm 1.D. 150 mm long cylinder
was placed in a stainless tube (SUS316) of 84 mm I.D.
which penetrated the homogeneous 5.87 Teda super-
conducting magnet commercialy available for NMR.
Two turbo-pumps (300¢/s) fore-pumped by a smaller
turbo-pump of 50 ¢/swere placed at the floor in order
to avoid the effect of strong magnetic field. The typical
background pressurewas 3~ 107%° Torr.

Thetypical experimental procedure was as follows:
Cluster beam was injected in 10 Hz for 10 sto the
ICR cell. Size range of cluster ions was roughly se-
lected by the deceleration voltage [24] as shown in
Fig. 3.

The kinetic energy of clusters was thermalized with
room temperature argon gas. This procedure was
skipped for present study.

Unwanted clusters were over-excited and excluded
from ICR cell by SWIFT (Stored Waveform Inverse
Fourier Transform) excitation [8, 28].

Remaining clusters were thermalized with room
temperature argon gas at 10° Torr for 10 s.
Ethylene gas with typically 10° Torr was injected
to the cell by 10 Hz pulsed valve for predetermined
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reaction time period.
After pumping out for about 8 to 10 s, cluster ions
were excited to detect the mass distribution.

3 Experimental Results

3.1 Generated Silicon Clustersand Contamination

Fig. 3 shows typical silicon cluster ion mass spec-
trum. It should be noticed that clusters entering the ICR
cell wasrestricted to the mass range by the pulsed-volt-
age deceleration technique. No special size distribution
such as well known in carbon clusters [1] was observed.
There were only alittle bit contamination signals in be-
tween pure silicon clusters. More detailed view is
shown in Fig. 4. Apparent contaminants for “clean”
condition (expanded view of Fig. 3) were hydrogen,
carbon and oxygen atoms. The small amount of carbon
contamination was due to the carbon cluster ex-
periments performed previously. A gpectrum measured
with “dirty” cluster source condition is compared with
the calculated isotope distribution based on the natural
abundance of silicon isotopes with fitted percentage of
contaminants in Table 1. It seems that water molecules
sticking in helium carrier gas line and sample surface
caused all contamination except for carbon. The relative
variation of peak height seen in Fig. 3 can also roughly
explained by the reactivity with water measured by ion
drift tube (18, 20 is reactive and 19 is unreactive). It
seems that water molecules were dissociatively chemi-
sorbed on silicon clusters. Here, the worst contaminants
were H and H,, because they could not be distinguished
in most of ion mass detectors in practical experimental
conditions. Even with FT-ICR experiments, careful and
painful examinations were necessary.

3.2 Chemical Reaction Kinetics

Fig. 5(a) shows the FT-ICR mass spectrum of the in-
jected and trapped clusters. In order to observe the
chemisorption reaction product on a clean basdline, al
clusters except for Si;;" were excited away from the
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Fig. 3 Silicon cluster mass spectrum asinjected.
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ICR cell by the selective RF excitation called “SWIFT”
technique [8,28]. It was especially crucial for reaction
of ethylene that has the same mass as silicon atom.
Clusters were well thermalized to the room temperature
by exposures to argon at a pressure of at 1 ~ 107 Torr
for 10 seconds (about 2000 collisions) after SWIFT.
Fig. 5(b) shows the mass spectrum measured after this
mass selection. Fig. 5(c) shows the results of exposure
of Si;;" to ethylene at 1 ~ 10 Torr for 0.2 seconds.
Successive chemisorption of ethylene molecules were
observed. Even though most of Si;;* chemisorbed one
or two ethylene dready at 0.2 s, some Si,;" still re-
mained un-reacted for 5 s. The existence of small
amount of less reactive isomer will be discussed.

For the chemisorption of first ethylene molecule,
reaction kinetics was explored for Si,* (11 £ n £ 20) by
changing the reaction time. The pseudo-first-order ki-
netics of the reaction is expressed as

In(1/1,)=-K[C,H,It, 1)

assuming that number density of Si cluster is much
smaller than that of ethylene, [S,,*]<<[C,H,]. Here, Iy
and | areinitial and final abundance of Si,* in a reaction
for time t, respectively. Here, |, was summation of par-
ent and al product signas. An example of the
log-normal plot of In(1/1,) versus time for Siy; is

Table 1 Estimated percentage of contaminants
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Fig. 4 Contamination with H,O, C, O, and H. A dightly
thicker line in (c) represents pure silicon isotopes.
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Fig. 5 FT-ICR spectra of reaction of Si,;" with ethylene.

plotted in Fig. 6. Except for Si,,*, all clusters investi-
gated did not follow this pseudo-first-order kinetics. As
demonstrated by Jarrold et al. [14], this trend strongly
suggests the existence of structural isomers. Then, &-
suming that there are two isomers with different reac-
tion rate, k; and k;, the kinetics of reaction can be re-
written as

/1, = prexpl(- k t)+(L- p)xexp(- k, ) 2

where p denotes the fraction of isomer with rate con-
stant ky. In Fig. 6, the solid line represents a fitted curve
with equation (2). From these fittings, the reaction rate
ki, ko, and the fraction p were estimated. The size d&-
pendence of average reaction rate k = pk +(1- p)k,

is plotted in Fig. 7 in comparison with ion drift tube
experiments [13,14]. The over-all trend in dependence
of the rate constant k on cluster size was in good
agreement to Jarrold's ion drift tube experiments. It
seems that the remarkable discrepancies of experimen-
tal results between ion drift tube experiments by Jarrold
et al. and FT-ICR experiments of Smalley’'s group was
not realized in this size range. In general, present
experimental results showed less abundance of
less-reactive isomers compared to Jarrold's experi-
ments. Apparently, Si,* (n = 11, 18, 19) did not show the
first-order-kinetics in contrast to Jarrold's. However,
the effect of contamination by hydrogen atom was re-
vealed for these clusters. Actually the less reactive part
of these clusterswas all hydrogen contaminated clusters
not structural isomers as shown in Fig. 8. Since
contamination with only 1 or 2 hydrogen atoms is
usually not discriminated by practical mass spectros-
copy for cluster beams, it is a crucial warning. Small
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Fig. 7 Rate constant of first ethylene chemisorption.

cluster beams, it is a crucial warning. Small difference
of reactivity observed for Si;omight be aso due to the
hydrogen contamination, since the contaminaion was
severe only for Si ;9 experiments.

3.3 Saturated Reaction Products

As shown in Fig. 5(d) and 5(e), the product distribu-
tion became almost the same after some time of reac-
tion process. These saturated product distributions were
summarized for al cluster size in Fig. 8. Usually the
saturation of reaction is regarded as the equilibrium of
forward and backward reactions for certain pressure and
temperature. This possibility was not likely from pres-
sure-dependence experiments [14] except for Sig,.
More direct experimenta proveisshownin Fig. 9. Here,
after finishing the saturated condition by 15 s reaction
in Fig. 9(c) (compare with Fig. 8(€)), only Sii5(CH,)4
was further selected by second SWIFT technique (Fig.
9(d)). As shown in Fig. X(e) further exposure to ethyl-
ene for 10 sresulted no further reaction or dissociation
toward equilibrium. The same result was obtained for



S15(CH,). This means that final saturated products
such as Si;5(CH,) and Si15(CH,) 4 were distinctive un-
reactive clusters either from different isomers of Siys
or isomerization [28] due to the chemisorption of eth-
ylene molecules.

A remarkable special stability of Si(C,H,)," when n
+ m=19isclearly shown in Fig. 8. This meansthat S,
easily accepts up to m ethylene but hates to accept more
than m. Some less prominent stable structure is d-
served for n + m= 16, 17, 21. Here, Si;g and Si,; were
reported to be less reactive magic numbers toward an-
monia [8] and water [16], respectively. However, inter-
estingly enough Si g itself was not less reective at al as
shown in Fig. 7 in our experiment.

It is still not clear how ethylene molecule chemi-
sorbed in silicon clusters. Jarrold et al. [13] suggested
strong p bonding through measured binding energy of
first ethylene chemisorption to Si, through Sio: varying
between 0.8 €V to 2.0 €V. On the other hand, a recent
theoretical work suggested a di-s bonding for Sis [28].
Anyway, the clear structure observed in the saturated
condition should help to further determine the geomet-
rical structure of silicon clusters.

Finally, the effect of hydrogen contamination turned
out to be very important information of reaction
mechanism. Clusters marked in circle in Fig. 8 had d-
most 100 % hydrogen aom, i.e, SijH,
S 14H(CH,),", ... This means that those clusters with
hydrogen were selectively left over the reaction process
and that a hydrogen blocked the chemisorption of eth-
ylene molecule. It is aso clearly shown that
S H(CH,)," for n + m= 16 are stable. It can be re-
garded that a hydrogen atom can work as well as ethyl-
ene to saturate the reaction. The effect of a hydrogen
atom for Si;;* was more dramatic. Si;;H* did not react
at all where most of Siy;* accepted 5 ethylene mole-
cules.

4 Conclusions

FT-ICR apparatus with direct injection cluster beam
source was implemented for the chemical reaction ex-
periments of silicon clusters, and chemical reaction of
small silicon cluster ions Si,* (11 £ n £ 20) with ethyl-
ene was measured with FT-ICR. The overal size d-
pendence of reaction rate coincided with ion drift tube
experiments. Furthermore, the saturated reaction prod-
ucts were presented for the future theoretical studies of
medium sized silicon clusters. Si(CH,)," Wheren + m
= 19 were abserved to be remarkably stable. Further-
more, it was found that a hydrogen atom terminated the
reaction as an ethylene molecule.
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