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An infrared study of H 8Si8O12 cluster adsorption on Si „100… surfaces
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Motivated by a controversy about the proper interpretation of x-ray photoelectron spectra of Si/SiO2

interfaces derived from the adsorption of H8Si8O12 spherosiloxane clusters on Si~100! surfaces, we
have studied the adsorption geometry of the H8Si8O12 clusters on deuterium-passivated and clean
Si~100! surfaces by using external reflection infrared spectroscopy. Access to frequencies below
1450 cm21 was made possible through the use of specially prepared Si~100! samples which have a
buried metallic CoSi2 layer that acts as an internal mirror. A comparison of the infrared spectrum of
the clusters on a deuterium-passivated Si~100! surface at 130 K with an infrared spectrum of the
clusters in a carbon tetrachloride solution reveals that the clusters are only weakly physisorbed on
the D/Si~100! surface and also provides evidence for the purity of the cluster source. We also
present infrared spectra of clusters directly chemisorbed on a clean Si~100! surface and show
evidence that the clusters are adsorbed on the Si~100! via attachment by one vertex. A complete
assignment of the observed vibrational features, for both physisorbed and chemisorbed clusters, has
been made based upon comparisons with the results obtained inab initio calculations using
gradient-corrected density functional methods. ©1998 American Institute of Physics.
@S0021-9606~98!02820-7#
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I. INTRODUCTION

In recent years there has been a great deal of researc
the structure of the Si/SiO2 interface, due to the importanc

a!Current address: Exxon Research and Engineering, Corporate Res
Laboratories, Annandale, New Jersey 08801.

b!Author to whom correspondence should be addressed.
c!Current address: NIST, Gaithersburg, Maryland.
d!Deceased.
8680021-9606/98/108(20)/8680/9/$15.00
on

of this interface in microelectronic devices.1 One technique
which has been widely used to study this interface is x-
photoelectron spectroscopy~XPS!,2,3 because changes in th
energy levels of the Si 2p core level can provide information
about the local chemical environment of Si atoms at the
terface. In particular, many XPS studies have focused
trying to understand the structure of Si/SiO2 interfaces which
are formed in industrially important processes, such as th
mal oxidation.2,4
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Recently, Banaszak-Holl and McFeely have used XPS
study the Si 2p core levels of Si/SiO2 interfaces that had
been formed by the room temperature adsorption of a var
of siloxane clusters on Si~100! surfaces.5–7 These studies
were motivated by the observation that in previous studie
Si/SiO2 interfaces, the Si 2p features were assigned to SiOx

structures on the basis of a ‘‘group-shift’’ model, which h
never been experimentally shown to be applicable to Si/S2

interfaces. Thus, the goal of their cluster studies was to p
vide a well-defined Si/SiO2 interface with a known structure
which could be used as a standard for assigning the X
features of Si/SiO2 interfaces generated by other method
such as thermal oxidation.2,5 Interestingly, on the basis o
their XPS studies of these cluster-derived Si/SiO2 interfaces,
Banaszak-Holl and McFeely concluded that the ‘‘grou
shift’’ model could not be used as a guiding principle
assign the features in the XPS spectra.8 Their conclusions
have generated a great deal of controversy in
literature.2,9,10

To address this controversy, we report in this paper
vibrational studies of a spherosiloxane cluster which ha
chemical formula H8Si8O12 and a structure as shown in Fig
1. In particular, we will focus on two key issues. The fir
issue is concerned with whether the clusters attach to
Si~100! surface in the manner proposed by Banaszak-H
and McFeely.5 This proposed adsorption geometry, shown
Fig. 1, simply involves the dissociative chemisorption o
cluster across a Si~100! dimer to form an H7Si8O12 species
attached to one Si atom of the dimer and a hydrogen a
attached to the other. Indeed, since Banaszak-Holl and
Feely have based their controversial interpretation of
XPS studies of this class of clusters on this adsorption
ometry, it is important to verify that this adsorption geome
is correct. The second issue is concerned with whether
tain key features in the XPS spectrum of the clusters are
to contamination, rather than adsorbed clusters. More

FIG. 1. ~a! The free H8Si8O12 cluster.~b! Adsorption geometry proposed b
Banaszak-Holl and McFeely in Ref. 5.
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cifically, as shown in Fig. 2~a!, the Si 2p XPS spectrum of
the clusters adsorbed on a Si~100! surface exhibits feature
shifted 0.4, 1.04, 2.19, and 3.64 eV relative to the bulk
peak.5 These features were assigned by Banaszak-Holl
McFeely as belonging to H–Si, Si–SiO3, Si–SiO3, and
H–SiO3 moieties, respectively, based upon a comparison
the relative integrated intensities of these features with
relative numbers of Si atoms in different chemical enviro
ments for clusters chemisorbed in the manner descri
above.2,5 However, recent density functional calculations
the clusters in this adsorption geometry by Pasquarello,
bertsen, and Carr have not predicted the existence of Sp
XPS features shifted 1.04 and 2.19 eV relative to the bulk
peak, as shown in Fig. 2~b!, suggesting that two of thes
features arise from contamination.9 In particular, it has been
suggested that the 1.04 eV feature arises from backgro
water contamination,9 and not from the existence of signifi
cant ‘‘second-nearest-neighbor’’ effects, as proposed
Banaszak-Holl and McFeely.5,8 Additionally, it has been pro-
posed that the 2.19 eV feature could be the result of non
lective decomposition of the cubes to form some type
suboxide species on the surface.9

In order to determine both the cluster adsorption geo

FIG. 2. ~a! The XPS spectrum resulting from the chemisorption of t
H8Si8O12 cluster on clean Si~100!. This spectrum was taken from Ref. 5.~b!
A calculated Si 2p XPS spectrum of the clusters chemisorbed on a Si~100!
surface, generated by density functional methods. This spectrum was t
from Ref. 9.
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etry on Si~100! surfaces and the importance of contaminat
effects from water or partially decomposed clusters, we h
studied the adsorption of clusters on clean and D-passiv
Si~100! surfaces by using external reflection infrared sp
troscopy. Infrared spectroscopy can provide valua
complementary information to the XPS studies, beca
structural information about adsorbates on surfaces can
deduced by analyzing the features in an infrared spectr
Additionally, since we have previously studied the dissoc
tive adsorption of water on Si~100! with this technique,11 we
can provide estimates of the degree of water contamina
in these particular studies by comparing with previously o
tained data.

The remainder of this paper is organized as follows.
Sec. II, we will briefly describe details concerning the prep
ration of these Si~100! samples, the acquisition of the infra
red spectra, and the handling procedures for the clusters
gases used in this study. We will also describe the den
functional methods which were used to calculate the nor
mode frequencies of free H8Si8O12 clusters and of related
monosubstituted cluster compounds~i.e., RH7Si8O12, where
R5CH3 or SiH3! which are relevant for the interpretation o
the infrared spectra. In Sec. III, we report infrared expe
ments and calculations which demonstrate that the clus
are most likely adsorbedvia attachment through a singl
vertex, as proposed by Banaszak-Holl and McFeely. We
discuss the role of water contamination and attempt to qu
tify the amount of water coadsorbed with the clusters.

II. EXPERIMENT

A. Sample preparation

The preparation and cleaning of the Co1-implanted
Si~100! samples have been described previously in deta11

Briefly, the Si~100! wafers ~B-doped, 6–10V-cm! were
heated to 650 K, bombarded with 200 keV59Co1 ions ~beam
current density 15– 20mA/cm2, total dose ;2.3
31017 cm22!, and capped with a protective oxide. This im
plantation process was followed by a two-step annealing p
cedure which helped to reduce the surface damage cause
the ion bombardment. Next, the Si~100! samples were sub
jected to a series of wet chemical cleaning, oxidation, a
etching steps which ultimately left a 1.0–1.5 nm thick pr
tective oxide film on the surface. The samples were th
inserted into a load-lock chamber, and a single sample
transferred to a manipulator that had been extensively
gassed previously in order to avoid contamination when
nealing away the protective oxide layer. This ent
transferring/annealing procedure has been described
oughly elsewhere.11 After the protective oxide was remove
by annealing, a well-ordered Si~100! surface was obtained
as verified by low energy electron diffraction~LEED!, Auger
electron spectroscopy~AES!, and vibrational linewidth stud-
ies of the hydrogen-passivated surface.11 Also, note that the
Si~100! samples were never cleaned byin-situ ion bombard-
ment, since this procedure would rapidly erode the thin
layer above the CoSi2 layer. Whenever the sample was co
taminated with carbon, as determined by Auger elect
spectroscopy, it was replaced with a fresh sample.
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B. Infrared spectroscopy

The infrared experiments were performed at both
National Synchrotron Light Source of Brookhaven Nation
Laboratories and at Bell Laboratories. The ultrahigh vacu
~UHV! chambers and the corresponding optical geomet
have been described elsewhere in detail.11 The infrared ra-
diation was detected using two different types of detecto
At Brookhaven, a liquid-helium-cooled Cu:Ge detector, se
sitive above 330 cm21, was used for studies in the mid- t
far-infrared region, while at Bell Laboratories, a liquid
nitrogen-cooled HgCdTe/InSb sandwich detector, which
sensitive above 720 cm21, was used. The infrared spect
shown are the result of ratioing a series of coadded spectr
the adsorbate-covered surface against a series of coa
spectra for the clean surface. For the experiments that w
performed at Brookhaven, typically 3–6 spectra of 256 sc
were acquired at 6 cm21 resolution and coadded prior to ra
tioing for both the clean and the adsorbate-coverage surfa
while for the experiments at Bell Laboratories, typically
spectra of 512 scans at 8 cm21 resolution were acquired prio
to ratioing. The variation of the sample temperature dur
the acquisition of the infrared spectra was kept at60.2 K or
less by using a home-built heater feedback loop cont
Such precise temperature control is critical since larger te
perature fluctuations would cause a significant drift in t
base line, rendering the spectrum unusable.

C. Handling procedures for clusters and gases

The H8Si8O12 clusters were synthesized and purified a
cording to a previously reported procedure,12 and stored in a
stainless steel vial which could be sealed by a metal bello
valve. Prior to performing any experiments, the clus
source was first conditioned by pumping extensively with
turbomolecular pump~for 24–36 hours! in order to remove
potential contaminants, particularly water. Also, at the beg
ning of each day of experimentation, the cluster source w
further conditioned by 30 min of pumping with a turbom
lecular pump. This cluster handling procedure is similar
the one used previously by Banaszak-Holl and McFeely
their XPS studies of cluster adsorption on Si~100!.6 Expo-
sures of the clusters are reported in langmu
(1 L51.331024 Pa•s). These exposures were regulated b
precision sapphire leak valve and were made throug
3/8 inch outer diameter~o.d.! copper dosing tube that wa
directed at the Si~100! sample. The result of dosing throug
this tube was that the flux of clusters at the surface w
higher than estimated from the measured partial pressur
the chamber. As determined by calibration experiments~not
shown!, a 0.4 L exposure cluster corresponds to a satura
layer on the clean Si~100! surface with this dosing method

The deuterium used in these studies was purchased
Matheson~99.999% purity! and was used without furthe
purification. Atomic deuterium used for passivating t
Si~100! surface was generated by backfilling the vacuu
chamber with D2 to 1.331024 Pa and then turning on a W
filament~Tfilament5;2100 K, as measured by a disappeari
filament pyrometer! which was located;5 cm from the
Si~100! surface. During the D atom exposures, the Si~100!
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sample temperature was held at 550 K to ensure that
surface would be passivated by the monodeuterated p
exclusively.13 Although the exposures of atomic deuteriu
are reported in langmuirs, these exposures reflect the pa
pressure of D2 in the chamber while the W filament was o
and not the actual flux of D atoms at the surface of
Si~100! sample. Typically, a 110 L dose of D atoms w
sufficient to passivate the Si~100! surface completely by
forming the Si–D monohydride phase, as verified by infra
spectroscopy.

The D2O used in these experiments was stored in
quartz vial which was sealed by a metal bellows seal va
Prior to use, it was purified by successive freeze–pum
thaw cycles.In situ mass spectrometry confirmed that t
purity was greater than 95%.

D. Ab initio normal mode calculations

To assist in making vibrational mode assignments,ab
initio calculations were performed to determine the norm
mode frequencies of the free cluster and of monosubstitu
clusters in which a hydrogen atom at one of the corners
the cluster was replaced by either a silyl group or a met
group. We have chosen to use these monosubstituted clu
to model chemisorbed clusters on Si~100!, because determin
ing the normal modes of these monosubstituted cluster
computationally more tractable. However, we recognize t
the use of silyl groups or methyl groups to represent
surface leads to a reduced mass which is substantially di
ent than what would be obtained if the surface were fu
represented. Nevertheless, the normal mode calculation
these simple model compounds can predict which clu
modes become infrared active if the octahedral symmetr
the free cluster is reduced toC3v , as would be the case if th
clusters attach to the Si~100! surface through a single vertex

The ab initio calculations were performed using the B
LYP gradient-corrected density functional method, whi
has been shown to be comparably accurate to methods w
employ Gaussian basis sets, such as MP2, while being c
putationally less expensive.11,14,15The geometries of the fre
cluster and monosubstituted clusters were fully optimiz
prior to evaluating the matrix of force constants. The infrar
intensities of all normal modes were determined as well,
we emphasize that these intensities are calculated using
total dynamic dipole of the mode. Thus, in making compa
sons with the intensities of experimentally observed spec
features, one must be cautious because only the perpen
lar component of the dynamic dipoles are observed for
sorbates on the Co1-implanted Si~100! samples.16

III. RESULTS

A. Cluster adsorption on deuterium-passivated and
clean Si „100… surfaces

In Fig. 3~a!, we present infrared spectra of clusters
deuterium-passivated Si~100! at 130 K. These spectra wer
taken as a function of exposure. For the sake of clarity,
have chosen to use an infrared spectrum of the deuter
passivated Si~100! surface as the background spectrum,
that all of the spectral features in Fig. 3~a! are related to the
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vibrational modes of the clusters. The spectra show that
vibrational features gradually appear with increasing clus
exposure. Similar features are also observed for the clus
in a carbon tetrachloride solution,17 as seen by a compariso
of Figs. 3~a! and 3~b!. This similarity is significant in that it
provides evidence for the purity of the cluster source t
was used in these studies. In particular, the five vibratio
features observed in Fig. 3~a! clearly are characteristic o
H8Si8O12 clusters, which implies the following:~1! the clus-
ter source does not emit a mixture of structurally differe
siloxane molecules; and~2! during the dosing process, th
clusters are not altered either by reactions with the inte
wall of the chamber or by thermal cracking due to the i
gauge. These results will be especially important later, w
we examine the infrared spectra of the clusters which
directly chemisorbed onto a Si~100! surface.

The vibrational mode assignments for the spectral f
tures in Fig. 3~a! are summarized in Table I. These assig
ments were made by a straightforward comparison to
assignments previously reported for the clusters in a car
tetrachloride solution,17 as well as by a comparison to th
results of ourab initio normal mode calculations for the fre
cluster. We note here that the calculations yield normal m
frequencies which agree quite well with the experimenta
observed values reported in the literature,17 differing by only
2%, on average. Additionally, the normal mode descriptio
obtained from the calculations qualitatively agree with tho
previously proposed on the basis of a normal mode anal
using Wilson’sF and G matrix method.17 As an example,
both the previously reported assignments and ourab initio
calculations assign the features at 895 and 1199 cm21 to

FIG. 3. ~a! Infrared spectra of clusters on a D-passivated Si~100! surface
taken as a function of cluster exposure.~b! Infrared spectra of clusters in a
carbon tetrachloride solution. This spectrum was taken from Ref. 12.
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threefold degenerated~Si–H! and na(Si–O–Si) modes, re-
spectively.

The close agreement between the frequencies obse
in Figs. 3~a! and 3~b! suggests that the clusters are on
weakly physisorbed on D-passivated Si~100! surfaces at
cryogenic temperatures. This behavior is confirmed by in
red studies which monitor the thermal desorption of the cl
ters from a D-passivated Si~100! surface, as shown in Fig. 4
In these studies, a D-passivated surface was exposed to
of clusters at 120 K, subsequently heated to each spec
temperature for one minute~heating rate53 K/s!, and then
recooled to 120 K.@For reference, a 16 L exposure of clu
ters corresponds to approximately 40 layers of clusters,

TABLE I. Vibrational mode assignments for the major features in the
frared spectrum of molecular H8Si8O12 clusters. All frequencies are in wav
numbers. The numbers in parentheses refer to the infrared intensities c
lated using the total dynamic dipole, and not just the component perpen
lar to the surface.

Mode description Symmetry

Molecular H8Si8O12 clusters

In CCl4
a On D/Si(100) B3-LYP

ds(Si–O–Si) T1u 399 408 392~173!
ns(Si–O–Si) T1u 465 482 451~135!
da(O–Si–H) T1u 881 895 894~513!
na(S–O–Si) T1u 1141 1199 1154~2130!
n(O3Si–H) T1u 2277 2287 2361~355!

aReference 17.

FIG. 4. Infrared spectra of clusters on a D-passivated Si~100! surface taken
as a function of substrate temperature.
ed

-
-

6 L
ed

s-

suming that the sticking probability of the clusters on t
D-passivated Si~100! surface at 120 K is the same as that f
clusters on a clean Si~100! surface at room temperature#
From the series of spectra shown in Fig. 4, it is evident t
all of the clusters have desorbed from the D-passivated
face by 200 K, indicating that the clusters interact on
weakly with the D-passivated surface. This result is imp
tant because it sets an upper limit for the multilayer deso
tion temperature of the clusters. Thus, in later infrared
periments where the clusters adsorb directly on a Si~100!
surface at room temperature, we can exclude the possib
that the corresponding infrared spectra are the result o
superposition of vibrational features originating from bo
chemisorbed and physisorbed clusters.

Figure 5~a! shows an infrared spectrum obtained af
exposing a Si~100! surface at room temperature to a satu
tion exposure of clusters. By comparing with the spectra
physisorbed clusters in Fig. 3, it is evident that several ad
tional spectral features appear following the reaction of
clusters with the clean Si~100! surface. For example, the fea
ture at 891 cm21, which corresponds to ad(O3Si–H) mode
in the physisorbed cluster, is also present in Fig. 5~a!, but
splits to produce satellite features at 862 and 910 cm21. Ad-
ditionally, the feature at 1169 cm21, corresponding to a tri-
ply degeneratena(Si–O–Si) mode in the physisorbed clus

-

cu-
u-

FIG. 5. ~a! Infrared spectrum obtained following a saturation exposure
clusters on a clean Si~100! surface at room temperature.~b! Infrared spec-
trum of a hexyl-substituted cluster in a pentane solution. This spectrum
taken from Ref. 13.
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TABLE II. Vibrational mode assignments for the major features in the infrared spectrum of H8Si8O12 clusters
adsorbed on Si~100!. All frequencies are in wave numbers. The calculated infrared intensities refer to inten
which are calculated using the total dynamic dipole, and not just the component perpendicular to the
plane. The differentd~Si–H! andna(Si–O–Si)modes correspond to different collective motions of Si–H a
Si–O–Sigroups within the cluster.

Mode description
Symmetry

C3v

H8Si8O12 clusters

Hexyl-substituteda
CH3-substituted

B3-LYP
On Si~100!

IR data
SiH3-substituted

B3-LYP

d~Si–H! E 847 874 ~427! 862 842 ~125!
d~Si–H! A1 887 900 ~1000! 891 890 ~1016!
d~Si–H! E 905 921 ~78! 910 900 ~625!

A1 918 ~132!
na(Si–O–Si) E ¯ 1044 ~18! 1099 1037~52!

A1 1114 ~8! 1112 ~54!
na(Si–O–Si) E ¯ 1141 ~33! ¯ 1136 ~313!

A1 1141 ~83! 1141 ~270!
na(Si–O–Si) E 1139 1152~4182! 1169 1151~3851!

A1 1152 ~2206! 1151 ~1988!
n(O3Si–H) E 2274 2360~591! 2277 2362~624!

A1 2366 ~65! 2360 ~128!

aReference 18.
ig
r

r
b

o
ed
a

ve
og

ig
a-
on
uc

ul
us

a
a-

n
a
r

-

a

he

ive
hyl-
r in-

the

be-
the
e

ing
of

rved
al-

etry
and

isso-

me
a

sys-

-

s a
.

na-
ter, now has a shoulder at 1099 cm21 in Fig. 5~a!. Finally, we
observe a rather weak feature at 820 cm21, which is in the
frequency range expected for an~Si–OH! mode of a hy-
droxyl group on a Si~100! surface.11,15 This feature will be
discussed in detail below.

A comparison of the infrared spectrum shown in F
5~a! with an infrared spectrum of hexyl-substituted cluste
in a carbon tetrachloride solution@Fig. 5~b!#18 reveals that
these two spectra are fairly similar, suggesting that the vib
tional assignments for the hexyl-substituted cluster can
used as a guide for assigning the vibrational features
served in Fig. 5~a!. These assignments, which are confirm
by our ab initio calculations described below, are summ
rized in Table II. However, we note that the feature obser
at 1099 cm21 in Fig. 5~a! does not appear to have an anal
in the spectrum of the hexyl-substituted clusters@Fig. 5~b!#.
Based solely on a comparison between the spectra in F
5~a! and 5~b!, it is impossible to determine whether this fe
ture is intrinsic to molecularly chemisorbed clusters
Si~100!, or whether it arises from other surface species, s
as partially decomposed clusters.

Motivated by these issues, we performedab initio calcu-
lations to determine which normal modes of a cluster wo
become infrared active if the octahedral symmetry of a cl
ter were reduced toC3v , by substitution of either a silyl or
methyl group at one vertex. Importantly, the frequencies c
culated for the SiH3-substituted cluster, which are summ
rized in Table II, agree rather well withall of the experimen-
tally observed frequencies for the clusters chemisorbed o
Si~100! surface. For example, as shown in Table II, the c
culations predict that substituting a hydrogen at a corne
the cluster by a SiH3 group causesd(O3Si–H) vibrations at
842 and;900 cm21 to become infrared active, which ac
counts for the features at 862 and 910 cm21 in Fig. 5~a!.
Additionally, the calculations predict that infrared active fe
tures occur at 1112, 1136, and 1141 cm21 for the
SiH3-substituted cluster, which most likely gives rise to t
.
s

a-
e

b-

-
d

s.

h

d
-

l-

a
l-
of

-

broad shoulder at;1099 cm21 in Fig. 5~a!. Interestingly,
although the calculations predict that similar infrared act
modes should appear in the infrared spectrum of the met
substituted cluster, such modes would possess a weake
frared intensity than the analogous modes of
SiH3-substituted cluster~cf. Table II!. These differences in
infrared intensity may be related to subtle differences
tween the vibrational coupling of the cluster modes to
Si–CH3 and Si–SiH3 vibrations. In an analogous fashion, th
presence of a feature at 1099 cm21 in the infrared spectrum
of the clusters on a Si~100! surface@Fig. 5~a!#, but not in the
infrared spectrum of hexyl-substituted clusters@Fig. 5~b!#,
may be related to subtle differences in vibrational coupl
of the Si~100! surface and the hexyl group to the modes
the cluster.

The close agreement between the frequencies obse
in Fig. 5~a! and those predicted from the normal mode c
culations for the H7Si8O12–SiH3 cluster compound strongly
suggest that the H8Si8O12 clusters attach to the Si~100! sur-
face through one vertex. Such a cluster adsorption geom
is consistent with the one proposed by Banaszak-Holl
McFeely on the basis of XPS studies of clusters on Si~100!
surfaces, as described above. However, if each cluster d
ciatively chemisorbs across a single Si~100! dimer, as shown
in Fig. 1, the hydrogen atom that is adsorbed on the sa
dimer as the H7Si8O12 cluster fragment should give rise to
vibrational feature at;2090 cm21. This feature is expected
based on comparisons with infrared studies of analogous
tems. For example, a moderately intensen~Si–H! feature is
observed at 2088 cm21 following the dissociative chemisorp
tion of water across a single Si~100! dimer to form surface-
bound hydrogen and a hydroxyl group.11 Similarly, a mod-
erately intensen~Si–H! feature is observed at 2088 cm21

following the dissociative chemisorption of ethanol acros
single Si~100! dimer to form surface hydrogen and ethoxy14

Thus, the complete absence of such an~Si–H! feature in Fig.
5~a! is somewhat surprising. However, one possible expla
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tion is that the surface concentration of hydrogen may
low to give this mode appreciable intensity. In other wor
since the clusters are rather bulky, a saturation coverag
chemisorbed clusters only generates one H7Si8O12 group and
one H atom per three Si~100! dimers,6 leading to a surface
hydrogen coverage that is only one-third of that obtained
a saturation coverage of either water or ethanol.

B. Identification and quantification of water
contamination

Although the results of the normal mode calculations
the SiH3-substituted cluster reproduce the experimentally
served frequencies for the clusters adsorbed on a c
Si~100! surface rather well, we note that the calculations
not predict the presence of any spectral features at 820 cm21.
This result suggests that this feature does not arise fro
vibrational mode of the cluster, but rather from a vibration
some contaminant on the surface. In fact, based upon
previous infrared studies of water chemisorption on Si~100!,
we believe that this feature is consistent with then~Si–OH!
vibration of surface hydroxyl groups generated by the dis
ciative chemisorption of water on the Si~100! surface,11

though we do not have enough signal-to-noise n
2100 cm21 to detect then~Si–H! vibration that would ac-
company then~Si–OH! mode.

However, assuming that the 820 cm21 feature results
from water contamination, we can place a lower limit on t
amount of water coadsorbed with the clusters by compa
the integrated intensity this feature@Fig. 6~a!# with the inte-

FIG. 6. ~a! The infrared spectrum obtained after a saturation exposur
clusters on a Si~100! surface. The feature at 820 cm21 could result from the
n~Si–O! feature of dissociated water which is present as a contaminant~b!
Infrared spectrum obtained following a saturation exposure of H2

16O on a
clean Si~100! surface.
o
,
of

r

r
-
an
o

a
f
ur

-

r

g

grated intensity of then~Si–OH! feature for a saturation cov
erage of water on the Si~100! surface@Fig. 6~b!#. Such a
comparison reveals that the integrated intensity of
820 cm21 feature is only 5% that of then~Si–OH! feature for
a saturation coverage of water, suggesting that the amou
coadsorbed water is rather small. However, we empha
that this comparison only provides a rough estimate whic
good to within a factor of;1.5, due to uncertainties in th
reproducibility of the optical alignment.19 Additionally, it ap-
pears that the clusters can react with a water-treated Si~100!
surface, so that the 820 cm21 feature might be attenuated an
might not account for all of the water contamination. A
though this point will be addressed in detail in a futu
publication,20 we merely illustrate it here by showing that th
clusters can react with a D2O-treated~i.e., D2O saturated!
Si~100! surface. Figure 7 shows a difference spectrum
tained by subtracting the spectrum of a D2O-treated Si~100!
surface from the spectrum of a D2O-treated Si~100! surface
after a cluster exposure sufficiently large to saturate a cl
Si~100! surface. This difference spectrum clearly shows
positive-going feature at 843 cm21, indicating an attenuation
of the n~Si–OD! mode of the chemisorbed D2O. The inte-
grated intensity corresponds to a 30% decrease of
n~Si–OD! feature. Additionally, strong features appear
881 and 1155 cm21, and are assigned tod(O3Si–H) and
n~Si–OSi! modes of the cluster, respectively, based on
comparison with the spectra in Fig. 3~a!. We also observe a
broad, relatively intense feature at 1061 cm21, which is not
observed for clusters weakly physisorbed on D/Si(100)@Fig.
3~a!#. The presence of this feature suggests that at lea
fraction of the clusters interacts strongly with a water p
covered surface at room temperature, and possibly even
acts.

IV. DISCUSSION

A. The adsorption of H 8Si8O12 clusters on Si „100…

As mentioned in the Introduction, one key part of th
controversy concerning the proper interpretation of the X
spectrum of the chemisorbed clusters is whether the clus
attach to the Si~100! surface by one vertex. Indeed, seve

of

FIG. 7. Difference spectrum obtained by subtracting the spectrum of a2O
passivated Si~100! surface from the spectrum taken after the same surf
was exposed to 1.2 L of clusters.
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alternative scenarios to the single vertex adsorption geom
proposed by Banaszak-Holl and McFeely have been s
gested in an effort to explain the XPS spectrum of
clusters.2 For example, one possible scenario is that the c
ters decompose during the dosing process, so that the
spectra reflect the presence of various suboxide specie
second possible scenario is that a fraction of the clus
which adsorb initially on the Si~100! surface completely de
composes, causing artifacts in the XPS data, yet subseq
clusters attach to the surface via one vertex.9 Also, it has
been suggested that each cluster can react with more
one Si surface dimer, leading to either double vertex atta
ment or the partial destruction of the siloxane cage.2

However, based on our infrared data andab initio calcu-
lations, we can clearly exclude some of these scenarios.
example, the infrared spectrum of clusters physisorbed o
D-passivated Si~100! surface@Fig. 3~a!# is completely con-
sistent with intact, molecular clusters, and allows us to r
out the possibility that the cluster source emits a variety
structurally different clusters. Additionally, as mention
above, this result argues against the possibility that the
face is contaminated by cluster fragments formed during
dosing process by thermal cracking due to a hot filamen
the chamber, such as that of an ion gauge, or by reac
with the stainless steel inner walls of the chamber to evo
structurally different clusters. Our infrared studies also arg
against the possibility that an initial fraction of the cluste
that adsorb on the surfacecompletelydecomposes, becaus
in such a scenario, the resulting suboxide would very lik
have low symmetry on the surface, causing dipole ac
features not predicted by the calculations. Indeed, the g
agreement between the frequencies observed in the infr
experiments on the chemisorbed clusters with the frequ
cies calculated for the SiH3-substituted cluster suggests th
the spherosiloxane cage of the clusters must remain fa
intact upon adsorption and is completely consistent wit
single vertex adsorption geometry. However, we empha
that a surfacen~Si–H! feature, which should result from
cluster dissociation across Si~100! dimers@Fig. 1~b!# was not
observed. Furthermore, we have not performed exhaus
calculations to characterize the normal modes of a parti
decomposed cluster, due to the multitude of different p
sible ways that the cluster can decompose, so that we ca
say definitively that no other possibilities exist other th
single vertex attachment. Additionally, we note that t
structurally similar H10Si10O15 cluster, which has a solution
infrared spectrum similar to that of the H8Si8O12 cluster,21

also reacts with the Si~100! surface to yield a spectrum sim
lar to that of a dissociatively chemisorbed H8Si8O12 cluster
@Fig. 5~a!#.20 Thus, the spectrum shown in Fig. 5~a! is not
necessarily unique to a H8Si8O12 cluster bound by a single
vertex, and on this basis, we cannot rule out the possib
that the siloxane cage of a surface-bound H8Si8O12 cluster
may be slightly decomposed on the Si~100! surface, though
largely intact and similar in structure to that of the unbou
cluster.
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B. The role of water contamination

The role of water contamination in the XPS studies
clusters chemisorbed on a Si~100! surface has been debate
strenuously in the literature.2,6,9 At the core of this debate is
uncertainty over the proper interpretation of the Si 2p feature
shifted 1.0 eV relative to the bulk Si feature in the XP
spectrum of clusters on Si~100! @Fig. 2~a!#. Banaszak-Holl
and McFeely have claimed that this feature arises fr
strong ‘‘second-nearest-neighbor’’ effects, although P
quarello, Hybertsen, and Car have suggested that this fea
arises from surface hydroxyl groups present due to wa
contamination.9 However, it has been argued by McFee
et al. that, if the 1.0 eV feature does indeed result from d
sociatively chemisorbed water, then the integrated inten
of this 1.0 eV feature, relative to the integrated intensities
the other features, implies that there is a 1:1 ratio of che
sorbed clusters to chemisorbed water on the Si~100! surface.2

In other words, since one cluster and one dissociated w
molecule together would occupy three surface dimers, a
ratio of clusters to water on the Si~100! surface means tha
33% of the dimers must be occupied by water.

Thus, one critical challenge for the infrared experime
is to determine whether coadsorbed water occupies at l
33% of the Si~100! surface. A comparison of integrated in
tensities in Fig. 6 indicates that the amount of coadsor
water is significantly smaller than the amount required
assign the 1.0 eV feature in the XPS studies~Fig. 2! solely to
coadsorbed water. However, it should be emphasized
these infrared experiments were not performed in the sa
chamber as the XPS experiments, so that the level of c
tamination in these experiments is not necessarily the s
as in the XPS experiments. An additional complication ari
from the ability of the clusters to react with a Si~100! surface
that is precovered with water, because the surface spe
generated by exposing a water-precovered surface to clu
has not yet been identified. More experiments are under
to examine the interactions of the clusters with coadsor
water.20

V. CONCLUSIONS

In order to address the controversy concerning the
sorption geometry of H8Si8O12 clusters on Si~100!, we have
performed infrared experiments andab initio calculations.
By studying the adsorption of clusters on a deuteriu
passivated Si~100! surface, we have shown that molecular
intact clusters can be dosed onto the surface, and tha
decomposition occurs during the dosing process. After
posing a clean Si~100! surface to the clusters, we obtain a
infrared spectrum which is consistent with a cluster adso
tion geometry in which the spherosiloxane cage is attac
to the surface through a single vertex, though we do
observe the correspondingn~Si–H! that is expected if the
clusters dissociate across the Si~100! dimers, as shown in
Fig. 1~b!. Theab initio calculations accurately reproduce th
vibrational features observed for weakly physisorbed clus
on a D-passivated surface, as well as those observed for
ters directly chemisorbed on the Si~100! surface. On this



si
us

is
rin
su

rb
ow
r

te
it

io
s
bo

l-
ul

er

s.

m.

c-

B.
ma-

W.
er,

ci.

em.

s.

m.

8688 J. Chem. Phys., Vol. 108, No. 20, 22 May 1998 Eng et al.
basis, we have been able to provide a complete mode as
ment for the vibrational spectrum of the chemisorbed cl
ters.

We have also attempted to quantify the amount of d
sociated water which is coadsorbed with the clusters du
the dosing process. Based upon a comparison with the re
from previous studies of water chemisorption on Si~100!, we
conclude that the amount of dissociated water coadso
after exposing the clusters to the surface is quite small. H
ever, infrared studies of cluster adsorption on a water p
covered surface indicate that a fraction of the clusters in
acts strongly with the surface, possibly even reacting w
the surface hydroxyl groups at room temperature.
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