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Heterogeneous nucleation of oxygen on silicon: Hydroxyl-mediated interdimer coupling
on Si„100…-„231…
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~Received 10 August 1998!

Infrared spectroscopy andab initio quantum chemical cluster calculations are used to study the decompo-
sition of water on the clean Si(100)-(231) surface at low temperature. Using this combined approach we are
able to show that the initial surface is actually comprised of an array of isolated and intra-row coupled dimers.
The latter are coupled by a hydrogen bonding interaction between OH groups that reside on the same end of
adjacent dimers in a dimer row. We find that this interdimer bonding is;2 kcal/mol more stable than the
isolated dimer case. These findings are postulated to have a significant effect on subsequent oxygen agglom-
eration.@S0163-1829~98!52944-X#
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The phenomenal progression in microelectronics min
turization has now reached the point where gate oxide th
nesses of;10 Å are being grown for the 60 nm transisto
that will be the standard at the end of the next decade. C
sequently, the need for precise understanding and contro
the Si/SiO2 interface homogeneity is of paramount impo
tance. However, despite the plethora of studies of this crit
interface over the past thirty years, remarkably little
known about the growth of the first monolayer~which will
comprise1

3 of the total oxide thickness in a 10 Å film!. This
dearth of detailed information about the microscopic oxid
tion processes results largely from the absence of both
able experimental probes with the requisite sensitivity a
theoretical approaches with sufficient accuracy at reason
computational cost. Recently, these limitations have b
overcome and the pathways for initial oxygen insertion a
agglomeration have been identified.1,2 In short, it was found
that for the model H2O/Si(100)-(231) system, oxidation
occurs inhomogeneously leading to the formation of epox
species at temperatures above 800 K.2 Notably, while the
intradimer reactions leading to O insertion were identifie
the mechanisms of heterogeneous nucleation at such
temperatures remain unclear.

In the present work we have utilized broadband infra
~IR! spectroscopy in combination with comprehensiveab
initio quantum cluster calculations to study the long-ran
coupling between dissociated water molecules. We are
to show that, upon exposure to water, the dimer structur
the clean surface is transformed into an array of ‘‘isolate
and ‘‘coupled’’ dimer units, with the coupling occurring b
the interaction of neighboring surface hydroxyl groups. W
propose that such interdimer coupling facilitates the sub
quent transfer of oxygens between dimers and that
coupled dimer units consequently act as nucleation sites
oxidation. This work demonstrates that the evolution o
complex, heterogeneous semiconductor interface can
characterized in microscopic detail, suggesting that a ratio
approach to interfacial growth may be attainable in the n
future.

Infrared spectroscopy has proven to be very sensitive
the chemical environments of SiO-H bonds, making it id
PRB 580163-1829/98/58~20!/13434~4!/$15.00
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for studying the initial stages of the water-induced growth
oxide films. We have utilized the high resolution intrinsic
infrared spectroscopy and achieved sensitivity to the en
500–4000 cm21 spectral region of interest, using an extern
transmission geometry and a state of the art FT-IR spectr
eter ~Nicolet 860 equipped with a broadband MCT-B dete
tor, operated at 4 cm21 resolution!. This broadband sensitiv
ity, coupled with precise temperature and purge gas fl
control, allows not only identification of the stretchin
modes of H-containing species~e.g., Si-H, O-H!, but also
simultaneous observation of the low-frequency modes a
ciated with the related H-X bending motions as well as th
stretching modes of heavier atoms~e.g., Si-OH, Si-O-Si!.
This provides multiple experimental ‘‘check-points’’ for ou
theoretical treatment.

Figures 1~a!–1~c! show the spectra obtained after adso
ing low coverages of water on the Si(100)-(231) surface at
220 K, while Figs. 1~d!–1~i! are the analogous spectra
intermediate and high~saturation! coverages, respectively
Focusing first on the low-coverage limit, the principal a
sorption bands can be generically assigned to the Si-O
Si-H, and SiO-H stretching modes by reference to the ex
ing literature, as follows: n~Si-OH!:790–820 cm21,
n~Si-H!:;2090–2100 cm21, and n~O-H!:3650–3690
cm21. The lowest frequency band at;600–630 cm21 has
not previously been observed for the H2O/Si(100)-(231)
system, as it lay beyond the frequency range accessible i
prior studies.3–5 However, by reference to recent work o
both Si-H surface2,6 and bulk ~defect! species,7 features in
this spectral range can be broadly ascribed to Si-H bend
vibrations. The central point here is that we are able
clearly resolve amultiplicity of discrete features within eac
of the above bands which, when viewed in concert, can
unequivocally interpreted in terms of an interdimer couplin
induced renormalization of the normal modes, as descri
below.

In the O-H stretching region, three discrete absorption
3655, 3676, and 3682 cm21 are observed at the lowest cov
erage. The presence ofthreedistinct features is confirmed b
reference to the spectrum obtained for the same surface
with a fraction of the sites ‘‘blocked’’ by adsorption o
R13 434 ©1998 The American Physical Society
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FIG. 1. External transmission infrared spectra for the Si(100)-231 surface following exposure to varying doses of H2O at 220 K.~a!–~c!
Low coverage;~d!–~e! intermediate coverage; and~g!–~i! high ~saturation! coverage.~f! was obtained by pre-exposing the clean surface
atomic deuterium at 220 K to block a fraction of the surface sites, prior to saturating the surface with H2O.
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atomic deuterium prior to the H2O exposure@Fig. 1~f!#.
Some information can be gleaned about the state of the
face by analysis of these modes alone by the following na¨ve
argument: the appearance ofthreedistinct bands in a given
spectral region is either due to the presence of three dis
isolated adsorbate structures or to the coexistence of si
isolated dimer species~1 mode! and the same species in
coupled dimer pair~2 modes!. Now, it is important to recall
that only one reaction product is known for reaction of wa
on the dimerized Si(100)-(231) surface: the formation o
Si-H and Si-OH groups by dissociative attachment of a wa
molecule on a single dimer unit.1–5,8 Therefore, by the pre-
ceding analysis, the multiple vibrational bands must res
from an interadsorbate interaction. Indeed, the presence
low-frequency O-H feature at 3655 cm21, shifted down in
frequency by;20–30 cm21 from the two other bands is
suggestive of a hydrogen bonding type of interaction, wh
is known to lead to a lowering in frequency for the ‘‘donor
O-H group.9 Notably, previous theoretical and experimen
work has suggested the possibility of such interdimer in
actions. For instance, ESDIAD studies10 showed that OH
groups were oriented perpendicular to the dimer bond, wh
was attributed to either hydrogen bonding between adja
OH fragments or to a dative-bond type interaction betwe
the oxygen lone pair on one dimer and a dangling bond
another. Similarly, theoretical calculations8 have indicated
that this kind of bonding leads to stabilization by a few kc
mol.

Further evidence in support of this hypothesis is obtain
by inspection of the low-frequency 550–950 cm21 spectral
region. Once again, the low coverage spectrum shows t
Si-O modes at 787, 798, and 814 cm21 as well as three Si-H
bending modes at 602, 618, and 628 cm21, consistent with
the proposed interdimer coupling interaction. However
more rigorous analysis is clearly required to definitively
terpret these spectra; for this we have employedab initio
techniques using density-functional theory as described
low. Before considering the results of this theoretical tre
ment we note, in passing, that as the coverage is incre
~Figs. 1~d!–1~i!!, the same modes are apparent, albeit w
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some changes in the relative intensity and frequency of s
eral of the features: In the case of the OH stretch the
lowest frequency peaks at 3655 and 3675 cm21 dominate at
high coverage, as do the 619 and 2085 cm21 modes in the
Si-H bending and stretching regions, respectively. The S
modes undergo a more dramatic change, characterized
shift of the highest-frequency mode from 814 to 823 cm21,
leaving a shoulder at 798 cm21.

In order to investigate relevant energetics and vibratio
frequencies associated with such interdimer coupling,
have performed first-principles calculations on model silic
atom clusters, based on Si9, Si15, and Si20 surface fragments
These clusters are large enough to ensure an accurate
scription of the adsorbate-adsorbate interactions on
neighboring surface sites, yet small enough to allow
highest level theoretical methodology to be employed. T
truncated~bulk! Si-Si bonds are terminated by H atoms,
that the adsorption of two water molecules leads to
2H2O:Si15H16 and 2H2O:Si20H24 model clusters used in thi
study. All calculations were performed using the gradie
corrected B3LYP density functional method with a 6-31G**
polarized basis set on the first and second layer atoms as
as the adsorbate atoms, and a 6-31G basis set on the rem
ing atoms.11,12 To elucidate the surface structure we inves
gated clusters representing all possible conformations of
droxyl fragments: on unperturbed~isolated! dimers, as well
as on dimers subject to intra-dimer, intra-row, and inter-r
hydrogen bonding~Fig. 2!. The geometry of these cluster
~with corresponding adsorbed species! was optimized subjec
to physically motivated lateral constraints describ
elsewhere.1,13 The characteristic surface vibrational mod
were obtained by performing a harmonic vibrational analy
for the optimized degrees of freedom, with the compu
frequencies subsequently corrected for anharmonic effect
applying an empirically determined correction for each mo
type. Specifically, the appropriate corrections for the S
bending ~235 cm21! and stretching modes~2102 cm21!
were independentlydetermined by reference to previou
studies,1,2 whereas the Si-O and O-H corrections were eva
ated from the highest frequency modes of each type obse
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in this work. Consequently, the agreement between the
and experiment is forced for the 814 and 3682 cm21 modes,
but completely free for the other modes in these regio
Finally, we corrected for the overestimation of the splitti
of the hydrogen-bondedn~O-H! frequencies by the B3LYP
density functional, by comparison of the calculated value
two H-bonded water molecules with the known experimen
values for the same.9

Based on a comparison of the calculated vibrational
quencies with the experimental values~Table I!, we conclude
that the water-exposed Si(100)-(231) surface is comprised
of a mixture of ~i! single dimers withisolated hydroxyls
groups, and~ii ! ‘‘paired’’ dimers that are coupled by hydro
gen bonding between OH groups on neighboring dimers
the same row of the reconstructed 231 surface.

Specifically, we find that the features at 602 cm21 and
3655 cm21 can only be assigned to the Si-H bending and O
stretching modes, respectively, of an intra-row coup
dimer pair ~predicted frequencies: 604 and 3656 cm21!.
Without exception, for all other clusters studied, the ana
gous modes occur;15–20 cm21 higher in frequency~Table
I!. The pronounced lowering of the vibrational frequencies
these modes results from the hydrogen bonding of the
OH groups, which modifies both the force constants of
O-H groups and the local structure of participating Si dime
The significant perturbation of the Si-H bending motion th
necessarily arises due to its strong coupling to the Si-Si
bronic structure. A low-frequency Si-O stretching mode

TABLE I. Summary of calculated and observed frequencies
the assigned structures. The O-H bending modes are not listed
to their negligible intensity. Parentheses indicate that a given m
is not the predominant contribution to an observed band for
cases where two modes are found to be degenerate. BB stand
broadband and indicates that there is spectral intensity over
relevant frequency range, although no discrete mode could be
solved.

Species Mode
Theoretical

Freq.~cm21!
Experimental
Freq.~cm21!

~H, OH! d~Si-H! 604 602
~H, OH! d~Si-H! 617/620 618

d~Si-H! 627 628
n~Si-O! 783 787
n~Si-O! 814 814
n~Si-H! 2076 BB
n~Si-H! 2087 2089
n~O-H! 3656 3655
n~O-H! 3673 3676

~H, OH! d~Si-H! 612 612a

d~Si-H! 615 ~618!
n~Si-O! 794 798
n~Si-H! 2084 BB
n~O-H! 3682 3682

~H,* ! d~Si-H! 617 ~618!
d~Si-H! 627 ~628!
n~Si-H! 2100 2098

~OH,* ! n~Si-O! 795 ~798!
n~O-H! 3681 ~3682!

aSee text.
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also predicted for the coupled dimer at 783 cm21, which
compares favorably with the experimentally observed feat
at 787 cm21. The principal remaining modes associated w
this coupled structure are predicted to be at 617/620,
cm21 ~Si-H bends!, 2087 ~Si-H stretch!, and 3673 cm21

~‘‘acceptor’’ O-H stretch!, once again in excellent agreeme
with the observed modes at 618, 628, 2089, and 3676 cm21.
An Si-H stretching mode is also predicted to occur at 20
cm21, but with less than half the intensity of the 2089 cm21

feature. Although no discrete mode could be resolved at
frequency, this is consistent with the presence of a broad
to the low-frequency side of the Si-H band in the experime
tal spectrum.

In the absence of the aforementioned coupling, i.e.,
dimers in which the hydroxyl groups are on opposing ends
neighboring dimers, one might expect modes of intermed
character~frequency!. Such intuition is confirmed by rigor-
ous theoretical analysis of the low-frequency modes, wh
predicts Si-H bending and Si-O stretching modes at 612/
and 794 cm21, respectively, for the isolated dimer unit. Th
corresponding Si-H stretching and O-H stretching modes
predicted to be at 2084 and 3682 cm21. The presence of the
Si-O and O-H modes in the experimental spectrum is qu
clear ~at 798 and 3682 cm21, respectively!, but the 615 and
2084 cm21 modes cannot be resolved due to the presenc
the intense 618/2089 cm21 features associated with th
coupled dimer species at low coverage. Notably, some
dence was found for a mode at 612 cm21 at low coverages,
consistent with this analysis, although this feature is diffic
to discern in the spectra in Fig. 1. Finally, the presence
intensity around 900 cm21 is consistent with the predicte
frequencies for the O-H bending modes~870–920 cm21! for
the isolated and coupled dimers, although clearly no spec
assignments can be made due to the low signal-to-noise
tio.

The only mode as yet unassigned is the weak shoulde
2098 cm21 on the Si-H stretching band. This feature is be
accounted for by the Si-H stretch of an isolated dimer wit
hydrogen on one end and a dangling bond on the other~theo-
retically predicted frequency 2100 cm21!. Such an assign-
ment is commensurate with previous scanning tunneling
croscopy~STM! studies of this system, which have show
that the nominally ‘‘saturated’’ surface is actually compris
of 10–15% of dimers with only one end passivated.14 These
dimers are thought to form by ‘‘disproportionation’’ of
small fraction of the initial H-Si-Si-OH isolated dimers int
H-Si-Si* ~where* denotes a dangling bond! and *Si-Si-OH
units. Importantly, the modes associated with the la
hydroxyl-containing dimer are indistinguishable from th
analogous OH modes of the originating H-Si-Si-OH isolat
dimer unit ~Table I!, so that only the H-Si-Si* structure
would give rise to a distinct absorption, in accordance w
our experimental observation.

Thus, it is clear from analysis of the vibrational spectru
that the low-coverage water-exposed Si(100)-(231) sur-
face can be predominantly assigned to a mixture of isola
and coupled dimer units. This finding is further supported
consideration of the relevant energetics. The relative sta
ties of all the possible configurations shown in Fig. 2 ha
been investigated, with the dimer coupling along each r
@Fig. 2~d!# found to be 1–2 kcal/mol more stable than eith
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isolated dimers@Fig. 2~a!# or coupling between dimer row
@Fig. 2~c!#. The presence of two H’s on one dimer and tw
OH’s on another@Fig. 2~b!#was also found to be;2 kcal/
mol less stable than the intra-row coupled dimer configu
tion. In addition, since the intra-row hydroxyl interactio
proposed above requires only a minor change in the orie
tion of the ‘‘internal’’ hydroxyl compared to the other pos
sible configurations, it is likely to be both thermodynam
cally and kinetically favored. Final confirmation of the
mixed composition of the surface layer comes from ST
studies of the H2O/Si(100)-(231) surface,15 which have
shown that the OH groups align along the dimer rows,
limited spans of two dimers. These features were separ
by extended regions of ‘‘isolated’’ dimers~comprised of OH
groups on opposing ends of neighboring dimers in a ro!,
with no evidence being found for the 2-OH dimer structu
@Fig. 2~b!#, consistent with the preceding analysis.

FIG. 2. Models of the different clusters investigated in th
work: ~a! Isolated dimer; ~b! doubly hydroxylated ‘‘isolated’’
dimer; ~c! coupled dimer~inter-row!; and~d! coupled dimer~intra-
row!.
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The changes observed on increasing the exposure
worthy of some further consideration. The fact that the m
jority of the features are largely unchanged over the en
coverage range is an indication that the basic compositio
the overlayer does not change significantly. In particular,
absence of a further shift of the lowest frequency OH stret
ing mode is definitive proof that there is no change in t
extent of hydroxyl-mediated interdimer coupling~e.g., to in-
clude a third coupled dimer! as the coverage is increase
given that O-H frequency for water trimers is downshifted
;12 cm21 relative to that for H2O dimers.9 We therefore
propose that these frequency shifts arise from changes in
extended structure of the overlayer, although an accurate
scription of this phenomenon is lacking at this time.

In summary, our work establishes that the dissociation
water molecules on the Si(100)-(231) surface at;220 K
acquires a thermodynamically stable configuration wher
hydrogen bonding between two hydroxyl groups on adjac
dimers on the same row predominates. We anticipate
this coupling of neighboring OH’s may have a profound i
fluence on the mechanism of subsequent oxygen insertio
the temperature is raised. It has recently been shown tha
first step in water-induced oxidation is the formation
single and doubly oxygen inserted dimer units—reminisc
of the initial surface composition described here. We the
fore speculate that the single oxygen insertion reactions
cur on ‘‘isolated’’ dimers, whereas the coupled dimers le
to the facile production of the doubly inserted dimers. If s
the arrangement of the initial coupled and isolated dim
units essentially dictates the nucleation sites for subseq
agglomeration and, hence, the ultimate interfacial homo
neity. Consequently, controlling the adsorption proce
would be of significant interest to the technological comm
nity, providing clear motivation for further studies of th
system.
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