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High-resolution core-level study of initial oxygen adsorption on Si„001…: Surface stoichiometry
and anomalous Si 2p core-level shifts
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The submonolayer oxygen adsorption on the Si~001! surface is studied by high-resolution Si 2p photoemis-
sion. Significant intensities of Si 2p components due to the Si21 and Si31 species are observed from the very
early stage of adsorption at 120 K, which grow linearly with the oxygen coverage. This indicates an active
agglomeration of oxygen adsorbates even for submonolayer adsorption at low temperatures. Annealing above
;500 K of oxygen adlayers formed at 120 K induces not only changes of the adlayer stoichiometry but also
shifts of the Si 2p binding energies for the Si21 and Si31 species by 0.14 and 0.23 eV, respectively. This
change demonstrates the sensitivity of the Si 2p binding energies beyond the chemical shift.
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Due to the technological importance of Si oxides in sem
conductor device applications, the oxidation of Si surfa
has been a topic of vigorous investigations.1 Nevertheless,
many fundamental issues of the initial oxygen adsorption
Si surfaces have remained unsolved.1 One of the most im-
portant issues of the ongoing discussion is the determina
of stable adsorption sites of atomic or molecular oxyg
adsorbates.1–8 Furthermore, although the initial adsorption
oxygen was known to reach a certain saturation after a d
of 10– 1000 L O2, the structural and chemical evolution o
the outermost Si layers have not been clarified during
initial adsorption.1 Especially, this initial adsorption stage o
the Si~001! surface has recently been characterized as
oxidation of the first Si layer within the ‘‘layer by layer’
oxidation process.2 This makes it an urgent task to inves
gate the detailed structure and chemistry of the tw
dimensional oxidation of the first layer of the Si~001! sur-
face.

Among various experimental probes, core-level pho
emission has played a crucial role in elucidating structu
and chemistry of the SiO2/Si interfaces9–11 by resolving out
the Si 2p components for the suboxide~Si11, Si21, and
Si31! species. However, very few Si 2p photoemission stud
ies are available for the initial oxygen adsorption, which
partly due to the limited resolution and sensitivity to the lo
density of oxygen. An early Si 2p study12 suggested the
presence of a high oxidation species (Si21) for the oxygen
coverages larger than;0.8 ML. This result, however, wa
far from being unambiguous for the monolayer regime a
an objection was subsequently given,3 which left this impor-
tant issue as an open question. This issue is directly rel
to the problem of oxygen adsorption sites and the stoichio
etry of the outermost Si layers. Moreover, recently the ort
dox interpretation of the Si 2p core-level shifts by suboxide
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has been challenged for model adsorbate systems,13 on
which discussion is underway.14

In this paper, we report a high-resolution highly surfac
sensitive Si 2p investigation of the initial oxidation on the
Si~001! surface. The presence and evolution of the hig
oxidized Si21 and Si31 species are clarified for submono
layer oxygen coverages. Furthermore, annealings ab
530 K induced a drastic change of the Si 2p core-level shifts
of the Si21 and Si31 species. These results provide insigh
into the initial oxygen adsorption mechanism and into t
interpretation of Si 2p core-level shifts for suboxide specie

High-resolution photoemission measurements were p
formed on the photoemission beam line~BL-33! at the Max-I
synchrotron radiation facility in Lund, Sweden.15 The total
energy resolution was;60 meV at a photon energy~hv! of
130 eV. Si 2p spectra were measured mostly wi
hv5130 eV at a grazing emission angle (ue560°) and at
120 K for optimal surface sensitivity and resolution.16 Oxy-
gen gas of 3.5–15 L was dosed onto a well-clean
Si(001)c(432) surface at 120 K. This corresponds to ox
gen coverages of 0.1;0.5 ML judged by a simple Si 2p
intensity analysis9,10and by careful O 2p studies.3,12The fact
that we indeed probe the submonolayer coverage rang
corroborated by observing the Si 2p component from unaf-
fected Si surface dimers and the dangling-bond surface s
in valence band spectra.

Figure 1 shows the high-resolution Si 2p spectra taken for
~a! clean Si(001)c(432), ~b! oxygen adsorption on
Si(001)c(432) at 120 K, and~c! a standard thermal oxide
formed at;875 K. In Fig. 1~c!, one can identify from the
raw spectrum itself the distinctive Si 2p components for the
suboxides (Si11;Si31) and for SiO2 (Si41).9,10 This spec-
trum was fitted by a standard curve fitting procedure w
R10 413 ©1999 The American Physical Society
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spin-orbit split Voigt functions for quantitative analyses.16,17

For clarity reasons, only the oxygen-related components
shown in Fig. 1~c!. The intensity distributions, core-leve
shifts, and other line-shape parameters are in good agree
with the previous reports.9–11,18 The accurately determine
core-level shifts were 1.00, 1.81, 2.63, and 3.60 eV
Si11–Si41, respectively. The similar analysis for the cle
Si(001)c(432) surface is also consistent with the previo
report16 @Fig. 1~a!#, for which only the up-dimer atom com
ponentS of the Si surface dimers16 is shown.

From the spectra for oxygen adsorption at 120 K@Fig.
1~b!#, two distinctive peaks are clearly identified, which co
respond to the suboxide species Si21 and Si31 ~dashed lines!,
even for the lowest oxygen dose of 3.5 L~;0.1 ML!. The
spectral weight of the Si31 component is almost the same
that of Si21. The presence of the Si11 and Si41 components
is not so evident from these raw spectra, but it will be ma
clear by the curve fittings. Another straightforward yet une
pected observation isthat the binding energies of the Si21

and Si31 components are smaller than those for the therm
oxide by;0.2 eV. The origin of these anomalous shifts w
be discussed below. It should be noted at this point that
difference is not large enough to question their identificat
as the Si21 and Si31 components.

More detailed information on these spectra can be
tained by curve fitting as shown in Figs. 2~a! and 2~b!. From
these decompositions, it is evident that there are th

FIG. 1. Si 2p photoelectron spectra for~a! the clean
Si(001)c(432) surface,~b! the Si~001! surface exposed to 3.5, 5.5
and 10 L of O2 at 120 K, and~c! the Si~001! surface exposed to 10
L of O2 at 875 K. All spectra were taken with a photon energy~hv!
of 130 eV at a grazing emission angle (ue) of 60° from surfaces
held at 120 K. The decompositions by standard curve fitting an
ses are shown for the oxygen-related components (Si11–Si41) in
~c! and for the up-dimer atom component~S! in ~a!. The solid and
dashed lines in~b! indicate the background levels and the pe
positions of the two prominent structures at high binding energ
respectively.
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oxygen-induced components, Si11, Si21, and Si31. The bulk
componentB shows a subtle but distinctive asymmetry at t
high binding energy side, which leads to another compon
S8. This component is due to the second layer Si atoms
the clean surface,16,17 and it shows a gradual intensity de
crease upon increasing the oxygen dose in a similar fas
asS. In the spectrum for the 10 L dose@Fig. 2~b!#, the SiO2
component (Si41) is barely observed. We have performe
similar curve fittings for the Si 2p spectra of the Si~001!
surfaces with six different O2 doses, which are summarize
in Fig. 3 ~see the solid lines and the closed symbols!. For all
coveragesthe Si21 and Si31 components have more tha
half of the intensity of Si11 and all suboxide component
grow in a roughly linear wayas function of the oxygen
coverage. The binding energies of the Si11–Si41 components
are also constant as function of the oxygen coverage~see
Fig. 3!.

As shown clearly in Figs. 1–3, the Si surface atoms
high oxidation states, Si21 and Si31, appear from the lowes
dose investigated,;0.1 ML. That is, there is a significan
portion of Si surface atoms doubly and even triply bonded
oxygen adsorbates for the initial adsorption at a tempera
as low as 120 K. Si 2p spectra in a wider temperature rang
indicate an increase of the amount of multiply bonded
atoms at higher temperatures.19 This unambiguously indi-
cates thatthe agglomeration of oxygen adsorbates to fo
multiply bonded Si surface atoms is a fundamental proces
the initial oxidation of the Si(001) surface. Although very
important, a reliable quantification of different oxidatio
states is prohibited by the uncertainties due to the photoe
tron diffraction effect11 and due to the possible difference
the Si 2p cross sections of different oxidation states.9,10

An early Si 2p study for the room-temperature oxyge
adsorption12 suggested the existence of Si11 and Si21 species

-

s,

FIG. 2. Decompositions of~a!, ~b! two Si 2p photoelectron
spectra shown in Fig. 1~b! and ~c!,~d! the corresponding spectr
after annealing at 530 K. The results of the fitting overlap the
perimental data. Each surface component is indicated by diffe
hatching. Gaussian widths for the bulk~B! and the two clean sur-
face components~S andS8! are 0.3860.02 and 0.3860.03 eV, re-
spectively. See Fig. 3 for the details of the line shape paramet
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at .0.8 ML but only Si11 at lower coverages. However,
subsequent Si 2p study pointed out the apparent ambigu
of this suggestion for coverages below 1 ML and provid
an alternative interpretation of the high binding energy str
ture as satellite contributions.3 The latter concluded a uniqu
Si11 configuration at<1 ML.3 From the present high
resolution study, it is now obvious that the Si21 and even
Si31 species are formed at the submonolayer coverages.
to the significant improvement of the energy resolution a
the surface sensitivity in the present work, we can a
clearly rule out the satellite interpretation:3 one cannot find
any structures at the binding energies of the Si21 and Si31

components for the clean surface in contrast to these pr
ous studies.

From Fig. 3, it is also clear that the average oxidat
state is almost constant in the coverage range studied h
the intensity ratios of Si11–Si41 ~in percentages of the inte
grated intensities of them all! are quite uniform for different
coverages, which are averaged as 43.465.6 %, 25.0
62.5 %, 28.562.9 %, and 3.263.5 %, respectively, for the
as-exposed surfaces. This finding contradicts the idea
gradual increase of the oxidation state with an increase of
oxygen coverage, which assumes a homogene
adsorption.1,20 Recently, the initial oxidation was shown t
occur in a layer-by-layer fashion on Si~001!.2 The present
result, then, suggests that the oxidation within the first la
is not laterally uniform but occurs as a random formation
microscopic patches of adsorbate complexes with a sim
stoichiometry. This is generally consistent with the rec
microscopy investigations.2,21

In contrast to the present conclusion, most of recent t
oretical investigations have concentrated on the sin
bonded Si for the initial oxygen adsorption on Si~001!.4,5,22

A recent calculation has indicated that the active agglom

FIG. 3. Si 2p binding energies~relative to the bulk componen
B! and intensities~percentages of the total integrated intensities! of
the Si11 ~s, d!, Si21 ~h, j!, Si31 ~n, m!, and Si41 ~,, .! com-
ponents obtained for the Si~001! surfaces exposed to O2 at 120 K
~solid symbols and solid lines! and for the surfaces after subseque
annealings at 875 K~open symbols and gray lines!. Average values
for the relative Si 2p binding energies of Si11, Si21, Si31, and Si41

are 0.9460.04 (1.0060.05) eV, 1.7160.03 (1.8560.02) eV, 2.42
60.03 (2.6560.01) eV, and 3.4060.03 (3.4060.06) eV, respec-
tively, for the as-exposed~annealed! surfaces.
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tion in forming the Si31 species occurs only at high temper
tures for the initial oxidation of Si~001!.23 This is obviously
not true in view of the present results. Figure 4 shows
possible structures of the Si11–Si31 species for the adsorp
tion on the Si dimers of Si~001!. Since the initial oxidation is
shown to occur in a layer-by-layer fashion, the oxygen ins
tion between the second and the third layer is not conside
Among various adsorption sites, the on-top site@denoted asT
in Fig. 4~a!# is shown to be energetically unfavorable,5 which
can simply be understood from the number of O-Si bon
We can then suggest the favorable structures as those w
out theT-site occupation, i.e.,BB1, BD, and BB2 ~BBD!,
respectively, for the Si21 (Si31) species. For the very initia
stage, a rather preferential adsorption onC-type defect sites
was indicated,23 which may lead to structures not shown
Fig. 4. However it can be noted that the typical density
C-type defects is not enough to cover the whole surface w
adsorbate complexes in a uniform stoichiometry as indica
in Fig. 3. Even in the case that the adsorption on the de
sites cannot be neglected, the structures discussed here
be good starting points of theoretical considerations.

As a very plausible explanation of the formation of th
Si21 and Si31 species, we suggest the active capture of m
lecular precursors by the Si surface atoms with a p
adsorbed atomic oxygen. That is, the molecular precurs
might be preferentially captured by the Si11 species, which
would lead to the dissociation of oxygen molecules on th
sites. In fact, a recent scanning tunneling microscopy stud24

and ab initio calculation25 have shown that, on the Si~111!
surface, the molecular precursors stay on the Si surface
oms with an oxygen adsorbate inserted into a back b
~similar to B in Fig. 4!. This configuration can provide a
natural pathway for the agglomeration of oxygen adsorba
to form the Si21 and Si31 species.

We then turn to the discussion of the anomalous co
level shifts of the Si21 and Si31 components. For this pur
pose, we investigated the change of the Si 2p line shapes by
annealings at 400;1200 K following oxygen exposures a
120 K. Annealing below;500 K induced little changes in
the Si 2p line shapes. The Si 2p spectra and their decompo
sitions after the annealing at 530 K are shown in Figs. 2~c!
and 2~d!. Upon the annealing, the oxygen-related comp
nents undergo drastic changes in binding energies as we
intensities. For all O2 doses studied here, the same trend c

t

FIG. 4. Schematic illustration of the possible structures of
sorbate complexes of the~a! Si11, ~b! Si21, and~c! Si31 species for
the oxygen adsorption on the Si dimers of the Si~001! surface.B, D,
andT mean the oxygen insertion into the back bonds, dimer bon
and the dangling bonds, respectively.
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be observed~see Figs. 2 and 3!: ~i! the increases of the bind
ing energies of the Si21 and Si31 components by 0.14 and
0.23 eV, respectively,~ii ! the increases of intensities of th
Si31 and Si41 components at the expense of that of Si11, and
~iii ! a sharpening of the Si11, Si21, and Si31 components.
This result indicates that the annealing above;500 K en-
hances the agglomeration of adsorbates by a rearrangem
of the adlayer configuration. That is, the adsorbate co
plexes formed at 120 K aremetastable. Similar annealing-
induced changes of the adsorbates were recently observe
the initial oxidation of Ge~001!.26

As far as the core-level shifts are concerned, further
nealings to higher temperatures did not induce furth
changes and the Si 2p binding energies of the suboxide
after the annealing at 530 K are already identical to those
the thermal oxides. The binding energy of Si41 is still 0.2 eV
smaller than that of the thermal oxide, which is explained
the well-known charging effect of SiO2 layers.9 This charg-
ing effect, however, cannot explain the annealing-induc
shifts of the Si11;Si31 components since~i! the charging
due to SiO2 layers is not possible in the submonolayer rang
where no such layers are present, and~ii ! the binding ener-
gies of the suboxide components are identical for the
nealed spectra and for the thermal oxide irrespective of
large difference in the SiO2 thickness. The invariance of the
Si41 binding energy before and after the annealing suppo
the former argument. Thus it can be concluded thatthe
anomalous core-level shifts of the Si21 and Si31 compo-
nents are intrinsic properties of the metastable adsorba
complexes formed at 120 K. It is suggested that the
annealing-induced changes of the binding energies are du
in
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a certain change of the adlayer chemistry and structure.
note that this is a clear experimental demonstration of
sensitivity of the Si 2p binding energies of Si11–Si41 spe-
cies beyond the chemical shifts without any uncertainties d
to charging or other artifacts.

The possible origins for the annealing-induced shifts a
structural changes of the metastable adsorbate comple
and/or changes in the second nearest-neighbor configura
Although the latter effect has been poorly understood,9 a
recent ab initio calculation of the Si 2p core-level shifts
reported that a shift of;0.2 eV for the Si41 component is
induced by the changes of Si-O bond angles and bo
lengths.14 Thus it is plausible to attribute the observed shif
of the Si21 and Si31 components (0.1;0.2 eV) to such struc-
tural changes of the suboxide complexes induced by ann
ing. The metastable adsorbate complexes formed at 12
~shown in Fig. 4! are, then, suggested to be strained in term
of the optimal Si-O bond angles and bond lengths, which
relaxed by annealing. The fact that this change needs a
tain critical temperature~;500 K! supports the present argu
ment of the strain relief by annealing. The structural effec
on the Si 2p core-level shifts are not enough to make th
orthodox interpretation ambiguous for each suboxide com
nent in the case of the initial oxygen adsorption. It is n
clear if this sort of structural deformation can also expla
the previous observation of the large deviation of Si 2p core-
level shifts for the model molecular adsorbates.13,14
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