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High-resolution core-level study of initial oxygen adsorption on Si001): Surface stoichiometry
and anomalous Si  core-level shifts
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The submonolayer oxygen adsorption on th@&l) surface is studied by high-resolution $ photoemis-
sion. Significant intensities of Sizcomponents due to theXiand St 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 D binding energies for the Si and S#* species by 0.14 and 0.23 eV, respectively. This
change demonstrates the sensitivity of the Sil#2nding energies beyond the chemical shift.
[S0163-182699)50416-3

Due to the technological importance of Si oxides in semi-has been challenged for model adsorbate systénos
conductor device applications, the oxidation of Si surfacesvhich discussion is underwds.
has been a topic of vigorous investigatidnslevertheless, In this paper, we report a high-resolution highly surface-
many fundamental issues of the initial oxygen adsorption oensitive Si D investigation of the initial oxidation on the
Si surfaces have remained unsolve@ne of the most im-  sj(001) surface. The presence and evolution of the highly
portant issues of the ongoing discussion is the determinatiopyidized S?* and S?* species are clarified for submono-
of stable adsorption sites of atomic or molecular OXygeNayer oxygen coverages. Furthermore, annealings above
adsorbate$® Furthermore, although the initial adsorption of 530 K induced a drastic change of the $i ore-level shifts
oxygen was known to reach a certain saturation after a dos& the SP* and S¥* species. These results provide insights

of 10—-1000L Q, the structural and chemical evolution of . _— ; ; ;
l. " ) into the initial oxygen adsorption mechanism and into the
the outermost Si layers have not been clarified during the Y9 P

initial adsorptiont Especially, this initial adsorption stage on fterpretation of Si p core-level shifts for suboxide species.

the S{001) surface has recently been characterized as thF ngg-restﬁlutlzntphot_oe_mlszmn T.glggmf?ﬁs xerel per-
oxidation of the first Si layer within the “layer by layer® '0Med on the pholoeémission beam if#1.-33) at the Max-

oxidation procesd.This makes it an urgent task to investi- Synchrotron radiation facility in Lund, SwedehThe total

gate the detailed structure and chemistry of the two£Nnergy resolution was-60 meV at a photon energiv) of

dimensional oxidation of the first layer of the(@31) sur- 130 eV. Si 2 spectra were measured mostly with

face. hv=130eV at a grazing emission anglé.£60°) and at
Among various experimental probes, core-level photo-120 K for optimal surface sensitivity and resolutihOxy-

emission has played a crucial role in elucidating structuregen gas of 3.5-15 L was dosed onto a well-cleaned

and chemistry of the SigSi interface$ ' by resolving out ~ Si(001)c(4 X 2) surface at 120 K. This corresponds to oxy-

the Si 2 components for the suboxideit®, SP*, and gen coverages of 0-10.5ML judged by a simple Si

Si**) species. However, very few Sp2ohotoemission stud-  intensity analysi$'®and by careful O P studies’** The fact

ies are available for the initial oxygen adsorption, which isthat we indeed probe the submonolayer coverage range is

partly due to the limited resolution and sensitivity to the low corroborated by observing the SpZomponent from unaf-

density of oxygen. An early Sif® study"? suggested the fected Si surface dimers and the dangling-bond surface states

presence of a high oxidation species?($ifor the oxygen in valence band spectra.

coverages larger than0.8 ML. This result, however, was Figure 1 shows the high-resolution S 2pectra taken for

far from being unambiguous for the monolayer regime anda) clean Si(001¢(4X2), (b) oxygen adsorption on

an objection was subsequently givewhich left this impor- ~ Si(001)c(4x 2) at 120 K, and(c) a standard thermal oxide

tant issue as an open question. This issue is directly relatfdrmed at~875 K. In Fig. Xc), one can identify from the

to the problem of oxygen adsorption sites and the stoichiomraw spectrum itself the distinctive Sp2components for the

etry of the outermost Si layers. Moreover, recently the orthosuboxides (Si"~Si¥*) and for SiQ (Si*").%1° This spec-

dox interpretation of the Sif2 core-level shifts by suboxides trum was fitted by a standard curve fitting procedure with
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after annealing at 530 K. The results of the fitting overlap the ex-
FIG. 1. Si 2 photoelectron spectra fofa) the clean perimental data. Each surface component is indicated by different

Si(001)c(4 % 2) surface(b) the S{00) surface exposed to 3.5, 5.5, hatching. Gaussian Wld'[,hS for the bulB) and the two clean sur-
and 10 L of Q at 120 K, andc) the S{001) surface exposed to 100 ace component&SandS’) are 0.38-0.02 and 0.38:0.03 eV, re-
L of O, at 875 K. All spectra were taken with a photon enefigy) spectively. See Fig. 3 for the details of the line shape parameters.
of 130 eV at a grazing emission anglé,] of 60° from surfaces
held at 120 K. The decompositions by standard curve fitting analypxygen-induced components18j S#*, and St*. The bulk
ses are shown for the oxygen-related components"¢&*) in  componenB shows a subtle but distinctive asymmetry at the
(c) and for the up-dimer atom compond@ in (a). The solid and  high binding energy side, which leads to another component
das_h_ed lines inb) |nd|cat_e the background It_avels_ an_d the pe_aks/. This component is due to the second layer Si atoms of
f;);‘;té?:g\s/e?;.the two prominent structures at high binding energiesyn o clean sur.facée,'”.and it shows a gradyal in_’[er.lsity de-_
crease upon increasing the oxygen dose in a similar fashion
asS. In the spectrum for the 10 L do$Eig. 2(b)], the SiQ
spin-orbit split Voigt functions for quantitative analys€s’  component ($i) is barely observed. We have performed
For clarity reasons, only the oxygen-related components argmilar curve fittings for the Si g spectra of the $001)
shown in Fig. 1c). The intensity distributions, core-level surfaces with six different ©doses, which are summarized
shifts, and other line-shape parameters are in good agreementFig. 3 (see the solid lines and the closed symhdtor all
with the previous report$;*18 The accurately determined coverageghe S#* and S?* components have more than
core-level shifts were 1.00, 1.81, 2.63, and 3.60 eV forhalf of the intensity of Si" and all suboxide components
Sit*—S#**, respectively. The similar analysis for the cleangrow in a roughly linear wayas function of the oxygen
Si(001)c(4x 2) surface is also consistent with the previouscoverage. The binding energies of thé'SiS#*" components
report® [Fig. 1(a)], for which only the up-dimer atom com- are also constant as function of the oxygen cover@ge
ponentS of the Si surface dimet8is shown. Fig. 3.

From the spectra for oxygen adsorption at 120 Kg. As shown clearly in Figs. 1-3, the Si surface atoms in
1(b)], two distinctive peaks are clearly identified, which cor- high oxidation states, 3i and S#*, appear from the lowest
respond to the suboxide specie$'Sand St* (dashed lings  dose investigated;-0.1 ML. That is, there is a significant
even for the lowest oxygen dose of 3.5(+0.1 ML). The  portion of Si surface atoms doubly and even triply bonded to
spectral weight of the $i component is almost the same as oxygen adsorbates for the initial adsorption at a temperature
that of SF*. The presence of the Siand St* components  as low as 120 K. Si @ spectra in a wider temperature range
is not so evident from these raw spectra, but it will be madeandicate an increase of the amount of multiply bonded Si
clear by the curve fittings. Another straightforward yet unex-atoms at higher temperatur€sThis unambiguously indi-
pected observation ithat the binding energies of the Bi  cates thathe agglomeration of oxygen adsorbates to form
and SP* components are smaller than those for the thermalmultiply bonded Si surface atoms is a fundamental process of
oxide by~0.2 eV The origin of these anomalous shifts will the initial oxidation of the Si(001) surfacélthough very
be discussed below. It should be noted at this point that thisnportant, a reliable quantification of different oxidation
difference is not large enough to question their identificatiorstates is prohibited by the uncertainties due to the photoelec-

as the $i* and S¥" components. tron diffraction effect' and due to the possible difference in
More detailed information on these spectra can be obthe Si 2 cross sections of different oxidation stafe$.
tained by curve fitting as shown in Fig9a2and Zb). From An early Si 2o study for the room-temperature oxygen

these decompositions, it is evident that there are threadsorption?suggested the existence of Sand St' species



RAPID COMMUNICATIONS

PRB 59 HIGH-RESOLUTION CORE-LEVEL STUDY OF INITIA_. .. R10 415

GBS

il ! S{f% m c/?j\a c}m
10 - ;E B D Br T
z (b) Si2*
1]
<Mdn = %%%m
N =
= = BB1 BD BT DT BB2
g 6 - 0% S
=4l ot O silicon
< BBD BDT
D)
2 ~ FIG. 4. Schematic illustration of the possible structures of ad-
sorbate complexes of tHe) Si**, (b) SP#*, and(c) S** species for
of -L the oxygen adsorption on the Si dimers of theéd81) surfaceB, D,

andT mean the oxygen insertion into the back bonds, dimer bonds,

Oxygen Dose (L) and the dangling bonds, respectively.

FIG. 3. Si 2 binding energiegrelative to the bulk component

B) and intensitiespzercentages g)f the total integrated intensjtias tion in forming the St species occurs only at high tempera-
+ 2+ i3+ +

the St* (O, @), SE™ (O, W), SF* (A, &), and St (V, ¥) com- 05 for the initial oxidation of $001).2 This is obviously

ponents obtained for the 8D1) surfaces exposed 0@t 120 K 1\ 4110 in view of the present results. Figure 4 shows the

(solid symbols and solid lingsnd for the surfaces after subsequent possible structures of the g g+ spec.ies for the adsorp-

annealings at 875 Kopen symbols and gray linesAverage values . o . . S
for the relative Si p binding energies of 3, SE*, SF*, and St* tion on the Si dimers of §001). Since the initial oxidation is

are 0.94-0.04 (1.00-0.05) eV, 1.7#0.03 (1.85-0.02) eV, 2.42 tho"g” to OCC”r: Ina 'ay‘ar'bz'ag’ ergf"‘zr:'on' the oxygen .'gser'
+0.03 (2.65’:0.01) eV, and 3.480.03 (3.4@'_'0.06) eV, respec- tion between the second and the thir ayer Is not considered.

Among various adsorption sites, the on-top fitenoted a§

in Fig. 4@)] is shown to be energetically unfavoraBlehich

can simply be understood from the number of O-Si bonds.
at >0.8 ML but only S* at lower coverages. However, a We can then suggest the favorable structures as those with-
subsequent Si2 study pointed out the apparent ambiguity out the T-site occupation, i.e.BB1, BD, and BB2 (BBD),

of this suggestion for coverages below 1 ML and providedrespectively, for the 3f (Si**) species. For the very initial

an alternative interpretation of the high binding energy strucstage, a rather preferential adsorption@ype defect sites
ture as satellite contributiorisThe latter concluded a unique was indicated® which may lead to structures not shown in
Sit" configuration at<1 ML.®> From the present high- Fig. 4. However it can be noted that the typical density of
resolution study, it is now obvious that the?Siand even C-type defects is not enough to cover the whole surface with
Si** species are formed at the submonolayer coverages. Dwalsorbate complexes in a uniform stoichiometry as indicated
to the significant improvement of the energy resolution andn Fig. 3. Even in the case that the adsorption on the defect
the surface sensitivity in the present work, we can alscites cannot be neglected, the structures discussed here can
clearly rule out the satellite interpretatidrone cannot find be good starting points of theoretical considerations.

tively, for the as-exposetannealeyl surfaces.

any structures at the binding energies of th&' Sind St* As a very plausible explanation of the formation of the
components for the clean surface in contrast to these prevBi** and St* species, we suggest the active capture of mo-
ous studies. lecular precursors by the Si surface atoms with a pre-

From Fig. 3, it is also clear that the average oxidationadsorbed atomic oxygen. That is, the molecular precursors
state is almost constant in the coverage range studied hemight be preferentially captured by the'Sispecies, which
the intensity ratios of $i —Si*" (in percentages of the inte- would lead to the dissociation of oxygen molecules on those
grated intensities of them alare quite uniform for different sites. In fact, a recent scanning tunneling microscopy Sfudy
coverages, which are averaged as 4346 %, 25.0 andab initio calculatiod® have shown that, on the 3iL1)
+2.5%, 28.5-2.9%, and 3.2 3.5 %, respectively, for the surface, the molecular precursors stay on the Si surface at-
as-exposed surfaces. This finding contradicts the idea of @ms with an oxygen adsorbate inserted into a back bond
gradual increase of the oxidation state with an increase of thesimilar to B in Fig. 4). This configuration can provide a
oxygen coverage, which assumes a homogeneousatural pathway for the agglomeration of oxygen adsorbates
adsorption-?® Recently, the initial oxidation was shown to to form the St* and S¥* species.
occur in a layer-by-layer fashion on(801).2 The present We then turn to the discussion of the anomalous core-
result, then, suggests that the oxidation within the first layetevel shifts of the Si* and S?* components. For this pur-
is not laterally uniform but occurs as a random formation ofpose, we investigated the change of the Silide shapes by
microscopic patches of adsorbate complexes with a similaannealings at 4001200K following oxygen exposures at
stoichiometry. This is generally consistent with the recentl20 K. Annealing below~500 K induced little changes in
microscopy investigatiors?! the Si 2 line shapes. The Si2spectra and their decompo-

In contrast to the present conclusion, most of recent thesitions after the annealing at 530 K are shown in Figs) 2
oretical investigations have concentrated on the singhand Zd). Upon the annealing, the oxygen-related compo-
bonded Si for the initial oxygen adsorption on((&1).#>?2  nents undergo drastic changes in binding energies as well as
A recent calculation has indicated that the active agglomerantensities. For all @doses studied here, the same trend can
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be observedsee Figs. 2 and)3(i) the increases of the bind- a certain change of the adlayer chemistry and structure. We
ing energies of the & and SF" components by 0.14 and note that this is a clear experimental demonstration of the
0.23 eV, respectively(ii) the increases of intensities of the sensitivity of the Si » binding energies of $f—Si** spe-

Si** and St" components at the expense of that of'Sand  cies beyond the chemical shifts without any uncertainties due
(iii) a sharpening of the S’i, Si2+, and St* components. to charging or other artifacts.

This result indicates that the annealing abovB00 K en- The possible origins for the annealing-induced shifts are
hances the agglomeration of adsorbates by a rearrangemejifyctural changes of the metastable adsorbate complexes
of the adlayer configuration. That is, the adsorbate comang/or changes in the second nearest-neighbor configuration.
plexes formed at 120 K armetastable Similar annealing- Although the latter effect has been poorly understda,
induced changes of the adsorbates were recently observed fl%rcentab initio calculation of the Si B core-level shifts

theAmT;I gglgﬁéligg-liéé?iﬁ'ﬁs are concerned. further ar|[eported that a shift of-0.2 eV for the Si* component is
S M ! » U induced by the changes of Si-O bond angles and bond

gﬁggngz ;?1 dhtlﬁge;iggg}ﬁgirr?tureenserdilgs r:;t tﬁgdgsgoi?é;hseﬁengths?“ Thus it is plausible to attribute the observed shifts
g 9 9 fthe Sf* and St components (04 0.2 eV) to such struc-

after the annealing at 530 K are already identical to those of . .
the thermal oxides. The binding energy of Sis still 0.2 eV f[ural changes of the suboxide complexes induced by anneal-
smaller than that of the thermal oxide, which is explained byNd- The metastable adsorbate complexes formed at 120 K
the well-known charging effect of Sidayers® This charg- (shown in Fig. 4_are, then, suggested to be strained in terms
ing effect, however, cannot explain the annealing-inducedf the optimal Si-O bond angles and bond lengths, which are
shifts of the Si*~Si#* components sincé) the charging relaxed by annealing. The fact that this change needs a cer-
due to SiQ layers is not possible in the submonolayer rangeain critical temperature~500 K) supports the present argu-
where no such |ayers are present, a_mjdthe b|nd|ng ener- Mment of the strain relief by annealing. The structural effects
gies of the suboxide components are identical for the anon the Si 2 core-level shifts are not enough to make the
nealed spectra and for the thermal oxide irrespective of therthodox interpretation ambiguous for each suboxide compo-
large difference in the Si(thickness. The invariance of the nent in the case of the initial oxygen adsorption. It is not
Si** binding energy before and after the annealing supportslear if this sort of structural deformation can also explain
the former argument. Thus it can be concluded ttieg  the previous observation of the large deviation of Bicdre-
anomalous core-level shifts of the?Siand SP* compo-  level shifts for the model molecular adsorbaté?

nents are intrinsic properties of the metastable adsorbate

comp'exes formed at 120 .Klt is Suggested that the HWYgrater”y aCknOWIedgeS finanCia| Support from
annealing-induced changes of the binding energies are due t6M, Linkoping University.
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