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Structural models and core-level shifts of the oxidation of the Si(001) surface
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A first-principles investigation of the oxygen adsorption processes on t@81psurface is presented. Our
optimized full core potential calculations give nine energetically stable structural models for the subdkide Si
Si?*, and S# components. Our computed initial state i @re-level shifts for the most stable configuration,
of each Si* species, gives —0.96, —1.89, and —2.28 eVierl, 2, and 3, respectively. These results are in
good agreement with high-resolution photoemission spectra, which allow us to determine the structural model
of each SI* species. Also we verified a connection between the adsorption energies of the structural models
and the measured intensity ratios of each suboxide component. The calculated adsorption energies of the most
stable structural model for each species, in decreasing order, &reS8i, and S, in agreement with
experimental intensities for low £dose results.
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[. INTRODUCTION sociation of the molecule. In order to clarify the formation of
oxygen nuclei on $001), we calculated the binding energy

The study of the oxidation on Si surfaces is important dueof the O adatom on the @01) surface, considering a num-
to the vast technological applications of this material and théver of different Si* geometries. We find four stable configu-
Si oxides! An important issue in the oxidation process is therations for St*, three configurations for i, and two con-
energetics and its connection with the stable adsorption sitefgyurations for Si* species. The computed core-level shifts,
of the oxygen adatom. For the oxygen chemisorption ontdor each (energetically most stableconfiguration, are in
the top layer as well as on the first subsurface layer, scanningood agreement compared with the experimental data.
reflection electron microscopy measurements suggest a bar-
rierless process at room temperattiféhe oxidation of sub-
surface layers and the evolution of the innermost Si layers,
which determine the oxide film growth, have been subject of Our full core potential calculations are performed in the
important theoretical and experimental investigatitis. framework of the density functional theo(pFT),25 using a
Concerning the initial process of (8D1) surface oxidation, cluster method, where the potential energy hypersurface is
recent Si p core-level investigatiod$ indicate the forma- obtained by a full geometry optimizatiotwith no con-
tion of multiply bonded Si surface nuclei, viz.,’Si S?*,  strained degrees of freedonThe spin polarized DFT com-
Si**, and St* species, even for low concentration of O ada-putations are carried out using the polarized split valence-
toms. Such a result is in contrast with early experimentatype basis set 6-31G*. Tests of the convergence on the basis
work? also based upon Sip2 core-level measurements, set and energy functionals have been done. The exchange-
where the authors claimed that only thé*Sipecies is veri-  correlation energy is based on the Be®and Perdew-Wang
fied for low concentrations of O adatoms. formulation (PW),}” where a hybrid three-parameter ex-

Many high-resolution Si @ core-level shift data have de- change functional with a linear combination of Hartree-Fock,
fined the Si  binding energy shift for the $i, S¥*, SP*,  local, and gradient-corrected terms are combined with
and St* species:’"1° However, the resolution of the core- gradient-corrected correlation functionaB3PW9J), as
level shift with respect to the local atomic configuration for implemented in thesAussiIAN94 computational cod& This
each species is still not well understood. Different from themethodology has been shown to be very accurate to describe
Si(001)/Si0, interface, where the calculated energetics, gethe O atom and the Omolecule parameters. The calculated
ometry, and the core-level shifts** compare well with the O, binding energy is 5.44 eV, which is in good agreement
experimental results;'?the oxidation on the 8001) surface  with the experimental value 5.11 eV, and the optimized equi-
is not conclusive. librium bond length is 1.21 A, which is exactly the experi-

In this work, after a systematic analysis of the calculationamental one. The electronic and structural properties of the
obtained by different cluster and supercell methods and conelean Sj001) surface are also correctly described as will be
parison with experimental data, we find a methodology basediscussed in the next section.
on the cluster approach that describes appropriately the Since we have performed a full core calculation, the ini-
Si(001) surface and the ©molecule. Then, in agreement tial state contribution of the core-level shift has been calcu-
with previous calculation3we verified that before the dis- lated by comparing the single-particle energy eigenvalues of
sociation of the @ molecule, a triplet-to-singlet spin conver- core states localized on different chemical environments. For
sion occurs for an adiabatic oxidation. If the process is diinstance, the surfagénitial state core-level shift is equal to
abatic, the energy barrier can be reduced, depending on thke difference between the energy eigenvalues between a
O, incident energy, and the spin triplet is kept after the dis-core state from a surface atom and the same core state from

Il. METHOD OF CALCULATION
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a bulk atom. It is well known that the experimental core-
level shifts are obtained by measuring the kinetic energy of
photoexcited electrons; thus the core-hole relaxation is ex-
pected to occur: the final state contribution, which is not
included in the single-particle energy difference. Pehlke and
Schefflet® proposed a correction to get the final state contri-
bution by adding a total energy difference of a system with
and without a core electron. Calculations of the core-level
shifts, including the final state, have been performed for the
Si(001) surfacé® and S{001)/SiO, interface!* As the two
calculations above are performed using the pseudopotential
approach, where the core electrons are not explicitly consid- FIG. 1. (Color onling The SpgH,g cluster used in the
ered, the initial states are calculated by different ways. Thealculation.
first one® uses the average difference of the effective poten-
tial centered at different atoms, while the second'®mb-  containing just one dimer on the surfad@nd increasing the
tains the shift by first-order perturbation theory. The core-|uster size the buckling also increases reaching 15°.
hole corrections in these two calculations, in general, have The experimental results also present some controversy.
been shown to be overestimated, except for the Si up dimebifferent technique®¥-3¢find that alternating buckled dimers
of the S{001) clean surfacé? p(2x2) or c(4X 2) reconstructions are formed. However,
For the S(001) surface, the initial state contributions 10 recent scanning tunneling microscopy experiments at low
the Si 2 core-level shifts were obtained by comparing thetemperature observed that symmetric dimers dominate the
single-particle energy eigenvalues of a Si atom at the surfacgrface?”-8 This apparently symmetric configuration can be
and a S| atom at the bulk position. For the reference bulk Séxp'ained by an anomalous f||pp|ng motion of the buckled
atom we choose the one at the most centering position of thgimers, as proposed by the authors.
cluster. As we have stated previously, we did not include any so, based on the theoretical and experimental results
core-hole relaxation correction. For the Si up dimer atom ofsome preliminary conclusions can be taken into account to
the clean §00J) surface, the shift obtained using pseudopo-gescribe the $001) surface by a first-principles calculation:
tential Ca|Cu|ati0nS iS 025 eV and 048 eV fOI’ the |n|t|a| and(|) a basis set that permits a Charge transfer between the two
final states, respectively.Our results for the initial state is ztoms in each dimexii) the interaction between the dimers
0.56 eV, while the experimental one is 0.5 ¥.The agree-  changes the structure, so clusters with more than one dimer
ment betWeen our |n|t|a| state result W|th the measured one iﬁre essentia(;iii) the exchange and Corre'ation energies have
also observed for the shifts of the differenf"Sgeometries, o be well described: andv) the relaxations have to be

as will be shown in the next section. included at least until the third lay®r (preferentially full
optimizatior). Based on these findings we try to use a
Ill. RESULTS AND COMMENTS method that can match all items above.

We use the SiH,g cluster with three dimers on the top
surface as illustrated in Fig. 1. This three-dimer cluster has a

Although the Si001) surface is, certainly, the most exten- symmetry where the second and third layers contain tetrahe-
sively studied surfacé;??we will first carefully describe the dral Si bonds. All calculations have been done including all
clean ${001) surface. By using first-principles calculations, electrons with no constraints in the optimization process. Ba-
especially in the DFT approach using supercell withsis sets have been tested to reproduce the charge transfers,
slabs?®*-?5the asymmetric dimerization of the Si surface at-and the best one found is the polarized split valence-type
oms is shown to be an energetically favorable process. Thisasis set 6-31G*. Our analysis shows that the hybrid three-
buckling leads to the formation of lower symmetry patterns,parameter exchange-correlation functional, B3PW91, is the
the asymmetri¢2 X 1), p(2x 2), andc(4 X 2) systems, low- most appropriate one giving a Si-dimer buckling of 20.5°
ering the total energy in this ord&26 and 17.0° for the central and lateral dimers, respectively. The

For cluster methods, some controversial remains. Clustersnergy gain due to the buckling process is 0.15 eV/dimer,
containing just one dimer, &il,,, usually no Si-dimer buck- and the buckled dimer bond lengths are 2.31 and 2.27 A for
ling is observed using the local density approximationthe central and lateral dimers, respectively. These results are
(LDA) or LDA with gradient correctionéPW91),24 complete  in quite good agreement with the previous theoretical results,
active space self-consistent-figl@ASSCH,?” and even in-  within the supercel(DFT) approach32526:40|n Table | we
cluding correlation with a multiconfiguration calculation summarize our results for the (801) clean surface, where
(MCSCR.28 Increasing to three the number of Si dimers onwe also included the results for spin triplet for the dimers,
the surface, a buckling angle around 18° for the central dimewhich only occur without the Si-dimer buckling, being less
is observed using the LDA and PW&4and no buckling is favorable than the spin singlet. However, it is interesting to
obtained using the MCSCF method. Using a three-parameterote that there is a spin contamination for the nonbuckling
exchange energy functionéB3LYP),2%30a different picture  system. The difference between the singlet and the triplet is
is observed. By using a 6-31G basis set with polarized funcfavorable for the triplet by 0.06 eV when the three dimers
tions a small buckling has been obtained, even for the clusteare symmetric, and with just the central dimer symmetric, the

A. The Si(001) clean surface
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TABLE I. Results for S{001) clean surface. The energ)E is
the energy difference with respect to the symmetnionbuckled
relaxed structureM denotes the multiplicityd is the dimer bond
length, anda is the buckling angle.

d @A) a (deg

AE=0.00 eVM=1
central 2.20 0.0
lateral 2.12 0.0
lateral 2.12 0.0 2

AE=-0.44 eVM=1
central 2.31 20.5 1
lateral 2.27 17.0
lateral 2.27 17.0

AE=-0.06 eVM=3
central 2.39 0.0
lateral 2.22 0.0 (b)
lateral 2.22 0.0

AE=-0.12 eVM=3
central 2.38 0.0
lateral 2.25 14.3
lateral 2.25 14.3

AE=0.43 eVM=7

central 2.39 0.0
lateral 2.40 0.0
lateral 2.40 0.0

triplet is more stable by 0.12 eV, showing that the multiplic-
ity is not an integer. This antiferromagnetic behavior has
been suggested before, using tight-bindirnd recently in

a DFT within the generalized gradient approximatién.

For a symmetric dimer configuration, the dangling bonds
on the surface formr and 7* combinations that come from
the higest occupied molecular orbitdhOMO) and lowest
unoccupied molecular orbitag]LUMO), respectively. The
bUCk"ng of the surface dimers _Ieads tq a mixing of thand FIG. 2. (Color onling Stable sites for one O ator(e) at the B
7" orbitals and, consequently, increasing the HOMO-LUMO site, (b) at t;e asymmeteric Br sitéBrl), (c) at the symmrtl;)tric Br site

splitting, WhiCh in our calculation is 0'64_ e,V' '_I'his asymme- (Br2), and(d) at the T site. The dark smaller ball represents the O
try of the dimers also provoke a rehybridization of the sur-5,

face orbitals with a charge transfer from the lower to the
upper Si atom, which is observed in our calculation. This . o -
electronic charge distribution leaves the lower atom with arjf'he S(001) surface. For each optimized structure containing

sp-like character, while the upper forms three tetrahedral’ o atomsf, we compute tlhe ?dsorption enefg¥) with
bonds and a fully occupied dangling bond. This configura/€SPecCt to free oxygen molecules as
tion opens up the electronic band gap, lowering the total

n
energy of the system. AE =E;- |:ESi(001) + 5E02:| ,

(d)

wherekE; is the total energy of the configurationEg;goy IS
B. The energetics and the core-level shifts of the oxidation the total energy of the 801) clean surface, anB, is the
’ 2

Having a good description of the (8D1) clean surface energy of an isolated spin triplet,Gnolecule. All calcula-
and the @ molecule, we now turn to the oxidation processes tions, including the $001) clean surface and the ,Qnol-
When the G molecule approaches the surface, during arecule, have been performed using the same procedure: the
oxidation process, a dissociation of the @olecule is ex- same basis set, exchange-correlation, and convergence crite-
pected before its adsorption on the Si surface. We search foion. This ensures a direct comparison among the different
stable(or metastableadsorption sites for the O adatom onto configurations. We have considered a number of different

235321-3



ARANTES, MIWA, AND SCHMIDT PHYSICAL REVIEW B 70, 235321(2004)

Si1

FIG. 4. (Color onling Stable configurations for three O atoms.
(a) BBBr, two at the B site and one at the Br sitb) BDT, one at
the B site, another at D site, and the third one at the T site. The dark
smaller balls represent the O atoms.

the top dimer making a bridge, differently from previous
calculationg??#3is unstable, and it drops in the Br2 configu-
ration. Finally, the dangling-bondr') configuration[shown
in Fig. 2d)] presents an adsorption energy of —-3.91 eV.
From our calculated values aff; for i=B, Brl, Br2, D, and
T, we can infer the adsorption energies for mixed" $om-
plexes. For instance, an,@nolecule adsorbed on ®021)
can give rise to two $f suboxides with one O adatom at the
FIG. 3. (Color onling Stable configurations for two O atoms. B site and the other at the Br2 site. By computing the average
(a) BB, both at B site(b) BBr, one at the B site and the other at the yg|ye of AE; for i=B and Br2, we find an adsorption energy
Br site,(c) DT, one at the D site and the other at the T site. The darkyf —g.34 eV/Q molecule. This result is in quite good agree-
smaller balls represent the O atoms. ment with the total energy investigation performed by Kato
et al,* who obtained an adsorption energy of 6.16 ey/O
atomic arrangements for the oxygen adsorption on thenolecule for the same Siatomic configuration.
Si(001) surface. We next have considered the formation of*Siomplexes
Initially we considered the formation of the'Sisuboxide  on the Sj001) surface. For the adsorption of an @olecule,
structures. Our calculated adsorption energies indicate thae backbond of the same Si atom at the down position of the
the backbond sitdB) of the Si down dimer atom is the dimer (BB sites, Fig. 3a), represents the energetically most
energetically most favorable adsorption site for an O adatormstable configuration. In this case we have an adsorption en-
[Fig. 2@)]. We find an adsorption energy of —6.90 eV per O ergy of -7.02 eV/Q molecule. We have also obtained two
molecule. In this case, an@nolecule is dissociatively ad- other stable configurationgt) one O at the B site and an-
sorbed on the §001) surface, giving rise to two 3i subox-  other at the Br sit¢BBr), shown in Fig. 80), and(ii) one O
ides with the O adatom at tt#site. The O adatom at the Si at the D site and another at the T sifeT), shown in Fig.
up dimer atom is unstable: a flipping of the buckled dimer3(c). The adsorption energi¢per adsorbed ©moleculg are
occurs, becoming always a backbond down dimer configura-6.53 (BBr) and —5.88 eV(DT). These results support the
tion, which is in agreement with the theoretical investigationexperimentally proposed BB1 and DT atomic configurations
performed by Kato and UdaThe other atomic arrange- for Si**, proposed by Yeoret al2 and Ohet al1° In contrast,
ments, buckledBrl) and symmetric bridge bond@r2),  we find that the atomic arrangements withone O at the B
shown in Figs. &) and Zc), respectively, are also energeti- site and another at the D si8D), and(ii) one O at the B
cally favorable structures. We find adsorption energies oite and another at T sit®T), both suggested befofe? are
-5.89 and -5.78 eV, respectively. The latter valueA®;  energetically unstable.
(i=Br2) is also in agreement with Katet al.,* who find For three O atoms adsorbed in th€0®il) surface, form-
5.99 eV for an Q molecule dissociatively adsorbed at the ing SP* structureg'shown in Fig. 4, we obtained two ener-
bridge site. On the other hand, the dimer-b@Bd configu-  getically stable configurations, vizi) two O at the B site,
ration, where the O atom stays between the two Si atoms adnd the third one at the Br sif8BBr, Fig. 4a)] and(ii) one
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TABLE II. Adsorption energiegin eV) per adsorbed ©mol- TABLE Ill. Calculated Si D core-level shiftgin eV) for Sit*,
ecule (AE;) and geometrical parameters for all stable configura-Si#*, and St+ stable configurations, and the corresponding mini-
tions. dg;_g; is the top layer Si—Si distanceds; o is the Si—O mum and maximum values obtained from different experiments
bond length. Also given are the top layer-SBi buckling anglg «) (Refs. 3 and 7-10
and the Si-O—Si angle(@g;_o_gj). The distances are in A and

the angles in degrees. Sit* B Brl Br2 T Expt.
-0.96 -0.76 -0.22 0.28 -09to -1.0

10 B Brl Br2 T St BB BBr DT

AE; -6.90 -5.89 -5.78 -3.91 -1.89 -1.96 -0.06 -1.7to0 -1.9
dsi_s; 2.29 2.65 2.25 242  SP* BBBr  BDT
dsii_o 1.64 1.78 1.74 - -2.28 -0.13 -2.41t0 -2.6
dsi>_ o 1.72 1.65 1.74 1.55

o 19.4 16.0 0.0 15.9 structure followed by the $i and the Si* structuregTable

Osi_o_si 132.7 101.0 80.8 - I, thus confirming the recent experimental findings by Oh

and co-workers. Their measured $i Bhotoemission spec-
20 BB BBr dl tra, during the initial stage of 01) oxidation process, ex-
AE, ~702 ~6.53 _588 hibit the highest intensity for i specied® We can also
infer that the B configuratiofSi**) is a good candidate as a

dsi_s; 2.27 2.67 3.09 : , ,
e 162 172 154 precursor configuration to the formathn of'BB structgre for
Si1—o1 Si?*, since the B—BB structural transition is energetically
dsir—o2 1.62 1.80 174 favorable by 0.12 eV per ©molecule. On the other hand,
dsiz—o1 1.72 1.62 1.62 these two configurationd® and BB) cannot be considered as

dsiz_o2 1.72 1.62 - precursors to the formation of the BBBSi**) structure. The
a 15.1 15.9 12.3 B — BBBr (BB — BBBr) structural transition is energetically
Osii_o01_si2 132.0 137.7 133.7 unfavorable by 0.34 eM0.46 e\j. However, the BBr ar-
Osit_02_si 132.1 102.5 - rangement can be a good candidate as a precursor structure
to the formation of the triple-bonded BBBr arrangement. In
30 BBBr BDT this case, the BB+ BBBr transition is energetically favor-
AE 656 —6.24 able by 0.03 eV, and the BBBr arrangement can be obtained
1 . . .
4Si_Si 297 314 throughqut an oxygen adsorption to tfeecong backbond
of the Si down dimer atom.
dsi1—o1 162 1.74 In order to complement our total energy findings, we have
dsi1—o2 161l 168 calculated the initial state contributions for the $i @ore-
dsii_o3 1.62 1.54 level shift for the Si*, SP*, and S¥* structures. The core-
dsiz_o1 1.77 1.60 level shifts are computed by the difference of the single-
dsiz_o2 1.70 1.74 particle energy eigenvalue of an atom at the bulk position
dsia_o3 1.72 3 and_an atom at the sur_face bonded to oxygen atom. We did
" 151 168 not include any correction r_elated to the response of the va-
lence electrons to the creation of the core hole. In particular,
Osir—o1-si2 96.4 140.1 for the S{001)/SiO, interface, such a correction, by using a
Osi1—02-si3 122.5 149.1 pseudopotential calculation, overestimates the core-level
Osi1_03 sia 151.6 - shift for the Si—O bonds'* For each configuration, we

choose only one Si atom from the top surfdt®t of the Si

O at the B site, another at the D site, and the third at the imen to compute the @ level. Among the two Si top atoms
site [BDT, Fig. 4b)]. We obtained adsorption energies perwe always choose the Si atoms labeled as 1 in Fig. 2 to
O, molecule of -6.56 e\(BBBr) and -6.24 eMBDT). The  compute the @ level, except for the T configuratioffig.
experimentally suggesté#’ BBD arrangement, two O atoms 2(d)], where we choose the Si atom 2, since it is the only one
at B site and one at D site is energetically unstable. Théonded to an-oxygen atom. When there are equivalent atoms,
structural parameters and the adsorption energies féeml we choose the one that has the greatest shift. We do not
ergetically stable configurations are summarized in Table Il.perform average shifts. For the Br2 configuration the shifts
Our results indicate that the formation energies of theof the Sil and the Si2 are very similar to each other. For Si
Sit*, SP*, and St structures are very close to each other, asatoms not bonded to O atoms, the shifts are always smaller
shown in Table Il. Thus, we can expect the coexistence ofhan those bonded to O atoms.
Sit*, Si*, and S#* structuregeven for low coverage of oxy- In Table Il we present the Sicore-level shift for each
gen during the initial stage of the surface oxidation, in ac- Si"" species for the energetically stable structures obtained in
cordance with Yeomet al® and Ohet all® Furthermore, our calculation. The last column of this table shows the en-
based upon our calculated adsorption energies, we verify argy interval for the measured high-resolution i @re-
(slighty energetic preference for the formation of the*Si level spectr&:’-1°lIt is worth pointing out that the best agree-
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ment between our results and the experimentahnd two for the Si* species. Our calculated adsorption ener-
measurements are obtained for the energetically most stabiges indicate an energetic preference to the formation of the
configuration for each Si species, which is B, BB, and Si°* structure followed by the &i and the Si* structures,
BBBr for the St*, SP*, and S#*, respectively(see adsorp- within an energy range up to 0.46 eV pejs @olecule. These
tion energies in Table )1 Particularly for the B and BB results clearly support the formation of two-dimensional
structures, the agreement is exactly inside the experimentalxygen clusters, or multiply bonded surface Si atoms in the
range. These results suggest a reduced energy correction, duodial stage of the $D01) oxidation process. Some possible
to the core-hole screening during the photoemission processecursor configurations to the formation of thé*%ind S#*
for the St and Sf* structures. For BBBr our calculated shift species have been inferred, based upon our total energy re-
is lower than the experimental one, which can be explainedults. Finally, the computed Sp2initial state core-level
by the fact that we compute each configuration isolated fronshifts for the energetically most stable structure of eaéh Si
each other. As has been verified, with the evolution of thespecies are in good agreement with high-resolution photo-
oxidation, the Si* and Sf* species form two-dimensional emission spectra for the corresponding species. Thus, we can
islands® which is not taken into account in our calculation. infer a reduced energy correction, due to the core-hole
screening during the photoemission process 6f Species

on the S{001) surface.
IV. CONCLUSIONS
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