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Electronic and vibrational properties of initial-stage oxidation products on S(111)-(7X7)
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Chemisorption of @ molecules on the adatom site of Si(}4(7X7) has been studied by density-
functional theory calculations for all possible dissociation configurations. Structures possessing an oxygen
atom on top of the Si adatom are all found to be metastable and account well for the metastable electronic and
vibrational spectra observed in previous experiments, while structures with only oxygen atoms inserted into the
adatom back bonds appear quite stable. The present structural models therefore are all compatible with either
the metastable or the stablg @actions products found in this system. The calculated decay pathways of the
metastable structures provide additional informations useful for identifying the experimental metastable
structures.

[. INTRODUCTION for all dissociative oxidation states of the Si adatom site that
can be generated by multiple,Q@eactions on Si(1)x(7
Chemisorption of oxygen molecules on the Si(L1T X 7). We have determined the equilibrium structures and
X 7) surface has been studied extensively as a model for tr@nalyzed their electronic and vibrational properties in com-
initial-stage oxidation of the surfadeThe dissociation of parison with measured UPS and EELS spectra. This ex-
adsorbed @molecules is an essential step toward the surfacéended work will generalize the result of Ref. 24. The re-
oxidation, but the detailed procedure and the structures of th@amo!er of this paper Is orgam;ed as follows. Sec. Il
resulting oxidation products are yet to be verified. Moreover d€scribes the details of our calculation methods. In Sec. il A
there have been experimental suggestions of a possibility JF€ describe _the OX|d_at|on mode_zl structures f_;lnd their adS(_)rp-
molecularly chemisorbed Ospecies on Si(131(7X 7). tion energetlcg. Their electronic and V|brat|on_al properties
. : are presented in Sec. Il B and Sec. Il C, by which the struc-
This O, molecular precursor model was introduced to ex- - - . ified
lain the metastable spectral features, which disappear t ral.ongm of the experlmental spectra can be identified.
gbout 400 K, found in x-ray and ultraviolet photoelectron ection Il D deals with the decay_pathways O-f the_ meta-
spectroscopyXPS and UPS(Refs. 2 and Band vibrational stable structures. A summary of this work is given in Sec.
electron energy loss spectroscofBELS).*~® Recent scan-
ning tunneling microscopySTM) studies also ascribed the

observed oxygen-induced brigfit and darR images to Il. COMPUTATIONAL DETAILS

chemisorbed @molecular states. Despite many studig<? The Si(111)-(%7) surface has three kinds of reactive
however, there have been no direct structural evidences @fgsorption sites(i.e., adatom, restatom, and corner hole
the proposed ©molecular precursors on Si(1EL7X7). siteg,”® and the adatom site was found to be the most reac-

Recent density-functional theoryDFT) calculation$*  tive with O, moleculest®*3the UPS peak corresponding to
shed light on this system by providing quantitative structurakhe adatom dangling-bond state is readily quenched, and the
models for the initial-stage oxidation of the Si(21(7 oxygen-induced changes in STM images occur primarily on
X 7) surface. The calculations demonstrated thaa single  the adatom site. In the present study, therefore, we focus on
O, molecule adsorbed on the most reactive Si adatom site ithe oxidation of the adatom site and simulate the local ada-
unstable and dissociates directly without energy barrier, antbom geometry of the Si(121(7X7) surface by a periodic
(if) the resulting atomic-oxygen products explain quantitaslab geometry with a computationally feasiblexX(2) sur-
tively the stable and metastable EELS and UPS feature$ace unit cell(see Fig. 1 Each slab contains eight layers of
This result provides no theoretical ground for the concept o8i atoms. On each side of the slab, two adatoms are added,
O, molecular precursors on Si(LE{7X7), in agreement and one of the two restatom dangling bonds is saturated by a
with a recent C§ reactive scattering experiments, which hydrogen atom in order to maintain the same population ratio
failed to detect outcoming Cs® ions?® The dissociative of adatoms and restatoms as thex(7) surface?’ This sur-
chemisorption models discussed in Ref. 24 are energeticallface was found to be a good approximation of thex(®)
sound and very useful to explain the experimental spectradurface in previous DFT calculations for the study of hydro-
features, but they are valid only for the very initial stage ofgen diffusion?®
oxidation process since derived from the reaction of a single Figure 2 displays the oxidation models considered in the
O, molecule at the surface. In the experimental conditiongpresent study. These models are based on a dissociative O
many other oxidation states are possible by additional Ochemisorption picturé*?>2° The name of each model re-
reactions, thus it is desirable to study multiply oxidizedflects well its atomic-oxygen bonding configuration: Here,
states further, which is the purpose of the present work. “ad” denotes an O atom adsorbed on top of the Si adatom,

In this paper, we present the results of DFT calculationsand “insXn” means thatn O atoms are singly inserted into
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TABLE |. Convergence test for the adsorption energy of the

. insX 2 structure. Here . is the plane-wave basis cutoff, is the
Adatom S oo Tt o
© Adatom Si number ofk points in the (4<2) surface Brillouin zone, anlayer
© Restatom Si represents the slab thickness of the Si substrate.
(%) First-layer Si Ecut (Ry) Ny Nlayer Eads (ev)
20 2 8 7.59
& T .
Second-layer Si o5 5 8 752
& Hatom 20 8 8 7.61
20 2 12 7.63

FIG. 1. (4% 2) surface unit cell used for the present study. One
of the two restatoms in a unit cell is saturateg & H atom to
maintain the same population ratio of adatoms and restatoms as t
(7X7) surface.

adsorption on the adatom site.

We carried out DFT calculations within the generalized
'@;‘?adient approximation proposed by Perdew, Burke, and
Ernzerhof! We used norm-conserving pseudopotenttaf¥
_ _ for Si and H atoms and ultrasoft pseudopotentrai$for O
n Si adatom backbonds. As was demonstrated in Ref. 24, goms. The electronic wave functions were expanded in a
single Q adsorption can result in the ad-ins ori02 struc-  plane-wave basis with a cutoff energy of 20 Ry. We used
X3 structure. If one O atom of the adsorbed @olecule  k-space integration. The positions of all atoms, except the
can be pushed away during the reaction, the ad, ins, ad-infinermost two Si layers held at their bulk positions, were

X2, orins<3 structures would be possible. The possibility relaxed until all the residual force components are within
of such abstractive interactions of, @ not clear yet® thus .05 eV/A.

we Safely included those structures in our consideration. For a reference, we calculated the equi”brium bond
Therefore the models given in Flg 2 cover all possible diS-|ength1 vibration frequency, and b|nd|ng energy of the free
sociative oxidation configurations up to two successive O O, molecule in the spin-triplet ground state: The calculated
values, 1.24 A, 0.21 eV, and 6.3 eV, respectively are com-
ins pared well with the experimental values, 1.21 A, 0.20 eV,
and 5.2 eV. We also tested the convergence of our slab cal-
culations with respect to the used parameters. Table | shows
the result obtained for a representative adsorption model that
involves two O atoms in adatom backbon@®., the ins
X 2 model in Fig. 2. Here the adsorption energy was calcu-
lated by

ad-ins insx2 1
Eaa= — | ERP ER™ SEgixNo|, ®

model

where Efpodel gclean - and Eg';’ are the total energies of the

model surface, the clean surface, and the frgam@lecule,
respectively, and\g is the number of O atoms involved in
the model. As shown in Table I, the calculated adsorption
ad-insx?2 insx3 energy is converged well within 0.1 eV, and the involved
structural changes are negligible.

o
B o

Ill. RESULTS

A. Optimized structures and energetics

o
o

In Table Il we display the optimized structural parameters
. of the models shown in Fig. 2. Noticeable features are as
ad-insx3 follows: (i) The Si-Qad) bond lengths are almost identical in
all ad-ins<xn (n=0, 1, 2, and 3 structures, and the values
are similar to the bond length of free SiO molecu(és54
A). (ii) The Si-Qins)-Si bond angles are somewhat smaller
than that of the crystalline SiQe.g., 144° fore-quart and
get closer to the crystalline value as the number of backbond
oxidation increases. One exception is theXi3s structure,
FIG. 2. Adsorption models considered in this study. The largewhich will be discussed shortlyiii) In the ad-insn struc-
and small circles represent Si and O atoms, respectively. The opttures, the vertical position of the Si restatom is significantly
mized structural parameters for the models are given in Table Il. lowered compared to the clean surface. The formation of a

ot
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TABLE Il. Optimized structural parameters. Hetkis the bond
length of the Si-@ad) unit. For the Si-Qins)-Si unit,d; (d,) is the
bond length between the O atom and the Si ada(ib first-layer
Si atom, and ¢ is the bond angle of the Si-O-Si. The last column
shows the variation of the vertical position of the restatom from the

2p orbitals. The projected density of stattBDOS of an
atomic orbital¢, was calculated by

clean surface. Da.(e)= kE (bl hn)|? (€= €n), 2
n
Si-O(ad) Si-O-Si Restatom
Model dA)y  di(d) dB) e AZ (A) whereyy, ande,, are the Kohn-Sham wave function and the
ad 156 080 corresponding eigenvalue, and the summation is over the
ad-ins 156 1.72 1.69 123° -071 f|:st E:jnllqt;]ln zC;)ne a_nd afII pgr;]dS.ZTh\? fIL:mCtlf?'n WEIJlS Ire-_
ad-ins< 2 156 172 168 127° —057 placed with a | au33|ando th tt' I. eV. For t c|]|sfca C(L)J at;on,
ad-ins< 3 157 179 166  133° —042 norm-conserving pseudopotentials were used for O atoms
ins 172 173 117°  —000 with a plane-wave basis cutoff of 40 Ry.
inex 2 1'71 1'72 123° —0.00 We show the PDOS of the Op2orbitals in Figs. 3 and 4
Ins : ' ' in comparison with experiments. The UPS spectra obtained
insX 3 1.65 1.77 102° —-0.01

by Hofer et al? are shown schematically in the top panel of
the figures. There, the low-binding 2.1 and 3.9 eV peaks
strong Si-@ad bond requires a large charge transfer from were found to disappear by 400 K annealing, while the
the restatom to the adatom site, which in turn drives theother three peaks at 6—-11 eV increased by the annealing. The
inward relaxation of the restatom for an electronic energydata also show the polarization dependence of the peaks. We
gain via a stabilizings p? rehybridization. note in particular that the metastable 3201) eV peak was
Adsorption energies of the model structures are comparegrominent byp-polarized §-polarized light.
in Table Ill. For an O atom, the ad structure is energetically The calculated PDOS shows that the binding energies of
less favoredby 1.32 eV} than the ins structure. Similarly, O 2p orbitals depend largely on the local bonding configu-
the ad-ins and ad-ins2 structures are also less favored thanrations, i.e., @ad) atoms and @ns) atoms produce clearly
their stable counterparts, the k& and ins<3 structures. distinct binding energy spectra: The binding energy ¢idD
That is, the @ad species are always metastable relative to2p ranges over 0—4 eV, while that of(ids) 2p over 3.5-10
the Qlins) species. It is also noticeable that multiply oxidized eV. Accordingly, the comparison of the PDOS and UPS data
models have in general adsorption energies larger than thadicates that the @d atoms can be ascribed to the origin
sum of the adsorption energies of their constituent modelsyf the metastable UPS peaks, while thén® atoms to the
ie., for example, Ejdad-ing=E,{ad)+Ey{ins) stable UPS peaks. In addition, the orbital characters of the
+0.31 eV. PDOS peaks account well for the polarization dependence of
The insx 3 structure deserves some explanation. In thighe metastable UPS peaks: The PDOS fdadD atoms ex-
structure a large inward relaxation of the Si adatom results imibits two prominent peaks separated b eV, the higher
the Si-O-Si angle of 102°, contrasting to the usual suggeshinding peak being due to thg orbital and the lower to the
tion that the insertion of three oxygen atoms into the adatonmonbondingp, and p, orbitals. According to the symmetry
backbonds would induce a protrusion of the Si adafdin.  selection rules for UPS measuremehtsp, (p,,) orbital is
fact, we found such a locally stable structure with the Si-predominantly observable fgepolarized 6-polarized light.
O-Si angle of 1279denoted by ins 3*), but it is less stable Thus the higherlower) binding peak in the Gad) PDOS
by 0.2 eV than the ing3. The activation barrier for the should be prominent byp-polarized &-polarized light,
insx 3* to insx3 transition is as low as 0.2 eV, thus the which is in good agreement with the experimental
insX 3* can easily transform into the is3 structure. observatiort.
Our calculations tend to underestimate the binding ener-
B. Projected density of states of oxygen 2 orbitals gies of the O P orbitals by 1-2 eV compared to experimen-

In order to resolve the origin of the oxygen-induced UPSta.l values, as seen in FlgS 3 and 4. This underestimation can

peaks, we have calculated density of states projected on B regarded as one of the general tendencies of DFT calcu-
lations: Blaseet al®’ found that DFT calculations of the

TABLE II_I. Calculated oxygen adsorption energies. The Va'”esH/Si(lll)-(lx 1) surface underestimate the binding ener-
are given with respect to the free molecular state. gies of hydrogen-induced surface states by 0.5—0.8 eV com-

Eads

pared to experiments, and that the extent of underbinding
depends on the degree of localization of the states. Therefore

Model ev) (evio a larger underestimation of the binding energy is expected
ad 2.32 2.32 for the more localized O R orbitals.
ins 3.64 3.64
ad-ins 6.27 3.14 . .
insx 2 759 3.79 C. Vibration spectra
ad-insx 2 10.36 3.45 We now discuss the calculated vibration spectra of the
insx 3 11.57 3.86 atomic oxidation models. The local vibration modes of each
ad-insx 3 14.37 3.59 model structure were determined within the harmonic ap-

proximation by solving the general eigenvalue problem,
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UPS s sp s P s He1(21.2 eV) UPS s sp s P s He1(21.2 eV)
| 11 i | 11 i
-10 -8 -6 -4 -2 0 E-E:z(eV) -10 -8 -6 -4 -2 0 E-E:z(eV)
| | i p- He I1 (40.8 eV) | | i p- He I1 (40.8 eV)
-10 -8 -6 -4 -2 0 E-E:z(eV) -10 -8 -6 -4 -2 0 E-E:z(eV)
A ins
ad A Apxpy
ZJAVEYR
\
. 0 E-E:z(eV)
ad-ins
0 E-E:z(eV)
0 E-E:z(eV)
ad-insx2 ix2 px

10 -8 -6 -4 -2 0 E-Ex(eV)

FIG. 4. PDOS of the oxygengorbitals in the inx n models.

mass associated with thi¢h degree of freedom, and”’s
represent the normal mode with a vibrational frequency of
. The derivative?ZEolﬁxi(9xj: —dF;19x;, whereF; is the
force acting onx;, was calculated using a symmetric two-
point finite difference formula with a displacement of
+0.05 A. We included in the calculation all the O atoms,
the Si adatom, and the three first-layer Si atoms bonding with
the adatom.

We display in Fig. 5 the calculated vibration modes for
each model in comparison with vibrational EELS d&ta:'®
The EELS experiments observed that the 149-155 meV loss
peak and other loss peaks at 85—130 meV show quite distinct
thermal stability, i.e., the former disappears~a400 K and
the latter is stable up to 600 K. In the calculations, the promi-
nent, high-frequency modes are all oxygen related: the Si-
O(ad stretching mode has vibration frequencies of 136—-143

- pro - - - meV, and the symmetric and asymmetric Sif9)-Si
0 8 -6 -4 -2 0 E-Ee(eV) stretching modes have 70-120 meV. The models with mul-
tiple O(ins) atoms exhibit splittings of the Si-O-Si stretching
frequencies. Si related frequencie®t shown are all below
55 meV.

FIG. 3. PDOS of the oxygengorbitals in the ad-ing n mod-
els.The UPS spectra obtained by two different light soutekser

et al, Ref. 2 are also given for comparison, where thép) la- i ) . .
beled peaks are more prominent gpolarized p-polarized light By comparison with the EELS data, we can identify the

and the peaks drawn by a dashed line are metastablgseetexr. ~ O(@d atoms as the origin of the metastable 149-155 meV
Note that thez axis is surface normal and tixeaxis is normal to the 0SS peak and the (@s) atoms, the stable loss peaks scat-
Si-O-Si plane, and the label 2" indicates that the labeled peak tered over 85-130 meV. The underestimation~df0 meV

is actually twice larger. seems to be a systematic error in the present scheme: Our
calculation similarly underestimates the vibration frequency
= Y - of a free SiO molecule, i.e., the calculgted and experimental
%9, Xj'=m; 5;; w°X;", (3)  values are 148 and 154 meV, respectively.

In summary, the present vibrational analysis together with
whereE, is the total energy of the system,s are the ionic the PDOS analysis indicates unambiguously that afgdO
displacements from the equilibrium positioms, is the ionic ~ atoms can produce the metastable features in UPS and EELS
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Present theory
141 ad
1 1 1 1 I 1
79 103 143 ad-ins
1 I 1 I 1 1 I 1
7|3 8|3 10i7 ’1|1’3 1]12 ad-insx2 FIG. 6. Decay path of the ad-iks3 structure.
1 1 1 1 1
69 79,80 112-118 136 ad-insx3 The decay path of the ad-iRS8 structure is not so
L1 . Al 1 simple, since all the three back bonds are already filled with
O(ins) atoms. The @d atom can possibly hop first on top
83 93 ins of a nearest restatom and then into a back-bond site of an-
L .1 L 1 ! other adatom. Due to a large separation between the adatom
78.82 95.97 . and restatom sites, however, the calculated activation barrier
|"| " insx2 for the first hopping is about 2.7 eV, too large to be related
! ! ! ! ! with the metastability at~-400 K. We found an interesting
77,78 86 97 118,119 insx3 decay path with a much lower activation barrier, as depicted

L N . in Fig. 6. Along this path, one of @s) atoms is pushed into
the hollow region below the adatom, and successively the
O(ad) atom decays into the ins site. The involved activation

70 90 110 130 150

Experiments barrier is only 1.25 eV. The final structure, with a subsurface
86 107 123 149 100K, 0.2 L O atom bonding with three Si atoms, is 0.4 eV more stable
|, 1. | . L (Ref. 4) than the ad-i_nxS structure. A similar threefold—coor_dinated

oxygen configuration was also reported as a transient struc-
95 115 130 149 20K, 0.1L ture in the oxygen diffusion process in a previous molecular-
,| ,| | L (Ref. 5) dynamics study of the Si-SiQinterface®® This subsurface
oxygen configuration therefore is likely a precursor state to
96 108 123 155 300K, 1L the oxygen diffusion into the deeper layers.
A N P | (Ref. 6) The present finding of the two distinct decay energetics

300 K.1L can be used to further narrow down the candidates for the
99 128 g 4 metastable UPS and EELS features. When using the usual
N L A (Ref. 18) attempt frequency of 0s !, the Arrhenius law predicts
% 110 130 150 that the ad-inx 3 structure, with its activation barrier of
FIG. 5. Calculated vibration frequencies in comparison with ~1.25 eV, decays at 450 K, whereas the other ad, ad-ins,
EELS data. The gray region in the EELS data indicates the mets@nd ad-inx 2 structures decay at a much lower temperature
stable loss peaks. (~50 K). In that case, the ad-irs3 structure would be the
only candidate for the metastable experimental features.
spectra, and that any(Ds) atoms are compatible with the However, it is not clear yet whether we can apply the usual
stable features. Hence, the previous assignment of the metattempt frequency to this system. For instance, x-ray photo-
stable adsorption species to the ad-ins structure in Ref. 2dmission and optical measureméritsestimated the activa-
should be extended: Any of the ad-ka structures witn tion barrier as~0.2 eV with use of an extremely low attempt
=0, 1, 2, or 3 can be a candidate for the metastable specieequency of~10 s 1. A more conclusive identification is
subject to experimental refinements.

D. Decay pathways

The present study has shown that all adximsstructures IV. SUMMARY
can account for the metastable UPS and EELS features. In
this section we discuss possible decay pathways of the meta- The present DFT calculations have provided the energet-
stable ad-insg n structures. ics and the electronic and vibrational properties of all the

Since the @ins) configuration is the most stable for the possible dissociative oxidation configurations of the most re-
adsorption of a single O atoffi,the common picture of the active Si adatom site on Si(1-{7Xx7), the unit compo-
decay of the metastable structures is an insertion of (a@O nents of which are the @d) atoms bonding on top of the
atom into one of the intact adatom backbonds. In this wayadatom and the @s) atoms inserted into the adatom back
the metastable ad, ad-ins, and adxms structures decay bonds. In energetics, we found that théa@ atoms are
into the ins, in% 2, and ins< 3 structures, respectively, and always less stable than the(i@) atoms and determined
the energy gains obtained by the transformations amount tthe decay pathways of the metastable adxins(where n
1.2-1.3 eV(see Table Il. The activation barrier for the =0, 1, 2, or 3 structures, involving an @d-to-Q(ins) tran-
ad-ins to ink 2 transition was calculated to be about 0.15sition. We also found that the (@d) atom of any ad-ingn
eV .2* Similar barrier heights are expected for the other transtructures can produce the metastable UPS and EELS spectra
sitions with similar decay paths. and all Qins) atoms, the stable UPS and EELS spectra. In
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conclusion, all ad-ingn (insxn) models are compatible, identification of the long-sought metastable oxidation species

both energetically and spectroscopically, with the metastablgs the ad-ins3 structure?®

(stable experimental species. Our finding that the ad-ins

X 3 structure ha_s an interesting decay modg distinguished ACKNOWLEDGMENTS
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