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Electronic and vibrational properties of initial-stage oxidation products on Si„111…-„7Ã7…

Sung-Hoon Lee and Myung-Ho Kang
Department of Physics, Pohang University of Science and Technology, Pohang 790-784, Korea

~Received 11 June 1999!

Chemisorption of O2 molecules on the adatom site of Si(111)-(737) 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 stable O2 reactions products found in this system. The calculated decay pathways of the
metastable structures provide additional informations useful for identifying the experimental metastable
structures.
r t

ac
f t
e
y

x
r

on

e

s

ra

te
an
ita
re
t o

h

a
tr
o
g
n
O

ed

n

hat

nd
m-
ex-
e-
II

I A
orp-
ies
uc-
d.

ta-
ec.

e
le
ac-
o
the

on
on

da-

f
ded,
by a
atio

ro-

the
e O
-
e,
m,

o

I. INTRODUCTION

Chemisorption of oxygen molecules on the Si(111)-(7
37) surface has been studied extensively as a model fo
initial-stage oxidation of the surface.1 The dissociation of
adsorbed O2 molecules is an essential step toward the surf
oxidation, but the detailed procedure and the structures o
resulting oxidation products are yet to be verified. Moreov
there have been experimental suggestions of a possibilit
molecularly chemisorbed O2 species on Si(111)-(737).
This O2 molecular precursor model was introduced to e
plain the metastable spectral features, which disappea
about 400 K, found in x-ray and ultraviolet photoelectr
spectroscopy~XPS and UPS! ~Refs. 2 and 3! and vibrational
electron energy loss spectroscopy~EELS!.4–6 Recent scan-
ning tunneling microscopy~STM! studies also ascribed th
observed oxygen-induced bright7,8 and dark9 images to
chemisorbed O2 molecular states. Despite many studies,10–23

however, there have been no direct structural evidence
the proposed O2 molecular precursors on Si(111)-(737).

Recent density-functional theory~DFT! calculations24

shed light on this system by providing quantitative structu
models for the initial-stage oxidation of the Si(111)-(7
37) surface. The calculations demonstrated that~i! a single
O2 molecule adsorbed on the most reactive Si adatom si
unstable and dissociates directly without energy barrier,
~ii ! the resulting atomic-oxygen products explain quant
tively the stable and metastable EELS and UPS featu
This result provides no theoretical ground for the concep
O2 molecular precursors on Si(111)-(737), in agreement
with a recent Cs1 reactive scattering experiments, whic
failed to detect outcoming CsO2

1 ions.25 The dissociative
chemisorption models discussed in Ref. 24 are energetic
sound and very useful to explain the experimental spec
features, but they are valid only for the very initial stage
oxidation process since derived from the reaction of a sin
O2 molecule at the surface. In the experimental conditio
many other oxidation states are possible by additional2
reactions, thus it is desirable to study multiply oxidiz
states further, which is the purpose of the present work.

In this paper, we present the results of DFT calculatio
PRB 610163-1829/2000/61~12!/8250~6!/$15.00
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for all dissociative oxidation states of the Si adatom site t
can be generated by multiple O2 reactions on Si(111)-(7
37). We have determined the equilibrium structures a
analyzed their electronic and vibrational properties in co
parison with measured UPS and EELS spectra. This
tended work will generalize the result of Ref. 24. The r
mainder of this paper is organized as follows. Sec.
describes the details of our calculation methods. In Sec. II
we describe the oxidation model structures and their ads
tion energetics. Their electronic and vibrational propert
are presented in Sec. III B and Sec. III C, by which the str
tural origin of the experimental spectra can be identifie
Section III D deals with the decay pathways of the me
stable structures. A summary of this work is given in S
IV.

II. COMPUTATIONAL DETAILS

The Si(111)-(737) surface has three kinds of reactiv
adsorption sites~i.e., adatom, restatom, and corner ho
sites!,26 and the adatom site was found to be the most re
tive with O2 molecules:10–13 the UPS peak corresponding t
the adatom dangling-bond state is readily quenched, and
oxygen-induced changes in STM images occur primarily
the adatom site. In the present study, therefore, we focus
the oxidation of the adatom site and simulate the local a
tom geometry of the Si(111)-(737) surface by a periodic
slab geometry with a computationally feasible (432) sur-
face unit cell~see Fig. 1!: Each slab contains eight layers o
Si atoms. On each side of the slab, two adatoms are ad
and one of the two restatom dangling bonds is saturated
hydrogen atom in order to maintain the same population r
of adatoms and restatoms as the (737) surface.27 This sur-
face was found to be a good approximation of the (737)
surface in previous DFT calculations for the study of hyd
gen diffusion.28

Figure 2 displays the oxidation models considered in
present study. These models are based on a dissociativ2
chemisorption picture.24,25,29 The name of each model re
flects well its atomic-oxygen bonding configuration: Her
‘‘ad’’ denotes an O atom adsorbed on top of the Si adato
and ‘‘ins3n’’ means thatn O atoms are singly inserted int
8250 ©2000 The American Physical Society
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n Si adatom backbonds. As was demonstrated in Ref. 2
single O2 adsorption can result in the ad-ins or ins32 struc-
ture. An additional O2 adsorption would lead to the ad-in
33 structure. If one O atom of the adsorbed O2 molecule
can be pushed away during the reaction, the ad, ins, ad
32, or ins33 structures would be possible. The possibil
of such abstractive interactions of O2 is not clear yet,30 thus
we safely included those structures in our considerat
Therefore the models given in Fig. 2 cover all possible d
sociative oxidation configurations up to two successive2

FIG. 1. (432) surface unit cell used for the present study. O
of the two restatoms in a unit cell is saturated by a H atom to
maintain the same population ratio of adatoms and restatoms a
(737) surface.

FIG. 2. Adsorption models considered in this study. The la
and small circles represent Si and O atoms, respectively. The
mized structural parameters for the models are given in Table
a

ns

n.
-

adsorption on the adatom site.
We carried out DFT calculations within the generaliz

gradient approximation proposed by Perdew, Burke, a
Ernzerhof.31 We used norm-conserving pseudopotentials32–34

for Si and H atoms and ultrasoft pseudopotentials35,36 for O
atoms. The electronic wave functions were expanded i
plane-wave basis with a cutoff energy of 20 Ry. We us
two k points in the (432) surface Brillouin zone for the
k-space integration. The positions of all atoms, except
innermost two Si layers held at their bulk positions, we
relaxed until all the residual force components are with
0.05 eV/Å.

For a reference, we calculated the equilibrium bo
length, vibration frequency, and binding energy of the fr
O2 molecule in the spin-triplet ground state: The calcula
values, 1.24 Å, 0.21 eV, and 6.3 eV, respectively are co
pared well with the experimental values, 1.21 Å, 0.20 e
and 5.2 eV. We also tested the convergence of our slab
culations with respect to the used parameters. Table I sh
the result obtained for a representative adsorption model
involves two O atoms in adatom backbonds~i.e., the ins
32 model in Fig. 2!. Here the adsorption energy was calc
lated by

Eads52S Etot
model2Etot

clean2
1

2
Etot

O23NOD , ~1!

whereEtot
model, Etot

clean, and Etot
O2 are the total energies of th

model surface, the clean surface, and the free O2 molecule,
respectively, andNO is the number of O atoms involved i
the model. As shown in Table I, the calculated adsorpt
energy is converged well within 0.1 eV, and the involv
structural changes are negligible.

III. RESULTS

A. Optimized structures and energetics

In Table II we display the optimized structural paramete
of the models shown in Fig. 2. Noticeable features are
follows: ~i! The Si-O~ad! bond lengths are almost identical i
all ad-ins3n (n50, 1, 2, and 3! structures, and the value
are similar to the bond length of free SiO molecules~1.54
Å!. ~ii ! The Si-O~ins!-Si bond angles are somewhat smal
than that of the crystalline SiO2 ~e.g., 144° fora-quartz! and
get closer to the crystalline value as the number of backb
oxidation increases. One exception is the ins33 structure,
which will be discussed shortly.~iii ! In the ad-ins3n struc-
tures, the vertical position of the Si restatom is significan
lowered compared to the clean surface. The formation o

the

e
ti-

TABLE I. Convergence test for the adsorption energy of t
ins32 structure. Here,Ecut is the plane-wave basis cutoff,Nk is the
number ofk points in the (432) surface Brillouin zone, andNlayer

represents the slab thickness of the Si substrate.

Ecut ~Ry! Nk Nlayer Eads ~eV!

20 2 8 7.59
25 2 8 7.52
20 8 8 7.61
20 2 12 7.63
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strong Si-O~ad! bond requires a large charge transfer from
the restatom to the adatom site, which in turn drives
inward relaxation of the restatom for an electronic ene
gain via a stabilizingsp2 rehybridization.

Adsorption energies of the model structures are compa
in Table III. For an O atom, the ad structure is energetica
less favored~by 1.32 eV! than the ins structure. Similarly
the ad-ins and ad-ins32 structures are also less favored th
their stable counterparts, the ins32 and ins33 structures.
That is, the O~ad! species are always metastable relative
the O~ins! species. It is also noticeable that multiply oxidize
models have in general adsorption energies larger than
sum of the adsorption energies of their constituent mod
i.e., for example, Eads(ad-ins!5Eads(ad)1Eads(ins)
10.31 eV.

The ins33 structure deserves some explanation. In t
structure a large inward relaxation of the Si adatom result
the Si-O-Si angle of 102°, contrasting to the usual sugg
tion that the insertion of three oxygen atoms into the ada
backbonds would induce a protrusion of the Si adatom.23 In
fact, we found such a locally stable structure with the
O-Si angle of 127°~denoted by ins33* ), but it is less stable
by 0.2 eV than the ins33. The activation barrier for the
ins33* to ins33 transition is as low as 0.2 eV, thus th
ins33* can easily transform into the ins33 structure.

B. Projected density of states of oxygen 2p orbitals

In order to resolve the origin of the oxygen-induced U
peaks, we have calculated density of states projected o

TABLE II. Optimized structural parameters. Here,d is the bond
length of the Si-O~ad! unit. For the Si-O~ins!-Si unit, d1 (d2) is the
bond length between the O atom and the Si adatom~the first-layer
Si atom!, andw is the bond angle of the Si-O-Si. The last colum
shows the variation of the vertical position of the restatom from
clean surface.

Si-O~ad! Si-O-Si Restatom
Model d ~Å! d1 ~Å! d2 ~Å! w DZ ~Å!

ad 1.56 20.80
ad-ins 1.56 1.72 1.69 123° 20.71

ad-ins32 1.56 1.72 1.68 127° 20.57
ad-ins33 1.57 1.72 1.66 133° 20.42

ins 1.72 1.73 117° 20.00
ins32 1.71 1.72 123° 20.00
ins33 1.65 1.77 102° 20.01

TABLE III. Calculated oxygen adsorption energies. The valu
are given with respect to the free molecular state.

Eads

Model ~eV! ~eV/O!

ad 2.32 2.32
ins 3.64 3.64

ad-ins 6.27 3.14
ins32 7.59 3.79

ad-ins32 10.36 3.45
ins33 11.57 3.86

ad-ins33 14.37 3.59
e
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2p orbitals. The projected density of states~PDOS! of an
atomic orbitalfa was calculated by

Da~e!5(
kn

u^fauckn&u2d~e2ekn!, ~2!

whereckn andekn are the Kohn-Sham wave function and th
corresponding eigenvalue, and the summation is over
first Brillouin zone and all bands. Thed function was re-
placed with a Gaussian of width 0.2 eV. For this calculatio
norm-conserving pseudopotentials were used for O ato
with a plane-wave basis cutoff of 40 Ry.

We show the PDOS of the O 2p orbitals in Figs. 3 and 4
in comparison with experiments. The UPS spectra obtai
by Höfer et al.2 are shown schematically in the top panel
the figures. There, the low-binding 2.1 and 3.9 eV pea
were found to disappear by;400 K annealing, while the
other three peaks at 6–11 eV increased by the annealing.
data also show the polarization dependence of the peaks
note in particular that the metastable 3.9~2.1! eV peak was
prominent byp-polarized (s-polarized! light.

The calculated PDOS shows that the binding energies
O 2p orbitals depend largely on the local bonding config
rations, i.e., O~ad! atoms and O~ins! atoms produce clearly
distinct binding energy spectra: The binding energy of O~ad!
2p ranges over 0–4 eV, while that of O~ins! 2p over 3.5–10
eV. Accordingly, the comparison of the PDOS and UPS d
indicates that the O~ad! atoms can be ascribed to the orig
of the metastable UPS peaks, while the O~ins! atoms to the
stable UPS peaks. In addition, the orbital characters of
PDOS peaks account well for the polarization dependenc
the metastable UPS peaks: The PDOS for O~ad! atoms ex-
hibits two prominent peaks separated by;2 eV, the higher
binding peak being due to thepz orbital and the lower to the
nonbondingpx and py orbitals. According to the symmetry
selection rules for UPS measurements,2 a pz (px,y) orbital is
predominantly observable forp-polarized (s-polarized! light.
Thus the higher~lower! binding peak in the O~ad! PDOS
should be prominent byp-polarized (s-polarized! light,
which is in good agreement with the experimen
observation.2

Our calculations tend to underestimate the binding en
gies of the O 2p orbitals by 1–2 eV compared to experime
tal values, as seen in Figs. 3 and 4. This underestimation
be regarded as one of the general tendencies of DFT ca
lations: Blaseet al.37 found that DFT calculations of the
H/Si(111)-(131) surface underestimate the binding en
gies of hydrogen-induced surface states by 0.5–0.8 eV c
pared to experiments, and that the extent of underbind
depends on the degree of localization of the states. There
a larger underestimation of the binding energy is expec
for the more localized O 2p orbitals.

C. Vibration spectra

We now discuss the calculated vibration spectra of
atomic oxidation models. The local vibration modes of ea
model structure were determined within the harmonic
proximation by solving the general eigenvalue problem,

e

s
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]2E0

]xi]xj
xj

v5mid i j v
2xj

v , ~3!

whereE0 is the total energy of the system,xi ’s are the ionic
displacements from the equilibrium positions,mi is the ionic

FIG. 3. PDOS of the oxygen 2p orbitals in the ad-ins3n mod-
els.The UPS spectra obtained by two different light sources~Höfer
et al., Ref. 2! are also given for comparison, where thes (p) la-
beled peaks are more prominent bys-polarized (p-polarized! light
and the peaks drawn by a dashed line are metastable ones~see text!.
Note that thez axis is surface normal and thex axis is normal to the
Si-O-Si plane, and the label ‘‘32’’ indicates that the labeled pea
is actually twice larger.
mass associated with thei th degree of freedom, andxi
v’s

represent the normal mode with a vibrational frequency
v. The derivative]2E0 /]xi]xj52]Fi /]xj , whereFi is the
force acting onxi , was calculated using a symmetric two
point finite difference formula with a displacement
60.05 Å. We included in the calculation all the O atom
the Si adatom, and the three first-layer Si atoms bonding w
the adatom.

We display in Fig. 5 the calculated vibration modes f
each model in comparison with vibrational EELS data.4,6,5,18

The EELS experiments observed that the 149–155 meV
peak and other loss peaks at 85–130 meV show quite dis
thermal stability, i.e., the former disappears at;400 K and
the latter is stable up to 600 K. In the calculations, the pro
nent, high-frequency modes are all oxygen related: the
O~ad! stretching mode has vibration frequencies of 136–1
meV, and the symmetric and asymmetric Si-O~ins!-Si
stretching modes have 70-120 meV. The models with m
tiple O~ins! atoms exhibit splittings of the Si-O-Si stretchin
frequencies. Si related frequencies~not shown! are all below
55 meV.

By comparison with the EELS data, we can identify t
O~ad! atoms as the origin of the metastable 149–155 m
loss peak and the O~ins! atoms, the stable loss peaks sc
tered over 85–130 meV. The underestimation of;10 meV
seems to be a systematic error in the present scheme:
calculation similarly underestimates the vibration frequen
of a free SiO molecule, i.e., the calculated and experime
values are 148 and 154 meV, respectively.

In summary, the present vibrational analysis together w
the PDOS analysis indicates unambiguously that any O~ad!
atoms can produce the metastable features in UPS and E

FIG. 4. PDOS of the oxygen 2p orbitals in the ins3n models.
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spectra, and that any O~ins! atoms are compatible with th
stable features. Hence, the previous assignment of the m
stable adsorption species to the ad-ins structure in Ref
should be extended: Any of the ad-ins3n structures withn
50, 1, 2, or 3 can be a candidate for the metastable spe

D. Decay pathways

The present study has shown that all ad-ins3n structures
can account for the metastable UPS and EELS features
this section we discuss possible decay pathways of the m
stable ad-ins3n structures.

Since the O~ins! configuration is the most stable for th
adsorption of a single O atom,38 the common picture of the
decay of the metastable structures is an insertion of the O~ad!
atom into one of the intact adatom backbonds. In this w
the metastable ad, ad-ins, and ad-ins32 structures decay
into the ins, ins32, and ins33 structures, respectively, an
the energy gains obtained by the transformations amoun
1.2–1.3 eV~see Table III!. The activation barrier for the
ad-ins to ins32 transition was calculated to be about 0.
eV.24 Similar barrier heights are expected for the other tr
sitions with similar decay paths.

FIG. 5. Calculated vibration frequencies in comparison w
EELS data. The gray region in the EELS data indicates the m
stable loss peaks.
ta-
24

es.

In
ta-

,

to

-

The decay path of the ad-ins33 structure is not so
simple, since all the three back bonds are already filled w
O~ins! atoms. The O~ad! atom can possibly hop first on to
of a nearest restatom and then into a back-bond site of
other adatom. Due to a large separation between the ada
and restatom sites, however, the calculated activation ba
for the first hopping is about 2.7 eV, too large to be rela
with the metastability at;400 K. We found an interesting
decay path with a much lower activation barrier, as depic
in Fig. 6. Along this path, one of O~ins! atoms is pushed into
the hollow region below the adatom, and successively
O~ad! atom decays into the ins site. The involved activati
barrier is only 1.25 eV. The final structure, with a subsurfa
O atom bonding with three Si atoms, is 0.4 eV more sta
than the ad-ins33 structure. A similar threefold-coordinate
oxygen configuration was also reported as a transient st
ture in the oxygen diffusion process in a previous molecu
dynamics study of the Si-SiO2 interface.39 This subsurface
oxygen configuration therefore is likely a precursor state
the oxygen diffusion into the deeper layers.

The present finding of the two distinct decay energet
can be used to further narrow down the candidates for
metastable UPS and EELS features. When using the u
attempt frequency of 1014 s21, the Arrhenius law predicts
that the ad-ins33 structure, with its activation barrier o
;1.25 eV, decays at;450 K, whereas the other ad, ad-in
and ad-ins32 structures decay at a much lower temperat
(;50 K). In that case, the ad-ins33 structure would be the
only candidate for the metastable experimental featu
However, it is not clear yet whether we can apply the us
attempt frequency to this system. For instance, x-ray pho
emission and optical measurements2,14 estimated the activa
tion barrier as;0.2 eV with use of an extremely low attemp
frequency of;10 s21. A more conclusive identification is
subject to experimental refinements.

IV. SUMMARY

The present DFT calculations have provided the ener
ics and the electronic and vibrational properties of all t
possible dissociative oxidation configurations of the most
active Si adatom site on Si(111)-(737), the unit compo-
nents of which are the O~ad! atoms bonding on top of the
adatom and the O~ins! atoms inserted into the adatom ba
bonds. In energetics, we found that the O~ad! atoms are
always less stable than the O~ins! atoms and determined
the decay pathways of the metastable ad-ins3n ~where n
50, 1, 2, or 3! structures, involving an O~ad!-to-O~ins! tran-
sition. We also found that the O~ad! atom of any ad-ins3n
structures can produce the metastable UPS and EELS sp
and all O~ins! atoms, the stable UPS and EELS spectra.

a-

FIG. 6. Decay path of the ad-ins33 structure.
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conclusion, all ad-ins3n (ins3n) models are compatible
both energetically and spectroscopically, with the metasta
~stable! experimental species. Our finding that the ad-
33 structure has an interesting decay mode distinguis
from the ad, ad-ins, and ad-ins32 structures will be usefu
in future studies to narrow down the candidates for the
perimental metastable structures.

Note added in proof.We have recently examined th
atomic origin of metastable oxygen 1s core-level peaks ob
served at this system. Our analysis leads to a conclu
tt
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identification of the long-sought metastable oxidation spec
as the ad-ins33 structure.40
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