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Scanning-tunneling-microscopy images of oxygen adsorption on the Si„001… surface
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We investigate the atomic structures and scanning-tunneling-microscopy~STM! images of oxygen adsorp-
tion on the Si~001! surface. Here, three~meta!stable sites for atomic adsorption are discussed: a backbond of
down dimer atom, a dimer-bridge, and an on-dimer site. For this study, the first-principles molecular-dynamics
method incorporating the ultrasoft pseudopotential scheme is applied. The oxygen gives a surface structure
characteristic of the adsorption site. In particular, the Si-O-Si complex at the dimer-bridge site buckles so as to
mimic the original dimer. In the filled states, the STM images for the backbond and the dimer-bridge site
appear very similar. In contrast, the empty-states images show characteristic features of the oxygen site.
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I. INTRODUCTION

Oxidation of silicon surfaces has attracted much atten
because of its scientific interest and technological imp
tance. For this reason, a number of works have been dev
to revealng atomic structures of oxide complexes at s
monolayer coverage. On the Si~001! surface, some differen
sites of oxygen adsorption have been proposed experim
tally: dimer-bridge,1,2 backbond,1,3–5 and on-top sites.6 Re-
cently, scanning tunneling microscopy~STM! has been ex-
tensively applied for these studies.5,7–9 For example, Kliese
et al.7 have found small protrusions of about 0.2 Å height
the very early stage of the oxidation. Around these sp
local dimer buckling seems to be stabilized. By utilizin
scanning tunneling spectroscopy~STS!, Ikegamiet al.5 have
revealed that oxygen lies even in the seemingly 231 surface
of the image. They have insisted on the adsorption at a b
bond site.

In the first-principles total-energy and forc
calculations,10–12a few ~meta!stable adsorption sites are o
tained, corresponding to the experimental findings. In R
12, we have simulated the STM images of the adsorption
the Si~001! surface, even though any sites with the predic
features have not yet been identified in the STM obser
tions. In the previous calculations, however, we are restric
to the unit cell ofp~231! with a single oxygen atom inside
The coverage of a half monolayer might be inadequa
large to describe the oxides at the initial stage. In this stu
the unit cell is extended top~232! in order to incorporate
surface relaxation more properly. Then, we reinvestigate
atomic geometries and STM images of the adsorption. H
a backbond~BBD! of the down atom, a dimer-bridge~DB!,
and an on-dimer~OD! site are discussed, because of th
energetic stability.

In the following, we apply the first-principles molecula
dynamics method.13,14 It is based on the local density func
tional formalism with the ultrasoft pseudopotential sche
of Vanderbilt.15 The details of our method are summarized
Ref. 12. The cutoff energy is set to beEcut5 25 Ry. For the
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Si~001! surface, we adopt a repeated slab model consis
of eight atomic layers of Si and a vacuum gap with an a
propriate thickness. With an oxygen atom on each side of
slab, we optimize the atomic geometry until the residu
forces acting on each atom are less than 531023 Ry/a.u.
Furthermore, the tunneling current of the STM,I (r ,VS), is
simply approximated as

I ~r ,VS!}6E
EF

EF1eVS
dEr~r ,E!, ~1!

where the plus~minus! sign is for the positive~negative!
surface bias voltageVS . Here,r(r ,E) is the local density of
states at energyE, andEF is the Fermi energy.

II. ATOMIC STRUCTURES AND STM IMAGES

First, we determine the asymmetric dimer geometry of
Si~001! surface. The bond length isd5 2.32 Å and the
buckling anglef5 17.7° on the average as in Table I.
perspective view of the surface is shown in Fig. 1~a!. These
values agree fairly well with the recent results of the fir
principles calculations by Ramstad, Brocks, and Kelly16 and
Fritsch and Pavone;17 d5 2.28 Å andf5 19.1°, andd5
2.33 Å andf5 18.5°, respectively.

Next, we adsorb an oxygen atom onto the surface. P
spective views of the optimized structures for the BBD, t
DB, and the OD site are shown in Figs. 1~b!–1~d!, respec-
tively. The reacted dimer twists, breaks up, or gets alm
symmetric. The Si—O bond lengthsdSi—O and the bond
angle of the oxygenuSiuOuSi are tabulated in Table I. Thos
agree well with to the values of crystalline silica18 of 1.52–
1.69 Å and 137–180°, except the angle at the OD site. T
bond lengthdi and the tiltingf i of the Si dimers are also
given in the table. The suffixi51 (i52! indicates the reacted
~unreacted! dimer. Here, the tiltingf i is defined as the angle
between the bond and the@110# direction. The bond angles
around the up~down! atom are summed toj iu (j id) in the
table. The angles for the OD site are formed by the Si—O
9356 © 1997 The American Physical Society
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55 9357BRIEF REPORTS
bonds and the backbonds. In Table I, the values ofdi , f i ,
and j iu,id on the clean surface are compared. Here, we c
see that the unreacted dimers are almost unchanged in ge
etry. As in our previous study,12 the most energetically stable
is the BBD site. The surface energy of the adsorption
listed as relative to the one at the BBD site. Since the diffe
ences are not so large, all the adsorption sites are likely
participate in actual oxidation.

Now, we would like to stress that at the BBD site th
Si—O bond lengths and the bond angle in Table I are in b
agreement with the values obtained in the surface-exten
x-ray-absorption fine structure~SEXAFS! and high-

TABLE I. Geometrical parameters of the oxygen adsorption
the BBD, the DB, and the OD site. The Si—O bond lengths
dSi—O , the bond angle of the oxygenuSi—OuSi , the dimer bond
lengthsdi , and the tiltingsf i are tabulated. Here, the tilting of the
dimer is represented by the angle between the bond and the@110#
direction. The suffixi51 (i52! indicates the reacted~unreacted!
dimer. The sums of the bond angles around the up~down! atoms,
j iu (j id), are also listed. The values ofdi , f i , and j iu,id on the
clean surface are compared. At last, the surface energy is give
relative to the one of the BBD site.

BBD DB OD Si~001!

dSi—O ~Å! 1.62, 1.67 1.68, 1.59 1.68, 1.71
uSi—OuSi 117° 155° 83°

d1 ~Å! 2.31 2.25 2.32
f1 15.8° 1.4° 18.1°
j1u 278° 292° 360° 285°
j1d 360° 348° 359° 356°

d2 ~Å! 2.32 2.32 2.31 2.32
f2 18.3° 18.4° 18.9° 17.3°
j2u 278° 286° 276° 286°
j2d 357° 358° 358° 356°

Energy~eV/surface! 0. 0.10 0.23

FIG. 1. Perspective views of~a! the Si~001! surface and~b!–~d!
the oxygen adsorption at the BBD, the DB, and the OD site, resp
tively. The oxygen atoms are indicated by the closed circles.
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resolution electron-energy-loss spectroscopy~HREELS!
studies1,4 (dSi—O5 1.65 Å anduSi—OuSi5120° or 130°!.
The adsorbed dimer geometry is very similar to that of the
clean surface.12 More interesting is that the Si-O-Si complex
at the DB site buckles so as to mimic the original dimer.
Then, the up~down! Si atom has ap3 (sp2) character in the
bond configuration:j1u; 270° andj1d; 360° in Table I.
This geometry is expected to induce a charge transfer from
the down to the up atom as in the original dimer. These
characteristics at the DB site have not been obtained in ou
previous calculation using thep~231! unit cell. The reason
is probably that the second-layer atoms were not relaxed in
the dimer-row direction. At the OD site, the oxygen is ad-
sorbed without breaking the dimer although it is nearly sym-
metric. The oxygen positions about 0.7 Å higher than the Si
atoms. Here, each dimer atom shows a strongsp2 character
in the bond configuration; the angles of the Si— O bond and
the backbonds totalj1u,1d. 360°. Moreover, the oxygen
bond angle is much smaller than the values in crystalline
silica. As a result, the remaining 2p orbitals form the dimer
bond of ap-bonding character. Bu and Rabalais2 have ar-
gued that the oxygen adsorbs at a site of 0.5 Å above the
first-layer Si atoms. It might be assigned to the OD site, but
not to the DB one.

In Fig. 2, the filled-states STM images of the Si~001!

t
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FIG. 2. STM images of~a! the Si~001! surface and~b!–~d! the
oxygen adsorption at the BBD, the DB, and the OD site, respec-
tively. The surface bias voltage is taken to beVS5 –2 V ~filled-
states images!. Here, we plot contour maps of the tunneling current
on the plane of 2.4 Å height from the clean surface. The values of
the highest contour~the brightest! are ~a! 5.5331024 and ~b!–~d!
8.2531024 in units of e/~a.u.!3. The subsequent ones differ by a
factor of 1.49. The thick lines indicate the same value of the cur-
rent. The jagged lines are artificial in the computational interpola-
tion. The horizontal positions of the O and Si atoms in the outer two
layers are denoted by the open and closed circles, respectively.



fa
e
e
th
th
th
pe

e

th
e

o
te
ed
o
o

n
nd
s.
e

n
ct
fo

m
xy
he
ng

ty

th

t
ite
t

to
he
ct

o
nc
ith
it
ig

ty
rie
s

o
xy

n

,
-
d
d

r

ic

-

-
s

9358 55BRIEF REPORTS
surface and the oxygen adsorption are shown. The sur
bias voltage is taken to beVS5 –2 V, and the scanning plan
of the tip is at a height of about 2.4 Å from the surfac
Here, we plot contour maps of the tunneling current in
logarithmic scale. The thick lines have the same value of
current in all the figures. The positions of the oxygen and
Si atoms in the outer two layers are indicated by the o
and closed circles, respectively.

On the Si~001! surface, the up dimer atoms are observ
as bright spots in Fig. 2~a!. They give a zigzag line of the
dimer row in the STM image. The oxygen adsorption at
BBD and the DB site does not qualitatively affect it; th
images shown in Figs. 2~b! and 2~c! are very similar to that
of the clean surface. In the figures, however, we should n
that the up atoms of the reacted dimers get slightly brigh
than the unreacted ones. These atoms should be observ
small protrusions on the surface as in the STM images
Klieseet al.7 This brightness comes from the following tw
geometrical and electrical reasons. First, the reacted up
oms are slightly lifted by about 0.1 Å. The tunneling curre
of STM is highly sensitive to the height variance. Seco
there arises a charge transfer from the paired down atom
the BBD site, the transfer between the dimer atoms is
hanced due to the electronegativity of the oxygen.11,12 It in-
creases the local density of states~LDOS! on the up atom
just below the Fermi level. This electrical effect also e
hances the tunneling current. At the DB site, we can expe
charge transfer similar to the one mentioned above. Only
the adsorption at the OD site in Fig. 2~d! is the oxygen atom
directly observed as a dull spot. This is a result of the geo
etry that the oxygen positions fairly high. Because the o
gen 2p orbitals contributing to the current are compact, t
spot is expected to rapidly get darker with the STM tip goi
away from the surface.

Last, we reverse the bias polarity of the tip for the emp
states images. At positiveVS5 12 V, the STM images of
the oxygen adsorption drastically change in Fig. 3. Here,
convention is the same as in Fig. 2. In Fig. 3~a! of the clean
surface, the dull spots of the down dimer atoms come ou
addition to the bright ones. In the adsorption at the BBD s
the dull spot of the adsorbed atom is displaced by abou
Å in the dimer-row direction as in Fig. 3~b!. This displace-
ment is much larger than the geometrical one of the a
~0.2 Å!. This feature is due to the tilted dangling bond of t
adsorbed down atom, as indicated in Ref. 12. The unrea
dimer twists too slightly to resolve in STM. In Fig. 3~c! for
the DB site, the Si-O-Si complex gives a very bright spot
the up atom and a dull spot of the down one. Their dista
is about 4 Å, which is widened by about 1 Å compared w
that of the unreacted dimer. In the adsorption at the OD s
the reacted dimer is observed dimly on the whole in F
3~d!. This is due to the antibondingp* state of the dimer and
the lone-pair orbital of the oxygen. In this way, the emp
states images are characteristic of the oxide geomet
Hence STM observation at positive surface bias is very u
ful for studying the oxygen adsorption on the Si~001! sur-
face.

III. SUMMARY

In conclusion, we reinvestigated the oxygen adsorption
the Si~001! surface and the STM images. The adsorbed o
ce
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gen gives an atomic structure characteristic of the adsorptio
site. In particular, we find that the Si-O-S complex at the DB
site buckles so as to mimic the original dimer. In the filled-
states STM images, the adsorption at the BBD and the DB
site appear very similar and almost indistinguishable. There
small protrusions should appear on the surface. This ex
pected feature seems well compatible with the observe
one.7 In the empty-states images, we can find the displace
dull spot of the down dimer atom at the BBD site and the
widely separated spots of the original dimer atoms at the DB
site. Hence STM observation at the positive bias polarity is
indispensable in studying the oxygen adsorption.

Finally, we address an interesting problem on the flip-flop
motion of dimers on the Si~001! surface. Wolkow19 has re-
vealed that at room temperature dimers rapidly switch thei
buckling orientation. Around atomic defects, however, the
buckling is stabilized and the asymmetric dimers are
observed.19,20This is likely the case for the adsorption at the
BBD site because of the strong asymmetry and the energet
stability. Actually, stabilized dimer buckling around the
small protrusions have been observed in the STM images.7,8

How would the dynamics of the dimers be around the oxy
gen at the DB and the OD site? If the Si-O-Si complex at the
DB site can easily change the buckling orientation along
with the surrounding dimers, it will appear symmetric in the
STM images of Figs. 2~c! and 3~c!.

FIG. 3. STM images of~a! the Si~001! surface and~b!–~d! the
oxygen adsorption at the BBD, the DB, and the OD site, respec
tively. The convention is the same as in Fig. 2, but the surface bia
voltage is taken to beVS5 12 V ~empty-states images!. The values
of the highest contour~the brightest! are~a!,~b!,~d! 3.3531024, and
~c! 4.4431024 in units ofe/~a.u.!3. The subsequent lines differ by
a factor of 1.32.
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