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Scanning-tunneling-microscopy images of oxygen adsorption on the (8D1) surface
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We investigate the atomic structures and scanning-tunneling-micro$&dpy) images of oxygen adsorp-
tion on the Si001) surface. Here, thre@metgstable 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.
[S0163-18297)05515-X

[. INTRODUCTION Si(001) surface, we adopt a repeated slab model consisting
of eight atomic layers of Si and a vacuum gap with an ap-
Oxidation of silicon surfaces has attracted much attentiorpropriate thickness. With an oxygen atom on each side of the
because of its scientific interest and technological imporslab, we optimize the atomic geometry until the residual
tance. For this reason, a number of works have been devotdarces acting on each atom are less than18 > Ry/a.u.
to revealng atomic structures of oxide complexes at subFurthermore, the tunneling current of the STMr,Vg), is
monolayer coverage. On the(801) surface, some different Simply approximated as
sites of oxygen adsorption have been proposed experimen-
tally: dimer-bridge’? backbond;*=° and on-top site8.Re-
cently, scanning tunneling microscop$TM) has been ex-
tensively applied for these studigé:® For example, Kliese
et al” have found small protrusions of about 0.2 A height atwhere the plusiminus sign is for the positive(negative
the very early stage of the oxidation. Around these spotssurface bias voltag¥s. Here,p(r,E) is the local density of
local dimer buckling seems to be stabilized. By utilizing states at energl, andEg is the Fermi energy.
scanning tunneling spectrosco(§TS, Ikegamiet al> have

Ept+eVg
I(r,VS)OCifE dEp(r,E), (h)

=

revealed that oxygen lies even in the seeminglyl2surface Il. ATOMIC STRUCTURES AND STM IMAGES
of the image. They have insisted on the adsorption at a back- ) o
bond site. First, we determine the asymmetric dimer geometry of the

In the first-princip|es tota'_energy and force SI(OOl) Surface. The bond |ength |d: 232 A and the
calculationsi®*2a few (metastable adsorption sites are ob- buckling angle¢= 17.7° on the average as in Table I. A
tained, corresponding to the experimental findings. In RefPerspective view of the surface is shown in Figa)1 These
12, we have simulated the STM images of the adsorption oialues agree fairly well with the recent results of the first-
the S{001) surface, even though any sites with the predictedPrinciples calculations by Ramstad, Brocks, and Kélgnd
features have not yet been identified in the STM observaETitsch and Pavon¥, d= 2.28 A and¢= 19.1°, andd=
tions. In the previous calculations, however, we are restricted-33 A and¢= 18.5°, respectively.
to the unit cell ofp(2x 1) with a single oxygen atom inside. ~ Next, we adsorb an oxygen atom onto the surface. Per-
The coverage of a half monolayer might be inadequatel;ﬁpeCtiVe views of t.he optimized structures for the BBD, the
large to describe the oxides at the initial stage. In this studyPB, and the OD site are shown in Figsbl-1(d), respec-
the unit cell is extended tp(2x 2) in order to incorporate tively. The reacted dimer twists, breaks up, or gets almost
surface relaxation more properly. Then, we reinvestigate thymmetric. The Si-O bond lengthsds; o and the bond
atomic geometries and STM images of the adsorption. Heredngle of the oxyges; o _s; are tabulated in Table I. Those
a backbondBBD) of the down atom, a dimer-bridg®B), agree well with to the values of crystalline siltéaf 1.52—
and an on-dime(OD) site are discussed, because of theirl.69 A and 137-180°, except the angle at the OD site. The
energetic stability. bond lengthd; and the tilting ¢; of the Si dimers are also

In the following, we apply the first-principles molecular- given in the table. The suffix=1 (i =2) indicates the reacted
dynamics method®** 1t is based on the local density func- (unreactegidimer. Here, the tiltingp; is defined as the angle
tional formalism with the ultrasoft pseudopotential schemebetween the bond and ti&¢10] direction. The bond angles
of Vanderbilt!® The details of our method are summarized inaround the ugdown) atom are summed t&,, (£;4) in the
Ref. 12. The cutoff energy is set to Bg,~= 25 Ry. For the table. The angles for the OD site are formed by the-Si
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TABLE |. Geometrical parameters of the oxygen adsorption at (a) (b)
the BBD, the DB, and the OD site. The-SD bond lengths X
dsi_o, the bond angle of the oxygef; o s, the dimer bond
lengthsd; , and the tiltingse; are tabulated. Here, the tilting of the
dimer is represented by the angle between the bond anfdLitg
direction. The suffixi=1 (i=2) indicates the reactetunreacteyl
dimer. The sums of the bond angles around thgdgwn atoms,
&u (&ig), are also listed. The values df, ¢;, and &, ;4 on the
clean surface are compared. At last, the surface energy is given ds
relative to the one of the BBD site.

BBD DB oD  Si00J) >
(© (d)
dsi o (A) 1.62, 1.67 1.68,1.59 1.68, 1.71 2
s o _si 117° 155° 83°
d; (A) 2.31 2.25 2.32
&1 15.8° 1.4° 18.1°
£ 278° 292° 360° 285°
Eng 360° 348° 359° 356°
d, (A) 2.32 2.32 2.31 2.32 g
o 18.3° 18.4° 18.9° 17.3° \\
Eau 278° 286° 276°  286° * ; y
I 357° 358° 358° 356°

FIG. 2. STM images ofa) the S{001) surface andb)—(d) the
oxygen adsorption at the BBD, the DB, and the OD site, respec-
tively. The surface bias voltage is taken to ¥e= -2 V (filled-
states imaggsHere, we plot contour maps of the tunneling current

AF on the plane of 2.4 A height from the clean surface. The values of
bonds and the backbonds. In Table I, the valued;¢fg;, e highest contoufthe brightest are (a) 5,53 10~* and (b)—(d)

and ¢y iq On the clean s_urface are compared. Here, W€ Cal 55¢ 104 in units of el(a.u)®. The subsequent ones differ by a
S?e tg\at_the unreac_ted dlpngsr;'stﬁre almtost uncrlgngljled ,'[ngle()?]aétor of 1.49. The thick lines indicate the same value of the cur-
elry. AS In our previous study,tne most energetically stable o, rpq jagged lines are artificial in the computational interpola-

',S the BBD S,'te' The surface energy O,f the_ adsorpthn 'Sion. The horizontal positions of the O and Si atoms in the outer two
listed as relative to the one at the BBD site. Since the d'ffer1ayers are denoted by the open and closed circles, respectively.

ences are not so large, all the adsorption sites are likely to
participate in actual oxidation. )

Now, we would like to stress that at the BBD site the résolution  electron-energy-loss - spectroscopREELS
Si—0 bond lengths and the bond angle in Table | are in besgtudies” (ds,_o= 1.65 A and6s,_o_=120° or 130.
agreement with the values obtained in the surface-extendethe adsorbed dimer geometry is very similar to that of the

x-ray-absorption fine structure(SEXAFS and high-  clean surfacé? More interesting is that the Si-O-Si complex
at the DB site buckles so as to mimic the original dimer.

Then, the upgdown) Si atom has @2 (sp?) character in the

(a) (b) bond configuration;,~ 270° and&;q~ 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 our
previous calculation using thg(2Xx 1) 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 A higher than the Si
atoms. Here, each dimer atom shows a strepgcharacter
in the bond configuration; the angles of the-SiO bond and
the backbonds totak,, ;= 360°. Moreover, the oxygen
bond angle is much smaller than the values in crystalline
silica. As a result, the remainingp2orbitals form the dimer
bond of aw-bonding character. Bu and Rabafaisave ar-
gued that the oxygen adsorbs at a site of 0.5 A above the

FIG. 1. Perspective views &) the S(001) surface andb)—(d) first-layer Si atoms. It mlght be assigned to the OD Site, but
the oxygen adsorption at the BBD, the DB, and the OD site, respedi0t to the DB one.
tively. The oxygen atoms are indicated by the closed circles. In Fig. 2, the filled-states STM images of the((&l1)
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surface and the oxygen adsorption are shown. The surfacgy,)
bias voltage is taken to Bés= —2 V, and the scanning plane
of the tip is at a height of about 2.4 A from the surface.
Here, we plot contour maps of the tunneling current in the
logarithmic scale. The thick lines have the same value of the
current in all the figures. The positions of the oxygen and the
Si atoms in the outer two layers are indicated by the oper
and closed circles, respectively.

On the S{001) surface, the up dimer atoms are observed
as bright spots in Fig.(3). They give a zigzag line of the
dimer row in the STM image. The oxygen adsorption at the
BBD and the DB site does not qualitatively affect it; the
images shown in Figs.(B) and Zc) are very similar to that
of the clean surface. In the figures, however, we should notg
that the up atoms of the reacted dimers get slightly brightef
than the unreacted ones. These atoms should be observed
small protrusions on the surface as in the STM images of
Kliese et al.” This brightness comes from the following two
geometrical and electrical reasons. First, the reacted up al
oms are slightly lifted by about 0.1 A. The tunneling current
of STM is highly sensitive to the height variance. Second,
there arises a charge transfer from the paired down atoms. A
the BBD site, the transfer between the dimer atoms is en
hanced due to the electronegativity of the oxygett.It in-
creases the local density of stat@DOS) on the up atom
just below the Fermi level. This electrical effect also en-
hances the tunneling current. At the DB site, we can expecta FIG. 3. STM images ofa) the S{001) surface andb)—(d) the
charge transfer similar to the one mentioned above. Only fooxygen adsorption at the BBD, the DB, and the OD site, respec-
the adsorption at the OD site in Fig(d® is the oxygen atom tively. The convention is the same as in Fig. 2, but the surface bias
directly observed as a dull spot. This is a result of the geomvoltage is taken to b&¥s= +2 V (empty-states imaggsThe values
etry that the oxygen positions fairly high. Because the oxy-of the highest contouthe brightestare(a),(b),(d) 3.35< 10~*, and
gen a) orbitals Contributing to the current are Compact, the(C) 4.44)(1074 in units ofe/(a.u)s. The Subsequent lines differ by
spot is expected to rapidly get darker with the STM tip going@ factor of 1.32.
away from the surface.

Last, we reverse the bias polarity of the tip for the empty-
states images. At positivés= +2 V, the STM images of gen gives an atomic structure characteristic of the adsorption
the oxygen adsorption drastically change in Fig. 3. Here, thgite. In particular, we find that the Si-O-S complex at the DB
convention is the same as in Fig. 2. In Figaj3of the clean  sjte buckles so as to mimic the original dimer. In the filled-
surface, the dull spots of the down dimer atoms come out itates STM images, the adsorption at the BBD and the DB
addition to the bright ones. In the adsorption at the BBD sitesjte appear very similar and almost indistinguishable. There,
the dull spot of the adsorbed atom is displaced by about L) protrusions should appear on the surface. This ex-
A in the dimer-row direction as in Fig.(B). This displace- ocied feature seems well compatible with the observed
ment is much larger than the geometrical one of the ator@ne7 In the empty-states images, we can find the displaced
(0.2 A). This feature is dug tq the tiIt.ed dangling bond of thed I .spot of the down dimer aton'1 at the BBD site and the
adsorbed down atom, as indicated in Ref. 12. The unreact idely separated spots of the original dimer atoms at the DB

dimer twists too slightly to resolve in STM. In Fig(@ for site. Hence STM observation at the positive bias polarity is
the DB site, the Si-O-Si complex gives a very bright spot Ofindiépensable in studying the oxygenpadsorption. P y

the up atom and a dull spot of the down one. Their distance Finally, we address an interesting problem on the flip-flop

is about 4 A, which is widened by about 1 A compared with . Stion of dimers on the &01) surface. Wolkow? has re-

Sealed that at room temperature dimers rapidly switch their
g'buckling orientation. Around atomic defects, however, the
. . . buckling is stabilized and the asymmetric dimers are
the lone-pair orbital of the oxygen. In this way, the empty- ,pqo 6920 This js likely the case for the adsorption at the

states Images are c_haracterls.tl_c of the OX'.de geometriegpn site hecause of the strong asymmetry and the energetic
Hence STM observation at positive surface bias is very use,

. ; stability. Actually, stabilized dimer buckling around the
;;L;or studying the oxygen adsorption on the(&l1) sur- small protrusions have been observed in the STM images.

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

In conclusion, we reinvestigated the oxygen adsorption omvith the surrounding dimers, it will appear symmetric in the
the Si{001) surface and the STM images. The adsorbed oxySTM images of Figs. @) and 3c).

the reacted dimer is observed dimly on the whole in Fi
3(d). This is due to the antibonding* state of the dimer and

. SUMMARY
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