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Atomic and electronic structures of oxygen-adsorbed $001) surfaces
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We investigate the stable structures of oxygen-adsorb@®Bisurfaces and their electronic states. For this
study, the first-principles molecular-dynamics method with the ultrasoft pseudopotential scheme is applied. The
oxygen and silicon atoms are fully relaxed according to the calculated atomic forces for the optimized geom-
etries. We find threémetgstable sites for atomic oxygen adsorption: a dimer-bridge site and two different
backbond sites of the dimer atoms. The original dimer bond is decomposed, or preserved and twisted, respec-
tively. Most energetically favorable is the backbond site of the down dimer atom. Here, the electronegativity of
oxygen enhances the ionicity of the dimer bond. Further, we simulate scanning tunneling microscopy images
of the oxygen-adsorbed surfaces. The features of the most stable geometry are in good agreement with the
observed ones.

I. INTRODUCTION Kliese et al. have found small protrusions in the filled-states
images at the very early stage of the oxidation. These spots
Atomically controlled oxidation of silicon surfaces is an appear most frequently in a bridging position between dimer
eagerly desired technique in semiconductor device technokows with a height of about 0.2 A. It is intriguing that they
ogy. It is indispensable to the realization of oxide layers withinduce local dimer buckling.
an atomic flatness and thickness. The practical oxidation re- Theoretically, Miyamoto and co-workérdiave investi-
action includes various elementary processes such as dissgated the oxygen-adsorbed structures by applying the first-
ciation, adsorption, and diffusion of Omolecules through principles total-energy and force calculations. They have
the surface, and bond formations between Si and O atonfeund three(metgstable sites for the adsorption. The most
near the surface or the interface. However, the microscopistable geometry is that the oxygen atom is inserted into the
phenomena and mechanism in those processes have bedimer bond, i.e., the adsorption to the dimer-brid@B)
poorly understood so far. In this work, we concentrate on thesite. Metastable are the on-dimer and the backl{&B) site.
initial stage of the oxidation on the ®01) surface, espe- Here, the original dimer is preserved or twisted, respectively.
cially on the atomic oxygen adsorption. For both of the metastable sites, the oxygen seems phys-
Until now, many experimental and theoretical works haveisorbed. Each of the Si-O bond lengths is 1.9 A, much longer
been devoted to reveal atomic and electronic structures of thian the value of about 1.6 A in crystalline silica. Compared
oxide complexes.For example, Schaefest al? and Incoc-  to the DB site, these are energetically more unfavorable. Fur-
cia et al® have reported that Si-O-Si complexes exist at thethermore, Miyamotdhas simulated the STM images. As for
early stage of the oxidation in high-resolution electron-the DB site, the Si atoms originally forming the dimer must
energy-loss spectroscoffHREELS and surface-extended be observed as bright spots irrespective of the bias polarity.
x-ray-adsorption fine-structulSEXAFS measurement, re- In the above-mentioned observations, however, any site with
spectively. In the HREELS, it is inferred that the oxygen this feature has not been identified.
atom is inserted into the Si-Si backbond. In the SEXAFS, it In order to resolve this discrepancy, we investigate the
is discussed that the oxygen atom occupies two differenatomic and electronic structures of the oxygen-adsorbed
bridge positions. Here, the Si-O bond length is reported to b&i(001) surface. For this study, we apply the first-principles
1.65 A and the Si-O-Si bond angle to be about 130° omolecular-dynamics method. It is based on the local-density-
120°. functional formalism with the ultrasoft pseudopotential
Recently, scanning tunneling microscof®TM) has been scheme of Vanderbift. The implementation of this scheme
utilized to study the microscopic phenomena due to oxidamakes our calculations tractable, because it can largely re-
tion at room temperatur®:® STM is one of the most power- duce the energy cutoff of the plane-wave basis set. For this
ful tools for observing local atomic structures on the surfacereason, the ultrasoft pseudopotential is successfully applied
In these experiments, bright spots appear irrelevantly to thér various first-principles studies.
bias polarity of the tip. However, the observed features such In this paper, we find threémetastable sites for the
as position, height, and thermal stability are different in theatomic oxygen adsorption; the DB site and two different BB
experiments. Avouris and Cahillhave identified these sites of dimer atoms. At any sites, the oxygen atoms are
bumps as isolated dimers made of Si atoms ejected from thehemisorbed to the surface. Most energetically stable is the
surface. Klieseet al® have insisted that they are weakly BB site of the down atom, in opposition to Miyamogo al.”
bound species of oxygen atoms or molecules. In additionMoreover, its characteristic features of the STM images are
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compatible to the observed ones of Kliesteal* (110] b
In the following section, the method of calculation is sum- @) (b)

marized. The results and discussion are presented in Sec. lll.

Sec. IV is devoted to a summary. »

Il. METHOD OF CALCULATION

In this study, we apply the first-principles molecular-
dynamics method. It is based on the local-density-functional
(LDF) formalism with the ultrasoft pseudopotential scheme
of Vanderbilt? The incorporation of this potentidl makes
feasible the calculation for materials including the first-row
elements such as the oxygen atom. A plane-w@&) basis
set is employed to expand the wave functions. For the
exchange-correlation interaction, the form of Ceperley and
Alder! is adopted, which is parametrized by Perdew and
Zunger'? In order to calculate the atomic forces, we follow
the expression of Laasonet al;'° the forces are given as
negative gradients of the total energy, along with the correc-
tion term due to the orthonormality constraints on the wave
functions. For tests of the forces, we examine the bulk modu(b)
lus of the crystal silicon and the vibrational frequency of thewh‘ich are indicated by the closed circles, are adsorbed tdkthe
oxygen molecule around the equilibrium configurations.pg (¢) BBu, and(d) BBd sites. In each the view, the unit cell of
Then, the preconditioned conjugate-gradientCG)  (2x1) s repeatedly depicted. In the figures, the down dimer atoms

method*'*is applied to find stable geometries. are in the front, while the up atoms are in the rear.
First, we construct the ultrasoft pseudopotential of oxygen

with the reference configuration ofs22p*. For both thes L , _ -
andp orbital, the cutoff radius is taken to be 1.3 a.u. In orderP€atéd slab model consisting of eight atomic layers of silicon
to improve the transferability, two reference energies are sét"d @ vacuum gap with a thickness of four atomic layers,
to be the eigenvalues of the orbitals. The other paramete@0ut 10.3 a.u. The surface unit cell is taken topl2X 1).
are referred to in Litet all® Because of the softness of this Here, an oxygen atom is placed on each side of the slab to
potential, we can get sufficient convergence at the cutoff enkeep theC, symmetry. This symmetry keeps the system in-
ergy of E.,= 25 Ry; in all the computations in this work, variant under the 180° rotation around the appropriate axis
this cutoff is used. In this way, for the Onolecule, the bond parallel to the surface. If we put the oxygen on only one side,
length of 1.24 A and the vibrational frequency of 1450it causes fictitious electric field to distort the wave
cm™~ ! are obtained. These values are in good agreement withunctions® Further, we employ eighk points for integrations
the experimental oné$, although our calculations do not over the Brillouin zone. Then, we optimize the atomic geom-
include the spin polarization. They are also comparable tetries in the conjugate-gradied€G) method until the re-
the results of Ref. 10. sidual force acting on each atom is less than 3.0
Second, the silicon potential is generated in the norm-=x 102 hartree/a.u. At the optimization, the two central sili-

conserving pseudopotential scheme of Troullier andcon layers of the slab are fixed at the bulk positions.
Martins!’ The reference configuration is chosen as

3s23pt. The cutoff radius for both the and p orbital is

FIG. 1. Perspective views df) the S{001)-2x 1 surface and
(c), (d) the oxygen-adsorbed surfaces. The oxygen atoms,

taken to be 1.6 a.u. The sum of the radii of O and Siis a Iittle_ . RESULTS AND DISCUSSION
less than the nearest-neighbor distance between the atoms in _
crystalline silica of about 3.0 a.u. The potential is trans- A. Si(00D)-2x1 clean surface

formed to a separable form of Kleinman and Bylaner. First, we determine the stable geometry of th€08L)-
Then, it gives a lattice constant of 5.38 A and a bulk modu-2x 1 surface. We find the asymmetric dimer structure with a
lus of 0.98 Mbar for the diamond silicon. These are in goodbond length ofdg.5=2.28 A and a buckling angle of
agreement with the experimental values within an error ofps.5=18.5°. Its perspective view is shown in Fig(al
1%. These values are in good agreement with the results of the
Lastly, we apply the combination of these potentials forfirst-principles calculations by Northrép and Ramstad
SiO and disiloxané? H;Si-O-SiHz, molecules. The Si-O et al:?® dg.5=2.29 A and ¢g.5=17.5° at Eq,=10 Ry,
bond lengths in the molecules are obtained as 1.49 A andnddg;.=2.26 A and¢g.s=18.3° atEy,=16 Ry, respec-
1.62 A, respectively. The Si-O-Si angle of disiloxane istively. There seems to be a tendency of larger buckling with
144°. These values are in good agreement with the experincreasing the cutoff energy. The bond configuration of the
mental one®+?! with an error of about 1%. Moreover, the down dimer-atom has a strong characterspf hybridiza-
second derivative of the interatomic potential of the SiOtion; its three bonds are almost on the same plane. The back-
molecule is given as 5.6410° cm™!, with an error of a bond is expected to be most strongly stressed in the substrate
few percent. because it deviates considerably from the tetrahedral con-
In order to simulate the 801) surface, we adopt a re- figuration around the second-layer atom. For this geometry,



53 ATOMIC AND ELECTRONIC STRUCTURES OF OXYGEN. . . 7919

TABLE |. Atomic geometries of the oxygen-adsorbed0Bil) (b)
surfaces. For each, the geometry of the adsorption to DRi, BBd
BBd sites, the Si-O bond lengthts;.q, the bond angle of the oxy- (a)
genfgi.0.si, the dimer bond lengtlg;.g;, and its tilting ¢g;.5i, are o Si(2)
tabulated. Here, the tilting of the dimer is represented by the angle
between the bond and th&10] direction. The values oflg;.g; and _ - Si(1)
bsisi before the adsorption are compared. The surface eneagy i 89 Si(3)
dimen relative to that of the BB site is also given.
DB BBu BBd Si(001)
dsio 1.63,1.63 1.63,1.67 1.63,1.69 (110]
(A)
Osiosi 161 124 103 FIG. 2. Detailed atomic geometry of the oxygen adsorption to
(deg BBd site, projected ont¢a) a (001) and(b) a(110) plane. The open
dsisi 2.32 2.28 2.28 and hatched circles indicate the Si and O atoms, respectively. The
(R) dimer atomg1 and 2 and the second-layer or{8) coupled to the
Psisi 28.0 17.2 18.5 down atom are numbered.
(deg
Energy 0.12 0.48 0.0 slightly rotated around the dimer bond. Then, the up atom is
(eV/dimen slightly lifted by about 0.1 A. Moreover, it should be noted

that the oxygen breaks one of the mostly stressed backbonds.
Most stable geometry is the adsorption to thedBsite.

the energy gain due to the reconstruction is calculated to bghis is a result of the competition among the stress release of

1.62 eV per dimer. This value reasonably agrees with thehe backbond, the energy gain of the dimer bonding, and the

previous result of 1.7 ¥ stress of the substrate due to the dimer twisting. The DB site
In the electronic states, we obtain the surface bands conjs less favorable by 0.12 eV in the surface energy per dimer,

ing from the bonding and antibonding interaction of theas shown in Table I. This stability of the BBsite over the

dimer, i.e.,m and7* bands. Their energy split &' point of DB one is carefully verified by doubling the samgoints

the Brillouin zone is about 1.3 eV. These bands give characef the Brillouin zone, by increasing the vacuum thickness of

teristic features of the STM imagés. the slab model to six atomic layers, by increasing the cutoff
energy toE. = 30 Ry, and by extending the unit cell to
B. Atomic geometries of oxygen-adsorbed §01) surfaces p(2x2) for half the oxygen coverage. Further, the BBBite

No e introduce an oxygen atom onto théasi) is a shallow minimum in the surface energy. It has a fairly
face \I;vé\rltve i:flv;sign to the ?(Xr?er layers rather than thtsaus:econlarge energy of 0.48 eV, compared with the @Bite.
: ' y In the previous first-principles studyMiyamoto et al.

one i‘?‘ nqt taken in_to account. It is unlikely at thg early Stag%1ave found the DB and BB sites for the adsorption. There is
of oxidation. We find thredmetastable geometries due to only one BB site, the geometry of which is similar to that of

the adsorption; the oxygen atom resides(Bt the dimer- our BBd site. At the site, however, the oxygen seems phys-
?Erslgg)e(aDn?(g;tfﬁ((azz)sittzeo??r?:té%r\}\?nsgg I%‘;gde) ugeorlfsmer tz_atom isorbed to the surface. The Si-O bond length of 1.9 A is
- ' S PECIVE  huch longer than in crystalline silica. In opposition to us,
VIews of these structures are shown in Figd)21(d). The they have found that the DB site is far more stable than the
Si-O bond lengthgls; o and the bond angle of the oxygen jy < " This discrepancy partly comes from their model to

Osi.o.si are summarized in Table I. Those are fairly close Ogimulate the ox L :
: . o ygen adsorption; only the oxygen and the Si
2h367ovaigg§ in crystalline silicd of 152-1.69 A and dimer atoms are relaxed. If all the other Si atoms in the
- ‘ substrate are fixed, the DB site is the most favorable also in

: At the DB site, the oxygen breaks the original dimer andthe present calculation. Then, the energy difference between
intervenes between the Si atoms. In contrast, at the BBl the DB and BRI sites is about 0.1 eV. This is much smaller

BBd sites, the dimer is preserved, although it is twisted in :

the dimer-row direction, i.e., in th¢110] direction. The than the value in Ref. 7.
lengthds;_g; and the tilting anglep;_g; of the dimer bond in
each geometry are also summarized in Table I. Héeg, g;
is defined as the angle between the bond and 116] di- The oxygen adsorption to the DB site leaves the dangling
rection. The oxygen at the BBsite largely lifts up the up bonds of the original dimer atoms. Therefore, it gives a me-
atom and displaces it in tj&10] direction[see Fig. 1c)]. At tallic character to the surface. This character is clearly shown
the BB site the dimer bond is retained, almost the same a@ the band structure of Fig.(8. In contrast, the BB and

on the clean surface. The detailed geometry of this adsor@BBd sites are semiconductive. The band structure for the
tion is shown in Fig. 2. Here, we can see that the secondadsorption to BB site is shown in Fig. ®). Here, we can
layer atom Si3) is displaced in th¢110] direction. The bond see that the surface bands #fand 7* states appear as on
configuration of the down atom @) has asp? character as the S{001) clean surface. This is also the case for the ad-
strong as on the clean surface(13i0O, -Si2), and -S{3) sorption to the BB site. The energy split of these bands at
bonds are nearly on the same plane. However, the plane I§ point of the Brillouin zone is about 1.0 eV and 1.7 eV at

C. Electronic structures of oxygen-adsorbed $D01) surfaces
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FIG. 4. Contour plot of the squared wave functions of tke
band for the oxygen-adsorbed@1) surface to the BB site. The
plot is given atk point of the Brillouin zone, and in .10) plane
through the down dimer atom. The contour spacing is<x1.0™3

3 . S . i
the BBu and BRY sites, respectively. These values should bee/(al.u) . The closed and hatched circles indicate the projected po

compared to the one of the clean surféabout 1.3 eV. The sitions of Si and O atoms, respectively.
split width reflects the ionicity of the dimer bond. In the . . .
asymmetric dimer, some charge transfers from the down t8f States at energ§, andEg is the Fermi energy. In this
the up aton?’ Along with the charge transfer, the width in- apprOX|mat|on,_ the tip effects of the atomic and electronic
creases from that of the symmetric dimer. Therefore, thtructures are |gnore78_. _
above dependence of the energy split on the adsorption site N Fig- 5, the STM images of the ®01) surface and the
can be easily understood by taking account of the electroné2XYgen-adsorbed ones at the DB anddB8ites are given.
gativity of oxygen. The oxygen attracts charge from theHere,. We'plot gray-scale maps of the tunneling cqrrent in t.he
bonded Si atoms. Hence, at the ®EBBuU) site, it enhances logarithmic scale. The scale_ls settled for each_blas polarity,
(reduces the ionicity of the dimer bond and, in turn, the €Xcept for the empty-states image at the DB site. The scan-
energy split. This charge transfer at the ®Bite has been NNY plane of th.e tip is te}ken ata he|ght of about 2.2 A from
discussed as affecting the STM imades. the surface.. This pIa_ne |s.the same in all the slab models for

As a result of the enhanced ionicity and the slight lift-up e @dsorption. At this height, the images have a good con-
of the up atom, the oxygen at the BBsite is expected to VErgence in the qualitative features. Mqreover, the.blas volt-
give a small protrusion in the filled-states STM images. In29€ i taken to b&s=—1.0 V for the filled-states images
the following, it is shown that this is the case. Moreover, the(the left panels of the figujeor Vs= +1.0 V for the empty-
adsorption is much more likely to stabilize local dimer buck-States oneghe right panels The positions of the outermost
ling on the S{001) surface. At room temperature, Wolk&tv Si gtom; and the oxygen are indicated py the circles with
has clarified that the dimers rapidly switch the buckling ori-OPlique lines and the open ones, respectively.
entation, leading to an averaged symmetric appearance in 1h€ STM images of the 801) surface are given in Fig.
STM images. As with atomic defects, the oxygen adsorptior?(®- The up dimer atom is observed always as a bright spot,
probably pins down the nearby dimers into a buckled conWhile the down one is observed as such only in the empty-
figuration. However, the adsorption at the DB site is unlikely
to do so because of the slight asymmetry. Hence, the ex- (@
pected features at the BIBsite are compatible with the ob-
served ones by Klieset al?

Further, we calculate the squared wave functions of the
7* band atK point of the Brillouin zone. In Fig. 4, the plot
is given in the(110) plane through the down dimer atom.
Here, we can see that the dangling bond of the down atom is
rotated around the dimer bond.

FIG. 3. Band structures of the oxygen-adsorbe@@®i) surfaces
to the (a) DB site and(b) BBd site. The Fermi energfg is indi-
cated by the dashed line.

D. STM images

Lastly, we simulate the STM images of the oxygen-
adsorbed $001) surfaces. Here, the tunneling current be-
tween the tip and samplelqr,Vs), are simply approximated FIG. 5. STM images ofa) the S{001)-2Xx1 surface and the
as oxygen-adsorbed &l01) surfaces at théb) DB site and(c) BBd
site. The surface bias voltage is taken tovhg= —1.0 V in the left
panels and/s= +1.0 V in the right panels. The tip height is set to
be 2.2 A. The gray scale is settled for each bias polarity, except at
Vs= +1.0 V of the DB site. The horizontal positions of the outer-
where the plusiminus sign is for the positive(negativé  most Si and the O atoms are indicated by the circles with oblique
surface bias voltag¥'s. Further,p(r,E) is the local density lines and open ones, respectively.

Ep+eVs
|(r,vs)ocifE dE p(r,E), (1)

F
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states image. It is less bright than the up atom. This resuldere, the first-principles molecular-dynamics method with
indicates that the outmost positioning of the up atom gives ahe ultrasoft pseudopotential scheme has been applied. We
dominant effect over the tunneling current. These features dind three(metgstable sites for the atomic adsorption of DB,
the images agree well with the first-principles results withBBu, and BB sites. Most stable is the geometry of the B
the atomic-orbital basis sét. site. The features of its STM images are compatible with the
The oxygen adsorption drastically changes the imageshserved oneTherefore, this adsorption site can be iden-
The STM images of the adsorption to the DB anddB8tes tjfied in the following way. First, we should find a small
are shown in Figs.(®) and Sc), respectively. Atthe DB site, ratrysion of about 0.1 A height in the filled-states image.
the original dimer atoms are equally bright irrelevantly to the aond this protrusion, local buckling of the dimer row must
bias polarity. In the figure, the mirror symmetry with respecty, giapilized. Second, in the empty-states image, a dull bump
to the (110) plane bisecting the Si-O-Si complex is weakly pagjge the protrusion as in Fig(ch should be carefully ex-
broken; the brightness of the outermost atoms are slightly, .neq In the STM image of Ref. 5, we can see several
different. This is due to the height difference of 0.08 A IN hossible sites. We believe that a few of them arise from the
the optimized geometry. The slight asymmetry is unavoid<,,yqen adsorption. For this identification, much more inves-
able for any slab model of finite thickness. For this adsorp'tigation remains to be done. In contrast, the high protrusion

“°F‘v _the empty-states Image 1S far brighter than_ the Other%l\/ith a size of X1 unit cell, observed by Klieset al,?
This is a result of the metallic character. For this reason, a

different gray scale is used for the image in Figo)5In the might be attributed to the adsorption to the DB site. Its ap-
experiment$;® any site with these features has not been
identified. At the BRI site, the filled-states image in Fig(ch
closely resembles the one of the clean surface. Here, the up

atom gets slightly brighter, as previously expected. In the

empty-states image, however, a dull spot is observed in ad-

dition to the bright one. This spot comes from the dangling-

bond state of the down atom, shown in Fig. 4. In the figure, ACKNOWLEDGMENTS
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pearance somewhat later than the small protrusions is com-
patible with the metastability of the DB site.
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