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Adsorption process of metastable molecular oxygen on a @il1)-(7x 7) surface
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The adsorption process of metastable molecular oxygen of1&15i(7 X 7) surface is studied by ultraviolet
photoelectron spectroscopy. At 120 K, three metastable states at 2.1, 3.8, and 5.1 eV grow up simultaneously
following the decrease of the back-bond state as the dosage increases. After annealing at 600 K, we observed
an unusual state attributed to the dangling bond. These results and the symmetries of the molecular orbitals
lead to a conclusion that the metastable molecular species is adsorbed on top of an adatom stabilized by a
coadsorbed atomic oxygen into the back bdig0163-18209)51636-9

The initial stage of oxygen adsorption on silicon surfacedcal calculations, the fundamental problem concerning the
has been a topic of experimental and theoretical investigaadsorption of oxygen on a @il1)-(7X7) surface, in par-
tions, due to the technological importance of silicon oxidedticular the origins of the metastable states observed in UPS
in the semiconductor device. However, the complex geometand the configuration of the metastable oxygen, is still un-
ric and electronic structures of the silicon surfaces hinder theertain.
acquirement of a unique identification on the adsorbed struc- In this paper, we present the observation of three meta-
ture and the reaction process on the silicon surfaces. stable oxygen states in one valence spectrum. The binding

One of the most important issues of the initial chemisorp-€nergies of these states are 2.1, 3.8, and 5.1 eV. Measuring
tion stage is the presence of the metastable oxygen adsorbttf dosage-dependent intensities of these three states, we
on the Sf111)-(7x7) surface, whose reported lifetime at consider the metastable species to be a molecular oxygen
300 K varies from approximately 10 miRefs. 1-3 to sev- stabilized by an atomic oxygen inserted into the back bond.
eral hours'™® The first observation of the metastable species! he metastable states at 2.1 and 3.8 eV are ascribed to the
was done using high-resolution electron-energy-loss spe®2 gy derived orbitals, and the 5.1-eV peak as the &,
troscopy(HREELS.® The result shows that the metastable derived one from the polarization dependent measurement
species is a molecular species so-called “molecular precu@nd the semiempirical molecular orbital calculation.
sor” that is chemisorbed with a “peroxy radical” configu-  The experiments were performed on the beamline BL-7B
ration, as shown in Fig. 1. In the early ultraviolet photoemis-at the Photon Factory of the High Energy Accelerator Re-
sion spectroscopy(UPS measurement? the metastable Search Organizatio(KEK-PF), Tsukuba, Japan. An angle-
states, which are extinguished after a 400 K annealing, aréésolved photoelectron spectrometer with a total-energy
observed at binding energies of 2.1 and 3.9 eV in the valencesolution of 150 meV at a photon energy of 21.2 eV and
spectra. These two states are ascribed to then@ derived ~ angular resolution of=1°, was used for all UPS measure-
orbitals with a “bridge” configuration from the theoretical ments. The analysis chamber was also equipped with a low-
calculationst®*? In the recent UPS studiés®'®the meta- energy electron diffraction(LEED) system, an Auger-
stable state is observed at 3.8 &#and at 3.8 and 5.1 e%¢  electron spectromete(AES), and a quadrupole mass
Based on the tight-bindingTB) calculationsi**°the 3.8-ev ~ spectrometer(QMS). The base pressures were below 1
peak is ascribed to the derived orbitals with a “peroxy <10 Torr.
radical” configuration. The 5.1-eV peak is attributed to a

second metastable species that has a “bridge” configuration atomic configuration
from the polarization-dependent measureméfitShus, the ins ins-ins adinscy  ad 93
observation of the 5.1-eV peak suggests the existence of two C{’% O)g)

different metastable species. Quite recently, a density-

functional theory calculation shows that the metastable oxy- molecular configuration

gen has an atomic configuration, i.e., no molecular species bridgd™™™ Satical frival —ine mol
exists on the $111)-(7X7) surface, and suggests the “ad-

ins” configuration*® The “ad” denotes an O atom bonding % 3’%

on top of the Si adatom and “ins” an O atom inserted into

the back bond of a Si adatom as shown in Fig. 1. Up to now, FIG. 1. Schematic illustration of the atomic and molecular con-
despite the large number of experimental results and theorefigurations of oxygen adsorbed on g8i1)-(7x7) surface.

0163-1829/99/6(12)/84654)/$15.00 PRB 60 R8465 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R8466 KAZUYUKI SAKAMOTO et al. PRB 60

LR R R R RN AR RN AR RN RER RN RRR R RRRRARRRRE

7.5

Intensity

Intensity

;y
-.l—fere}‘

Binding energy (eV)
STOSL (X2 M FIG. 3. UPS spectra of the @il1)-(7X7) surface exposed to
- 0O, at 120 K(filled circles, those after annealing the sample at 600
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10 8 6 4 2 0 2 corded for a SiL11)-(7x 7) surface exposed with 10.0 L of,Gn a
Binding energy (eV) geometry of ¢, =45°, §,=15°), and that inb) for a Si111) sur-

. face exposed with 0.3 L of Oin a geometry of ¢;=0°, 6,
FIG. 2. UPS spectra of a @il1)-(7X7) clean surface and the =60°).

surface exposed to Ogas for 0.5 L. The open and filled circles
represent the clean and oxygen adsorbed surfaces, resped@ely. =60°), respectively. All spectra are normalized with the
are recorded with geometry of §(=45°, 0.=15°), (b) (6, photon flux that is estimated from the photocurrent at the
=45°, §,=20°), and(c) (6,=0°, ,=60°). The solid lineinb) is  sample. For the clean surface, the surface states are clearly
the subtracted spectrum of the surface covered with 0.5 L of oxygenbserved at S=0.2 and $=0.9 eV in(a), and $=0.9 and
and the clean surface. The inset shows the definitiof) ahdd. as  S;=1.8 eV in (b). The states of § S,, and § are mainly
well as the polarization of the SR light. due to the dangling bond of the adatom, that of the rest atom,
) and the back bond of the adatom of the dimer-adatom-
The S{111) sample, cut from P-dopeah{type) Si wafers,  stacking fault structur&® After O, gas exposure, the inten-
has an electrical resistivity of IDcm and a size of 820 jties of the surface states decrease and oxygen-induced new
X0.5 mn¥. To obtain the clean reconstructed(&i)-(7  states appear at 2.1, 3.8, 5.1, 6.4, and 7.5 eV. Especially, the
X7) surface, we heated up the chemically prepared samplg 1. 3.8-, and 5.1-eV peaks are clearly observed in one spec-
to 1520 K for 3 s bydirect resistive heating in the UHV trum (c). The 6.4- and 7.5-eV peaks are observed after sub-
chamber. We checked the quality of the surface structure bitacting the spectrum of the clean surface from that oj@s
the observation of a clear (77) LEED pattern and verified exposed surface as shown(in).
the cleanliness by AES. The ($L1-(7Xx7) sample was Figure 3 displays the UPS spectra of the &dsorbed
cooled down to 120 K using liquid N and then exposed to  Sj(111)-(7x 7) surface at 120 K and after annealing at 600
the O, gas to avoid the time-dependent attenuation of the<. The subtracted spectra are to show clearly the annealing
metastable species at 300 K. No additionaOHand CO was  effect. The Q exposures are 10.0 L and 0.3 L (@ and(b),
detected by QMS during the exposure of @as. All mea-  respectively. The geometries ar@, € 45°, §,=15°) and
surements were done at 120 K. (6;=0°, 6,=60°) in (a) and (b). In both cases, the 2.1-,
UPS spectra were obtained by three different measures 8- and 5.1-eV peaks disappear after annealing and the in-
ment geometries using the linearly polarized synchrotron ratensities of the peaks around 7.0 eV increase. Since the meta-
diation (SR) light of hv=21.2 eV. The definition of the in- stable oxygen is quenched at 400 K and the stable one is
cident angle of the light4;) and the emission angle of the observed at 700 K;3101%2%he disappearances of the 2.1-,
photoelectron ¢.) are shown in the inset of Fig. 2 as well as 3.8-, and 5.1-eV peaks suggest the origins of these peaks to
the polarization of the SR light. Taking into account the pre-be the metastable species, and the increments of the peaks
vious angle-resolved UPS studywe adopted the geom- around 7.0 eV suggest their origins as the stable one. The
etries of (¢;=45°, 0,=15°) and ¢;=45°, 6,=20°) to ob-  stable oxygen atoms have the “ins” and/or “ins-ins” con-
serve clearly the behavior of the surface states against thifgyurations as shown in Fig. 1r1%1316192The disappear-
oxygen adsorption. We also used the geometty-0°, 6. ance of the 2.1-, 3.8-, and 5.1-eV peaks indicates that three
=60°) for the observation of the oxygen-induced states bemetastable states are observed simultaneously in Fay. 2
cause the substrate features are very small at this conditiolaking into account the observation of only one metastable
To obtain information on the polarization, the geometéy ( state at 3.8 eV in Figs.(2) and 4b), the observations of one
=45°, §,=15°) is used to thep-polarized measurement, or two metastable states in the previous UPS spetfriare
and (#,=0°, §,=60°) to thes-polarized one. due to the complex substrate electronic structure. Moreover,
Figure 2 shows the valence spectra of thél8D)-(7  a new state is observed at 0.5 eV in Figa)3
X7) clean and @ gas exposed surfaces with different ge-  Although the origins of the 2.1-, 3.8-, and 5.1-eV peaks
ometries. The amount of Qexposure is 0.5 langmuilL).  are suggested individualfy?4~®1*%ve are not able to ex-
(@, (b), and (c) are measured with the geometries @ ( plain the three metastable states observed in the present ex-
=45°, §,=15°), (6;=45°, .=20°), and @;=0° 6. periment. The previous suggestions are done for only one or
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FIG. 4. Dosage-dependent intensities of the surface states and
the oxygen-induced states. The intensity of each state, normalized
with its maximum intensity, is obtained using the same measure-
ment geometries as those in Fig&)2and 2b) for the surface states
and those in Fig. @) for the oxygen-induced states.

Binding energy (eV)

FIG. 5. The subtracted spectra of the€13il) surface covered
with 0.5 L of oxygen and the clean surface in geometries &f (
=45°, §,=15°) and @;=0°, #,=60°), and the fitting results.
Voigt functions and an integrated background are used to analyze

) the spectra by a standard least-squares-fitting method. The molecu-
two metastable states observed simultaneously. In order t@y orbitals are calculated by a semiempirical molecular orbital

determine the origins of the three metastable states, we CORethod.
sider the configuration of the metastable species and the po-

larizations of the peaks. Since the adsorption of oxygen afmetastable state above 2.0 L. In this case, three configura-
fects the surface electronic structure, we deliberate on thgons are possible for the metastable species, i.e., the
relation between the dosage-dependent intensities ofthe S*trival,” the “ad-ins,” and the “ins-mol” configurations.
S,, and S states, and those of the 2.1-, 3.8-, 5.1-, 6.4-, and As shown in Fig. 8), a new state is observed at 0.5 eV
7.5-eV peaks. The intensities of the surface states and thgfter annealing the sample at 600 K. In the previous UPS
oxygen-induced states are obtained by first acquiring thetudy’ a state is appeared at 0.9 eV. Considering this binding
subtracted spectra of the sample after éposure and the energy, the metastable species is reported to interact with the
clean surface to eliminate the substrate bulk features, andangling bond of a rest atom. In the present experiment, the
then using Voigt functions and an integrated background tgpectrum of the annealed surface shows also a shoulder at
analyze the spectrum by a standard least-squares-fitting9 eV in Fig. 3a). However, taking the difference between
method. The result shown in Fig. 4 is obtained using thehe spectra obtained before and after annealing, we under-
same measurement geometries as those in Figsa@d 2b)  stand that the binding energy of the new state is lower than
for the surface states, and those in Fifc)Zor the oxygen- that of the rest atom. Moreover, the dosage-dependent mea-
induced states. The inset shows the enlarged figure from O€urement suggests that there is hardly any relation between
to 1.5 L. The intensity of each state is normalized with itsthe metastable species and the rest atom. Since the adatom-
maximum intensity. With increasing the dosage, thestate like surface state of the “ins” and/or “ins-ins” configura-
disappears immediately at about 0.3 L, and those of the Stions has a binding energy between 0.5 and 0.8"&we
and S states show decreases until 2.0 and 10.0 L, respeattribute the new state as the dangling bond state of an ada-
tively. For the oxygen-induced states, the intensities of theom that is accompanied with one or two oxygen atoms in-
stable states observed at 6.4 and 7.5 eV change graduakgrted into the back bond. The appearance of the adatomlike
until 10.0 L. On the contrary, those of the metastable statesurface state indicates the adsorption site of the metastable
at 2.1, 3.8, and 5.1 eV saturate at 2.0 L. The same dosaggpecies as the on-top site of an adatom. Though the “ad-ins”
dependence in intensity suggests that the three metastatidenfiguration has an oxygen atom adsorbs on top of an ada-
states come from one configuration. The presence of onlyom, this configuration is unsuitable. It leads to only two
one configuration is inconsistent with the previous UPSmetastable states between 2.1 and 5.1%Mence, we con-
study® in which the existence of two distinct metastable clude that the configuration of the metastable species is the
states are suggested by the different relative intensities of théns-mol” one. The presence of the molecular species is
3.8-eV peaks to the 5.1-eV ones obtained at 30 and 300 Kconsistent with the HREELS resuftd%°2%urthermore, the
The origin of the contradiction is due to the change in bondarge work function change, 0.4 eV for an exposure of 0.5 L,
angle at different temperatures as discussed below. supports the existence of the negatively charged molecular
The intensities of the metastable states increase at a dosxygen adsorbed at the on-top site.
age where those of the &nd S states decrease. The change In order to measure the polarization dependence of the
in intensity in the same dosage region suggests the adsorp-1-, 3.8-, and 5.1-eV peaks, we have used the same method
tion of metastable oxygen to be affected with the danglingas that employed to obtain the result shown in Fig. 4. Figure
bond of a rest atom and/or with the back bond of an adatonb displays the subtracted spectra of the surface exposed with
Here, we consider that the adsorption of the metastable sp@-5 L of oxygen and the clean surface, the fitting results, and
cies has correlation with only the; State, because the, S the orbitals of the “ins-mol” Q molecule calculated with a
state decreases in intensity even after the saturation of th@miempirical molecular orbital method. The intensity ratio
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of the 2.1-, 3.8-, and 5.1-eV peaks obtained with theand 5.1-eV peaks. Therefore, we consider that the different
p-polarized light to those with the-polarized one are 0.93, relative intensities of the 3.8-eV peaks to the 5.1-eV ones
1.31, and 1.04, respectively. The semiempirical calculationeported previousl§,might be come from the difference in
shows that the three highest occupied molecular orbitals ar@-0O-Si angle at different temperatures.

composed by the,, p,, andp, orbitals of an O atom in In conclusion, we have investigated the initial chemisorp-
order of the binding energies. Here, we define thaxis _ tion stage of oxygen on the &il1)-(7x 7) surface by UPS.
normal to the surface and theone normal to the O-O-Si  The dosage-dependent intensities of oxygen-induced states,
plane. Considering the polarization dependence of the thrégnich are observed at 2.1, 3.8, and 5.1 eV, indicate the ad-
metastable states and the components of the calculated M5 htion of the metastable oxygen has correlation with the
lecular orbltals,_ the 2‘17 and 3.8-eV peaks are attributed ®ack bond of the adatom. Taking into account the observa-
the G, m, derived orbitals, and the 5.1-eV peak to thetion of the adatomlike surface state observed after annealing

0\2/ Tu derived .ohner.] S'gf:ed thef_()wgbderévecri]_orbltal %t 3'8. the sample at 600 K, we conclude that the metastable species
Zgrégtservavgtlf vm:] t;]eeHIéEglr_]g I?gpo%?egvlb;o;z SV%T;'] ?rzgt'onhas the ‘.‘ins-mol” configuratiqn. The 21 and 3.8-eV peaks

. . . are ascribed to the O, derived orbitals, and the 5.1-eV
softened O-O stretching mode is considered to be due to thﬁeak to the @ 7 derive%l one from the polarization depen-
increase of the number of electron in thg orbital. More- u

o e ; .. dence of the metastable states and the calculated molecular
over, it is not surprising to consider the presence of iNs- hitals
mol” species with different O-O-Si angles, because two '
“peroxy radical” configurations with different O-O-Si The authors are grateful to I. Matsuda and F. Matsui of

angles are predicted by TB calculatibhThis difference in  The University of Tokyo for their critical discussions and
angle should lead to different cross sections for the 2.1-, 3.8help in the experimental setup.
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