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Photoemission study of metastable oxygen adsorbed on a(811)-(7X 7) surface
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We have investigated the metastable oxygen species adsorbed @1 8-87 X 7) surface at room tempera-
ture using real time valence-band and core-level photoemission measurements. The dosage- and time-
dependent changes in the intensity of the metastable 3.8 eV peak observed in the valence-band spectra were
different from those of the metastable @ domponents. Further, although no metastables@dmponents
were observed in the core-level measurement after annealing the sample at 600 K, the 3.8 eV peak was still
observed. These results indicate that both the stable and the metastable oxygen species produce the 3.8 eV
valence-band peak, and we therefore conclude that the contradicting lifetimes reported in the literature result
from a misinterpretation of the 3.8 eV peak.
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I. INTRODUCTION the early valence-band studie%®! and theoretical
investigations;?! recent valence-baftiand theoreticgf?3
Motivated by the technological importance of nanoscalestudies suggest that the origin is tpg orbital of an “ad”
dielectric layers in semiconductor devices, an atomic levebxygen atom. The ad denotes an O atom bonding on top of a
understanding of silicon oxidation has been a topic of experiSi adatom of the dimer-adatom-stacking fault structuocd
mental and theoretical investigations over the last two dethe S{111)-(7 X 7) surface(Fig. 1). The knowledge of the
cades. From a scientific point of view, the presence of thexccurate lifetime is essential in order to achieve an atomic
metastable oxygen has particularly attracted a deep intereglvel understanding of the initial oxidation of the
in the initial oxidation stage of the @il11)-(7X7) surface.  Sj(111)-(7x 7) surface that progresses via metastable spe-
This metastable species, which has a finite lifetime and diseies. It is therefore important to find the reasons for the ear-
appears after annealing the sample at 600 K, was observed iar inconsistent estimates of the lifetime. This calls for a
various spectroscopic'’ and microscopic studi¢$;?%°and it reinvestigation of the origin of the 3.8 eV valence-band peak.

has also been treated theoreticdfy-2*Despite these exten- In this paper, we present real time valence-band andg O 1
sive research efforts, a complete picture of the processes deere-level measurements of oxygen adsorption and reaction
termining the lifetime has not yet been obtained. on a S{111)-(7x 7) surface at room temperature. Real time

By measuring the time-dependent Os Icore-level measurements minimize the uncertainty that originates from
spectra,*>1%the lifetime of the metastable “ins-paul” oxy- the time lag between the completion of the €posure and
gen(Fig. 1) was reported to be shorter than 20 min at roomthe data acquisition. Measurements of both the valence band
temperature, and to be longer tha h attemperatures below and O & core level on the same sample give information
150 K. In contrast to these results, a lifetime longer than 50@bout the photon-induced reaction. The dosage and time de-

min at room temperature was reported in the valence-bangendence of the 3.8 eV intensity observed in the valence-
photoemission studiés by measuring the time-dependent

intensity of a metastable oxygen-induced peak at a binding

energy of 3.8 eV. There are two possible explanations to the addatom
origin of the inconsistent results at room temperature. First,

the use of different photon energiésy) in the O Is core-

level and valence-band measuremeitg=1253.6° and ins-ad insx2-ad paul ins-paul
665 e\Vt>16 were used in the core-level measurements and

hy=40.8 eV in valence-band measuremgttcan cause a
difference in photon-induced dissociation and/or desorption 63
of the metastable oxygen, i.e., dissociation and/or desorption

are promoted by the use of higher photon energies. Second, insx2 inX3-tri ins-tri-ad

compared W|.th thg intensities of the metastablesf.&dmpp- FIG. 1. Bonding configurations of the metastable and stable
nents that give direct information about the change in thgy,qen discussed in the text. The large gray circles are Si atoms of
relative abu_ndance of _the metgsta_ble ins-paul oxygen, the 38 5j111)-(7x 7) surface, and the small black circles are oxygen
eV peak might contain contributions from more than oneatoms. ad and ins correspond to an O atom bonding on top of a Si
oxygen species. The lifetime obtained in the valence-bangddatom and to an O atom inserted into a backbond, respectively.
studies might therefore be overestimated. In fact, althougpaul denotes an Omolecule adsorbed on top of an adatom, and tri
the 3.8 eV peak observed in the valence-band spectra wasrresponds to an O atom bonding between the first and second
assigned to ther* orbital of a molecular “paul” species in layer Si atoms.
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band spectra were different from those of the metastable O I | I | |
1s components obtained in the core-level measurement. Tak- 17.0ev
ing into account that the 3.8 eV peak was observed even after //;Ai&
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annealing the sample at 600 K, we conclude that it originates //f,\

7
’,
.

N

’ \
//?!7@\.\\
/7

from both the metastable ins-paul oxygen and stable oxygen ’\
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species. Further, by adjusting for the contribution from stable
oxygen species, the lifetime of the metastable oxygen de-
rived from the 3.8 eV peak is consistent with that from the
core-level measurements. These results reconcile the former
inconsistent reports on the lifetime of the metastable oxygen
adsorbed on a 8i11)-(7 X 7) surface.

7 \
7 N

Il. EXPERIMENTAL DETAILS

The valence-band and G tore-level measurements were
performed at beamline 1311 at the MAX-Il synchrotron ra-
diation facility in Lund, Sweden. The photoemission spectra
were obtained with an angle-integrated photoelectron spec-
trometer with an acceptance angle of 1%he total energy
resolution was~0.06 eV athv=40 eV and~0.23 eV at
hv=665 eV. The vacuum chamber was also equipped with a
low energy electron diffractiodLEED) system and a quad-
rupole mass spectromet@MS). The base pressure was be-
low 7Xx 10 Torr. We have annealed the(811) sample,
which was cut from an Sb-dopdd-type) Si wafer, at 1520
K for 3 s in thevacuum chamber to obtain a clean surface.
After the annealing, a sharpX77 LEED pattern was ob-
served, and neither the G hor the O & peak was detected
in the core-level spectra. The quality of thg @as was con- 10 8 6 4 2 0 2
firmed by QMS. Binding energy (eV)

Intensity

FIG. 2. Valence-band spectra recorded while exposing the
ll. RESULTS AND DISCUSSION Si(111)-(7 X 7) surface to an ambientQressure of 5.8 10°° Torr
)gt room temperature usingy=40 eV. The lowest spectruii® L)
was recorded just before starting the exposure, and the average
exposure of the highest one is approximately 11 L.

Figure 2 shows valence-band spectra recorded while e
posing the SiL11)-(7 X 7) surface to an ambient{pressure
of 5.0x 10°° Torr at room temperature usithg=40 eV. One
Langmuir(L) correspondsata 1 sexposure at a pressure of had just finished. The time difference between subsequent
1x10° Torr. A photon energy of 40 eV was chosen so thatspectra is approximately 27 s, and the highest spectrum was
our result can be directly compared to the earlier valencerecorded approximately 37 min after stopping the exposure.
band studie&® Further, the large cross section of the 3.8 eVAs shown in the figure, the intensity of the 3.8 eV peak
peak at this photon energyill make it easier to follow the  decreases with time, and the intensity of the 7.0 eV peak
change in the intensity. The lowest spectrum shows the vancreases together with a shift to 7.4 eV. These changes in
lence band of a clean @i11)-(7X7) surface that was re- intensity agree well with the results reported in the previous
corded just before the exposure. The difference in exposurgalence-band studi€s®19-12jn which the 3.8 and 7.0 eV
between one spectrum and the next is approximately 0.14 lpeaks were stated to originate from the metastable and stable
and the average exposure of the highest spectrum is approxixygen, respectively. Further, taking into account that the
mately 11 L. In the spectrum of the clean surface, the twgpresence of two oxygen-induced states was reported at
surface state§; andS,, which originate from the dangling around 7 eV,81%-12the shift of the 7.0 eV peak to 7.4 eV
bonds of adatoms and rest atoms, are clearly observed. Thedicates a change in relative intensity of these two states.
intensities of these two surface states decrease as the oxyg€oncerning theS, and S, states, their intensities hardly
exposure increases, aggandS, disappear at approximately changed with time. These results indicate that the metastable
1.5 and 3.5 L, respectively. This means that oxygen atomghs-paul oxygen hardly desorb from the surface with time,
and/or molecules preferably interact with the adatoms ratheisut changes its bonding configuration without changing the
than the rest atoms at the initial stage of oxidation. Regardaumber of adatom dangling bonds that are saturated by oxy-
ing the oxygen-induced states, two are observed at bindingen species, i.e., the ins-paul oxygen changes its bonding
energies of 3.8 and 7.0 eV. configuration to inx2-ad or ins-tri-ad.

In Fig. 3, we show the time-dependent valence-band spec- In order to obtain more information about the origin of the
traofa 1.0 L Qexposed §i111)-(7Xx7) surface. The spec- 3.8 eV peak, we first compare the dosage and time depen-
tra were continuously recorded starting when the exposurdence of its intensity with those of one of the metastable O
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FIG. 3. Time-dependent valence-band spectra continuously re- 5
corded after exposing the (3iL1)-(7 X 7) surface to 1.0 L of Qat
room temperature usingv=40 eV. The lowest spectru® min)
was recorded just after stopping the exposure.

1s components. Figure(d) shows the O & core-level spec- ; Lo
trum of a S{111)-(7 X 7) surface that is exposed to 10 L,O0  © Relative binding energy (eV)

at room temperature and recorded ushng=665 eV. The ) ) N
open circles are the experimental data, and the solid line F!C:4-(a) Dosage-dependent ath) time-dependent intensities
overlapping the open circles is the fitting result that is ob-2' "€ 3:8 eV peak observed in the valence-band and the -4.4 eV O
tained using the components with Voigt line shapes ShOWr;I.scomponent. The intensities of the 3_’.8 eV peak a'nd the_metas_table
below the spectrum. A 200 meV Lorentzian full width at half 4.4V 0B corr]ngonent are pqrmallzed with the!r maximum n-
maximum (FWHM) and a Gaussian width of 925 meV tensities in each figure. The initial exposure () is 1.0 L. (c)

shows the O & core-level spectrum of a Qi11)-(7X7) surface
FWHM were used for the Oslcomponents at 300 K. The exposed to 10 L Q@at room temperature. The open circlegdnare

zero of the bind!ng energy is taken at the positiqn of the,maiQhe experimental data, and the solid line overlapping those open
peak. Of the six O 4 components, the two with relative jcjes is the fitting result that is obtained using the components

binding energies of —4.4 and 3.1 eV originate from the paukpown below the spectrum. The zero of the binding energy is taken
oxygen of the ins-paul species, and the component with relag the position of the main peak.

tive binding energy of —1.2 eV originates from the ins oxy-

gen of the metastable ins-paul spedie3he origins of the the 3.8 eV peak and the —4.4 eV G ¢omponent are nor-
three observed at 0.0, 0.6, and 1.5 eV are the stable ins, tmalized with their maximum intensities in each figure.

and ad oxygen, respectivély. Figure 4a) displays the As displayed in Fig. @, the intensities of both the 3.8
dosage-dependent intensities of the 3.8 eV peak and th&V peak and the metastable @ domponent drastically in-
metastable -4.4 eV Oslcomponent, which are obtained by crease at the beginning of the exposure. However, in contrast
continuously measuring valence-band and core-level spectta the intensity of the metastable G ¢omponent that satu-
while exposing the sample to an ambien; Pressure of rates at approximately 2 L, the intensity of the 3.8 eV peak
5.0 10°° Torr at room temperature. Figurgb} shows the shows no saturation within the dosage range shown in Fig.
time dependence of the 3.8 eV peak and the -4.4 eV com4(a), though the increase rate becomes obviously smaller at
ponent of a 1.0 L oxygen exposed surface. The intensities airound 1.5 L. In Fig. &), the intensities of the 3.8 eV peak
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RN EREAY R LIRS L RS means that the lifetime of the metastable ins-paul oxygen is
1200 s at room temperature. In case of a peak that is pro-
duced by both a stable and metastable oxygen species, its
time-dependent decrease in intensity should follow the equa-
tion y=aexp(-x/7')+(1-a) (0<a<1). This equation sug-
gests that X 100% of the peak intensity originates from the
metastable oxygen species, whose lifetime’isand (1-a)
X 100% results from the stable species just after the expo-
sure. The intensity decrease of the 3.8 eV peak is well fitted
using y=0.9X exp(—x/1200+0.1 as indicated by the solid
line in Fig. 4b). Taking into account that the lifetime of the

Intensity

Intensity

P PR PN ST S .fa.). I metastable species, which produce a peak at 3.8 eV, is the
5 4 3 2 1 0 -1 same as that of the ins-paul oxygen, we conclude that 90% of
Binding energy (eV) the 3.8 eV peak originates from the metastable ins-paul oxy-

gen and 10% results from stable k& and/or ins< n-tri
FIG. 5. (a) Valence-band spectrum recodi2 h aftera20 L@  oxygen species just after the 1.0 L, ®xposure. Moreover,
exposure on a §111)-(7x7) surface, andb) a spectrum recorded the same lifetime obtained in the valence-band and core-
after annealing a 20 L exposed surface at 600 K. Speothyifs put  |eye| measurements indicates that the difference in photon
on spectruma) to compare the intensity of the 3.8 eV peak in the energy hardly affects the lifetime of the ins-paul metastable
inset. species.

The lifetime of the metastable oxygen obtained in the
and the metastable OsIcomponent show different time- present study is quite short compared with the lifetime re-
dependent changes. The different dosage and time-dependejited in the earlier valence-band studigmre than 5 h5¢
changes in intensity indicate that the origin of the 3.8 eVThjs difference can be explained by the different assignment
peak is not completely the same as that of the metastable g the 3.8 eV peak, i.e., the 3.8 eV peak was stated to origi-
1s component. nate from a metastable species only, while the contribution

Figure 5 shows a valence-band spectrum of @H)-(7  from both the stable and metastable oxygen species is obvi-
X 7) surface record2 h after a 20 L oxygen exposu(@,  ous in the present study. Assuming only one origin and by
and a spectrum recorded after annealing a 20 L exposed sufieasuring the time-dependent intensity a long time after
face at 600 K(b). A peak at a binding energy of 3.8 eV is stopping the exposure, the apparent lifetime becomes longer
clearly observed in spectruia), though none of the meta- as one can realize from Fig. 4. Furthermore, the presence of
stable components was observed in thes@dre-level spec- two origins and the short lifetime of the metastable oxygen
trum recordd 2 h after the exposuré. Taking the time- can explain the dosage dependence of the 3.8 eV peak ob-
dependent decrease of the 3.8 eV peak observed in Figs.s&rved in a recent valence-band stifdwhose result is dif-
and 4 into account, this result indicates that both the stablgerent from the present one. The intensity of the 3.8 eV peak
and metastable oxygen species produce a peak at 3.8 eV \ias reported to increase until 6 L and to then decrease dras-
the valence-band spectra. The intensity of the 3.8 eV peafcally in the recent stud{t while the intensity of the 3.8 eV
observed in spectrurtb) is almost the same as that observedpeak did not show such a drastic decrease in the present
in spectrum(a) as shown in the inset of Fig. 5. Further, a study. Since the spectra were recorded after stopping the ex-
peak, which is not recognized in spectrga), is observed at posure in that valence-band studyhe observed drastic de-
a binding energy of 0.8 eV in spectruiin). Since the binding crease in intensity might result from the short lifetime of the
energy of the dangling bond state of an Jws(n  metastable oxygen. This indicates that without doing real
=1, 2, and 3 species was reported to be between 0.5 andime measurements, it is impossible to obtain precise infor-
0.8 e\210:20.2lthe appearance of the 0.8 eV peak and the factation about the metastable oxygen.
that the 3.8 eV intensity is the same in the two spectra sug-
gest that oxygen species adsorbed at the on top site of an
adatom hardly contribute to the stable 3.8 eV peak. There-
fore, we conclude that the stable 3.8 eV peak observed in In conclusion, we have investigated the lifetime of the
Fig. 5 originates from ins and/or tri oxygen atoms, i.e., atomsnetastable species and the origin of the 3.8 eV valence-band
adsorbed into the backbonds of adatoms and/or between tipgak of an oxygen adsorbed(8L1)-(7 X 7) surface at room
first and second layer Si atoms. temperature using real time valence-band and SOcdre-

Based on the contribution from both the stable and metatevel measurements. The 3.8 eV valence-band peak shows
stable oxygen species, we consider the metastable oxygefifferent dosage- and time-dependent intensities from those
species that produce a peak at 3.8 eV in the valence-banst the metastable —4.4 eV Ostomponent. Taking into ac-
spectra. The lifetime of a metastable spedigscan be de- count that the 3.8 eV peak was still observed in the spectrum
rived from fitting the decrease of the time-dependent intenrecordel 2 h after the exposure, i.e., when no metastable O
sity using the equatiop=exp(—x/ 7). The dashed line shown 1s component was observed in the @ dore-level spectra,
in Fig. 4(b) is obtained using/=exp(—x/1200. Taking the  we conclude that the difference in intensity decrease results
origin of the —4.4 eV O & component into account, this from the fact that the —4.4 eV Oslcomponent originates

IV. CONCLUSION
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from one metastable oxygen species, while the 3.8 eV peagates that the cross section of the photon-induced reaction of
results from both the stable and metastable oxygen speciethe metastable ins-paul oxygen is quite small.

Further, the observation of the 0.8 and 3.8 eV peaks in the
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