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New Model of the Initial Stages of Si(111)-(” 7) Oxidation
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By combining scanning tunneling microscopy (STM) and ultraviolet photoelectron spectroscopy, we
show that the adsorption of single,@nolecules on Si(111)-(% 7) produces essentially molecular
sites, seen as bright individual sites in STM topographs, which are stable at room temperature. Atom-
resolved STM studies also reveal that these molecular sites react very efficiently with fuptlzedO
H,O molecules. This is shown to account for the saturation at low exposure of the molecular site
density and for the apparent decay lifetime of these molecular sites. [S0031-9007(96)00224-4]

PACS numbers: 68.90.+g, 73.90.+f, 81.65.Mq, 82.65.—i

There has been a continuing interest in studying hownolecular sites with further @molecules leads to compli-
molecules adsorb and react on semiconductor surfacesated reacted sites which appear grey in STM topographs.
Over the past few years, the interaction of oxygenlt will be shown that the reactivity of adsorbed, With
molecules with silicon surfaces has emerged as a cas¢,0 molecules from the residual gas accounts for the ap-
study and as such has been investigated by a large varigparent finite lifetime of the molecular sites.
of experimental techniques [1-10] and theoretical meth- The STM from Omicron Vakuumphysik GmbH is
ods [11-13]. Despite this large effort, the adsorptionoperated in a UHV chamber having a base pressure well
and reactivity of oxygen on silicon surfaces is still con-below 5 x 10~!! Torr. An adjoining preparation UHV
troversial and no clear model has emerged so far. Untichamber(p < 5 X 10~!! Torr) is used to prepare and
recently it was considered [5—-8,14] that the adsorption o€tlean tungsten tips and silicon samples before they are
0O, on Si111)-(7 X 7) surfaces at room temperature is transferred under vacuum to the STM. Gas dosing (typi-
essentially dissociative and is preceded by a short-livedally 1 X 10~° Torr during a dose) of silicon samples is
molecular precursor. Detailed atom-resolved studies ugperformedin situ on the STM. During dosing, the tip
ing the scanning tunneling microscope (STM) [8,9,15,16]is retracted by aboi wm such that the same area of the
have been performed on ,Oexposed Si11)-(7 X 7)  sample can be imaged before and after gas exposure. This
surfaces. Assuming that the molecular precursor was toensures that perfectly cleaned surfaces are studied and that
short lived to be observed with the STM, stable adsorptiorall the observed reacted sites are due to gas exposure.
sites seen as bright and dark sites in STM topographgPS is performed in a separate UHV experimental setup
have been assigned to various dissociated states ohO which has been described elsewhere [17]. All the reported
Si(111)-(7 X 7) [8,9,15,16]. However, several authors UPS spectra are recorded with polarization at an
[17-19] recently reported much longer lifetimes of theenergy hv = 40.8 eV using the synchrotron radiation
molecular precursor at room temperature ranging fronfrom Super-Aco in Orsay as a linearly polarized photon
50 to 1500 min. This put into question the model ofsource. In all experiments, the Si(111) sample nof
dissociative adsorption and the resulting interpretation ofype, phosphorous doped () cm), was heated up for
STM experiments. This also raised questions about thdegasing to 70€C for several hours by resistive heating
discrepancies between the various lifetime measuremenénd then flashed at 110Q for 30 s in order to get a clean
of the molecular states. Si(111)-(7 X 7) surface.

In this paper, we propose a markedly different model In order to understand the adsorption sites of @h
of the initial stages of $111)-(7 X 7) oxidation based on the reconstructed i11)-(7 X 7) surface, we performed a
new results obtained by combining STM and UPS (ultra-series of comparisons between the STM and UPS results.
violet photoelectron spectroscopy) studies. According téAs previously observed [8,9], the STM reveals various
this new model, the low coverage adsorption of @  adsorption sites which appear essentially as bright and grey
Si(111)-(7 X 7) is essentially molecular. This gives rise reacted Si adatoms in STM topographs recorded with either
to molecular adsorption sites, seen as bright sites in STM-2 or —2 V on the sample (see Fig. 1). In addition, a few
topographs, which are quite stable at room temperaturdlack sites (less than 10% of the total number of reacted
The key point is that these molecular sites, although thersites) are also observed. Since it is not always easy to
modynamically stable, react very efficiently with further distinguish between grey and black sites, we will consider
0, and H,O molecules hitting the silicon surface. When all together grey and black sites as dark sites. Bright and
increasing the @ exposure, the reactivity of these,O dark sites are not uniformly distributed on the surface.
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FIG. 1. Upper part190 A x 190 A STM topographs of the 0.2 0.4 0.6 0.8 1.0

same area of clean (left) and 0.1 L,Cexposed (right)
Si(111)-(7 X 7) surface (both+2.0 V sample bias; 1.0 nA
tunnel current). Lower part: UPS spectra of clean (left) andFIG. 2. (a) A graph showing the relative number of bright
0.15 L O, exposed (right) $i11)-(7 X 7) surface. sites in the STM topograph#V,/N, and the intensity of
the 3.8 eV UPS molecular band plotted as a function of
. . . . O, exposure in langmuirs. The two quantities have been
For bnght sites we f|nd a prefel’ence ratio Of 1.1 to 1.6norma|ized SO as to agree at h|g|1 @(posure' The UPS data
for corner adatoms as compared to center adatoms andage taken from Ref. [17]. (b) A graph showing the relative

preference ratio of 2.1 to 2.8 for the faulted half of the unitnumber of dark sites in the STM topograpNs/N, and the
cells as compared to unfaulted ones. For dark sites thgdiculated values oN,/N, from Eq. (2) settingt, = 1.7~
preference numbers are 0.9—-1.3 and 1.4-1.6, respectivef’i‘}."jk3 =0
These observations are in good agreement with those of
Avouris, Lyo, and Boszo [8] and Pelz and Koch [9]. expositions and with the STM examined the same area
Both bright and dark stable sites in STM topographsafter an initial 0.2 L Q exposure and after an additional
have been previously assigned to dissociated states of @.2 L exposure. We found that after the initia} &posure
on Si(111)-(7 X 7) [13]. Here we argue that bright sites the observed bright sites are very reactive; during the
are undissociated molecular states of ®hereas dark second 0.2 L @ exposure they turn into grey sites with
sites result from reactions of at least twg, @olecules a probability of 0.34, whereas unreacted Si sites tend
on the same site. Several experiments have been carriégnl become bright sites during the same exposure with a
out which add weight to this statement. First of all, wemuch lower probability of 0.044. These results are in
recorded STM topographs of @xposed Sil11)-(7 X 7)  good agreement with those reported by Pelz and Koch
surfaces for various ©@exposures ranging from 0.025 to [9]. The saturation of the number of bright sites fog O
1L@L = 1langmuir). As seenin Fig. 2, the number of exposures higher than about 0.6 L indicates that above
bright sitesN,, relative to the total number of Si adatoms this threshold the number of new bright sites is exactly
N, of a given area rapidly increases as a function oftompensated by the transformation of bright sites into dark
the O, exposure and saturates at a valueNyf/N, of  sites via the reaction with additional,@nolecules. The
about 0.1 for exposures higher than 0.6 L. This behavioasymptotic behavior ofV,/N, as a function of the @
of N, /N, exactly coincides with that of the intensity of exposure implies that all the STM bright sites are involved
the 3.8 eV “molecular” band in the UPS spectrum whosén this equilibrium reaction. Otherwise one would observe
variation with the Q exposure is also shown in Fig. 2. In a slight increase iV, /N, with increasing Q exposure.
contrast the relative number of dark sif€s/N; increases At this point we want to discuss whether all the dark
continuously as a function of thef@xposure (see Fig. 2). sites originate from the reaction of bright sites with further
The 3.8 eV band in the UPS spectrum (see Fig. 1) has beéd, molecules or whether some of them could be due to a
assigned to molecular states of, ®y comparison with direct adsorption of an ©®molecule on a silicon adatom.
previous calculations [11-13]. The striking similarity For that purpose we recorded STM topographs with a very
between theN, /N, and UPS molecular band curves of low O, exposure (0.025 L) in order to reduce secondary
Fig. 2 is clearly in favor of our assignment of bright sitesreactions on bright sites. We find a ratio of bright to dark
as molecular states. Secondly, we performed cumulativsites,N, /N, equal to 20. This indicates that the direct
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mechanism for formation of dark sites, if it exists, has
a very low probability as compared to the formation of
bright sites. Most of the dark sites are thus considered
to result from secondary reactions on bright sites. This
model is further confirmed by a quantitative analysis of
the results in Fig. 2. The kinetics of the,@dsorption
can be described by the following equations:

dNy/dL = ki(N, — N, — Ng) — kaN,, 1)
and

dNgy/dL = kN, + k3(N; — Ny — Ny), (2)

where L is the O, exposure ki, k,, and k; are the
sticking coefficients for the formation of bright sites, the
transformation of bright into dark sites, and the direct
formation of dark sites, respectively. The coefficignt

is derived from the measured probability 0.34 (for an
exposure of 0.2 L) for the transformation of bright sites | |
into dark sites. This givek, = 1.7L~!. Using this value 0 5 10 ] 5 10
of k,, the best fit to the experimental values by Eq. (2) Biading::Snengy:: tax] Rinding: Enargy: (¥}
is found whenks; = 0. This indicates that the direct FIG. 3. Upper part;70A X 70 A STM topographs of the
formation of dark sites may be neglected. The slope ofame area of a 0.15 L Oexposed Sil11)-(7 X 7) surface
the N,, /N, curve for low O, exposures is equal to [see immediately after exposure (left) and 6 h later (right) (both

: . +2.0 V sample bias; 1.0 nA tunnel current). Lower part:
Eqg. (1)]. From Fig. 2 one can thus derive a valuekof UPS spectra of a 0.3 L Dexposed Si11)-(7 X 7) surface

equal toO._2_5L*1._ o immediately after exposure (left) and 6 h later (right).
An additional important question is whether or not all

the bright sites in STM topographs are molecular sitesf€sult examined with the photoelectron spectrometer. A
From the analysis of UPS spectra, Schubert, Avouris, anffW langmuirs of B or CO have no effect on the UPS
Hoffmann [13] demonstrated that at low,@xposures it SPectra; however, a small amount (0.2 L) ot® has

is possible to have almost exclusively molecular statesdramatic effects on both the STM topograph and the UPS
Since we observed almost exclusively bright sites inSPectrum, as shown in Fig. 4. A number of bright sites
there is a good correlation between molecular states and
bright sites in STM topographs. Furthermore, ratios of
molecular to nonmolecular states as high as 2 have bee
deduced from XPS measurements [13] This is compatible
with the results in Fig. 2 only by considering that virtually
all the bright sites are molecular states.

We can now go on to an important problem which
has been much debated in the literature. This concern
the stability of the molecular adsorption sites. Since
we have shown that bright sites are molecular sites, on
should then be able to follow the possible instability ofE
individual molecules by recording STM topographs of ~&
the same area of surface over very long periods of time‘E
This is illustrated in Fig. 3 where bright sites are shown =4
to have turned into dark sites after 6 h. After several ..
such measurements, the measured lifetime of bright site2
is found to be very long (mean value of the order ofﬁ
1000 min) and to vary from sample to sample and from=g | !
exposure to exposure. It should be mentioned here the Bqnd_ E "E'} o 5 10
a similar behavior was observed while monitoring the IENG: TRAER Y Binding:-Eneegy: (&¥)
time evolution of the 3.8 eV molecular band in the UPSFIG. 4. Upper part150 A X 150 A STM topographs of the
spectrum [17] (see illustration in Fig. 3). Therefore Wefsamgdiaartz?y g:‘teE: eokgoljsu%e)((lg(f)segndsg%tle)r-(;nxagc)jitiséjr:gallcg2 .
e STh ant UG expenimants-sould b due 1o 20 e#posure (ighh (botn=20V sample bias, 1.0
X X X X X unnel current). Lower part: UPS spectra of a 0.3 L exposed
interaction with contaminants from the residual gas. Asj(111)-(7 x 7) surface immediately after exposure (left) and
small amount of various gases was introduced and thefter an additional 0.2 L KD exposure.
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molecular band in the UPS spectrum strongly decreaseand Hoffmann [13]. We note, however, that the STM im-
The same HO exposure on clean Sil1)-(7 X 7) has age contrast is not directly related to DOS considerations
no observable effect either on the STM image or on thg21]. The assignment of the reacted (dark in STM) sites
UPS spectrum. This strongly suggests that the appareig even more problematic. The corresponding band in the
time decay of the molecular sites is due to reaction of th&JPS spectrum lies about 7 eV below the Fermi level. This
adsorbed @ with water molecules from the residual gaswas assigned by Schubert, Avouris, and Hoffmann [13]
in the UHV chamber. It is striking indeed to observe theto various states of dissociated oxygen adsorbed on sili-
exact similarity between the UPS spectra in Figs. 3 and 4;on adatoms. However, more complicated reacted sites
recorded a long time after Oexposure and after Oand  involving two oxygen molecules should also be considered
H,O exposures, respectively. From the results in Fig. 4since we are sure that these reacted sites originate from the
we deduce a reaction cross sections2fA? for a water  successive reaction of two molecules on the same silicon
molecule with a bright @molecular site. With such a high adatom. Further DOS calculations and spectroscopic ex-
reactivity, a partial pressure afx 107! Torr of H,O is  periments are required for clearly identifying the nature of
sufficient to produce a decay of the molecular sites with dhese reacted sites.
lifetime of 270 min. It follows that the exact lifetime of O We acknowledge helpful discussions with Ph. Avouris
molecular sites, which is considered here to be very longnd C. Joachim.
(>500 min) or infinite at room temperature, would be very
difficult to measure even under ideal UHV conditions.
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