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Oxidation of Si(111)-(7 x 7) as studied by scanning tunneling snicroscopy

F. M. Leibsle, A. Samsavar, and T.-C. Chiang
Department of Physics and Materials Research Laboratory, University of Illinois at Urbana Cha-mpaign,

1110 W. Green Street, Urbana, Illinois 61801
(Received 9 May 1988)

The initial stages of oxidation of the Si(111)-(7x7) surface were studied via scanning tunnel-

ing microscopy. Images of the same area of the surface were obtained for various exposures of ox-

ygen. The results show that defect sites act as nucleation centers for the oxidation process.
Straight atomic steps commonly found on this surface are relatively insensitive to oxygen expo-
sure.

Scanning tunneling microscopy has rapidly become a
useful tool for the surface scientist. It has revealed the
symmetry of the Si(111)-(7&7) reconstructed surface'
and provided strong evidence for the dimer-adatom-
stacking fault model proposed by Takayanagi, Tanishiro,
Takahashi, and Takahashi. 2 The scanning tunneling mi-

croscope (STM) has also revealed previously unobserved
reconstructions on the Si(111)surface. 3 Another proper-
ty of the STM is that it can be used to observe dynamic
systems. For instance, recently Jaklevic and Elie observed
the diffusion of Au atoms on a Au(111) surface as it an-
nealed.

In this study, we use a STM to do time-lapse topogra-
phy and have observed the initial stages of the oxidation of
Si(111)-(7x7). The adsorption of oxygen on Si surfaces
has been studied with a variety of techniques. These
surfaces have technological relevance in that the prepara-
tion of thin, insulating oxide layers is of importance in the
manufacture of semiconductor devices. From previous
studies it is known that oxidation of Si(111)does not lead
to an ordered reconstruction, and the presence of several
oxidation states extending spatially beyond a monolayer
at high exposures indicates that the reaction process is
rather complex and nonuniform. Since most surface tech-
niques sample a fairly large area on the sample surface,
only the spatially averaged behavior is determined. Thus,
important questions remain unanswered. For instance,
the presence of cleavage defects on GaAs(110) is known
from photoemission studies to significantly enhance the
oxidation rate for this surface. It is natural to speculate
that defects and/or atomic steps on the Si(111)-(7&7)
surface might have a similar effect. The present STM in-
vestigation with atomic resolution provides evidence for
the important role of surface defects in the oxidation pro-
cess.

The STM used in this study is fairly similar to that de-
scribed by Demuth, Hamers, Tromp, and Welland in that
the sample is mounted on a lever which allows the sample
to be moved into positions suitable for STM, high-energy
electron diffraction (HEED), deposition of material, and
sputtering. ' The main difference is that in the present
design, the pivot wedge pushing against the sample sur-
face as described in Ref. 10 is replaced by two pivot
wedges off the sample surface to eliminate surface dam-
age problems. The vacuum chamber has a base pressure

of about 1&10 ' Torr. The Si(111) samples used were
cut from a commercial p-type waver, with a resistivity of
1-10 0 cm, into a 6.4x18-mm rectangle. The samples
were etched with nitric acid. After a sample was inserted
into the vacuum chamber and the base pressure was
reached, the sample was outgassed at about 300'C for
many hours. Sample heating was achieved through resis-
tive heating by passing a current through the sample it-
self. The clean (7x7) surface was generated by thermal
annealing to roughly 1100'C for about 10 sec to remove
the surface oxide layer. The reconstruction was verified
with HEED. After thermal annealing, it was necessary to
wait for about an hour for the thermal drift to reduce to
an acceptable level for taking the STM images.

During the experiment, a given region on the sample
surface was, repetitively, scanned while oxygen was al-
lowed to enter into the vacuum chamber via a precision
leak valve. The oxygen pressure could be monitored and
measured via a nude ion gauge or by observing the ion
current of the ion pump on the system. To avoid ionizing
the oxygen the ion gauge was turned off during the course
of the STM experiment. Oxygen adsorption was carried
out at nearly room temperature. Each STM image typi-
cally covered a 500&500 A area with a 512x512-pixel
resolution, and was acquired in about one minute. During
each scan, the tunneling tip remained above a particular
site only about 0.01% of the time; thus, blockage of oxy-
gen molecules by the tip was negligible. The tungsten tip
was sensitive to oxygen exposure; therefore, most of the
many experimental runs had to be aborted due to sudden
irreversible changes of the tip. However, the general
characteristics of the sample oxidation process as dis-
cussed below were reproducible.

The results indicate that large defect-free areas on the
surface are fairly insensitive to oxygen exposure; after an
exposure of about 50 L (1 L = 10 Torr sec) the images
typically show no appreciable changes except for a few
atomic sites or patches randomly distributed in an area of
500x 500 A . Long straight atomic steps on the surface
as described by Becker, Golovchenko, McRae, and
Swartzentruber appear to be equally insensitive to oxgyen
exposure. " However, if the starting surface has a sub-
stantial number of defects, then the overall oxidation rate
is signincantly enhanced. The details can be seen in Fig.
1, which shows a typical set of STM pseudo-grey-scale
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thermally annealed for a longer time at a higher tempera-
ture than the usual conditions for generating the best sur-
faces. Therefore, a number of defects are present, which
have the appearence of missing adatoms in the image.
The nature of the defects is not known (STM shows a con-
voluted partial density of electronic states, not the atoms).
The area of the image contains 493 adatom sites, for
which 241 are corner adatom sites and 252 are center ada-
tom sites. The corner adatoms are those adatoms sur-
rounding a corner hole, and the center adatoms are those
adatoms separated from the corner hole by corner ada-
toms. There are six of each kind in a unit cell. If this im-
age is compared with that taken from a defect-free sam-
ple, a defect density of 15.4% is obtained, with 3.9% due
to "missing corner adatoms" and 11.5% due to "missing
center adatoms. " If one examines other images of the
Si(ill)-(7&7) surface found in the literature, "'3 one
observes that one is more likely to see missing center ada-
toms than corner adatoms, consistent with our finding.

To aid viewing the oxidation process, we have recreated
the images in Fig. 2 using circles to indicate the adatom
sites. The outlines of the unit cells are also shown. The
filled circles represent the missing adatoms on the starting
surface [Fig. 1(a)]. The image in Fig. 2 does not have a
square boundary due to thermal-drift distortion of Fig. 1.

When oxygen is adsorbed on the surface, the oxygen
atoms do not necessarily yield protrusions in the STM im-
ages. They could appear as depressions. This is because
the STM senses the local partial electronic density of
states which may be either increased or decreased by ad-
sorption depending on the nature of the chemisorption
bond. ' ' The images also appear different for different
bias voltages. Lacking a detailed theory for comparison,
we will not attempt to interpret the detailed changes here.
Figures 1(a)-1(c) show that for the bias conditions used
here, the initial oxygen adsorption causes the appearance
of depressions on the surface; thus, more adatoms (pro-
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FIG. 1. STM pseudo-grey-scale images of oxygen on
Si(111)-(7X7) for (a) Or, (b) 2.4-, (c) 4.0-, and (d) 8.6-L expo-
sure. Protrusions and depressions on the surface are represented
by bright and dark regions, respectively.

images for a given area (about 160X 160 A2) on the sur-
face. The oxygen exposures are 0, 2.4, 4.0, and 8.6 L for
the four images. For this set of data, the STM was
operated in constant current mode with a tunneling
current of 1 nA and the sample biased at +2 V relative to
the tip. ' The images are presented with dark areas corre-
sponding to depressions on the surface. A slight distortion
of the images in the xy plane due to thermal drift has not
been corrected.

Figure 1(a) shows the STM image of the starting sur-
face. The experimental conditions are such that the ada-
toms appear as protrusions in the image, and one observes
many (7x 7) unit cells with twelve adatoms (protrusions)
in a unit cell and four deep holes at the four corners of a
rhombic unit cell. ' ' This particular surface had been

FIG. 2. Schematic diagram representing the images shown in

Fig. 1. The lines indicate the surface (7x7) unit cells. The
adatom sites are shown as circles. The "missing-adatom defects"
in the image of Fig. 1(a) are indicated by filled circles. Newly
generated "missing adatoms" in Figs. 1(b) and 1(c) are indicat-
ed by circles with a smaller filled circle at the center and circles
with a smaller open circle at the center, respectively.
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trusions) on the surface appear to be missing with increas-
ing exposure. The newly-oxygen-induced "missing ada-
toms" in Figs. 1(b) and 1(c) are indicated in Fig. 2 by cir-
cles with a smaller filled circle at the center and circles
with a smaller open circle at the center, respectively. The
observation of depressions induced by oxygen adsorption
is consistent with the expectation based on the theoretical
model of Ref. 14. Oxygen is more electronegative than Si,
and its adsorption causes a reduction in the state density
at energies significantly above the Fermi level. The reduc-
tion of the state density requires the tunneling tip of the
STM to move closer to the surface in order to keep the
tunneling current constant during scanning; thus, a
depression appears in the image. Oxygen-induced depres-
sions have also been observed previously for the
GaAs(110) surface. '5'6

An examination of Fig. 2 reveals details about the role
of defects in the oxidation process. After 2.4 L exposure
[Fig. 1(b)), 35 new "missing" adatoms are generated,
with 16 being corner adatoms and 19 being center ada-
toms. All of these new missing adatoms, except one, are
near neighbors to the original surface defects. Thus, the
regions with missing adatoms appear to expand with oxy-
gen adsorption. The result clearly establishes that the de-
fects on the starting surface serve as nucleation sites for
the oxidation of Si(111). This, observation also holds
when comparing Figs. 1(c) with 1(b); after an additional
oxygen exposure of 1.6 L for a total of 4.0 L, 30 new miss-
ing adatoms are generated, with 20 being corner adatoms
and 10 being center adatoms. All of these are near neigh-
bors of existing missing adatoms.

The above analysis shows that comparable numbers of
center and corner adatom sites are affected by oxygen ad-
sorption after 2.4-L oxygen exposure. Since there are
about equal numbers of center and corner adatom sites
neighboring existing defects, the result indicates no
significant chemical selectivity during the initial oxidation
between the two kinds of adatom sites. In contrast, a re-
cent study of NH3 on Si(111)-(7x7) reveals noticeable
chemical selectivity between the two kinds of sites. ' On
further oxygen exposure to a total of 4.0 L, there is a fac-
tor of 2 difference between the numbers of the two kinds
of adatoms affected by the oxygen; however, the difference
is not large enough to draw a definitive, statistically
significant conclusion.

Figure 1(d) shows the surface at a total of 8.6 L of oxy-
gen exposure. As in previous images, additional adatoms
become missing. However, portions of the surface which
had previously "disappeared" due to oxygen exposure now
reappear, but the positions of the reappeared adatoms
(protrusions) are distorted. The loss of position registry
causes the impression of considerable disorder on the sur-
face. The apparent heights of the reappeared adatoms
also show considerable variations, but typically lower than
the unaffected adatoms on the surface. In fact, the reap-
pearance can be detected already in Fig. 1(c),where three
previously missing adatoms have reappeared. The effect is
much more apparent in going from Fig. 1(c) to 1(d).
These reappearances can be explained by two reasons.
One reason has to do with the manner in which these

STM images were acquired. The average grey scale of
each image was automatically set at a fixed level. Thus,
when more adatoms (protrusions) are depressed relative
to the original surface, the automatic resetting of the aver-
age grey scale tends to bring out the details of the
depressed regions. Another reason is that increasing oxy-
gen exposure leads to more apparent height variations in
the protrusions; this observation is consistent with the fact
that oxidation of Si(111) does not lead to an ordered
structure.

At higher oxygen exposures (up to 300 L), one can see,
from the loss of position registry of the reappeared ada-
toms (protrusions) and the apparent height variations,
that the oxidation continues to affect more adatom sites
on the surface in the same manner as discussed above.
The lateral expansion of the oxidized parts of the surface
progresses to cover up the entire surface at an exposure of
about 20 L. The disorder becomes quite severe beyond
this exposure so that the corner holes can no longer be
identified. However, if a large area of the image is viewed
from a distance, one can barely recognize the original un-

derlying (7x7) unit-cell tile pattern. This observation
seems to imply the existence of residual (7x7) recon-
struction underneath the oxide layer. This is possible, for
instance, if the stacking fault on one-half of the (7&7)
unit cell is not completely suppressed by oxygen adsorp-
tion. 2 s At even higher coverages, the surface appears to
consist of atoms (or protrusions) fairly randomly distri-
buted while maintaining a minimum separation between
neighboring protrusions. The average number of pro-
trusions over a sizable area is however still quite close to
the original adatom density of the (7x7) surface. The
protrusions also appear to ride on fairly random "waves"
on the surface, resulting in considerable variations in the
apparent height of these protrusions.

In conclusion, this STM study of the oxidation of the
Si(111)-(7&7)surface reveals that defect sites with the
appearance of missing adatoms act as nucleation sites for
the oxidation process. The oxidation progresses by ex-
panding the oxidized area around the defects. Large
defect-free regions and straight atomic steps commonly
found on this surface seem to be quite insensitive to oxy-
gen exposure. The oxidized surface is highly disordered.
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