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The thermal oxidation of silicon is normally considered to occur via two different routes. At higher O2
pressures and lower temperature SiOz(s) film growth occurs (“passive” oxidation), while at lower
O3 pressures and higher temperature SiO(g) is desorbed in an etching process (“active” oxidation). We
have measured the yield of SiO into the gas phase in a wide range of dry O pressures (10~ "~10~° Torr)
and Si substrate temperatures (620-870°C) in the passive as well as the active oxidation regimes. A
phase diagram for silicon oxidation in this pressure-temperature region is obtained. We have found
evidence for small but measurable yields of SiO(g) desorbing from the nascent oxide film during the
initial stages of passive oxidation, even when the oxide film continuously covers the surface. A sensitive
method for detecting volatile products based on condensation of desorbed species is described.

1. Introduction

The phase diagram in pressure-temperature (P-T)
coordinates for thermal oxidation of both Si(100) and
Si(111) in dry Oz has been investigated by many
groups.!™ It consists of two main regions, sepa-
rated from each other by a transition region in the
vicinity of a line given by the expression P(T) =
Py x exp(—AE/kT), where Py = 2 x 10*2 Torr and
AE = 3.8 eV for both Si(100) and Si(111) to within
experimental error.?

At low temperatures and high oxygen pressures
“passive” oxidation takes place, and an amorphous
silicon dioxide film grows on the substrate following
the net reaction 2Si(s) + Oz(g) — SiOz(s). This
process is crucial for applications in the semiconduc-
tor industry, and has attracted considerable atten-
tion from researchers for many years.®2° The growth
of thick (> 200 A) oxide films is usually described
by the classical Deal-Grove (DG) model.? In this
model the limiting stages for oxidation are either
(i) reaction between oxygen and silicon at the sil-
icon/oxide interface for thinner films (with an ini-
tial linear oxide thickness vs. time dependence), or
(ii) diffusion of molecular oxygen through the oxide
film to the reaction sites at the interface for thicker
films [a parabolic dependence of oxide film thickness
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(x) with time (¢) 2? ~ t]. However, the DG model
fails to account for a faster-than-predicted rate of
growth for thin films (< 200 A). Several mechanisms
have been proposed to explain this anomaly.?! They
include the “blocking layer” model,?? the “fast initial
growth” model,'? the “reactive” layer model,'317 the
“parallel oxidation” model,!*!® and other modifica-
tions of the basic DG model. No satisfactory experi-
mental confirmation of these models exists (although
some have been proven wrong), and the oxidation
mechanism for ultrathin silicon oxide films remains
incompletely understood.?3

At high substrate temperatures and low oxy-
gen pressures, the net reaction 2Si(s) + Oz(g) —
25i0(g) occurs, resulting in desorption of SiO. This
regime is referred to as “active” oxidation, and un-
der these conditions the silicon surface remains free
of oxide. The active oxidation reaction has been
studied, for example, using modulated molecular
beam reactive scattering (MMBRS).!5:1924 The for-
mation of volatile SiO can also take place as a re-
sult of high temperature SiO2/Si decomposition via
the apparent reaction Si(s) + SiOz(s) — 2SiO(g)
when the oxygen partial pressure is low. In the
presence of gaseous oxygen, the reoxidation reac-

tion 2Si0(g) [or 2SiO(surface)] + Oz(g) — 2Si0a(s)
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is also possible. Silicon oxide decomposition can be
used to help obtain a clean silicon surface.?’ The
decomposition reaction, however, can also have a
detrimental role during postoxidation annealing of
SiOq films (in nitrogen, vacuum, etc.), because it
can lead to the formation of microvoids in the ox-
ide films, which in turn results in deterioration of
their electrical properties.?6-27 Investigations of Si
oxide decomposition!®19:24-26:28-34 have covered a
range from the oxygen coverage of 0.003 ML?® to
oxide films of > 500 A thickness?® and tempera-
tures of 900-1200 K. A variety of methods have
been used for monitoring changes in the film, in-
cluding scanning tunneling microscopy (STM)31:34
and atomic force microscopy (AFM),3¢ X-ray pho-
toelectron spectroscopy (XPS),? scanning Auger
(SAM) and electron (SEM) 28-30,32
medium energy ion scattering (MEIS)?® and opti-
cal second-harmonic generation (SHG).3” Gaseous
products of oxide decomposition have been studied
using temperature-programmed desorption (TPD)
measurements.?1%:24:31 Tt was shown that film de-
composition is an inhomogeneous process occurring
via void formation, with the voids nucleating at the
SiO2/Si interface.?®32 The voids spread through
the film, eventually exposing the clean Si surface.

microscopy,

They then expand laterally as the remaining SiO2
is consumed at the Si/SiO; interface, with no de-
tectable thinning of the rest of the film. TPD studies
demonstrate a strong dependence of desorption tem-
perature on both film thickness?* and chemical treat-
ment of the Si substrate3 caused by variations in the
interface chemical bonding.

A transition regime is now thought to exist be-
tween the active and passive regions of the P—T phase

5:6:38 Oxidation in the transition regime re-

diagram.
sults in the development of a rough surface.?® Our
recent MEIS study? has shown that some oxygen
is present on the surface under these conditions in
the form of passive oxide islands; concurrently, Si
etching takes place on the oxygen-free part of the
Si surface.>%3840 The inhomogeneous etching re-
sults in significant roughening. We should note that
the transition region may have a somewhat broad
temperature range, at least at low pressures. For
example, the transition region was estimated*® to be
about 50 K wide at 1076 Torr. An additional compli-
cation is that the existence and position of the tran-
sition region are influenced by the initial conditions

(i.e. pre-existing oxide). In microelectronics technol-
ogy, the transition regime with SiO etching and SiO2
oxide film growth competing may accidentally arise
during high temperature Si annealing in “nominally”
inert ambient gases (No, Ar, etc.) with very small
partial pressures of residual O,.4!

Usually, the reactions to form SiO2(s) (passive
oxidation) and SiO(g) (active oxidation and SiOq
decomposition) are considered separately, with the
exception of the transition regime and the first mono-
layer stage of passive oxidation where these reac-
tions are competitive. This is seemingly reasonable,
given that they each occur in a different part of P-T
phase space. Nevertheless, some models of Si pas-
sive oxidation*? suggest that the gaseous SiO forms
on “special” sites (possibly defects) at the interface
in parallel with SiOy (formed in the dominant re-
action pathway), and that the SiO formed can out-
diffuse through the oxide film. In these models, the
reactions of SiOs and SiO formation are considered
as competing with each other. Recently, Takakuwa
et al.*3** further suggested that decomposition of
SiO2 near the interface occurs simultaneously with
SiOy formation and oxidation of out-diffusing SiO
(the volatile product of SiO2 decomposition), and
that this might also be an important channel for sil-
icon oxide film growth. The most straightforward
evidence for the importance of the decomposition re-
action and/or gaseous SiO species formation during
passive oxidation should be provided by a direct ob-
servation of SiO escaping into the gas phase. But
the transport of SiO into the gas phase has been
measured only during active oxidation and oxide film
decomposition in vacuum.

In this paper we present the results of measure-
ments of the rate of SiO transport into the gas
phase for the passive Si oxidation regime. Because
the rate of SiO desorption is expected to be very
low,%> we have measured the total yield of SiO into
the gas phase. For this purpose, a metal foil was
placed in front of the Si sample, such that the Si that
leaves the surface during oxidation (in the form of
Si0) was trapped on the foil. The amount of silicon
and oxygen deposited on the metal foil was directly
measured by XPS.

2. Experimental

Experiments were carried out in situ in a UHV cham-
ber with a base pressure in the 10~!! Torr range.
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The chamber was equipped with an XPS system and
a quadrupole mass spectrometer for monitoring sur-
face and gas composition, respectively. A low energy
sputter gun was used for cleaning the foil between ex-
periments. In XPS, we used the Al K, line (photon
energy 1486.6 eV). Silicon (35 mm X 7 mm) samples
were cut from Si(100) n-type (resistivity 20 Q-cm)
wafers covered by a 20 A protective oxide. The Si
slabs were clamped in molybdenum clips. In order to
avoid metal contamination of the Si surface from the
sample holder due to diffusion at high temperatures,
Si pads were inserted between the sample and the
molybdenum clips. The sample was heated by direct
current to temperatures of 600—-1100°C. An optical
infrared pyrometer and a thermocouple were used to
measure the sample temperature. Sample heating
was uniform along most of the sample and dropped
by 10-30°C in narrow regions near the clips.

The Si sample was cleaned in dehydrated ethanol
and rinsed in distilled water. After loading into
the chamber, it was degassed at temperatures of
700-780°C for ~ 24 h and flashed several times to
1000-1100°C to obtain a clean surface. Research
grade 99.998% oxygen was introduced through a leak
valve into the chamber, which was pumped contin-
uously with a turbomolecular pump. The metal foil
was mounted on a manipulator with LNy cooling. It
could be placed in front of the silicon sample during
thermal oxidation and repositioned for the XPS mea-
surements and cleaning by Ar ion sputtering. The
temperature of the foil could be varied in the range
of 100-400 K by LN cooling and heating by a fila-
ment from the back of the foil; the foil temperature
was measured with a thermocouple. The material
for the foil was chosen such that: (a) it should not
be readily oxidized by O under our experimental
conditions (pressures in the range of 10~"~10~° Torr
and foil temperature of 100-300 K), and (b) it should
not have XPS peaks which could mask the O 1s and
Si 2p or/and 2s peaks. Although Au and Pt are
obvious choices for a substance which does not re-
act in vacuum with O, Ag was chosen because of
less XPS peak overlap. The Si 2p peak is partially
masked by the low energy tail of the Ag 4s peak
(97 eV), but the Si 2s peak is well separated from
any Ag peaks. We found that the slight oxidation
of the Ag foil did not influence the amount of Si de-
posited on it. After cleaning the Ag foil by Ar™ ion

bombardment, no XPS intensity from silicon, oxygen
or carbon could be detected.

To find out the fraction of the SiO flux leaving the
Si sample that can be trapped on the Ag foil, calibra-
tion experiments were performed. We used the fact'®
that at room temperature the oxygen coverage is sat-
urated at 1.0 ML [6.8 x 10'* cm ™2 for Si(100)] for O
exposures more than approximately 700-800 L. Af-
ter a silicon sample, pre-exposed to Oy at pressure
10~ Torr for 15 min (exposure 900 L), is heated to
800-900°C, it can then be expected that about 1 ML
of Si will be transported to the gas phase in the form
of SiO species. The area of the Si 2s photoelectron
peak from Si captured by the Ag foil should corre-
spond to ~ 6.8 x 101 cm~2 of Si atoms, assuming a
sticking coefficient of ~ 1 and neglecting geometrical
factors. The Si coverage on the Ag foil was also eval-
uated independently by comparing the areas of the
Si 2s and Ag 3ds/, peaks and using known atomic
sensitivity factors*® (0.29 for Si 2s and 3.1 for Ag
3ds,2, relative to F 1s = 1) and escape lengths for
photoelectrons*” (36 A for Si 2s photoelectrons in a
SiO2 matrix). The Si coverage calculated this way
was found to be ~ 5.5 x 104 em~2. Since the results
agree to within 20%, we argue that most of the Si
leaving the Si sample can be trapped by the foil as
anticipated. For most cases, the area under the Si 2s
peak was assumed to be proportional to the amount
of SiO that escaped from the Si sample, for two rea-
sons: (a) except for oxidation in the active regime,
the amount of Si on the foil never exceeded 2-3 ML,
so the attenuation of the photoelectron yield due to
their limited inelastic mean free path is small, and
(b) the area under the Si 2s peak is proportional
to the number of subsequent deposition experiments
performed without cleaning the Ag foil, which means
that there is no noticeable dependence of the SiO
sticking coefficient on the silicon and oxygen cover-
age of the foil. Our measurements have also shown
that the presence of the metal foil does not influence
the oxidation conditions on the Si sample, except for
an additional heating of the Si sample by about 15°C
(at 700°C) because of the reflected radiation. The
fraction of desorbed Si that is trapped by the metal
foil depends only on the distance between the Si and
Ag plates. Note that the equilibrium silicon pressure
never exceeded 3 x 10710 Torr for the temperatures
used in our experiments*® (< 1.4 x 10~!2 Torr for
the temperature of 730°C, which corresponds to a
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flux of < 5 x 1077 ML/s), and so the evaporation of
pure Si can be considered negligible. This was con-
firmed experimentally by heating the clean Si sample
in front of the Ag foil in vacuum. No Si 2s signal was
observed after this procedure.

Though the method we present cannot compete
in terms of time resolution with measurements of
gaseous SiO employing a mass spectrometer (MS) in
MMBRS!? (better than 0.1 ms) or laser-induced flu-
orescence (LIF) techniques®® (~ 0.1 s), we believe
that under certain circumstances our method can
be very useful because it allows one to accurately
measure the integrated amount of gaseous decompo-
sition products and the mean rate of SiO transport
into the gas phase for low rates of SiOs decompo-
sition (and/or direct SiO desorption). Furthermore,
our method can be applied to measurements dur-
ing passive oxidation where any direct observation
of SiO desorption (from SiOy decomposition) during
film growth would be notable, as it has so far never
been observed. At very low SiO desorption rates,
the monitoring of gas phase species fails due to a
lack of sensitivity. Integration methods can also be
used with the LIF or MS techniques; however, it is
not clear that the signal/noise improvement will be
sufficient. In our arrangement, noise appears only as
noise in the integrated XPS spectra. The sensitivity
can be increased further by using longer data accu-
mulation times or by repeating the same oxidation
procedure several times and cleaning the Si surface
between cycles.

To estimate the sensitivity of our method, one
should note that about 0.1 ML Si coverage on Ag
can be detected by XPS. This means that for an
oxidation experiment which lasts, for example, for
5 h, a sensitivity of about 5 x 107% ML/s for the
mean SiO desorption rate can be achieved (we are
clearly measuring an integrated, not instantaneous,
rate). This is 1-2 orders of magnitude higher than
for LIF, which is reported®® to be 1074-107% ML/s.
Moreover, unlike LIF and MS, methods such as ours
based on trapping of the desorption product can be
expanded to higher oxygen pressures such as those
that occur under realistic device processing condi-
tions, although additional calibration would proba-
bly be needed to account for viscous gas flow between
the Si and Ag plates (i.e. when the molecular mean
free path becomes much shorter than the distance
between the plates). Finally, we note that tempera-

ture uniformity and geometrical issues must be care-
fully addressed in all methods.

3. Results and Discussion

We measured the amount of SiO leaving the Si sam-
ple in both the passive and active oxidation regimes.
The experiments were performed at Os pressures of
10~7-10~° Torr over a range of temperatures 620
870°C for oxidation times of 2-20 min. A typical
set of spectra taken in the Si 2s peak region (for
Si0,/Ag) after the first 10 min of oxidation at a
fixed pressure and different temperatures is shown in
Fig. 1. The main concern in our measurements was
peak intensities, and we note that the shifts in the
binding energies clearly seen in these spectra may
be due to state changes with increasing coverage.
The dependence of the integrated area under the Si
2s peak (which is proportional to the total SiO yield)
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Fig. 1. Si 2s spectra for silicon deposited on Ag during
the first 10 min of oxidation at pressure of 10~7 Torr and
different temperatures: (1) 620°C (3 cycles), (2) 660°C
(3 cycles), (3) 700°C, (4) 715°C, (5) 720°C, (6) 728°C.
Inset: temperature dependence of the area under the Si
2s peak for a pressure of 10~7 Torr.
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Fig. 2. The phase diagram for Si oxidation (solid line).
The arrows show the temperature range covered in our
experiments for each pressure. Dashed line: extrapola-
tion of the experimental boundary curve of Smith and
Ghidini3 (originally obtained for pressures in the range
between 5 x 107° and 5 x 1072 Torr). The inset shows
the Si coverage on the Ag foil (proportional to the yield
of SiO) as a function of the Si sample temperature for
pressures of 1077, 107% and 10~° Torr.

on Si substrate temperature is presented in the inset
in Fig. 1. Because of the low SiO yield during the
initial stages of passive oxidation at lower tempera-
tures, data were accumulated during multiple runs
of the experiment performed under identical condi-
tions. At some temperature a steplike increase in
the amount of SiO yield occurs. This temperature
is thought to be the temperature of the transition
from passive to active oxidation at the specified pres-
sure. After oxidation at only several degrees above
the transition temperature, a relatively sharp spot of
SiO, deposited on the Ag plate could be observed by
the naked eye. The data obtained from the analogous
measurements for different pressures (inset, Fig. 2)
have been used to plot the phase diagram for sili-
con oxidation (Fig. 2). The phase diagram agrees
well with an extrapolation of the phase diagram mea-

sured by Smith and Ghidini® at higher pressures and
temperatures. Actually the processes of oxide film
growth and etching are kinetically limited. When
oxidation starts on a clean Si surface, SiO etching
can occur at a measurable rate for T > 600°C during
the initial stages of the process.?* We observed some
SiO desorption during the initial stages of oxidation
as low as 100°C below the transition temperature. If
the oxygen uptake (pressure) is large enough, the nu-
cleation of oxide islands and eventually the growth
of an oxide film occur. In other words, the phase
diagram should depend on time (or initial surface
coverage), as noted before. For oxidation in the pas-
sive regime, no detectable change in the integrated
Si 2s peak intensity was observed after the initial
10 min of oxidation, which means that SiO desorp-
tion from the Si sample during passive oxidation oc-
curs mainly during the initial stages of oxidation, in
agreement with previous studies.'® This fact allows
us to conclude that SiO formation and transport into
the gas phase does not play a significant role in oxide
film growth.*?> However, we have carried out special
measurements (described below) to determine if SiO
transport into the gas phase takes place after the
surface is completely covered by a continuous SiOs
layer.

The most interesting region in the phase diagram
in this study is the vicinity of the boundary on the
low temperature — high pressure (passive oxidation)
side. Here we want to find if (and how much) SiO
generation and transport into the gas phase results,
especially after the formation of a thin SiOy layer is
complete and no clean Si surface remains exposed. A
working hypothesis is that since (i) Os is not directly
involved in the SiOy decomposition reaction (Si +
Si0g — 2Si0), and (ii) the reaction is observed un-
der ultrahigh vacuum thermal annealing conditions,
some SiO desorption should also take place during
the growth of the oxide film. On the other hand,
only the final fast stage of oxide film decomposition
(conditions which are not relevant for “true” pas-
sive oxidation) has been studied in most previous
experiments.

There exists little direct information about the
rate of oxide decomposition and transport of SiO into
the gas phase during the initial stage of vacuum de-
composition before void formation; the reaction rates
are too slow to be measured by conventional tech-
niques. It is, however, important to know these rates
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in order to compare them with the oxide growth rate
and to better understand the possible role and ex-
tent of decomposition during film growth. Some in-
sight into this problem can probably be provided by a
study of the transition from the etching to the oxide
growth regimes both in P-T space and in time, be-
cause the gaseous product of SiOs decomposition in
the passive mode can most easily be observed in the
vicinity of the transition point. Walkup and Raider®®
measured the desorption of SiO molecules in the
gas phase at a fixed temperature in the range of
800-1200°C as a function of the Oy flow rate. They
observed a drop of SiO production upon transition
through a critical flow rate to a level below their
sensitivity limit (~ 3 x 1075 ML/s) within a few
seconds. Engstrom et al.?*
of the transition from active to passive oxidation by

examined the kinetics

simultaneously monitoring the oxygen adsorbed on
silicon by XPS and the gaseous SiO production us-
ing a mass spectrometer. Their results demonstrate
a linear decrease in the SiO desorption rate with oxy-
gen coverage for low coverage, which implies that the
desorption rate is proportional to the Si surface area
free of oxygen. The desorption reaction is strongly
suppressed when the amount of adsorbed oxygen ex-
ceeds a critical value (2-4 ML, depending on tem-
perature). The analysis of SiO wave forms in the
MMBRS experiments'® suggests that the rate con-
stant for SiO desorption does not change with oxy-
gen coverage, although the desorption rate decreases.
These results are consistent with an inhomogeneous
growth of the oxide film via oxide island nucleation
and lateral growth with a competition between oxide
growth and etching. The detectable SiO desorption
in this regime occurs only on the clean Si surface and
drops when the area covered by the oxide increases.

In Fig. 3 we present XPS spectra for Si that
desorbs (via SiO) from the Si sample and be-
comes trapped on the Ag plate during: (a) ox-
ide film thermal decomposition in vacuum, P =
5 x 10719 Torr, T = 730°C, (b) decomposition un-
der oxygen-deficient conditions, P = 2 x 10~7 Torr,
T = 730°C, and (c) Si oxidation in the passive oxida-
tion regime, P = 10~¢ Torr, T = 730°C. The oxida-
tion conditions for (b) and (c) in the P-T space are
shown as crosses in Fig. 2. Note that the conditions
in (b) correspond to the boundary region between
the passive and active oxidation regions. To mea-
sure the yields of SiO desorbing from the Si sample
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Fig. 3. XPS spectra for Si deposited on the Ag foil at
730°C under conditions of: (a) residual gas pressure of
5 x 107° Torr, deposition time (1) 15 min, (2) 20 min,
(3) 25 min, (4) 30 min, (5) 60 min; (b) O2 pressure of
2x 1077 Torr, deposition time (1) 1 h, (2) 2h, (3) 3 h; and
(c) Oz pressure of 10™° Torr, deposition time (1) 30 min,
(2) 3 h, (3) 4 h. Both the raw data and a smoothed curve
obtained by a fast Fourier transform filter are shown.
The P-T conditions for (b) and (c) are shown in Fig. 2
as crosses.

entirely covered by the thin oxide film, we positioned
the Ag foil in front of the Si sample after its oxida-
tion at 715°C and 10~% Torr for 20 min. Accord-
ing to the literature,*® the thickness of the film is
about ~ 7 A under these oxidation conditions. The
continuity of the oxide film is confirmed by its sub-
sequent vacuum decomposition at 730°C [Fig. 3(a)].
No SiO yield into the gas phase was detected during
the first 20 min after cutting off the oxygen sup-
ply. We found that the oxide decomposes entirely
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during the following 10 min. This result confirms
that decomposition occurs through void formation
and growth, and a latent annealing time prior to
rapid decomposition is needed for the nucleation and
growth of voids to a size and a number sufficient
to be measured.26:28730:32 The total amount of Si
deposited on the Ag foil during vacuum annealing
corresponds to 1.5-2 ML oxygen coverage on the Si
sample prior to decomposition. For passive oxida-
tion [Fig. 3(c)] there is no visible Si signal after the
first 30 min of SiO accumulation on the foil (first
50 min of oxidation), but after 3-4 h of oxidation
a small Si 2s peak clearly appears. The mean des-
orption rate determined as the total amount of Si
trapped on the foil divided by the time of its accu-
mulation is estimated to be about 1-3 x1075 ML/s
from the integrated Si 2s peak intensity. The reduc-
tion of the oxygen pressure to P = 2 x 10~7 Torr
at the same temperature [Fig. 3(b)] does not signif-
icantly increase the rate of SiO desorption. Though
the peak signal to noise ratio is too small for one to
make any conclusion about the kinetics of desorp-
tion, it seems that an accelerated desorption rate,
typical for void formation and growth, is not ob-
served. This is consistent with a very strong sup-
pression of void formation even with very low par-
tial pressures of oxygen.2® This means that in the
process of passive oxidation at higher pressures, at
least at moderate or lower temperatures, a low frac-
tion of oxygen incident on the film could be suffi-
cient to suppress void formation and significant ox-
ide desorption. But Fig. 3(c) shows quite clearly
that a small yield of SiO into the gaseous phase can
still take place even during passive oxidation. It is
unclear at present if SiO originates heterogeneously
(on defects) or homogeneously at the interface, and
what reaction (SiO2 decomposition or Si oxidation)
results in the SiO formation. The results obtained
from earlier studies of SiO2 decomposition through
void formation26:28-39:32 (highly inhomogeneous lat-
eral distribution of voids, the presence of only a few
void sizes, void density increasing after intentional
introduction of metal impurities, etc.) demonstrate
that void nucleation occurs predominantly on defect
sites which already exist prior to annealing. These
can also be centers for decomposition during growth
of the oxide film. Positron decay studies?3:32
evidence for the presence of microvoids in thermal
oxides, providing a further argument for the plau-

show

sibility of SiO formation at the SiO2/Si interface
during the oxide film growth at high temperatures.
These could be stable (at high temperatures) gaseous
species trapped in voids in the film.

4. Summary

We have measured the total yield and mean rate of
SiO desorption that occurs during both passive and
active oxidation, and vacuum annealing of very thin
oxide films (< 7 A). The total amount of Si des-
orbed during oxidation or annealing, and accumu-
lated with high efficiency on a Ag plate placed in
front of the Si sample, was measured using XPS. The
results obtained give direct evidence that SiO forma-
tion and out-diffusion into the gas phase can occur
during passive oxidation (we observed it at tempera-
tures of ~ 700°C and under pressure of ~ 10~¢ Torr
for a ~ 7-A-thick oxide film), though the rate of SiO
desorption is estimated to be very low under these
conditions, i.e. ~ 1075 ML/s. The thermal SiO5 film
decomposition can be quenched by very low partial
pressures of Os in the gas phase. We also plotted
the P-T phase diagram for silicon oxidation from
our measurements in the pressure and temperature
ranges of 1077-107° Torr and 620-870°C, respec-
tively. It was shown that an observable quantity
of SiO desorbs into the gas phase during the initial
stages of passive oxidation at ~ 100°C lower than
the transition temperature.
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