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Mechanism of submonolayer oxide formation on silicon surfaces upon thermal oxidation
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We present the results of an experimental and theoretical investigation of the initial oxidation of
Si(100). Oxidation kinetics were measured in real time by x-ray-photoelectron spectroscopy. In the

pressure and temperature regime studied, we observed the following kinetic phenomena: a decrease of
the initial oxidation rate with increasing temperature, kinetic curves (i.e., coverage vs time) showing sat-

uration with the saturation value increase for the higher temperatures, and a transition from "passive"

to "active" oxidation. To account for the experimental results a phenomenological first-order phase-

transition theory was used. On comparing the experimental and theoretical results, we suggested a phys-

ical mechanism for submonolayer silicon oxide formation.

I. INTRODUCTION

The interaction of oxygen with the silicon surface is of
great interest from both a fundamental viewpoint and
numerous technological applications. ' However,
despite many publications on the initial oxidation, ~ " a
reasonable physical mechanism of submonolayer oxide
formation has yet to be proposed. The main aim of this
paper is to elucidate the mechanism of high-temperature
initial silicon oxidation.

Following a brief discussion of the experimental setup
and coverage calibration procedures (Sec. II) we review
our main experimental results on the kinetics of sub-
monolayer oxide growth (Sec. III). Conventionally, oxi-
dation kinetics are measured in a point-by-point
manner ' (heating, exposing, pumping, cooling, then
measuring). Unfortunately, both surface oxygen concen-
tration and oxygen (silicon) atom states may change dur-
ing this process; it is quite possible that the system
changes between the elevated and ambient tempera-
ture. ' That is why in the present work we use a real-
time method' ' for silicon oxidation. The basic kinetic
properties (such as coverage saturation and the decrease
in oxidation rate with increasing temperature) appear
(Sec. III) to agree qualitatively with the results obtained
using point-by-point methods. Our method, however, re-
veals new features. In particular, the characteristic oxide
formation time at T & 1000 K was found to be compara-
ble to the mean lifetime of oxygen atoms on the surface.
%'e also observed a change in photoelectron spectra at
these temperatures that could be caused by oxygen atom
dil'usion into the silicon crystal.

In our recent x-ray photoelectron (XPS) study' of
Si"+-state' accumulation during high-temperature ini-
tial silicon oxidation, it was demonstrated that submono-
1aycr silicon oxide is formed by a first-order phase-
transition process. Such an interpretation is supported
(Sec. IVA) by the following experiment facts: the ex-
istence of critical oxygen exposure e„'critical coverage8„'and a critical oxygen pressure p„' formation
of oxide islands ' ' ""' distinct from an adsorbed

phase; and coexistence of the adsorbed phase and oxide
phase during surface oxide growth. 'o'~' '2 Therefore,
we have presented a phenomenological theory of first-
order phase transitions ' (Sec. IV B) in order to explain
the experimental results. We studied the general case of
oxide island growth. Then we considered several limiting
cases that depend on (i) the relationship between the oxy-
gen delivery time and the phase transformation time, and
(ii) a mechanism of oxygen delivery to the island (by
direct impingement or surface diffusion). Finally, among
all possible cases we found the one responsible for silicon
oxide growth. The theory has an advantage when com-
pared to known models of the nucleation and new phase
island growth 9 (e.g., the models suggested in Refs. 30
and 31), since it takes into consideration island growth in
nonequilibrium conditions when a new phase grows dur-
ing oxygen adsorption from the gas phase, i.e., the con-
centration of adatoms on the surface is nonconservative,
the finite time of the phase transformation, and oxide is-
land interactions. It was these circumstances that al-
lowed us (Sec. IV C) to describe the experimental results.

By comparing the experimental and theoretical results,
we suggest (Sec. IVC) a physical mechanism of silicon
oxide growth. According to the proposed mechanism,
the high-temperature growth of surface oxide islands is
due to oxygen delivery via surface diffusion of adsorbed
oxygen. There is a potential barrier for oxygen adatoms
to incorporate into the island at the island perimeter.
This incorporation process is the limiting step of initial
silicon oxidation. The mechanism is shown to describe
the experimental data (both ours and those published pre-
viously) on the kinetics of surface oxidation, i.e., the
dependence of oxide coverage upon oxidation time, tem-
perature and pressure, existence of the critical pressure,
and transition from so-called active oxidation to passive
oxidation. %e also explain the recently observed devia-
tion in the coverage vs exposure e (e=pt) dependence
from the conventional behavior, i.e., when oxide cover-
age does not depend simply on exposure, but is deter-
mined by pressure and time separate1y. Such an explana-
tion is impossible within the framework of the known
models
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II. EXPERIMENT Isi T(Esi )Csi&siksi cosP

A. Experimental setup

The experiments were carried out in the XSAM-800
(Kratos) system. A Mg Ea source was used for XPS; the
energy resolution and accuracy were 0.9 and 0.1 eV, re-
spectively. The binding energy (Eb, ) was calibrated with
respect to the G 1s line (Eb, =284.6 eV). The cleaning of
the silicon surface [p-type Si(100)] included chemical
etching just before sample loading into the analyzer
chamber followed by cycling of ion (Ar+, 3.5 keV) bom-
bardment and UHV annealing (10 Torr, 1100 K). Such
a treatment results in an atomically clean surface within
the sensitivity of the XPS and Auger electron spectrosco-
py. In order to provide measurements at temperatures
up to 1200 K we designed a custom heater. In this con-
struction, the sample was heated by flowing a current
through a thin U-shaped gold resistor deposited on a
ceramic substrate. The Si sample was fastened to the
ceramic substrate. It should be noted that the use of XPS
and our custom heater allowed us to avoid problems of
oxidation stimulated by the electron beam 3 or by excited
oxygen.

The experiments on the initial oxidation kinetics were
carried out in the following sequence: (1) surface clean-
ing, as described above; (2} sample heating to a certain
temperature (800—1200 K); (3) recording of 0 ls XPS in-
tensity (Io) vs time (t) in real time simultaneously with
oxygen admission into the analyzer chamber (oxygen
pressure of 10 Torr) (we recorded the intensity Io at
the 0 1s line maximum in the low-resolution mode; this
permits a determination of the net concentration of sur-
face oxygen); (4) after oxidation for 10 min [or exposure
of 600 L (1 L=10 Torrs)], oxygen admission was
stopped. At the end of the Io(t) curve measurement, de-
tailed 0 1s and Si 2p spectra in high-resolution mode
were examined to identify the "final" states of oxygen
and silicon. Details of the real-time experiments have
been published elsewhere. ' '

B. Oxygen-coverage calibration

8=(1—Is, /Is; )/p . (3)

The unknown coefBcient p can be determined as follows.
On dividing the intensity of Is; (1) by the corresponding
submonolayer oxygen intensity of Io = T(Eo )o'ono
(Oo —Ols core-level photoionization cross section) and
taking into account (2},we find that

T(Esi )trsiCsi~si cosP
Is/Io Is /Io K K P Eo rron,

(4)

The parameter of ~ was determined by a simultaneous
recording of the oxygen (Io ) and silicon (Is; ) intensities
during oxygen exposure at T=1130K. Based on this re-
sult, we plotted the dependence of Is; /Io versus Io

'

(Fig. 1). As can be seen in Fig. 1, the experimental points
belong to a straight line. The slope fits well with the
known value of Is;. Such behavior takes place in accor-
dance with Eq. (4), proving the reliability of the calibra-
tion method. The value of ~=0.44 was determined from
the intersection of the line with the y axis (Fig. 1). Using
this value of K, we calculate the coefficient IM from (4).
For this, we have used the following values:
oo=2. 85o'c is rrsi 0 573rrc is (Mg +iz Source iTc is ts
the cross section of the 1s core level of carbon), 3

&s;=13 A, Cs;=4.99X10 cm, n, =6.8X10' cm
[for Si(100)], cosp=1, and T(Ek)-Ek (in the FRR re-
gime). Substitution of these values into Eq. (4) gives rise
to p=0. 14. Finally, this value of p is used to determine
the coverage of 8 on the basis of the intensity of Is; [ac-
cording to Eq. (3)] or corresponding oxygen intensity Io
(see, for example, Fig. 3). Using @=0.14 and A,,„=21

T(Es; ) is the transmission function of the spectrometer,
Es; is the kinetic energy of the Si 2p photoelectrons, ks; is
the photoelectron escape depth in silicon, Cs; is the sil-
icon volume concentration, mrs; is the Si 2p photoioniza-
tion cross section, and p is the angle between the sample
normal and the analyzer. By measuring the intensities of
Is; and Is;, coverage can be easily calculated as

To connect the oxygen (Io ) and silicon (Is; ) signals
with surface oxygen concentration (or coverage), we used
the following method. The method is based on the Si 2p
intensity attenuation during oxygen interaction with the
surface. For submonolayer coverages, the e6'ective thick-
ness of the oxygen layer is substantially less than Si 2p
photoelectron escape depth in oxide, A, „and one can
consider that the intensity of Is; decreases linearly with
0.

Is;/Io

Is; =Is;(1—p8) .

Here, 8=n o /n, is the coverage, no is the surface oxygen
concentration, n, is the density of surface silicon, p is a
coefBcient that reflects substrate signal attenuation by the
oxide layer (p=d /A, ,„,where d is the thickness of the
oxide monolayer), and Is; is the Si 2p photoelectron in-
tensity corresponding to the clean surface:

I (arb. units)

FIG. 1. The dependence of the ratio of si1icon (Is; ) and oxy-
gen (Io) intensities upon inverse oxygen intensity.
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A, we obtain a realistic value of the monolayer oxide
thickness of d =3 A.

It should be mentioned that this calibration method
permits us to determine oxygen coverage immediately at
the experiment and without reference samples or addi-
tional methods for surface analysis. We have used this
method previously to calculate coverages during oxygen-
on-nickel experiments. The results were found to agree
with a calibration obtained by nuclear-reaction analysis,
an "absolute" coverage method.

III. RESULTS

Si2p Ois

i05 i00
Binding energy [eV]

95 540 535 530
Binding energy [eV]

PIG. 2. Si 2p normalized (left) and 0 1s (right) photoelectron
spectra. (a) Clean surface; (b) exposed at room temperature,
a=600 L, 1 L=10 Torrs, (8=0.4); (c) exposed at T=1020
K, a=600 L (8=1.3); (c) and (d) followed by UHV annealing
for 10 min at T = 1020 K; (e) exposed at 1090 K, e=~00 L.

In order to determine the oxygen and silicon states
during the initial oxidation, high-resolution spectra of the
Si 2p and 0 1s lines were examined. It was found that
there were four states of silicon atoms near the surface.
Comparison between the Si 2p spectra corresponding to
the clean surface [Fig. 2(a)] and exposed surface [Fig.
2(c)] shows that the latter exhibits a shoulder at higher
binding energies relative to the substrate Si 2p peak (99
eV). This shoulder is due to ' ' ' silicon atoms in
different oxidation states: Si'+, Si +, Si +, and Si +. The
decomposition of the Si 2p spectrum into the components
was shown, for instance, in Fig. 1 of Ref. 12 (see also Ref.
11}.

Now we discuss the 0 1s spectra that we use to record
the oxidation kinetics. Hollinger et al. observed two
oxygen states. The main peak at 532.3+0.3 eV was sug-
gested to correspond to an oxidelike bridging oxygen, and
the additional peak at 533.8 eV to the atomic nonbridg-
ing oxygen. Morgen et al. also observed a shoulder
which was located from 0.5 to 3.5 eV higher in energy
relative to the main peak at 532.1 eV. However, they in-
terpreted this feature as a satellite structure of the 0 1s
spectrum. Such an interpretation was subsequently criti-
cized in Ref. 41, where it was proved that the high-
energy component was actually due to atomic nonbridg-

ing oxygen. Two oxygen species, bridging and non-
bridging, on silicon surfaces were observed recently by
scanning tunneling microscopy (STM).

We also observed the shoulder along with the main
peak at 531.7 eV at T=300 K [Fig. 2(b)]. A least-
squares decomposition of the 0 1s spectrum into two
Gaussian components shows that the shoulder consists of
a peak at 533.5 eV with an intensity approximately four
times less than the main peak. According to the interpre-
tation of Hollinger et al. , these two peaks at 531.7 and
533.5 eV most likely correspond to an oxidelike bridging
oxygen and an atomic nonbridging oxygen species, re-
spectively. The Si 2p spectrum [Fig. 2(b)] corresponding
to these room-temperature exposures is similar to the
spectrum of the clean surface with very small intensities
of Si'+ and Si + states. In other words, the "true" oxide
state (i.e., Si +) does not appear at T =300 K and rela-
tively low exposures. At elevated temperatures, the 0 1s
spectrum represents almost symmetric peaks at 531.8 eV
with a small wing on the high-binding-energy side of the
peak [Fig. 2(c}]. Simultaneously, Si + and Si + states ap-
pear in the Si 2p spectrum [Fig. 2(c)]. These results are
consistent with the data published previously.
However, the maximum temperature achieved in the ear-
lier experiments was only -775 K, where no oxygen
leaving the surface could be detected.

A quite different situation occurs at temperatures
greater than 1000 K. Clean silicon was exposed to oxy-
gen (@=600L) at T =1020 K [Fig. 2(c)] and annealed for
10 min at the same temperature [Fig. 2(d)]. It is clearly
seen from the Si 2p spectrum [Fig. 2(d}] that the shoulder
disappears and the intensity of the main peak at 99 eV in-
creases. The annealing transformed the 0 ls spectrum as
well: (i) peak intensity decreased by a factor of 4.7 and
(ii} the position of the line maximum was shifted by 0.4
eV to Eb, =532.4 eV, which reflected the appearance of a
new oxygen state. Moreover, this state could not be con-
nected with the oxide states due to lack of the shoulder in
the Si 2p spectrum. It is important to note that the posi-
tion of this peak difFers from the peak position of the
bridging (531.8 eV) and nonbridging (533.5 eV) oxygen.
This fact may be connected with the puckered, bond-
centered interstitial position of oxygen atoms that have
diffused into silicon. The electronic state of oxygen
in Si-0-Si bridge sites and in interstitial sites seems to be
different as noted by the shifted 0 1s core-level energies.
Therefore, we assume that the 0 1s peak with Eb, =532.4
eV [Fig. 2(d)] corresponds to the oxygen atoms that have
diffused into the subsurface region. The known high
value of the oxygen-in-silicon diffusion activation energy
[2.53 eV (Refs. 43 —45}]can explain why Hollinger et al.
did not observe the diffusion of oxygen into the subsur-
face region at moderate ( (775 K}temperatures.

The kinetics of oxygen uptake during the initial oxida-
tion is depicted in Fig. 3. The following features should
be noted. First, the kinetic curves (1—3) tend to a satura-
tion at t & 200'. Additional exposure leads to the satura-
tion of curve 4 as well. Second, the value of coverage at
the saturation increases with increasing temperature.
Third, the rate of oxidation K (=d 8/dt) decreases anom-
alously with increasing temperature with an effective "ac-
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Second, this result clearly shows the advantage of a real-
time method for kinetic measurements, especially at high
temperatures. There are two possible channels for oxy-
gen to leave the surface: diffusion into the bulk and/or
desorption in the form of SiO. ' Mass-spectrometry
analysis has shown that oxygen itself is not desorbed up
to 1400 K. Unfortunately, we could not distinguish be-
tween these channels on the basis of the results obtained
in the experiment. We can say only that the appearance
of an additional 0 ls peak with Eb, = 532.4 eV [Fig. 2(d)]
implies that diffusion into the bulk could occur. As for
the desorption channel, SiO is known to desorb in the
temperature range (975—1400 K}examined in our work.

FIG. 3. Oxygen coverage vs exposure time at T =970 K (1),
1050 K (2), 1110K (3), 1150K (4), 1190K (5). Solid line, exper-
iment; dashed line, least-squares fitting by using formula (7).
The corresponding theoretical parameters are C& = 1.05,
Cz=3.8X10 sec ' (970 K); C&=1.3, C2=2.3X10 sec
(1050 K); C, = 1 ~ 4, C = 1.1 X 10 sec ' (1110K).

tivation" energy of E, = —2.3 eV. Unlike curves 1 —4,
curve 5 exhibits not only an extremely low rate of oxygen
uptake, but also the absence of a Si + state [Fig. 2(e)]
after exposition for 10 min (@=600 L) according to a
deconvolution of the Si 2p photoelectron spectrum. As to
the 0 Is spectrum [Fig. 2(c)] recorded after oxidation for
10 min for curves 1-3, the deconvolution shows that the
main state is the oxidelike bridging oxygen, whereas the
contributions of the other two states at this temperature
do not exceed 10%%uo. This means that although the kinetic
curves 8(t) formally reflect the accumulation of all forms
of oxygen, the actual concentration of the atomic non-

bridging oxygen and subsurface oxygen is negligible.
As mentioned above, a decrease of surface oxygen con-

centration takes place during UHV annealing. We now
discuss this process in more detail. Annealing for 10 min

yields a 90%%uo decrease in surface oxygen concentration
(Fig. 4}. Hence, the characteristic time for oxygen to
leave the surface at elevated temperatures appears to be
comparable to the time of oxide formation (cf. Fig. 3).
This fact implies that in any theoretical model of the ini-

tial oxidation of silicon, it is necessary to consider the
process of oxygen disappearance from the surface.

0.8

0.6

04

0.2

200 400 t (sec)

FIG. 4. Kinetics of oxygen coverage during UHV annealing

at T =1020 K. The sample was exposed to oxygen for 10 min

before annealing.

IV. DISCUSSION

A. Formation of a submonolayer oxide on the silicon
surface as a Srst-order phase transition

Based on the result of recent experi-
ments, ' ' ""' one may conclude that the oxide
phase on the silicon surface at 0 & 1 grows in the form of
islands. In particular, Tabe et al. found using soft XPS
that some silicon atoms were oxidized faster than others
(i.e., had more oxygen atoms bonded to them} during the
initial oxidation of Si(111}7X7 at high temperatures, so
that the distribution of oxygen atoms on the surface was

highly nonuniform. Taking into account this observation
and the results of an 0 1s spectrum analysis, they sug-

gested that nonuniform oxidation with microscopic phase
separation of SiOz and Si regions occurred during the ini-

tial stages of oxygen interaction with the Si(111)surface.
At T) 875 K, valence spectra during initial oxidation of
Si(100) (Ref. 8} showed a peak corresponding to the sur-

face states at 0& 1. Thus, the authors of this work con-
cluded that initially oxidized surfaces at high tempera-
tures (T & 875 K} and low pressures could be understood
as a juxtaposition of Si02-like regions and bare silicon
areas. Himpsel et al." investigated the structure of the
Si/Si02 interface by high-resolution photoelectron spec-

0

troscopy. For very thin oxide films (8 A or less) the in-

tensity of Si'+, Si +, Si + states was found to decrease
relative to the bulk line although their distribution
remained unchanged. They postulated that these films

were not continuous (i.e., islandlike), giving rise to extra
emission from clean silicon through pinholes. The results
of an investigation of silicon oxidation at T=975 K by
molecular-beam techniques showed the presence of bare
silicon areas even at relatively high coverages (8~1).
Si02 island growth mode may also be related to the mi-

0

crocrystalline growth (with 100—200-A lateral size) in the
initial regime observed by high-resolution transmission
electron microscopy ' for oxide films grown on Si(100) at
T =1080 K. Clustering on silicon surfaces during initial
oxidation was observed directly by STM. ' '

It is worthwhile to note that surface oxide formation
exhibits a threshold character, i.e., the oxide starts to
grow only after approaching a critical value of exposure'
or oxygen concentration. ' One may conclude from an
analysis of the results of Hollinger and Himpsel' that the
critical oxygen coverage is I9, =0.2. Related to the criti-
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cal exposure and critical coverage, a temperature-
dependent critical oxygen pressure (p, } was observed in

Refs. 16 and 17. At p &p„anoxide phase forms (passive
oxidation}, whereas at p &p, surface etching (active oxi-
dation) occurs because of volatile SiO. ' ' " One
more input needed to help in the interpretation of surface
oxide formation as a first-order phase transition is the
coexistence of absorbed and oxide phases during the ini-

tial stages of silicon' ' ' ' ' oxidation.
Summing up the results (Table I), it should be em-

phasized that the formation and growth of the oxide is-

lands, the threshold character of the oxide formation (i.e.,
the existence of a critical coverage, critical exposure, and
critical pressure), the coexistence of adsorbed and oxide
phases, strongly supports the validity of the interpreta-
tion of oxide formation as a first-order phase transition.

TABLE I. Initial silicon oxidation as a first-order phase tran-
sition [1 represents island (cluster) formation, nonuniform oxi-
dation with phase separation; 2 represents observation of criti-
cal pressure, exposure, or coverage; 3 represents coexistence of
adsorbed and oxidelike phases during oxidation].

Reference

16
10
5
26
7
15
11
S

22
12
19,20

23
24
25

Techniques

Electron microscopy
SXPS
SXPS
SXPS
XPS, molecular-beam scattering
STM'
SXPS
XPS, UPS, ARXPS'
STM/STS'
XPS
XPS, ISS, molecular-beam
scattering
STM'
STM'
STM'

Results
1 2 3

+ +
+ +
+
+
+ +

+ +
+ +

'All STM images were taken at room temperature.
Ultraviolet-photoemission spectroscopy.

'Angle-resolved x-ray-photoemission spectroscopy.
Ion-scattering spectroscopy.

B. The kinetics of oxide phase formation on solid surfaces
within the framework of a phenomenological theory

of first-order phase transitions

Starting from the argument that submonolayer oxide
formation occurs as a first-order phase transition, we re-
cently ' proposed a general approach to describe sur-
face oxide growth. We report here only the main ideas of
this phenomenological theory of oxide island growth at
8 & 1 and present the equation for oxide coverage,
8,„(p,t, T), which will be employed below (Sec. IV C) to
account for the initial silicon oxidation.

Growth of two-dimensional oxide islands occurs in
two stages. ' The first is associated with oxygen
delivery to the growing island by means of surface
diffusion or/and direct impingement of 02 from the gas

R =P[(Q+D)(1/R, —1/R )],
where D =Q~c/(D—/L)[K&(R /L)/Ku(R /L)];

Q~c/(D /L—)(1/L);

P=v [v+(D/L)(1/L)+(D/L)[Ki(R/L)/Ko(R/L)]]

R, =p, /(c —c/) .

Here, Qo, 0, is the area of oxygen atom in oxide and ad-
sorbate, respectively, L —(D /a )

'~ is the diffusion
length, c=QS/(a+QSQ, ) is the oxygen concentration
far from the island, K;(x) is the modified Bessel functions
of ith order, and R, is the critical radius.

In order to provide oxide growth, it is necessary that
the concentration of c be greater than the critical value of

dire

imp

incorporation
1

oxide island

l
:i~;-:~~zg&ig;;y&g/g&&i&&&&y/«/xiii + ~

R „sJ
substrate

02(gas phase)

sorption

rption

------diffusion

into bulk

FIG. 5. Model of oxide island growth on the silicon surface.

phase (Fig. 5). The phase transformation itself takes
place at the second stage. At this stage, oxygen near the
island perimeter is captured into the new (oxide) phase.
Simultaneously, surface atoms of the substrate are incor-
porated into the growing oxide lattice. We have not con-
sidered direct oxygen adsorption onto the oxide surface
as contributing to the normal growth of the islands be-
cause the sticking coefficient S of oxygen on the oxide
surface is usually substantially less than its value on the
clean surface (by a factor of 10 for silicon4s). The oxy-
gen fluxes to the islands are composed of two terms: (i)
The surface diffusion flux j, =DVc =D(dc/Br) at
r=R —here, R is the island radius and e(r)
is a quasi-steady-state solution of the equation
c=Dbc+QS(1 —Q, c)—ac with the boundary condi-
tions c(r =R}=c' and c(r »R ) & 00, D is the surface
oxygen diffusivity, Q =p [2mmT] ' is the oxygen flow
from the gas phase, and a is the frequency of oxygen es-

cape from the surface by desorption or/and diffusion into
the bulk; and (ii) jz=[QS(1—Q, c')—ac']I is the direct
impingement flux, and I is the distance from the oxide
perimeter where direct capture of oxygen atoms happens.
The flux of oxygen incorporation into the island is

j3 =v(c' —cx ), where cx =c/(1+P/R ) is the equilibrium
concentration at r =R when the rate of adatom incor-
poration into the island, v, is very high, i.e., U ~ 00, c& is
the equilibrium concentration of oxygen adatoms in the
case of flat (R ~~ ) interface between oxide and ad-
sorbed phase, p=oQ, /T where n is the "surface" ten-
sion coefficient. If we determine c' from j&+j2 =j3, then
we obtain ' the following expression for the rate of
growth [R =Qo(j,+jz ) ] of isolated oxide islands:
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cf. By equating c and cf, one may deduce the critical
pressure:

ac (2mmT}'~ aH, (2nmT)'~f
S(1—Q, c/} SQ, (1—8, )

(6)

If the oxygen pressure is less than p„then the oxygen
concentration will not exceed the critical value of c/ (or
critical coverage of 8, =c/Q, }, and as a result, an oxide
phase will not be formed.

An increase in oxygen exposure results in an increase
of the concentration of islands and their radii. This im-
plies that we cannot consider the islands as isolated.
They interact with each other in a diffusional way via
the field of adsorbed atoms. This interaction results in a
decrease of steady-state oxygen adatom concentration
(and consequently supersaturation) between the islands
and therefore decreases island growth rate. Our con-
sideration of island interaction differs to a certain extent
from the direct ripening mechanism studied for systems
with mass conservation where the reduction of the initial
supersaturation during island growth brings about the
smaller island decomposition to maintain concentration
gradient toward the bigger island. In our "open" system
with constant oxygen Aux to the surface from the gas
phase, island interaction may not result in cluster decom-
position. Instead, both the smaller and the bigger islands
continue to grow but at a reduced rate as compared with
the isolated islands considered above. The kinetics of in-

teracting island growth was studied according to an the
approach suggested in Ref. 28. The oxide coverage 0,

„

is
the second moment (I2) of a distribution function f (R, t)
which is normalized to the island density of %, i.e.,
8,„=mI&, where I„=Jo"R "f(R, t)dt O. n using the
Fokker-Planck equation for the distribution function, we
deduced a chain of equations for the moments, I„.In the
case of R &&R„the chain could be unhooked. As a re-
sult, we obtained a general expression for the oxide cover-
age of 8,

„

in the form of an integral equation. It was pos-
sible to solve this equation analytically in the limits of
R ~ L and R & L. We analyzed all eight possible variants
depending on the mechanism of oxygen delivery to the is-
land (i.e., by way of surface diffusion: D »g, or direct
impingement: Q »D) and limiting stages of the oxida-
tion (i.e., the oxidation rate is controlled either by oxygen
delivery —u »(D/L) or u &)(a+QQ, S)l—or by oxy-
gen capture into the oxide phase in the vicinity on the is-
land: u (((D/L) or u (&(a+QQ, S)l. Each of these
cases is characterized by a definite dependence of oxide
coverage on the oxidation time, temperature, and pres-
sure. Since the aim of this paper is to describe the initial
oxidation of silicon, we do not present here all eight for-
mulas for oxide coverage. It turns out (and we demon-
strate it below in Sec. IV C) that the experimental data on
initial silicon oxidation strongly imply the following
mechanism. The oxide island grows via surface diffusion
of oxygen (Q (D) and the oxidation rate is limited by ox-
ygen incorporation into the island ( u & D /L ). Under
these conditions, the oxide coverage is determined by

H,„=tanh (m N )' Qo, (1—p, /p )pta+ SQ, (2~mT)'~
(7)

C. The mechanism of oxide phase growth

We now show how the experimental results (the depen-
dence of 8 vs t, T, and p) can be explained on the basis of
the theory outlined above. First, we discuss the depen-
dence of oxide coverage on time. It should first be noted
that in the experiment we record (Fig. 3) net oxygen cov-
erage H=noln, Eq. (1) as distinct from the oxide cover-
age H,„Eq.(7) that represents the fractional surface area
covered by the oxide phase. Therefore, we used the for-
mula H=C, tanh t Czt ] instead of Eq. (7) in order to fit
the experimental curves. The parameter of C, includes
the coe%cient of proportionality between 0 and 0,

„

that
depends on the structure of the surface oxide and takes
into account the contributions of oxygen atoms both ad-
sorbed and diffused into subsurface into the value of 0.
The theoretical curves compare quite favorably with the
experimental ones (Fig. 3). According to the theory, the
saturation of the 8(t) curves is due to the decrease of the
surface area adsorbing oxygen during the process of is-
land growth. Thus, the transition from so-called fast oxi-
dation (8( 1}to slow oxidation (8) 1 } (Fig. 3; Refs. 5 and
8) can be explained by the decrease of the effective sur-
face area adsorbing oxygen. The value of C, increases

with temperature. We believe that this occurs because of
enhanced oxygen diffusion into the subsurface regions at
higher temperatures. This is consistent with the 0 1s

spectrum [Fig. 2(c)], where we can see a small contribu-
tion of diffused oxygen species to the main peak corre-
sponding to oxidelike oxygen.

The theory fails in fitting the higher-temperature
curves 4 and 5. This can be explained as follows. Ac-
cording to Eq. (5), the critical pressure of p, depends
upon the temperature. A temperature increase at fixed
oxygen pressure (p) gives rise to a small difference be-
tween p and p, (curve 4). The temperature increase can
even cause a transition from "passive" oxidation to "ac-
tive" oxidation if the critical pressure becomes greater
than the pressure p (curve 5, which exhibits an extremely
low rate of oxygen uptake and the absence of a true Si +

oxide state). In terms of the phenomenological theory of
phase transitions, curve 4 represents oxide island growth
with a very large critical radius and curve 5—negative
critical radius (active oxidation), whereas the theoretical
dependence of Eq. (6) was obtained under the assumption
that R &R, . It should be noted that oxide formation
near the nucleation threshold (when the oxygen pressure
is slightly greater than the critical pressure) is a separate
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and quite different problem which demands special inves-

tigation. "
In order to discuss the temperature dependences, it is

necessary to know the value of activation energies E and
Ez. To reveal the value of E, we used the fact that the
dependence of the critical pressure upon the temperature
had the form p, -exp( E—/T) in accord with Eq. (6).
The experimental result was found' to be

p, =po exp[ —(3.83+0.2) eV/T] for Si(100); therefore,
E =3.83+0.2 eV. As mentioned above, there are two
channels by which oxygen can leave the surface:
diffusion into subsurface or desorption of silicon monox-
ide. The activation energy of the former process is un-
known to us. We suppose this value is less than the ac-
tivation energy of the diffusion of interstitial oxygen in
silicon crystal of 2.5 eV. As to the activation energy
of SiO desorption, it is equal to 3.5+0. 1 eV, which fits
with the value of 3.83+0.2 eV within the error. Hence,
we argue that oxygen escape from the surface is mainly
due to SiO desorption. The experiment yielded an
effective activation energy for oxidation of E, = —2.3 eV
[E—exp( E, /T)]—. The theoretical dependence, Eq. (7),
results in E, =Ez—E . It follows that according to our
theory the activation energy of oxygen capture into the
island is Ev =1.53 eV. It should be stressed that an ac-
tivation energy of initial silicon [Si(100}]oxidation of 1.57
eV was recently calculated with the help of the atomic su-

perposition and electronic-delocalization —molecular-
orbital method; ' silicon oxidation was treated in Ref. 51
as the transition of oxygen from an on-top adsorbed state
into a short-bridge site between two silicon atoms in the
first and the second surface layers. The observed de-
crease of oxidation rate with temperature increase is due
to competition between two activated processes: oxygen
capture into the island and oxygen escape from the sur-
face with E & Ev.

While exploring the effect of oxygen pressure on the
kinetics of initial silicon oxidation at T=925 K, Lutz
et al. found the universal dependence of oxygen cover-
age on exposure was destroyed in the pressure range of
7.6X10 -10 Torr, i.e., the coverage decreased with
decreasing pressure at constant exposure @=100L (Fig.
6). This experimental result can be explained as follows.
According to Eq. (7), the 8(e) dependence takes the form
8=C, tanh [const@(1—p, /p )], i.e., the coverage is deter-
mined not simply by oxygen exposure, but also by pres-
sure. The solid line in Fig. 6 represents this theoretical
dependence at e= 100 L, const = 1.75 X 10 L
p, =1.5 X 10 Torr. The theory is valid for this range of
oxide formation parameters, i.e., at p &p, . For the oppo-
site case, when p (p„on1y oxygen adsorption (de-
scribed ' by the Langmuir law} and SiO desorption
occur. This means that the coverage is determined only
by the exposure; this is actually observed at
p (p, =l.5X10 7 Torr at T=925 K (Fig. 6) and at
T=300 K as well. At p »p„the coverage depends sim-

ply on the exposure. However, the region of pressure
above 7.6X 10 Torr was not studied in Ref. 8. Accord-
ing to Eq. (7), we predict that these higher pressures
should result in the universal dependence of the coverage

0
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FIG. 6. The dependence of oxygen coverage upon the oxygen
pressure at a constant exposure of a=100 L. The experimental

points are from Ref. 8. The solid line represents theoretical
dependence. The dashed line illustrates schematically the
behavior of oxygen coverage at p (p, when the oxide phase is

not formed and only adsorption-desorption processes take
place.

on exposure at p ))p, . The reason for the 8(E) anomaly
at the intermediate pressures (p ~p, ) is oxygen escape
from the surface, i.e., nonconservation of the oxygen con-
centration on the surface.

It is impossible to establish a microscopic mechanism
of oxygen atom capture into the island within the frame-
work of the phenomenological theory. The proposed ap-
proach allows one only to determine whether a potential
barrier (E~}exists for oxygen to be incorporated into the
island. Nevertheless, we can speculate somewhat with
known information. The value of Ez = 1.53 eV is close to
the value of the activation energy of silicon self-diffusion
on the silicon surface E, =1.51 eV. This is an indica-
tion that oxygen adatom capture into the island might be
connected with a transition of the surface silicon atom
from its crystalline lattice site. This transition is obvious-

ly accompanied by the Si-Si bond breaking off. Accord-
ing to Pauling, the energy of a Si-Si bond in the silicon
crystal is equal to 1.83 eV, which is close to 1.53 eV. The
value of Ev =1.53 eV appears to be comparable to the
activation energy [E& =1.46 eV for Si(100) (Ref. 55)] of
silicon oxidation during the stage of linear growth. Fol-
lowing the Deal-Grove model, ' the rate ef thin-film
growth during this stage is limited by the oxygen-silicon
reaction at the Si-Si02 interface. The proximity of the
activation energies of E~ and E, allows us to suggest that
the mechanism of the transition of oxygen atoms into ox-
ide is likely the same for both submonolayer oxide and
thin (up to several hundred angstrom) oxide film. If so,
the difference in silicon oxidation mechanism at 0 & 1 and
at 0& 1 exists only because of different means of oxygen
delivery to the silicon surface: direct impingement at
8&1 and diffusion through the oxide at 0& 1. Another
argument favoring the equivalence of low- and high-
coverage growth mechanisms is the observation reported
in Ref. 12, where we find that oxide formation via a first-
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order phase transition takes place not only during first
monolayer growth (8(1), but during second and third
layers (8& 1) as well.

We cannot say anything about the mechanism of sur-
face diffusion of oxygen adatoms on the silicon surface.
Moreover, a picture of surface diffusion might be more
complicated at certain oxidation conditions because of
silicon surface etching (and consequently roughening) by
SiO desorption. On the other hand, high-temperature ox-
ygen adsorption on silicon does not bring about ordered
adsorbate structures, which implies a nonlocalized char-
acter of oxygen adsorption at these temperatures, i.e., ox-
ygen adatoms are of sufficient mobility. Feltz, Memmert,
and Behm observed mobile species during high-
temperature oxygen interaction with Si(111) by STM.
They suggested that these species are due to either oxy-
gen adatoms diffusing on the surface or vacancy diffusion.
These facts do not contradict the suggested mechanism of
submonolayer oxide growth, according to which oxygen
delivery to the island is due to surface diffusion.

V. CONCLUSION

We have presented the results of an experimental and
theoretical investigation of the kinetics of high-
temperature oxide phase formation on the silicon surface
during the island growth stage. The following kinetic

features were observed in our real-time experiments: a
coverage saturation at L9-1 with an increase in satura-
tion value with increasing temperature, and a decrease in
oxidation rate with temperature. On carrying out the
measurements at elevated temperatures (T & 1000 K), we
observed oxygen adatom diffusion into the subsurface. In
order to explain both our and previously reported experi-
mental results, we used a phenomenological first-order
phase-transition theory. On the basis of the comparison
of the theoretical results with the experimental data, a
mechanism of submonolayer oxide growth was suggested.
According to our mechanism, the interacting oxide is-
lands grow via oxygen adatom surface diffusion, whereas
the growth rate is limited by oxygen incorporation into
the island at its perimeter within an average lifetime
which is determined by oxygen desorption in the form of
SiO. We also have accounted for available kinetic experi-
mental results within the framework of the mechanism.
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