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Radioactive *'Si (T',,,=2.62 hours) was used to study the mechanism of atmospheric steam oxidation of
silicon, CoSi,, and PtSi. Measurement of the radioactivity profile in the SiO, layer formed on Si shows that
oxide growth takes place at the Si-SiO, interface by oxygen diffusion through the growing SiO, layer. The
sharpness of the measured activity profile also indicates that Si is very immobile in SiO, at the oxidation
temperature of 1000 °C. The oxidation studies on CoSi, and PtSi also show that SiO, formation takes place at the
silicide-SiO, interface and that oxygen is the diffusing species through the SiO, layer. By marking these silicides
with *'Si and measuring the radioactivity left in the silicide layer as a function of SiO, thickness, it was shown
that silicon diffuses through the silicide by a substitutional (vacancy) diffusion mechanism. Nonradioactive
silicon supplied from the underlying silicon substrate mixes completely with the radioactive silicon in the silicide
layer, owing to the high silicon self-diffusion coefficients in both CoSi, and PtSi at the oxidation temperatures

used.

I. INTRODUCTION

In silicon semiconductor technology the forma-
tion of an insulating layer of SiQ, is crucial for
photolithography, isolation of devices and inter-
connections, and final passivation of devices.

The thermal growth of such 8iO, films on silicon
has been extensively studied using various oxi-
dants, namely, dry oxygen,'™ wet oxygen,3+:5:7+°
and steam®+3+3+" at temperatures ranging from
about 700 to 1300°C. For all these oxidizing con-
ditions it is generally found that following the
initial growth, the thickness of the formed SiO,
layer is proportional to the square root of time,
thereby indicating that the oxidation process is
diffusion limited. For 8iO, thicknesseslessthan
about 350 A the growth is found to be approximately
linear with time.**°

Ozxidation in steam or wet oxygen proceeds much
faster than in dry oxygen®+®**"+° and is thought to
be due to the fact that the H,O acts both as an
additional source of oxidant and as an accelerator
for the oxidation process. It is postulated that
this latter effect occurs because the H,O modifies
the SiO, network, thereby enhancing diffusion of the
primary oxidant through the SiQ, film.°

There has also been much interest in the oxida-
tion of the metal silicides.’®”*® ‘These silicides
are extensively used as ohmic or rectifying con-
tacts to silicon devices and advantage has been
taken of the good electrical conductivity of some
of the metal silicides for the fabrication of gates
for field-effect transistors.!®** For such applica-
tions it is necessary to cover the metal silicide
with an insulating layer, such as Si0O,, so as to

enable the use of overcrossing conductors in sub-
sequent layers.

The most commonly considered mechanism for
oxide growth on silicon is that of oxygen diffusion

" through the growing SiQO, layer and reaction with

elemental silicon at the advancing Si-SiQ, inter-
face. Such a mechanism can be related to the
presence of micropores and microchannels in the
Si0, films.'*'® This model seems to be confirmed
by 20 tracer studies carried out during high-
pressure steam? and dry oxygen'” oxidation of
silicon. No work has, however, yet been carried
out on the mechanism of metal-silicide oxidation.
In this investigation we have used radioactive 3'Si
as a tracer to study the thermal oxidation of Si,
CoSi,, and PtSi in steam at atmospheric pressure.

II. EXPERIMENTAL

315i was produced by irradiating high-purity
silicon chips of irregular shapes and sizes in a
nuclear reactor with a neutron flux of 2.5x10%3
neutrons per cm? per sec. During neutron activa-
tion 318i is formed from 3°Si (3.1 at. %) by the reac-
tion 3°Si(%, ¥)3!Si which has a cross section of
0.10 b. 3!Si decays with a half-life of 2.62 hours
by emitting beta particles (max 8~ energy is 1.48
MeV) for 99.93% of its disintegrations. The 3!Si
activity was measured with an end-window Geiger
counter.

Silicon substrates, 10 © cm and (100) orientation,
were cleaned by conventional methods before
loading into the e-gun evaporation chamber. Be-
fore evaporation of the radioactive silicon, care
was taken first to clean it in organic solvents and
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distilled water, followed by a HF:HNOQO, etch, in
order to remove any possible interfering radio-
activity due to surface contamination which could
have taken place prior to irradiation in the nuclear
reactor. Between 300 and 400 A of radioactive
silicon was usually deposited. For the oxidation
studies of CoSi, and PtSi approximately 350 A of
Co and 500 A of Pt were deposited on top of the
radioactive silicon layer. These thicknesses were
more than sufficient to consume all the radioactive
31Si during silicide formation. All depositions
were carried out at a pressure of ~1077 Torr and
thicknesses were monitored with a quartz Inficon
Thickness Monitor.

The Co and Pt samples were first annealed at
800°C for 10 minutes in a vacuum tube furnace at
pressures below 1x107® Torr, in order to form
CoSi, and PtSi. Oxidation of the silicon, CoSi,,
and PtSi samples was carried out at 1000°C in a
tube furnace through which steam flowed at
atmospheric pressures. The position or activity
profile of the radioactive 3'Si in the sample was
determined by a combination of rf sputter etching,
radioactivity measurement, and Rutherford back-
scattering.

jHS RESULTS AND DISCUSSION
A. Oxidation of silicon

When the Si (100) samples with 300 to 400 A of
radioactive silicon are oxidized at 1000°C, a
band of radioactive SiQ, is first formed with the
radioactive silicon. Upon further oxidation (see
Fig. 1) this band of radioactive SiO, can move to
the surface of the sample if SiO, formation takes
place by substitutional (vacancy) diffusion of sili-
con through the SiO, layer or by oxygen diffusion
through the SiO, layer, with SiO, formation taking
place at the Si-SiQ, interface. However, if the
band of radioactive SiQ, stays at the Si-SiQ, inter-
face, it can be deduced that Si diffuses by inter-
stitial or grain-boundary diffusion to the surface of
the SiO, layer to react with the oxidizing species
to form SiO,. Grain-boundary diffusion can, how-
ever, not take place in SiO, because of the absence
of grains. Apart from the two limiting cases men-
tioned above the radioactive *Si marker could be
located somewhere in the middle of the SiO, layer
if Si0, formation takes place by diffusion of both
the silicon and oxygen, the exact position depend-
ing on the relative diffusion rates of both species.

The activity profile in the SiO, layer after oxida-
tion of silicon is given in Fig. 2. The calculated
activity profile at the SiO, silicon substrate inter-
face immediately after initial radioactive SiO,
formation is shown by the dashed lines. The pre-
sence of the activity at the surface of the formed
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FIG. 1. Schematic diagram showing how radioactive
315i can be used to determine the diffusing species and
diffusion mechanism during the oxidation of silicon. If
the band of radioactive %!5i0, is located at the Si-SiO,
interface it can be deduced that silicon diffuses by an
interstitial or grain-boundary mechanism. If oxygen is
the diffusing species through the growing SiO, layer, or
if silicon diffuses by a substitutional (vacancy) mecha-
nism, the band of activity will be on the sample surface.
If both Si and oxygen diffuse, the band of radioactive 3Si
marker could be located somewhere in the middle of the
Si0,.

Si0, layer indicates that the oxygen is the diffusion
species through the SiO, and that SiO, formation
takes place at the Si-SiO, interface, or that silicon
diffuses by a substitutional (vacancy) diffusion
mechanism through the SiO, layer, thereby “push-
ing” or displacing the radioactive Si atoms to the
surface of the formed SiO,, where they react with
oxygen to form a layer of radioactive SiO,. How-
ever, when the sample shown in Fig. 2 is heated
up to temperatures as high as 1200°C, the band

of radioactive SiO, still remains as a sharp pro-
file at the surface of the sample thereby indicating
that the silicon atoms are very immobile in the
formed SiO, layer. We therefore conclude that
Si0, formation takes place by oxygen diffusion or
by the diffusion of some oxygen species through
the SiQ, layer with further SiO, formation taking
place at the Si-SiO, interface. These results are
in agreement with previous '*0 tracer experi-
ments 217

B. Oxidation of CoSi, and PtSi

Rutherford backscattering spectra of the as-
deposited virgin sample, after CoSi, formation at
800°C for 10 minutes after steam oxidation at
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FIG. 2. °ISi activity profile measured in Si0,, which was formed by oxidizing silicon in steam for 60 minutes at
1000°C. The calculated activity profile after initial 31SiO, formation is also shown (see dashed lines).

1000°C for 30 minutes, are shown in Fig. 3. The
thickness of the formed SiQ, layer was determined
- by measurement of the width of the oxygen signal,
the width of the step due to silicon in the SiQ,
layer, and by determining the shift of the front
edge of the Co signal with respect to its surface
position. These three values were internally con-
sistent and an average value was used. These
measurements show that the thickness of the
formed SiO, layer is also proportional to the
square root of time, as is the case for silicon
(Fig. 4), thereby indicating a diffusion limited
process. It is interesting to note that the oxida-
tion rate for CoSi, is much larger than that for
silicon. '

The fraction of the activity left in the CoSi, layer
after SiO, formation was determined by removing
the SiQ, layer by rf ion-beam sputtering and mea-
suring the activity in the sample before and after
removal of the Si0O, layer. The removal of the SiQO,
layer was monitored by Rutherford backscattering.

In Fig. 5 the percentage of radioactive 3!Si left
in the CoSi, layer after thermal oxidation in steam
at 1000°C is given as a function of the normalized
thickness (D value) of the formed SiQ, layer. By
expressing the SiO, thickness as D, where D is
the ratio between the number of Si atoms in SiQ,
and the number of Si atoms in the CoSi,, a uni-

versal relationship is obtained which is independent
of the thickness or type of metal silicide studied.
Curves A, B, C, and D in Fig. 5 have been
theoretically calculated for different mechanisms
of silicon diffusion through the CoSi, layer.

Curve A. Substitutional (vacancy) diffusion. If
silicon diffuses through the CoSi, layer by a sub-
stitutional (vacancy) diffusion mechanism, the
radioactive silicon atoms in the CoSi, layer will
be effectively displaced toward the surface by
nonradioactive silicon atoms entering from the
single-crystal silicon substrate. As would be
expected in this model, all the radioactive silicon
atoms will be displaced from the CoSi, layer for
D =1 and the percentage activity left in the CoSi,
will be zero. In practice, however, this would
only happen for D values slightly higher than one
due to the statistical nature of diffusion. Silicon
atoms supplied from the silicon substrate thus,
in effect, “push” the radioactive silicon from the
CoSi, layer into the growing SiO, film. This
would be similar to the mechanism found for sili-
con diffusion through Pd,Si during solid-phase
epitaxial growth of silicon in the Si (100)-Pd,Si-Si
(amorphous) system,8-1°

Curve B. Substitutional (vacancy) diffusion with
high self-diffusion of silicon in the CoSiy, and low
self-diffusion of silicon in the SiO,. At tempera-
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FIG. 3. Rutherford backscattering spectra showing
CoSi, formation at 800 °C and the formation of a SiO, lay-
_er during atmospheric steam oxidation at 1000 °C for 30
minutes. The arrows indicate the energies of alpha par-
ticles scattered from the indicated elements, when lo-
cated at the surface of the sample.

tures of about 570°C and higher, the self-diffusion
rate of silicon in Pd,Si and PtSi is so high that
complete intermixing of radioactive and nonradio-
active silicon atoms takes place in the silicide
within 20 minutes.?® If this were also true for
CoSi, at the temperature of oxidation it is clear
that all the radioactivity in the CoSi, layer can
never be completely removed, regardless of how
thick the grown SiQ, layer is. Curve B in Fig. 5
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FIG. 4. Thickness of SiO, formed on a silicon and
CoSi, sample as a function of steam oxidation time at
1000°C. The silicon sample consisted of a Si (100) sub-
strate onto which 400 A amorphous silicon was deposited.
The square root dependence on time indicates a diffusion
limited process.
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FIG. 5. Percentage °!Si activity left in the CoSi, layer
after oxidation at 1000 °C as a function of SiO, thickness
(D value). A, B, C, and D are theoretical curves cal-
culated for different silicon diffusion mechanisms
through the CoSi, layer (see text).



was calculated for conditions such that complete
equilibrium is immediately obtained between
radioactive silicon atoms in the CoSi, layer and
nonradioactive silicon atoms entering from the
silicon substrate. As the SiO, layer grows, the
percentage activity in the CoSi, layer will decrease
exponentially with D, and curve B is thus given by

A=100e7? (1)

where A is the percent activity.

Curve C. Substitutional (vacancy) diffusion with
high silicon self-diffusion in both the CoSi, and
Si0, layer. In this case complete intermixing be-
tween radioactive and nonradioactive silicon atoms
takes place throughout both the CoSi, and SiO,
layer. The relationship between the percentage
activity left in the CoSi, layer and D is then given
by

A=100/(1+D). (2)

Curve D. Interstitial and/ov grain boundary dif-
Jusion of Si through the CoSiy layer. Silicon could
be supplied to the growing SiO, layer by grain-
boundary and/or “pure” interstitial (no interaction
with Si atoms in the CoSi, lattice) diffusion of non-
radioactive silicon atoms directly from the single-
crystal substrate. In this case no radioactive sili-
con atoms will be incorporated into the growing
Si0, layer and the percentage activity in the CoSi,
layer remains constant at 100%.

It is clear from Fig. 5 that our results for CoSi,
oxidation at 1000°C fit case B very well, which
is in contrast to the study of CrSi, growth on
Pd,Si and PtSi, where curve C is approached at
higher temperatures.?* The results for the PtSi
oxidation are given in Fig. 6, and again it is clear
that measurements approach curve B, although not
as closely as for CoSi, oxidation. The PtSi results
were obtained at an oxidation temperature of 800
°C. At higher temperatures the PtSi layer tended
to “ball up” badly.

For the case of CoSi, oxidation, radioactivity
profiles in the grown SiO, layer were also deter-
mined. This activity profile is given in Fig. 7 and
represents the results obtained from the oxidation
of three separate samples. Care was taken to keep
the thickness of the CoSi, layer in each sample
the same. Rutherford backscattering showed that
the samples had an average CoSi, thickness of
1230 + 50 A. ‘

The activity profile in the SiQ, layers grown
on CoSi, (Fig. 7) shows that the highest concentra-
tion of radioactive 3!Si is at the surface of the
sample and that the activity decreases exponen-
tially as one moves to the CoSi,-SiO, interface.
The solid-line activity profile is calculated for
conditions where silicon self-diffusion is very
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FIG. 6. Percentage °!Si activity left in the PtSi layer
after SiO, formation during oxidation in steam at 800°C.
The SiO, thickness formed is expressed as a D value,
which is the ratio between the number of silicon atoms in
the SiO, and in the CoSi,.

high in the CoSi, layer and very low in the SiO,
layer and that oxygen or some other chemical
form of oxygen is the diffusing species during

Si0, growth. The first two conditions have already
been proved to be the case as our results in Fig. 5
indicate. Proof of the very low.self-diffusion of
silicon in SiQ, at 1000°C is also given by the
sharp activity profile obtained during silicon oxida-
tion (see Fig. 2). Once the radioactive silicon
originating from the CoSi, layer is thus bound to
form SiO, it becomes immobile and its activity
concentration in the SiO, gives a record of the
radioactivity concentration in the.CoSi, layer at
that specific moment. For a silicon specific ac-
tivity of 220 cpm/A/cm? and a CoSi, thickness of
1230 A the theoretical activity profile as a func-
tion of x, the depth of Angstroms in the SiQ, layer,
is given by

A=33.2 exp(-0.4636x/1230)

in cpm/A/cm?, The measured activity profile in
Fig. 7 follows the theoretical activity profile rea-
sonably well and thus provides direct proof that
oxygen or some form of oxygen is the diffusing
species through the growing SiO, layer and that
growth takes place at the Co8i,-SiO, interface. If
silicon were the species diffusing through the SiO,
layer, growth would have taken place on the sur-
face of the sample and the highest *Si concentra-
tion would then have been at the CoS8i,-SiO, inter-
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FIG. 7. Radioactivity profile measured in SiO, which was formed on CoSi, during steam oxidation at 1000°C. The
solid curve is calculated for conditions where silicon self-diffusion is very high in the CoSi, layer and very low in the
Si0, layer and with the assumption that oxygen is the diffusing species through the SiO,.

face, decreasing exponentially toward the sample
surface.

1V. CONCLUSION

In the present work radiotracer measurements
with 3!Si were made to investigate steam oxidation
of silicon and CoSi, at 1000°C and PtSi at 800°C.
The growth of SiQ, on silicon is characterized by
sharp radiotracer depth profiles in the SiO,,
which indicate that silicon has a very low mobility
in SiQ, at the oxidation temperature of 1000°C.
The surface location of the radioactive 3'Si indicates
that oxide growth occurs by diffusion of oxygen to
the Si-SiQ, interface, in agreement with previous
180 tracer measurements.

For CoSi, and PtSi oxidation, the residual radio-
activity left in the silicide layer after SiO, forma-
tion shows that silicon diffuses through the silicide
by a substitutional (vacancy) mechanism. Non-
radioactive silicon supplied from the underlying
silicon substrate mixes completely with the radio-
active silicon in the silicide layer due to high
silicon self-diffusion in the silicide itself. This
mixing thus dilutes the amount of radioactive sili-

con available at the silicide-SiO, interface for sub-
sequent incorporation in the growing SiO, layer.
The activity depth profile measured within the SiQ,
layer formed on the CoSi, indicates that the growth
of Si0Q, occurs at the CoSi,-Si0, interface by
oxygen diffusion through the growing SiO, layer.

In this investigation it was not possible to obtain
self-diffusion coefficients because of the high dif-
fusivity at the temperatures used. Measurements
are currently underway to determine self-diffusion
coefficients of Si in various metal silicides at
temperatures below those used in the current
investigation. The present results show that the
combination of Rutherford backscattering and 3'Si
radiotracer studies can provide much basic in-
formation about thin-film interaction and inter-
diffusion in the solid state.
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