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Abstract

An epitaxially grown Si isotope heterostructure, 28Si(2 nm)/3°Si(1 nm)/"'Si, was used to study the behavior of Si atoms during oxi-
dation. The change in the Si-isotope profiles during the oxidation was observed using high-resolution Rutherford backscattering spec-
troscopy. A significant oxidation-enhanced diffusion of **Si into the "'Si layer was observed in the oxidation at 800 °C, while the
concentration of emitted >°Si into the 2®SiO, layer was found to be less than 5 at.% in the oxidation at 1100 °C.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

With the downscaling of metal-oxide-semiconductor
field effect transistors (MOS-FETs), the thickness of the
gate oxide film is approaching to 1 nm. For precise control
of the oxide thickness, understanding of the silicon oxida-
tion mechanism is of prime importance. During oxidation,
a significant volume expansion takes place because the vol-
ume occupied per Si atom in SiO, is about twice larger than
that in Si. This volume expansion induces extremely high
stress at the SiO,/Si interface. The induced stress should
be released for further oxidation. This can be done by Si
emission from the interface into either the Si substrate or
the SiO, layer. The oxidation-enhanced diffusion (OED)
[1,2] and the oxidation-induced stacking faults [3-5], are
known to be related to the Si emission into the Si substrate.
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Recent theoretical studies have shown that Si species are
emitted not only into the Si substrate but also into the SiO,
layer [6-8]. Taking into account the Si emission, the oxida-
tion rate was explained in the full thickness range [7]. There
were several experimental studies suggesting the Si emis-
sion into the SiO, layer [9-12], although no direct observa-
tion has been reported so far. In the present paper, we
observe the behavior of Si atoms during oxidation using
Si isotopes. The motion of *°Si is traced using high-resolu-
tion Rutherford backscattering spectroscopy (HRBS).

2. Experimental

A Si isotope heterostructure (**Si/*°Si/"*Si) was pre-
pared by the following procedure at Keio university
[13,14]. After the native oxide was removed by a dilute
HF solution, a buffer layer of "*'Si (100 nm) was epitaxially
grown on a 2-in wafer of natural Si(001) by electron beam
evaporation. Subsequently, *°Si and *Si layers were grown
at 650°C by molecular beam epitaxy. The nominal
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thicknesses of the 2°Si and Si layers were 1 and 2 nm,
respectively. The prepared heterostructure wafer was
divided into several pieces of 1x 1 cm?. These pieces were
oxidized in an infrared furnace in an oxygen atmosphere
(pressure of 100 kPa), and depth profiles of isotopes were
measured using HRBS.

The details of the HRBS measurement were described
elsewhere [15]. Briefly, a beam of 400 keV He" ions was
collimated to 2 x 2 mm? and to a divergence angle of less
than 0.1° by a series of slit systems. The ion beam was inci-
dent on the sample at an incident angle of 15°, and the He™"
ions scattered at 100° were energy analyzed by a 90° sector
magnetic spectrometer. The depth resolution is estimated
to be ~0.4 nm at surface and ~0.8 nm at a depth of 2 nm.

It should be noted that *°Si atoms may diffuse into the
crystalline 2®Si layer due to OED during the initial oxida-
tion of the 2%Si layer. These >°Si atoms cannot be distin-
guished from the *°Si atoms emitted into *%SiO, layer
during the oxidation of the *°Si layer. In order to avoid this
problem, the ?®Si layer was oxidized at a relatively low tem-
perature (800 °C) to prevent OED. After oxidation of the
288j layer, *°Si layer was oxidized at a higher temperature
(1100 °C). The HRBS measurements were performed
before and after the second oxidation. Comparing these
HRBS spectra, the behavior of **Si atoms during the oxi-
dation of *Si layer can be seen.

3. Results and discussion

Fig. 1 shows the observed HRBS spectrum of an
as-grown sample. There are three sharp peaks at ~219,
~284 and ~289 keV. The peak at ~289 keV is the signal
from the *°Si layer, and the peak at ~284 keV corresponds
to the 28Si layer. A small peak seen at ~219 keV corre-
sponds to the oxygen in a thin native *3SiO,. The signal
from the "'Si layer appears below ~283 keV. Elemental
depth profiles were determined through simulations of
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Fig. 1. Observed HRBS spectrum for the as-grown sample. Elemental

depth profiles determined through simulations of the HRBS spectrum are
shown in the inset. A native SiO, layer of 0.7 nm thickness and weak
intermixing between the adjacent epitaxial layers can be observed.

HRBS spectrum. The simulated HRBS spectrum is shown
by a solid curve. The contributions of "Si, 2%Si, 3°Si and O
are also shown by dotted, dashed, long-dashed and dot-
dashed curves, respectively.

The derived depth profiles are shown in the inset of
Fig. 1. By integrating these profiles, the amounts of *®Si
and *°Si are estimated to be 9.7x10"” and 5.0x
10" atoms/cm?, respectively, which correspond to thick-
nesses of 1.9 and 1.0 nm. These profiles indicate that the
Si isotope heterostructure was grown as was designed.
The Si isotope layers are rather uniform although a weak
intermixing between the adjacent epitaxial layers occurs.

The energy spectrum of the sample after oxidization at
800 °C for 3 min is shown in Fig. 2. After oxidation, the
oxygen and *®Si peaks become broader, while the *°Si peak
stays almost unchanged. This suggests that only the *®Si
layer was oxidized as was intended. The derived depth pro-
files of the elements and isotopes (the inset of Fig. 2) con-
firm this. Comparing the depth profiles with those observed
before oxidation (the inset of Fig. 1), the behavior of Si iso-
topes during the oxidation of **Si layer can be seen. The
direct comparison of these profiles, however, is meaningless
because the thickness of the isotope layers was changed by
oxidation.

If there is no emission and no diffusion during the oxida-
tion, the depth profiles of elements and isotopes after oxi-
dation can be calculated from the depth profiles
measured before oxidation. In the calculation, we assumed
that the oxygen profile is the same as that observed after
oxidation and the concentration ratio between **Si and
30Si does not change due to the oxidation. Comparing these
profiles with those measured after oxidation, the behavior
of the Si isotopes can be clearly seen. Fig. 3 shows the com-
parison between the calculated *°Si profile (dashed curve)
and that measured after oxidation (solid curve). It can be
seen that *°Si atoms diffuse into the "'Si layer during the
oxidation of the 2®Si layer with a diffusion length of about
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Fig. 2. Observed HRBS spectrum after the first oxidation
(800 °C x 3 min). Elemental depth profiles determined through simula-
tions of the HRBS spectrum are shown in the inset. The 2Si layer is
almost completely oxidized while the °Si layer is only slightly oxidized.
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Fig. 3. Depth profile of °Si after the first oxidation calculated from the
profile measured before oxidation (see text). Depth profiles of **Si and O
measured after the first oxidation are also shown for comparison. It can be
seen that *°Si atoms diffuse into the "Si layer during the oxidation.

1.5 nm (8 x 10'° atoms/cm?). The diffusion coefficient esti-
mated from the observed diffusion length is
~3 %1077 cm?/s. This is about 1000 times larger than
the Si self-diffusion coefficient reported in literatures [16].
This surprisingly large enhancement is ascribed to OED.
Assuming that the enhancement is proportional to the
interstitial concentration [17] and using the equilibrium
interstitial concentration (~3 x 10° cm ™) given in the liter-
ature [18], the Si interstitial concentration in the *°Si and
natgi layers during the oxidation of the 2®Si layer is esti-
mated to be ~3 x 10'? cm >,

Fig. 4 shows the HRBS spectrum observed after addi-
tional oxidation at 1100 °C for 5s. The oxygen peak
becomes much broader and the broadening of the *°Si peak
is also clearly seen, indicating that the **Si layer was oxi-
dized. The depth profiles derived from the spectrum are
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Fig. 4. Observed HRBS spectrum after the second oxidation
(1100 °C x 5 s). Elemental depth profiles determined through simulations
of the HRBS spectrum are shown in the inset. Both 23Si and *°Si layers are
almost completely oxidized.
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Fig. 5. Depth profile of *°Si after the second oxidation calculated from the
profile measured before the second oxidation (see text). Depth profiles of
39Sj and O measured after the second oxidation are also shown for
comparison. It can be seen that >°Si atoms diffuse into the "*Si layer
during the oxidation, while no *°Si emission into the *SiO, layer is
observed within the experimental error.

shown in the inset. In order to see the motion of *°Si atoms
during the oxidation, the *°Si profile was calculated from
that observed after the first oxidation (800 °C x 3 min)
assuming that there is no diffusion and no emission. The
comparison between the calculated profile and the
observed one is shown in Fig. 5. The diffusion of *°Si atoms
into the "'Si layer is seen again in this case. A rough esti-
mate gives the diffusion coefficient of ~1 x 1071 cmz/s,
which is roughly in agreement with the equilibrium diffu-
sion coefficient reported in the literatures [16].

Regarding the *°Si emission, the *°Si profile in the **SiO,
layer (0-3 x 10'® atoms/cm?) does not change within the
experimental uncertainty (£5 at.%). Thus, it is concluded
that the °Si emission into the *®SiO, layer is less than
5 at.% in the present conditions. This is not in contradic-
tion to the theoretical prediction because the predicted
amount of emitted *°Si is about 2 at.% in the **SiO, layer
in the present case [19]. More detailed measurements are
required for the observation of the predicted Si emission.

4. Conclusion

An epitaxially grown Si isotope heterostructure, 2*Si-
(2 nm)/*°Si(1 nm)/"*Si, has been used to measure the
behavior of Si atoms during oxidation. The heterostructure
was oxidized in O, (100 kPa) and the isotope profiles were
observed using HRBS. Significant oxidation-enhanced dif-
fusion was observed in oxidation at 800 °C, while the *°Si
emission into the SiO, layer was not observed within the
experimental error (£5 at.%).
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