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In-situ observation of hydrogen (H) terminated silicon (111) surface after exposure in 133 Pa dry O, was per-
formed using Fourier transformed IR attenuated total reflection spectroscopy (FT-IR-ATR), X-ray photoelectron spec-
troscopy (XPS), Penning ionization electron spectroscopy (PIES), and ultraviolet photoelectron spectroscopy (UPS).
The IR absorption peak attributed to the terminating Si-H bonds did not change at all after exposure in Ny at 180 °C,
while this absorption peak decreased after exposure in O3 at 180 °C. Then XPS and ATR measurements could not
confirm the formation of Si-O bonds. We considered that such decrease in IR absorption peak reflects the very early

oxidation process.

1. INTRODUCTION

In our previous studyl), we have investigated the
native oxide growth in pure water on atomically flat hy-
drogen (H) terminated silicon (Si) (111) surfaces using
Fourier transformed infrared attenuated total reflection
spectroscopy (FT-IR-ATR) and FT-IR reflection absorp-
tion spectroscopy (FT-IR-RAS). We then observed that
the sharp IR absorption peak arising from Si-H bonds ter-
minating the surface terraces?) (labeled by Mierrace in Fig.
1) decreases with broadening in the early stage native ox-
ide growth process as shown in Fig. 1. This phenomenon
arose much earlier than the formation of Si-O bonds, we
therefore suggested that such phenomenon reflects the
progress of very early native oxide growth.

In this study, we performed in-situ observation of
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H-terminated Si(111) surface after exposure in 133 Pa
dry Oy at 145~245 °C3.4) using in-situ observation tech-
niques of FT-IR-ATR, X-ray photoelectron spectroscopy
(XPS), Penning ionization electron spectroscopy5)
(PIES), and ultraviolet photoelectron spectroscopy
(UPS). We will show the change in the IR absorption
spectra arising from Si-H stretching vibration after O,
exposure, and the surface condition will be discussed.

2. EXPERIMENTAL

Samples used in this study were floating zone p-
type Si(111) with resistivity of 100 Qcm, Atomically flat
H-terminated Si(111) surfaces prepared in NH4F solu-
tioné) were employed as initial surfaces. We used two in-
situ observation systems, each one equips the sample
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Fig. 1 Change in p- and s-polarized IR ab-
sorption spectra as a function of immer-
sion time in pure water in ref. 1.
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treatment chamber with temperature control and gas inlet
system. One of the equipments furnishes with FT-IR-
ATR and XPS, and the another furnishes PIES and UPS.
IR light was internally reflected about 100 times in the
sample Si prism for ATR measurement. In XPS measure-
ment, MgKa line (Av=1253.6eV) was used as X-ray
source, and we measured with 15° take-off angle to im-
prove the surface sensitivity. The He I resonance line
(hv=21.2eV) was used as a UV source in UPS measure-
ment, and the He* metastable atoms (23S: 19.8eV) were
used in PIES measurement. Oxygen exposure was per-
formed in 133 Pa dry 0,3.9) at comparatively low tem-
perature not desorbed terminating H atoms.7.8)

3. RESULTS and DISCUSSION

Figure 2 shows p-polarized IR absorption spectra
arising from Si-H bonds obtained for an initial surface
and difference spectra between the initial surface and af-
ter exposure in Nz or O3 at various temperatures. In the
case of initial surface, only the sharp absorption peak of
Mierrace Which is attributed to the Si-H bonds terminating
surface terraces was observed.2) From this figure, we
found that there is no spectral change after exposure in N
at 180 °C and that the Merace peak decreases as the Og
exposure temperature or time increases. In addition, the
absorption arising from Si-H bonds back-bonded with
oxygen atom(s)?) at 2150-2250 cm-1 was not observed.
XPS meaurements were also performed on these sur-
faces, and Si2p photoelectron spectra are shown in Fig. 3.
We hardly observe the clear signal due to the intermedi-
ate silicon oxide or SiO; at binding energy of 101-104eV
in any cases. Figure 4 shows Ols photoelectron spectra
measured at the same time. We found that the O1s spec-

p-pol.

]:5)(10‘4

(a) initial

- Mterraoe

(b) 180°C N,30min

(c) 145°C O, 30min

(d) 180°C O, 30min

Absorbance per Reflection

\(©) 180“(3_ O, 60min

f-

1 1 1
2300 2200 2100 2000 1900
Wave number [cm-1]

Fig. 2 Change in IR absorption spectra arising
from Si-H bonds as a function of exposure time in
133 Pa dry O; or N;. Spectra (b)-(f) are difference
from spectrum obtained for initial surface (a).
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Fig.3 Change in Si2p photoelectron spectra as a func-
tion of exposure time in 133 Pa dry O; or N,. Dashed
line means the spectrum obtained for the initial sur-
face.
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Fig. 4 Change in Ols photoelectron spectra as a func-
tion of exposure time in 133 Pa dry O; or N,. 0.5
monolayer oxygen atoms exsist on Si surface after
treatment in 190°C O, for 30min.
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tral intensity increases as the Oz exposure temperature or
time increase. It should be noticed that the amount of
oxygen atoms is approximately 0.5 monolayer after treat-
ment in O at 190°C for 30 min, if all these oxygen atoms
contribute to form Si-O bonds, the spectral intensity of
Si2p photoelectron spectrum due to the Si bonded with
oxygen atom have to be the level showed in Fig. 3. These
results are summarized as follows: there is little Si-O
bonds near the silicon surface, however, the Mierrace peak
decreases as the exposure temperature or time increases,
and these changes are linked with the increase in
amounts of oxygen on the silicon surface. We therefore
considered that the decrease in the Merrace peak reflects
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Fig. 5 Change in PIES spectra as a function of expo-
sure time in 133 Pa dry O, at various temperature.

progress of very early oxidation on H-terminated silicon
surface.

We also performed similar experiment using PIES
and UPS at almost same conditions. We then found that
the PIES spectra change extremely increasing with tem-
perature in 133 Pa dry O, as shown in Fig. 5 and that the
UPS spectra change slightly. Since the PIES spectra se-
lectively reflect the information of the outermost sur-
faceS), change in the surface state due to O, exposure
must occur at outermost surface. In addition, there is
little Si-O bonds at the surface in this case form the re-
sults obtained for FT-IR-ATR and XPS measurements,
we therefore took notice of O, molecule. Figure 6 shows
the difference PIES spectra between before and after ex-
posure as shown in Fig. 5. Comparing the Fig. 6 and the
PIES spectrum obtained for oxygen gas, we found that
the 6.8 eV and 10.8 eV bands in Fig. 6 are due to the &t
orbital of adsorbed O, molecule and that the both bands
shifted 3.5 eV to higher kinetic energy. This results are
possible to indicate that the adsorbed Oy molecule ac-
cepts the charge. Here, it must appear the band at 5.2 eV
due to ¢ orbital of O, molecule, however we could not
observe clearly. This reason was inferred that this band
overlaps with the band due to the terminating H at the
surface and/or the O molecule is placed at the surface as
it cannot be observed by PIES. Anyway, since the band
due to 7 orbital of O, molecule was observed, we consid-
ered O, molecule lies on the surface.

4. SUMMARY

In-situ observation of H-terminated Si(111) sur-
face after exposure in 133 Pa dry O, at 145~245 °C was
performed using FT-IR-ATR, XPS, PIES, and UPS. The
IR absorption peak attributed to the terminating Si-H
bonds did not change at all after exposure in N3 but this
absorption peak decreased after exposure in O;. Then
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Fig. 6 Difference PIES spectra between before and
after exposure as shown in Fig, 5.

XPS and ATR measurements could not confirm the for-
mation of Si-O bonds. We therefore considered that such
decrease in IR absorption peak reflects the very early oxi-
dation process. The experimental results obtained by
PIES and UPS show that then the O, molecule lies at the
outermost surface.
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