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Early Stage of Silicon Oxidation Studied by in situ
X-ray Photoelectron Spectroscopy
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Department of Electrical Engineering, Hiroshima University

Higashi-Hiroshima 724, Japan

A clean silicon surface was oxidized in a UHV chamber and the surface suboxide

compositions

were analyzed by using in situ x-ray photoelectron spectroscopy.

It is shown that the predominant suboxides are 8120 and Si0 irrespective of

crystallographic orientations in the early stage of oxidation.

This is

interpreted in terms of a significant number of atomic steps existing on the

clean Si surface.

1. INTRODUCTION

The chemical and physical structure of
the 8i0,/8i interface has been extensively
studied by using =x-ray photoelectron
spectroscopy (XPS). Based on the chemical
shift in Si(2p) XPS core level spectrum,
various models for the 5i0,/Si interface
structure have been proposed. For instance,
Ishizaka et al.1) have observed an
chemical states in the

concluded the

intermediate

interface and abrupt
connection of S5i0, with Si crystal within a
monomolecular layer. They have extracted
the interface signal through subtracting the
Si(2p) signal of bulk Si and of Si0, from
the measured spectrum whose background was
approximated by a straight line. Whereas,
Hattori and Suzuki2) have deconvoluted the
measured spectrum by using separately
measured Si(2p) spectra from bulk Si and
on the

810, without any assumption

background of the spectra. Hollinger et
al.3) have shown from the synchrotron
radiation spectroscopy of S5i0,/Si system

that the suboxide states of Si20, Si0 and
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81,05 are existing in the §10,(5 "~ 20 A
thick)/Si interface and
surface orientation as well as oxide
While Grunthaner et alﬁj have
investigated the depth profile of SiOz/Si

independent of
thickness.

system by etching the oxide using HF/ethanol
solution and indicated that interface
suboxide compositions depend on the surface

it should be noted

that when the etched 8102 surface is

orientation. However,
hydrogenated and/or weakly fluorinated by
the etching solution, chemically shifted
Si(2p) signal will appear at energies close
It was also shown
that the top surface of 5i0,

silicon rich5k

to the interface signal.
is slightly
In this paper, a clean
silicon surface was oxidized in a UHV system
and the

surface suboxide

in situ XPS.

layer was

characterized by

2. EXPERIMENTAL
P-type Si(100) (4v6§em) and Si(111)

(1.5"v3Qcm) wafers were used as substrates.

After the chemical etching, a protective

oxide layer (V10 A thick) was formed on the



wafer in a boiling solution consisting of
Hy0:H,0,:H01=6:1:1.
about 830°C for 1520 min to obtain the

clean surface. An in situ XPS system with an

The wafer was heated at

MgKo x-ray source (1253.6 eV) was used in
this study(Fig. 1).
6x109 Torr. The Si(2p) or 0(1s) spectra

silicon surface exposed to 10

The base pressure was

from a
Langmuir oxygen at room temperature and 120L

at V700°C were measured.
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Fig. 1 A schematic diagram of an in situ XPS
system.

3. RESULTS AND DISCUSSION

Typical spectra of oxidized Si(111)
surfaces are displayed in Fig. 2, where the
bulk Si(2p) signal at 99.3 eV was subtracted
by using the measured Si(2p) signal from a
clean Si(111) surface. The resulting
spectrum (solid curve) was deconvoluted to
four spectra arising from the corresponding
moleculer units, Sis0, Si0, 81203 and 8102
by the use of the Si(2p) spectrum of a
rather thick oxide as a reference. The
binding energies of the suboxides were
determined by noting that the chemical shift
is proportional to the electronegativity sum
of the nearest neighbor atoms for Si5l As
illustrated in Fig. 2 10L oxygen exposure
results in the formation of suboxides of

5150, Si0 and a little $i505. While 120L 0,
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exposure at "700°C leads to predominant
suboxides of 51203 and Si0. Similar result
was obtained also for Si(100) surface
oxidation as summarized in Table 1. Here,
the effective oxide thickness was calculated
from the integrated intensity ratio of

Si(2p) signal from substrate Si to that from

oxide. The result of Table 1 shows that
suboxide compositions are basically
Siz03 p-Si(in)
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BINDING ENERGY (eV)

Fig. 2 Si(2p) signal from oxidized surfaces
(solid curve) and the deconvoluted spectra
(dashed curves)

Table 1 Suboxide compositions of silicon
surface oxidized at with 120L 0, exposure
at 700°C.

Mogesy S0 S0, SO Si
35A [ 107 462 303 127
)| 46A |22 495 182 91
54A | 51 647 186 16
27A | 80 541 210 170
(100)| S1A [183 482 297 38
52A | 129 480 285 106




irrespective of the surface orientation.

2) have demonstrated that

Hattori and Suzuki
the predominant interface suboxides are 5150
and Si0 and that 81203 is located not only
Ourmazd

et a136) have recently observed TEM lattice

in the interface but in the oxide.

images of the SiOz/atomically flat MBE grown
5i(001) system and shown the existence of an
ordered crystalline oxide layer with a
thickness of about 5 A in the interface
between amorphous Si02 and crystalline Si.
predicts that

possible interface suboxides are Si20 and/or

Their structural model

5i0. In the present experiment, UHV cleaning
of Si produces a wide variety of surface
atomic steps7l As shown in Table 1, the
effective oxide thickness varies from 3 to 5
A and this fluctuation might arise from the
surface
if

the apparent compositions

extent of reproducibility of the
atomic steps. Such surface roughness,
exists, changes
of surface suboxides because microscopic
oxidation kinetics at atomic steps is
different from the case of atomically flat
Si surface.

the

This is a possible reason why

suboxide compositions in this study are
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Fig. 3 The O(1s)peak energy as a function of
oxide thickness
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different from the TEM result and also
explains that the interface suboxide
compositions are independent of crystal
orientation.

Concerning the 0(1s) signal, the peak
energy moves toward higher binding energy
side with increasing the oxide thickness as
shown in Fig. 3. It is well known that the
Si(2p) peak energy exhibits the chemical
shift toward higher binding energy. If the
partial charge transfer from gilicon to
oXygen causes the chemical shift of Si(2p)
and 0(1s), the 0(1s)
opposite to the direction of the Si(2p)
shift. the result of Fig. 3

apparently contradicts with this prediction.

peak shift must be
However,

This puzzle could be solved when the second
nearest neighbor atoms for each oxygen atom
are taken into account and the local
electronegativity for oxygen is employed to
calculate the 0(1s) chemical shift instead
of using the conventional electronegativity
sum of the nearest neighbor atoms. Figure 4
represents a plot of 0(1s) peak energy
versus local electronegativity for oxygen.
In the figure, the surface suboxide state at
2L oxygen exposure corresponds to S5ij0
because the surface coverage of oxygen at 2L
0, exposure is about 0.3%). By
interpolating measured 0(1s) binding
energies for Si,0 and SiO,,the 0(1s) peak
energies for Si0 and Si203 are estimated.
The 10 L at room

temperature yields the O0(1s) binding energy

oXygen exposure of

corresponding to a suboxide state in between
51,0 and SiO0. at
N700°C causes further chemical shift of the

120 L oxygen exposure

0(1s) signal which corresponds to a mixture
This
consistent with the results of Fig. 2 and
Table 1.

of Si0 and 81203 suboxides. is
Such behavior of 0(1s) signal is
reproduced also for the case of 8i(100).

Therefore, the valence charge transfer model
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0(1s) peak energy versus local

electronegativity for oxygen.

can explain the positive chemical shifts of
both Si(2p) and 0(1s).

In conclusion, we have shown the
existence of the surface and interface
suboxides by observing Si(R2p) spectra and
parallel chemical shift of 0(1s) and Si(2p)
The
absence of crystal orientation dependence of
the could be

attributed to atomic steps on clean Si

in the early stage of oxidation.
suboxide compositions

surfaces treated in UHV environment.
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