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Abstracts

The structural imperfections in ultrathin silicon oxide
filws studied by measuring X-ray photoelec¢tron spectra,
infrared absorption spectra and reflectance spectra in vacuum
ultraviolet are reviewed. The Si-H bonds, Si-0OH bonds and
intermediate oxidation states found in native oxides formed
during wet chemical treamtents are discussed.‘ The detection
of structural transition in thermal oxide near the interface

are also discussed.
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1. Introduction

The operation of 0.1 m gate-length MOSFETS with gate
oxide film thickness of 3.3 nm at 77 K was confirmed1h
Because such ultrathin gate oxide film consists mostly of
transition region, imperfections are introduced not only at
the interface, but also in the oxide in order to relax the
stress near the interface. Furthermore, the gquality of the
gate oxide film affects on the structural transition in
silicon substrate near the interface. Therefore, the study
of the imperfection in the oxide film is not only important
from the insulating property of the oxide, but also from the
carrier transport in silicon substrate near the interface.

It is the purpose of the present paper to review on the
structural imperfections in ultrathin silicon oxide film and

its interface.

2. SiOz/Si interface structuresz)

Present understanding of SiOz/Si interface structures
can be summarized as follows: 1) The compositional
transition from Si to 810, takes place almost abruptly with
the transition layer thickness of 1 2 molecular layers,
2) The structural transition from interface to the bulk takes
place on both sides of the interface, 3) The interface is
almost flat in atomic scale, 4) The small amount of

suboxides exists at and near the interface, 5) The
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crystalline Si0; exists in the oxide near the interface, 6)
Pb center exists at the interface, while E' center exists in
the oxide.

However, these resﬁlts were not obtained for the same
silicon substrates, the same oxidation methods and
conditions. Therefore, these results were not consistent
with each other. Furthermore, the following points were not
clarified yet: 1) The chemical structures at and near the
interfaceB), 2) The effects of areal density of silicon atoms
on the structural transition, 3) The effects of oxidation
methods and conditions on the interface structure, 4) The
effects of crystalline 5i0, on the interface structure, 5)
The effects of impurities on interface structureA)’5), 6)
The structural imperfections in the oxide and at the
interface, such as Si-H bond, Si-OH bond, 7) The surface
structure of the oxide, 8) The initial oxidation mechanisnm,
9) The interface formation mechanism, 10) The possibility to
produce ideal interface with no structural imperfections.

In the present paper the studies on 2), 6) and 7) by
measuring X-ray photoelectron spectra, infrared absorption
spectra, reflectance spectra in vacuum ultraviolet will be

reviewed.
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3. Structural imperfections in the oxide
A) Si-H bonds in native oxide®

The stress near the Si0,/8i interface is considered to
relax, if the silicon atoms near the interface are terminated
with hydrogen atoms. The dependence of Si-H bond density in
thermal oxides on oxidation conditions and annealing was
studied by measuring infrared absorption7). However, the
distribution of Si-H bonds near the interface could not be
measured because of large probing depth in infrared
absorption. In order to detemine the distribution of Si-H
bonds near the interface, it is necessary to detect Si-H
bonds by structure sensitive measurement with small probing
depth such as XPS. However, the sensitivity of XPS is not
large enough to detect extremely large amount of Si-H bonds
in high quality thermal oxides. The amount of Si-H bonds in
native oxides formed during wet chemical treatments are
considered to be large enough to detect Si-H bonds by XPS.
Actually, the Si 2p photoelectron spectrum arising from Si-H
bonds could be detected to determine the distribution of Si-H
bonds in the native oxides ag described in the following.

The native oxides studied are that formed in a hot
solution of HNO 3 and that formed in a solution of NH4AOH mixed
with H202 and HZO' The details of the wet chemical
treatments used to form native oxides were described

elsewheres).
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Fig. 1 shows infrared absorption spectra measured for
these two native oxides by FT-IR-ATR. According to this
figure, infrared absorption arising from stretching vibration
of silicon bonding to one hydrogen atom and three oxygen
atoms is observed. The amount of Si-H bonds in a native
oxide formed in HN03 is 0.25 monolayer, while that in native
oxide formed in a native oxide formed in NHAOH is 0.04
monolayer.

The Si*? spectrum appears on S8i 2p photoelectron
spectrum for native oxide formed in HN03 in Fig. 2(a) and can
bé attributed to this Si-H bonds because. of following
reasons: 1) SiX** is detected in a native oxide formed in
HNOB’ while Si*% is not detected in NHAOH, Zj The amount of
Si-H bonds estimated from Si*' spectral intensity is almost
equal to that estimated from the infrared absorption
spectrum, 3) The binding energy of S8i 2p core level for siX*
calculated based on the local electronegativity9) is close to
that observed.

Fig. 3 shows the angle resolved Si 2p photoelectron
spectra of native oxides formed in HNO3 measured with angle
of 6 degrees. Here, sint corresponds to the bonding
configuration of Si'SiA-non and the intensities of Si4t
photoelectron spectra are ajusted to be equal to each other.
Then, the almost same intensity of SiX+ for three take off

angles implies that Si-H bonds are distributed almost
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uniformly in native oxide.
B) Si-0H bonds in native oxide10)

Fig. 4 shows the infrared absorption spectrum measured
for two kinds of native oxides by FT-IR-ATR. The amount of
Si-0H in native oxides are found to be extremely small as
compared to the amount of Si-H bonds estimated in A).
Namely, in two kinds of native oxides studied the amount of

81-0H is nearly equal to 4 X 10-% monolayer.

C) Intermediate oxidation states in native oxide

Fig., 5 shows the reflectance spectra in vacuun
ultraviolet measured for two kinds of native oxides11) used
in Fig. 1. As in the case of thermal oxides formed in dry
oxygen at 800 and 1050 012’13), the reflectance spectra of
native oxides are found to be different from those of fused
quartz below the fundamental optical absorption edge of fused
quartz. From the Kramers-Kronig analysis considering
multiple reflections at the boundaries of +the films12%13),
these discrepancies are found to be originated from the the
increase in optical absorption in the films below the
fundamental optical absorption edge of fused quartz as shown
in Fig. 6.

The optical absorption at 7.8 eV in Fig. 6 can be

attributed to Si-Si bonds in silicon oxide'4). The amount of
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S5i-Si bonds in native oxide is almost close to one monolayer
as in the case of thermal oxide15). The Si 2p photoelectron
spectrum corresponding to this Si-Si bond is now being
studied in order to clarify the distribution of 8i-Si bonds

in the native oxide film.

D) Structural transition in thermal oxide16’17;18)

The structural imperfections are con$idered to Dbe
localized in the structural transition region near the
interface. The structural transition region can be probed by
measuring chemical etching rate in depth, direction as
discussed in the following.

Fig. 7 shows the silicon dioxide film thickness ‘as a
function of chemical etching time. The silicon dioxide
film thicknesses are calculated from the spectral intensity
ratio (NO/NS). Here, NO and NS is the Si 2p spectral
intensity of silicon in silicon dioxide and ﬁhat in silicon
substrate, respectively. In the case of oxide film formed in
dry oxygen at 1000 C, the chemical etching rate is constant
for large oxide thickness, while the etching rate becomes
larger below the thickness of 5.5 nm. In the case of oxide
film formed in 10 % dry oxygen diluted with dry argon at 1000
C, the etching rate becomes larger below the thickness of 3.5
nm. In the case of oxide film formed in 10 % dry oxygen

diluted with dry argon at 1000 C followed by annealing in



216

argon at 1000 C for one hour, the etching rate does not
become larger in the thickness range studied. If the
transition layer thickness is assumed to be equal to the
thickness below which the etching rate increases, the
decrease in transition layer thickness by annealing is
obtained.

Based on this assumption, +the transition layer
thicknesses were determined for thermal oxides formed in dry
oxygen at 800 and 1000 C on (100), (110) and (111)
surfaces. The areal density of silicon atom on these three
surfaces is different with each other. Fig. 8 shows the
dependence of silicon dioxide film thickness on chemical
etching rate for thermal oxides formed on 1000 C. From this
figure the transition layer thickness are found to increﬁse

with increasing areal density of silicon atom.

4Le Summary and Future Problems

The studies on structural imperfections in native oxides
are reviewed in addition to the structural transition in
thermal oxides. The studies on structural imperfections in
native oxides will be the base for the studies on structural
imperfections of thermal oxides. It is shown from the
measurement of infrared absorption spectra and Si 2p
photoelectron spectra that the detection of Si-H bonds by XPS

is possible and can be used to determine the distribution of
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Si-H bonds in native oxides.

The contribution of oxidation at terrace and step to
initial interface formation and the structural imperfections
in thermal oxide near the interface introduced by wet
chemical treatments should be clarified.

Furthermore, the <correlation of 8i0,/Si interface
structure with disordered-Induced gap state model19),
interstitial silicon formed during oxidationzo), pile up of
impurities near the interface21) and the existence of

superstructure at the interface22) should be clarified.
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Fig. 1 Infrared absorption spectra of native oxides formed

in hot HNO3, and in NH,OH.
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Angle resolved 8Si 2p photoelectron spectra and
their deconvoluted spectra obtained for native
oxide formed in hot HN03 for three take

off angles.



ABSORBANCE PER REFLECTION

Fig.

224

@D NH,OH
@ hot HNO3
™
J
c
3
-
o
B \
B O_ ,OH
;Si\
/CD CD\
! 1 1
4000 3500 3000 2500 2000
WAVENUMBERS Lcm! 3
4 Infrared absorption spectra of native oxides

formed in hot HNOB, and NHAOH.




225

--- CALCULATED
hot HNOs NH40OH

100 1 I i LU

REFLECTANCE (%)

5 10 15 205 10 15 20
PHOTON ENERGY (eV)

Fig. 5 Reflectance spectra in vacuum ultraviolet of native

oxides formed in hot HNOj, and NHAOH-
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Photon energy dependence of absorption coefficients

obtained from the analysis of Fig. 5.
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