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We used scanning tunneling microscopy and spectroscopy to examine Si-clusterlike defects which were
created by a scanning-probe-induced process around the intrinsic defects in a thermally grown SiO2 film on Si.
We compared these defects with Si clusters deposited on ultrathin Si oxide. Two types of defects were
recognized, which have energy gaps at around 3.8 and 2.5 eV. We proposed that these two types of defects
correspond to inner and surface damage on SiO2 film.
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The structural change of defects in thermally grown SiO2
film on Si is of major concern in the reliability issue of metal
oxide semiconductor devices.1,2 Electron-spin-resonance and
optical absorption studies showed that as-grown SiO2 film
contains oxygen-deficient-type defectss;Si-Si;d.3–5 It has
been reported that charge trap around this type of defect
leads to the formation of a pair of nearsp2 hybridized and
sp3 hybridized Si atoms or more complex transformation,3,6,7

but the relationship with the electrical degradation of gate
oxide is still controversial. Scanning tunneling microscopy
(STM) and spectroscopy(STS) on the other hand have been
used to separately investigate individual defects in thin oxide
films. It has been reported that the scanning tunneling current
of defect exhibits negative differential resistance or hump-
shaped curve.8–11 We recently reported that the development
of scanning tunneling spectra occurs during the STS obser-
vation and proposed that intrinsic defects in thin oxide and
oxynitride films s,0.7 nmd change to Si-clusterlike
structures.11 The identification of resultant defect structures
is required to understand this probe-induced process in the
film. However, the STM images of defects are somewhat
indistinct, because of the overlap effect of surrounding SiO2
network, so that we cannot directly discuss their structures
from the STM images.

On the other hand, the energy gapEg of the Si cluster
depends on physical size because of carrier confinement,
when the diameters become less than the free-exciton Bohr
radiuss,5 nmd.12–14This implies that energy gaps are useful
indicators for discussing the physical structures of probe-
induced defects. In this work, we therefore compare the en-
ergy gaps of probe-induced defects in SiO2 film with those of
Si clusters by using STM and STS and discuss the defect
structures.

The SiO2 film was prepared on an-type Sis001d substrate
under ultrahigh vacuum(UHV) treatment and furnace oxida-
tion. First, a clean Sis001d-231 surface was prepared by
heating at 900°C in the UHV. Second, an ultrathin Si oxide
layer, about 0.3-nm thick, was thermally grown at 650°C in

2310−6 Torr O2 for 10 min.15 Finally, the sample was taken
out from the vacuum chamber, and put into a quartz furnace.
Furnace oxidation was carried out in 32% O2 in Ar at atmo-
spheric pressure at 700°C for 900 s. The x-ray photoelectron
spectroscopy observation for this sample surface proved that
SiO2 (Si 4+ component in Si 2p photoelectron spectrum)
was the dominant chemical structure. We estimated the thick-
ness to be 1.1 nm from the ratio of Si oxide and Si compo-
nents in the Si 2p photoelectron spectrum.11 We also pre-
pared about 0.3-nm-thick Si oxide, 0.3-nm-thick Si
oxynitride layers, and Si clusters. The 0.3-nm-thick oxide
was grown under the same oxidation conditions as those
above. The 0.3-nm-thick oxynitride was thermally grown on
a clean Sis001d-231 surface at 650°C in 2310−6 Torr
NO.11 To prepare the Si clusters, silicon with the coverage of
0.12–0.38 monolayer (ML ) was deposited on the
0.3-nm-thick oxide at 550°C in a UHVs,1310−9 Torrd.
These samples were observed by using an UHV-STM system
with W tips prepared by electrochemical etching. The 1.1-
nm-thick SiO2 was carefully heated up to 350°C in the UHV
to remove the surface adsorbate before being examined. The
0.3-nm-thick oxide, oxynitride, and Si clusters were ob-
servedin situ.11 The STM images were acquired at a sample
bias sVd of +4.0 V with a tunnel currentsId of 30 pA. The
I-V curves were measured by fixing the tip height for the
same tunneling conditions as those of STM observation.

The STM image of the 1.1-nm-thick SiO2 in Fig. 1(a) has
a granular structure, meaning that the SiO2 is amorphous.
This result is consistent with the previous report on SiO2
surface.8 The dI /dV curve in Fig. 2(I), which was acquired
from the area indicated by the arrow in Fig. 1(a), exhibits
two sharp peaks at −3.8 and +3.6 Vsenergy gap=7.4 eVd.
For this structure, there are two candidate models which
were reported to have 7.6 eV absorption band; oxygen va-
cancys;Si-Si;d and complex defect containing a twofold-
coordinated silicon.5,16–19Although it was purposed that the
latter model contains impurity hydrogen and/or chlorine,19 in
situ STS observation for the ultrathin oxide and oxynitride
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prepared in the UHV chamber also showed similar spectra
with the gaps of about 7.4 eV. We therefore consider that the
7.4 eV gap observed in this work corresponds to the former
structure. On the other hand, after three STS measurements,
the spectrum of defect changes to a different type with broad
states at both bias sides[Fig. 2(I) → Fig. 2sI8d]. We consider
that this change corresponds to a structural change around
the intrinsic;Si-Si; defect. More elaborate tracing is de-
sired to understand the probe-induced process, but we could
not access such an experiment, because the defect density
was less than 131012 cm−2 and most defectss.90%d has
already undergone transformation during STM observation
before STS measurement. In this work, we therefore inves-
tigated the resultant structures to infer probe-induced pro-
cess.

Let us turn to the Si clusters. The STM image for 0.25-
ML Si deposition shown in Fig. 1(b) indicates that hemi-
spherical Si clusters(bright spots) grew on the oxide.20 The
dI /dV curves of clusters in Figs. 2(II ) and 2(III ) have broad
valence and conduction bands. The cluster density having
this type spectrum increased to be 1.831013 cm−2 at 3.8-
ML Si deposition, although the defect density in the oxide
was less than 131012 cm−2. In addition, the small clusters
which have similar sizes to spots on the 0.3-nm-thick oxide
(,1 nm in diameter) had larger energy gaps than defects in
0.3-nm-thick oxide, as we mentioned below. These results
indicate that the defects in the oxide can be ignored on the
energy gap estimation of Si clusters. Here, we assumed that
the width between the edges of both states correspond to the

energy gaps(Fig. 2). It is found that the bigger and smaller
clusters, respectively, exhibit smaller and larger energy gaps,
representing that the STS method can measure size-
dependent energy gaps of Si clusters. It is also found that the
dI /dV curves of clusters are quite similar to those of probe-
induced defects, which suggest that the defects have
Si-clusterlike electronic structures. Here, we should explain
the effect of surface termination around the clusters. In pre-
vious studies using photoluminescence measurement, the
surfaces of clusters were terminated with hydrogen or oxide,
because the surface states caused nonradiative recombination
centers.14,21,22In our research, the bottom side of the cluster
is terminated with oxide, but the hemispherical surface prob-
ably remains nonterminated. To examine the termination ef-
fect on the size dependence, we prepared oxide-terminated Si
clusters by exposing a Si-cluster-grown sample to 1200 L O2
s1 L=1310−6 Torr/sd at room temperature, and found a
similar opening of energy gaps. These results indicate that
the size effect takes place on both nonterminated and oxide-
terminated clusters. On the other hand, it is expected that the
surface oxide of clusters cause errors in determining cluster
sizes from the STM images. In addition, the probe-induced
defects likely have dangling bonds, since this process in-
cludes breakage of Si-O bonds. In this work, we therefore
employ nonterminated clusters for comparison with probe-
induced defects.

The idea of effective size parameters is helpful in com-
paring with Si nanostructures with different shapes. Zunger
and Wang,23 proposed an effective diameterDeff, which was
defined by the diameter of a sphere that had the same volume
as a different-shaped structure.Deff is given by Deff
=0.794D snmd for the hemispherical shape of a cluster. Here,
we assumedD to be the diameter of a cluster in the STM
image. The solid circles for the experimental data in Fig. 3
show that the energy gaps increase with decreasing the ef-
fective diameters. The dotted curve, which was proposed by
using an empirical pseudopotential calculation,23,24 is ex-
pressed as

Eg = 1.17 + 3.3Deff
−1.37, s1d

where 1.17 corresponds to the energy gap of bulk crystalline
Si. The optical gaps experimentally measured from Si clus-

FIG. 1. STM images.(a) 1.1-nm-thick SiO2. (b) Si clusters
grown on 0.3-nm-thick Si oxide(0.25-ML Si deposition).

FIG. 2. STS sdI /dVd curves observed from defect in
1.1-nm-thick SiO2 and Si clusters.(I) and sI8d are defects in SiO2
indicated by arrow(I) in Fig. 1(a). (II ) and (III ) are Si clusters
indicated by arrows(II ) and (III ) in Fig. 1(b).

FIG. 3. Size dependence of energy gaps observed from Si clus-
ters. Dotted curve indicates universal curve for crystal Si nanostruc-
tures (Refs. 23 and 24). Solid curve is present fitting curve ex-
pressed by Eq.(2).
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ters and tight-binding calculation were approximately consis-
tent with this curve,22,25 so that Eq.(2) is regarded to be a
universal curve for Si nanostructures. Our experimental date
also roughly agrees with the universal curve, but most of the
data is slightly smaller than this. We first considered that this
discrepancy is related to the assumption of effective diam-
eter. Actually, it was reported that the energy gap of ex-
tremely elongated box shape is larger than that of cubic
shape with the same volume, while small shape difference
does not affect the energy gaps.23 However, our result
showed opposite tendency, namely, the hemispherical clus-
ters showed smaller energy gaps than the universal curve, so
we ignored the effect of shape difference on the discussion of
Si clusters. We presently considered that the surface states
affect carrier confinement,26 since the clean Si surface re-
mains on the hemispherical cluster surface. In addition, we
have to take the effect of disordered structures into
account.27 Although epitaxial Si clusters usually grow at
550°C because the ultrathin Si oxide partially decomposes,21

it is expected that, at small Si coverages,1 MLd, nonepi-
taxial clusters remain on the oxide surface. The solid curve
in Fig. 3 is the best fitting, which is given by

Eg = 1.6 + 0.8Deff
−2. s2d

The fitted energy gap of 1.6±0.4 eV and exponent of 2±0.5
are approximately consistent with those reported on amor-
phous Si clusters expressed asEg=1.56+2.4D−2 seVd.27 This
result suggests that the deposited Si clusters contain disor-
dered structures. On the other hand, the fitted confinement
parameter of 0.8±0.4 is smaller than that of the amorphous
Si clusters, indicating the reduction of electron and hole ef-
fective masses. We consider that the surface states around the
clusters reduce the effective masses. Incidentally, the large
errors in the fitting parameters reflect large dispersion of ex-
perimental data around the fitting curve. This is likely to
indicate that clusters have varieties of structural disorders
and surface states.

Let us next return to probe-induced defects. The energy
gap distribution for defects in the 1.1-nm-thick SiO2 shown
in Fig. 4(a) exhibits two distinct parts with a main peak at
3.8±0.1 eV and a weak peak at 2.5±0.2 eV. We therefore
divide the defect structures into two types. Figure 4(b) shows
that the high-energy part approximately disappears in the
0.3-nm-thick Si oxide. The 0.3-nm-thick oxide corresponds
to the oxidation of about one monolayer of Si on a Sis001d
surface,28 indicating that a complete SiO2 network is not
formed in this layer. These results suggest that the high-
energy part corresponds to the structure created in the SiO2
film, namely, structural transformation occurs around the
;Si-Si; that is in the SiO2 network. On the other hand, we
can expect that probe-induced defects would have some dis-
orders, since they were created in amorphous oxide at room
temperature. In addition, dangling bonds likely remain in the
defects. Therefore, the solid curve in Fig. 3 is an appropriate
curve for roughly estimating the defect sizes. We calculated
the effective diameter for the high-energy gap to be
0.6±0.02 nm from Eq.(2). Here, the numbers of Si atoms
NSi in the cluster are approximately given byNSi=26.1Deff

3

(atom), so that this inner defects contains about 5–7 Si at-

oms. These results indicate that the probe-induced damage
affects at least second neighboring Si atoms around the
;Si-Si;.

The structure for the low-energy part at around 2.5 eV
likely corresponds to damage around the SiO2 surface or
SiO2/Si interface, because the major defects in 0.3-nm-thick
oxide are this type of structure. The energy gap distribution
for the 0.3-nm-thick oxynitride in Fig. 4(c) indicates a shift
toward a higher energy than that for the 0.3-nm-thick oxide,
representing that the nitrogen in the layer affects the probe-
induced process. If damage develops from the oxide/Si in-
terface to the Si substrate, it is likely that nitrogen would be
ineffectual on damaging process. We therefore consider that
the low-energy part corresponds to damage around the oxide
surface. From Eq.(2), effective diameters for the peak ener-
gies of ultrathin oxide and oxynitride are calculated to be
about 1.0±0.15 nm(16–40 Si atoms) and 0.7±0.05 nm
(7–11 Si atoms), respectively. It is obvious that the calcu-
lated size for the ultrathin oxide is too large, if spherical
structures are created in the layer. We consider that the shape
of surface defect is not a complete sphere, but disklike struc-
tures around the surface. Furthermore, if much dangling
bonds remain in these structures, the energy gaps would be
reduced compared with the inner defects. These two effects
likely lower the energy gaps of surface defects. From the
above discussion, we propose that the probe-induced process
produces inner and surface defective structures on furnace-
grown SiO2 film.

It was proposed that charge-induced structural change
leads to the breakage of a single Si-Si bond.6 A slightly com-
plex model was also proposed, but the network movement is
limited around the Si-Si dimmer structure.7 Comparing these
models, probe-induced damage observed in this work is ob-
viously a large structural change, even though intrinsic de-
fect is embedded in the SiO2 network. Similar network dam-
age has been reported for vacuum ultraviolet irradiation to
SiO2, where oxygen atoms are removed from the network.29

A similar reaction probably occurs in the probe-induced pro-

FIG. 4. Distributions of energy gaps observed from defects.(a)
1.1-nm-thick SiO2. (b) 0.3-nm-thick Si oxide.(c) 0.3-nm-thick Si
oxynitride.
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cess. On the other hand, Lombardoet al. recently reported
that a threshold voltage of about 4 V appears during the
growth of breakdown spots in very thin gate SiO2 film
s1.5–2.25 nmd.30 We consider that this phenomena is related
to the inner defects observed in this work. If further damag-
ing around the inner defects requires excitation of this struc-
ture s,3.8 eVd, a threshold voltage is likely to occur at
around 4 V. We consider that a Si-clusterlike defect with a
diameter of about 0.6 nm is created as a metastable structure
during the electrical breakdown of thin SiO2 film.

In summary, the probe-induced structural change around
the Si-Si bond in the SiO2 leads to two types of defective
structures. We proposed that one is an inner defect with an
energy gap of about 3.8 eV. We roughly estimated the effec-
tive diameter of this type defect to be 0.6 nm. The other is a
slightly larger defective structure created around the SiO2
surface with an energy gap of about 2.5 eV.

This work was supported by the New Energy and Indus-
trial Technology Development Organization(NEDO).
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