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Silicon nanostructures along@011# direction with upside down triangle cross sections on the top of
the sawtooth structure with~111! facets are prepared by using the lithography technique, reactive
ion etching, and anisotropic wet chemical etching. These triangle-shaped silicon nanostructures are
thermally oxidized in dry oxygen over a range of temperature from 850 to 1000 °C, which is
characterized by scanning electron microscopy. The self-limiting oxidation phenomenon observed
in silicon nanostructures is discussed. Cross-sectional shape change of the silicon nanostructure
under different oxidation temperatures is demonstrated. A silicon quantum wire is successfully
fabricated by two-step thermal oxidation of the silicon nanostructures. ©1996 American Institute
of Physics.@S0003-6951~96!03038-0#

The thermal oxidation of the silicon is one of the most
important processes in silicon industry. Historically, silicon
dioxide generated by thermal oxidation played an important
role in the development of both metal-oxide-semiconductors
~MOS! and bipolar technology. As the ultralarge scale inte-
gration ~ULSI! dimension approaches the nanoscale, the in-
terest in the fabrication of silicon quantum wires with differ-
ent shape contained within SiO2 is increasing dramatically
due to potential device application and novel physical
phenomena.1,2 This kind of silicon quantum wire has many
remarkable advantages, for example, silicon quantum wires
are produced with controllable lateral dimensions by pre-
cisely controlling the thermal oxidation process; electron or
holes are completely confined since the wide-band-gap
SiO2 acts as a high potential barrier. This study of thermal
oxidation characteristics of the silicon nanostructure is very
important.

There have been many studies of the oxidation of silicon
nanowires in recent years.3–6 Most of these silicon nano-
structures submitted to oxidation had cylindrical shape as
discussed in these reports, and little work is being done on
another shape of silicon wires such as triangle-shaped nano-
structures, which have been considered as a novel nanostruc-
ture for realizing silicon quantum wires and other basic
physical studies.7,8 Recently, we reported the success of fab-
rication of silicon nanostructures with upside-down triangle
cross sections on the top of the sawtooth structure by aniso-
tropic wet chemical etching and realization of silicon quan-
tum wires on the base of these triangle-shaped silicon nano-
structure. It is found that the thermal oxidation is one of the
critical process in fabricating silicon quantum wires, which
not only form high-quality SiO2/Si interfaces, but also
smooth and reduce the lateral dimensions of silicon quantum
wires.8 In this letter, we mainly study the thermal oxidation
characteristics of the triangle-shaped silicon nanostructure.
Dry oxidations of these structures are performed over a range
of temperature from 850 to 1000 °C. Excellent results ob-
served by using the scanning electron microscopy~SEM! are

demonstrated. A silicon quantum wire is successfully fabri-
cated.

Figure 1~a! shows a schematic of the silicon nanostruc-
ture fabricated in this work. The starting material is a nomi-
nally on-axisp-type Si~100! wafer. First, thermal oxidation
technique is carried out to grow a 100 nm SiO2 layer which
acts as a mask for anisotropic wet chemical etching. Then,
line-and-space patterns along the@011# direction are formed
by lithography technique. Next, 350-nm-deep trenches are
generated in the substrate by using reactive ion etching. Af-
ter removing the photoresist, the substrate is dipped in the
strong anisotropic etchant using ethylendiomine-
pyrocatechol-water solutions9 to form an upside down tri-
angle cross section on the top of the sawtooth structure with
~111! facets. Finally, the nanostructure is dipped in an aque-
ous HF solution for several minutes to remove the SiO2

mask, as shown in Fig. 1~a!. A cross-sectional image of SEM
of as-etched nanostructure is shown in Fig. 1~b!.

a!Electronic mail: ydzheng@netra.nju.edu.cn
FIG. 1. ~a! Schematic of silicon nanostructure fabricated in this work, and
~b! SEM image of cross section of the unoxidized silicon nanostructure.
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A set of samples subjected to dry oxidation at different
temperatures for different time periods were prepared under
the same etching conditions to minimize Si nanostructure
variations among the samples. The typical starting lateral
dimensions of the neck region and the upper side of the
silicon nanostructure are about 100 nm, 270 nm, respec-
tively. All dimensional data are obtained from the micro-
graph of SEM. Figure 2~a! shows a cross-sectional image of
SEM of silicon nanostructure oxidized at 850 °C for 10 h. In
order to clearly observe the oxide morphology, the oxidized
samples had a polycrystalline silicon mask deposited on
them by very low pressure chemical vapor deposition
~VLP/CVD!,10 and then were back-side polished and
cleaved. The cleaved faces were delineative etched with an
aqueous HF for several minutes. The space vacated by the
oxide appears as a dark strip sandwiched between two bright
areas of silicon and polycrystalline silicon. All the SEM
specimen of the oxidized samples described in this letter
were prepared by this preparation technique. By analyzing
the oxide thicknesses at different portions in Fig. 2~a!, it was
found that the oxidation rate of triangle-shaped silicon nano-
structures is faster than that of the silicon in the neck region
and lower than that of~111! plane on patterned silicon sub-
strate~sawtooth structure!. Figure 2~b! shows typical 850 °C
oxidation time progression of the lateral dimensions of the
silicon neck and the oxide thickness of~111! plane on the
silicon substrate. As the oxidation progresses, the planar field
oxide thickness continues to increase linearly with the time
while the silicon necks decrease slightly. Moreover, all the
necks are nonvanishing and self-limit to 20 nm after 16 h
oxidation. The retardation of oxidation is usually attributed
to the additional stress from nonplanar viscous deformation
of oxide.4 In the thermal oxidation of silicon, the new oxide
is formed at the Si–SiO2 interface. Because the volume of an

oxide molecule is about two times that of a silicon atom,
volume expansion is necessary in the formation of the new
oxide. Owing to very high viscosity of oxide, nonplanar two-
dimensional viscous deformation of the oxide produces large
additional stress perpendicular to the Si–SiO2 interface, this
normal viscous stress makes the oxidation at the surface of
silicon necks more difficult. They are two likely mechanisms
for slowing down the oxidation rate of silicon neck region.
One is that the surface reaction coefficientKs is reduced by
the normal viscous stress at the Si–SiO2 interface due to
nonplanar viscous deformation of oxide.3,4 Another is that
oxygen diffusion is limited in a highly stressed oxide.5,11 It
has been noted that the limiting value in the present oxida-
tion is larger than that~about 10 nm! reported in Ref. 11. The
difference between them is not known, but the type of silicon
is obviously a factor. In addition, the thickness of the oxide
also plays an important role. Furthermore, the triangle shape
is retained even though the sample is oxidized 16 h and the
dimension is reduced to a very small value. This phenom-
enon does not occur when the sample is subjected to 1000 °C
oxidation. After 4 h oxidation at 1000 °C, the silicon wires
are isolated from the substrate and the triangle shape trans-
fers to quasicircular shape. When the oxidation time is pro-
longed to 6 h, the silicon wires disappear. These results seem
interesting, and it can also be understood by considering the
effect of viscous stress in the oxide on the oxidation rate
described above. At 850 °C or lower, no obvious change in
the triangle structure occurs is due to the existence of viscous
stress in the region of the two bottom angles of the triangle
structure during oxide growth. At 1000 °C or higher, because
there is a viscous flow of oxide to relieve the stress, the
shape change and silicon wire isolation during oxidation are
observed.

Figure 3~a! shows 850 °C oxidation time progression of
the diameters of silicon wires. The starting materials with the
initial diameter 40 nm are oxidized samples after 4 h oxida-
tion at 1000 °C. As the oxidation progresses, it is found that
the retardation of oxidation becomes obvious when the ra-
dius of the silicon wires is decreased. The retardation of
oxidation is more pronounced compared to that of the silicon
necks, and the wires self-limit to 25 nm here. This is because
the oxide round the silicon wire is thicker than that round the
silicon necks, and the curvature is sharper than that of silicon

FIG. 2. ~a! Cross-sectional SEM image of silicon nanostructure oxidized in
dry oxygen at 850 °C for 10 h.~b! Typical 850 °C oxidation time progres-
sion of the lateral dimensions of silicon neck, and the oxide thickness of
~111! plane on silicon substrate by anisotropic wet chemical etching.

FIG. 3. 850 °C oxidation time progression of the diameters of silicon wires.
The starting materials with initial diameter 40 nm are oxidized samples after
4 h oxidation at 1000 °C.
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necks, thus leading to larger additional stress to make the
oxidation more difficult.

We have presented some thermal oxidation characteris-
tics of triangle-shaped silicon nanostructures, which may be
very useful for realizing silicon quantum wires. The advan-
tage of using dry thermal oxidation of cylindrical silicon
nanostructures to fabricate silicon quantum wires has been
demonstrated.2,5 It was seen as an opportunity for fabricating
high-quality silicon quantum wires with61 nm control in
lateral dimensions in the self-limiting regime of oxidation
temperatures below 950 °C.5,11 For the present triangle-
shaped silicon nanostructures, oxidation at low temperatures
~below 850 °C! is not practical because the silicon wires can-
not be electrically isolated from the substrate due to the self-
limiting effect as described above. In addition, though oxi-
dation of the triangle-shaped silicon nanostructure at high
temperatures~1000 °C or higher! can make the silicon wire
isolated from the substrate and reduce the lateral dimension
of it to form silicon quantum wire, we cannot precisely con-
trol the lateral dimensions of silicon quantum wires due to
the impossibility of precisely selecting the time and tempera-
ture of oxidation process. Most important of all, surface
roughness caused by dry etching and chemical wet etching is
retained, which is harmful to device application.6,11 Fortu-
nately, we can obtain silicon quantum wires by using a two-
step thermal oxidation process. High-temperature~1000 °C!
oxidation for some time is used to isolate the silicon wires

from the substrate and reduce the lateral dimension, then the
silicon wires are oxidized below 850 °C to smooth the sur-
face of the silicon wire to form the expected silicon quantum
wires with uniform lateral dimensions. Figure 4 presents the
cross-sectional SEM image of a silicon quantum wire with a
quasicircular cross-sectional shape embedded in the SiO2

layer. It is fabricated by first oxidizing at 1000 °C for 4 h,
then the mid-temperature~850 °C! process of the thermal
oxidation is used. The diameter of the silicon quantum wire
is 25 nm.

In conclusion, we have successfully studied the dry oxi-
dation of the triangle-shaped silicon nanostructures fabri-
cated by lithography, reactive ion etching, and anisotropic
etching. The time progression of the silicon wire reduction
and the neck region oxide growth at low temperature
~850 °C! indicates that after a few hours of oxidation both
become extremely slow compared to the oxide growth rate of
~111! facet of patterned sawtooth substrate. The self-limiting
oxidation effect occurs at the temperatures below 850 °C.
The cross-sectional shape change of silicon nanostructure
under different oxidation temperatures is demonstrated. Ex-
cellent results are evidenced by SEM images. A silicon
quantum wire is fabricated by two-step thermal oxidation in
this way.
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