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In semiconductor electronics, silicon dioxide films are widely used as insulating
layers, and also as masks in selective doping of semiconductors by diffusion or
ion bombardment using a defocused ion beam; these films can be obtained by
various methods (1−4).
In the present work we investigate the structure and composition of films ob-
tained in the ion accelerator of the I. V. Kurchatov Institute of Atomic Energy
by bombardment with oxygen ions of the (111) surface of 𝑛-type silicon with a
resistivity of 1 Ω ⋅ cm. The thickness of the films studied was ∼ 0.15 𝜇. Their
etching rate in hydrofluoric acid before and after annealing at 1250∘ in a stream
of dry argon was considerably lower than the rate for thermally grown films.
During chlorine etching the initial thickness of the film decreased almost by a
factor of two, which can be explained by nonuniformity of composition. The
film may contain, as independent phases, silicon, silicon monoxide, and silicon
dioxide. The change in etching rate, as well as in film thickness during etching,
is probably associated with the presence of these phases. In a stream of chlorine,
silicon and silicon monoxide are readily etched, whereas silicon dioxide is not
etched at all (5).
Fig. 1. Infrared absorption spectrum of a film obtained by bombardment of
the silicon surface with oxygen (1) and by thermal oxidation of silicon (2).
The distribution of implanted atoms during ion bombardment has the form of
curves with a maximum inside the layer (6). It may be assumed that the near-
surface part, as well as the region adjacent to the substrate, are depleted in
oxygen; therefore, in composition they differ from the SiO2 phase. To verify
this, before etching in a stream of chlorine we carried out studies of infrared ab-
sorption spectra and electron-diffraction studies. The presence of an absorption
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Fig. 2. Curves of the radial distribution of electron density for reflection (1),
for transmission (2)

Figure 2: Fig. 2. Curves of the radial distribution of electron density for
reflection (1), for transmission (2)

peak (Fig. 1) at 𝜆 = 10 𝜇 indicates the presence of SiO in the film, and the
peak at 𝜆 = 9.2 𝜇 indicates SiO2 (7).
On the basis of electron-diffraction patterns taken in reflection from the film
surface with short exposures of 4, 8, 16, 32, and 64 sec, curves of the radial
distribution of electron density were constructed by the Fourier analysis method
(Fig. 2, 1). The presence on the curve of maxima at 𝑟 = 2.5 Å and 𝑟 = 3.5 Å is
significant; these maxima can be explained by the presence of silicon and silicon
monoxide in the film.

Specimens for taking transmission electron diffraction patterns were prepared
in the following way. Silicon plates of size 5 × 5 × 0.2 mm3, on one of whose
surfaces an oxide film had been deposited, were placed in a platinum boat and
etched in a stream of chlorine at a temperature of 800∘ for 3–4 min. In this
process the silicon was etched away, while the film was preserved. The film was
transferred to a Petri dish with alcohol and caught on a platinum mesh. To
construct the experimental intensity curve, 5 electron diffraction patterns with
multiple exposures of 4, 8, 16, 32, and 64 sec were taken on one photographic
plate. On all electron diffraction patterns one diffuse ring of diameter 23 mm
was observed, which corresponds to an interplanar spacing of 4.13 Å, in good
agreement with the interplanar spacing 4.14 Å in the structure of 𝛽-cristobalite
(8).
According to microphotometric data obtained from the electron diffraction pat-
terns on an MF-4 microphotometer, the curves of the radial distribution of
electron density were calculated by the formula

4𝜋𝑟2 ∑
𝑖

𝑘𝑖𝜌𝑖(𝑟) = 4𝜋𝑟2𝜌0 ∑
𝑖

𝑘𝑖 + 2𝑟
𝜋 ∫

∞

0
𝑠 𝑖(𝑠) sin 𝑠𝑟 𝑑𝑠.

The effective number of electrons was calculated from the expression

∑
𝑖

𝑘2
𝑖 = ∑

𝑠
𝑓2

𝑖 (𝑠)𝑠2/ ∑
𝑠

𝑓2
II(𝑠)𝑠2.

Fig. 2. Curves of the radial distribution of electron density for reflection (1),
for transmission (2)

Using the value of the density of the silicon dioxide film, 2.2 g/cm3 (1), the
mean atomic density was found from the relation
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𝜌0 =
𝑑SiO2

𝑀𝑚H
= 0.022 ∑

𝑖
𝑘𝑖 Å

−3.

The normalization of the experimental intensity curve 𝐼(𝑠) to the theoretical
curve ∑ 𝑓2(𝑠) was carried out by the method of equating the areas under the
curves ∑ 𝑓2

𝑖 (𝑠)𝑠2 and 𝐼(𝑠)𝑠2.

For calculating the radial distribution curve, values were taken in the interval
from 1 to 6 Å at every 0.2 Å. The calculations were performed on an electronic
computer.

The radial distribution curve is presented in Fig. 2, 2. The first peak of the curve
corresponds to the distance between silicon and oxygen atoms (Si—O = 1.60 Å)
in the SiO4 tetrahedron. The area under the peak is 15.6 el2; then the number
of nearest oxygen neighbors around a silicon atom is 𝑛Si−O = 4.15, which agrees
well with the number of silicon neighbors in silicate structures. The peak at
2.8 Å is asymmetric and probably consists of two peaks, corresponding to the
O—O = 2.65 Å bond in the SiO4 tetrahedron and the Si—Si = 3.1 Å bond
in two nearest tetrahedra joined at their vertices. The area under the peak is
51 el2. The area corresponding to the O—O bond at 𝑛 = 6 is 24 el2. Thus, the
area corresponding to the Si—Si bond will be 27 el2, whence the nearest number
of neigh-

around silicon, 𝑛Si−Si = 3.9, which agrees well with the number of neighbors in
𝛽-cristobalite.

It may also be assumed that the material of the film under study is a mixture
of Si and SiO2; then the peak at 𝑟 = 2.8 Å can be represented as the sum of
peaks for the bonds Si − Si = 2.36 Å (area under the peak 27 el2) in pure silicon
with the diamond structure, and O − O = 2.65 Å (area under the peak 24 el2)
in SiO2. Since, first, the calculated number of nearest neighbors around silicon
in this case turns out to be 𝑛 = 13.5 instead of 𝑛 = 4 in silicon, and, second,
the mean distance between the peaks is found to be 2.5 Å instead of 2.8 Å, this
assumption is not valid.

The third asymmetric peak at 𝑟 = 4.2 Å, as in the preceding case, can be
divided into two: at 𝑟 = 3.88 Å, which corresponds to the Si − O bond, and at
𝑟 = 4.36 Å, corresponding to the O − O bond.

The last, fourth peak, observed at a distance of 5.2 Å, is evidently the superposi-
tion of two peaks: the first—at 𝑟 = 5.03 Å (corresponds to the Si − Si distance in
the second coordination sphere of the 𝛽-cristobalite structure), and the second
—at 𝑟 = 5.27 Å, corresponds to the Si − O distance.

Thus, the investigations carried out make it possible to judge with complete
certainty the presence, in films obtained by ion bombardment, of an independent
amorphous phase of silicon dioxide with the structure of 𝛽-cristobalite, and to
allow for the existence of phases of silicon and silicon monoxide.
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In conclusion, the authors express their sincere gratitude to Acad. N. V. Belov
for his interest in the work, and also to T. N. Strizheva for carrying out the
electron-diffraction photographs and to M. I. Guseva for kindly providing sam-
ples of oxidized silicon.
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