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1. Introduction

It is well known that amorphous materials have
amedium range order (up to 15 m»v with the atoms
widely distributed around the average sites. The
experimental techniques available to characterize
this intermediate range order do not give explicit
results and it is difficult to separate the nature of
the network of the surface from that of the bulk.
In this work, structural analyses by electron
diffraction of very thin oxidized a-Si films (thick-
ness of 5-80 .wv provide precise information about
the native oxides produced at the surface and at
the inside of an a-Si film by the oxidation process.
As the a-Si network limits the displacements of
the reacting atoms, the structure of both oxides is
nol necessarily the same as that resulting from
liquid- or gas-phase oxidations. We discuss the
role of the a-Si network on the oxidation process
and the formation mechanism of the surface and
internal oxides. Moreover, ab initioc MO calcula-
lions for anionic clusters of the type (Si0;)™~ and
(8i0,)"~ support the presence of two different
oxides observed experimentally and also reveal the
importance of the ionic character of the oxidized
sites,
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Evaporated amorphous silicon (a-Si) films, oxidized in air or O, at room temperature, present (wo native oxides with
different structures. The surface oxide is constructed from SiO,-tetrahedron structural units with a 110® 0-8i-0 anple, which
is the common structural unit of stable silicon oxides. The internal oxide has a different structure having a 120° 0-5i-0
angle. The results of malecular orbital (MO) calculations for (5i0y)™™ and (Si0,)"" anionic clusters support the presence of
the two stable structures of silicon oxides and also reveal the importance of the ionic character of the oxidized sites.

2, Experimental

Amorphous silicon films were prepared by elec-
tron-beam evaporation of silicon single crystals
having a specific resistance of 5 £ cm. The sub-
strates were thin films of nitrocellulose placed on
#100 Cu mesh grids, and they were thoroughly
degassed by heating in order to obtain homoge-
neous a-Si films without cracks or pores [1,2].
During the deposition, the temperature of the
substrates was maintained between 20 and 50°C.
The film thickness of a-5i was controlled with an
accuracy of +1 A by using a calibrated quartz
oscillator [3]). After the deposition, the a-Si films
were placed in a dessicator, which was evacuated
and rinsed several times with pure oxygen gas at
atmospheric pressure and at room temperature.
Alflter oxidation, the nitrocellulose substrate was
dissolved in isoamyl acetate to obtain a substrate-
free film sample on the Cu mesh grid.

An electron diffraction system with an r*-sec-
tor [4] and an electron-beam size of about 70 pm
was operated at an electron energy of 55.8 keV.
The diffraction paittern of the oxidized a-Si films
was measured in the s-value range 0.5 to 30 A™,
where 5= (4n/A) sin(8/2),  being the angle be-
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tween the incident and diffracted beams, and A
the electron wavelength. The radial distribution
functions (RDF) were obtained from the diffrac-
tion data by using the sine Fourier transformation
method [5,6]. In order to obtain RDF curves with
the highest possible resolution, no artificial tem-
perature factor has been used in the transforma-
tion procedure.

The growth mechanism of the oxides was also
studied by calculating the ab initio self-consis-
tent-field MO of anionic clusters such as (8i0)y™~
(m=0,1,2 and 3) and (5i0,)"~ (#n=0,1 2,3
and 4) using a STO-3G basis and the computer
program GAUSSIAN-80 [7).

3. Results and discussion

The interatomic interference scattering inten-
sity is obtained from the diffraction data follow-
ing a procedure already described in refs. [5] and
[6]. The interference Functions s - M(s) for B0, 40
and 20 A thick a-Si films exposed (o oxygen gas
during periods of 3, 3 and 1 weeks, respectively,
are shown in fig. 1; the reduced RDF curves are
presented in fig. 2. For the RDF calculation we
used only the solid line part of the interference
functions in fig. 1 because the finite integrand at
the terminal point of the integration induces unde-
sirable ripples. The assignment of most of the
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Fig. 1. Interference [unctions 5+M(s) versus 5 of oxidized a-Si
films with 80, 40 and 20 A thicknesses.
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Fig. 2. Radial distribution functions of oxidized a-
80, 40 and 20 A thicknesses,

Si films wyp

peaks is already well established in the literature,
From the similarity to the Si-Si atomic distances
of ¢-8i, the peaks at 2.36 and 3.85 A are attributed
to Si-5i atomic pairs of the a-Si network 'in the
first and second neighbors configurations, respe-
tively. From the analogy of the atomic distances
for stable silicon oxides such as crystalline Si0,
[8-14], vitreous silica [15-17] and silicon mono:
xide [18,19], the peaks at 1.6, 2.6 and 3.2 A can be
assigned to Si-O bonded pairs, 0-S8i-0O paiss
with 110° O-Si-O angle, and Si—-O-Si atomi
pairs, respectively. By using an artificial damping
factor which eliminates the ripples present. on
both sides of real atomic peaks without changing
their positions, the small peak at 2.9 A was!found
to be real and was attributed to the Q-Si-0
atomic pair having an angle of about 120° [6]!
The assignment of the peak to a Si—O-Si atome
pair is discarded since all the stable silicon oxides
have Si-Si distances larger than 3.0 A.

The relative peak-height of the 110° O-S5i=0
atomic pair increases when the [ilm thickness de:
creases, but the peak of the 120° O-Si-O atomic
pair does not show the same dependence: High
resolution transmission electron micrographs with
a resolution down to 15 A show that the a-Si films
are homogeneous and without cracks and pores
[1]. The fact that self-supported 5 A thick films
have been obtained (see below) indicates that the
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¢ network is continuous down to this scale
es not consist of particles or grains. There-
assume that all the films deposited under
. same experimental condition (environmental
Er.‘.Ed deposition rate, substrate temperature,
_u:.._,.“xa,wr the same homogeneity and uniformity.
“n_“wumnncmn:u.. both structures are thought to
winale at different oxidation sites. The oxide
o._._m_ a 110° angle structure is derived from a
E__..._nm oxide layer having a constant thickness,
m_._mn endent of the film thickness. The oxide with
5_%% angle structure is, however, distributed
iformly in the film [1,20]. The distribution of
{hese two oxides is confirmed J. mzo results .ov-
wined with an extremely thin a-Si film (5 A thick-
ness) oxidized in pure O, gas ?n m months. Its
interference function is shown in fig. 3 and the
reduced RDF curve is given in the lower part of
fig: 4. The Si-Si peak no longer appears around
2136 A, and consequently all the Si—Si bonds were
broken during the oxidation. The upper part of
fig. 4 shows a least squares fit of the anmvnno.
tive contribution of Si-O atomic pairs and 110
(0-Si-0 atomic pairs to the reduced RDF.
Analyzing the residual RDF (plain curve), we see
that the Si—-O-Si peak at 3.2 A has a small shoulder
il the same position as that of the 120° Olmml.O
peak. Thus, a small amount of internal oxide with
120° 0-S8i-0 structure is also present in the film
together with the surface oxide with the u._oa
0-Si—0 structure. Consequently, as both oxides
dare' present in this film and as the Si-Si bond

_w_c:.:
and do
fore, We

OIr|F.. __L_.D_ ._.:..N_O._.: __.mO
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Fig. 3. Interference function 5+ M(s) versus 5 of oxidized a-5i
film with 5 A thickness.

4veeDir)

rld)
Fig. 4. The lower part shows the radial distribution function of
oxidized a-Si film with 5 A thickness. The upper part shows m
peak fit to the Si-O atomic pairs (dashed line) and .:c
0-8i-0 atomic pairs (1wo dotted line). The plain curve is the
residual RDF curve,

length of the a-5i network is about 2.36 A, we can
conclude that the surface oxide with the 110°
0O-Si-0 structure is only formed with Si atoms of
the first or second silicon surface layer. .

One possible cause of the difference in En
structure of the surface and the internal oxides is
the differences in ecase of the displacements of Si
atoms in the atomic network during the oxidation
process. The principal features of the oxidation
process are the breaking of 5i-Si bonds and the
separation of the Si atoms by the inserted O atom.
The distance between the Si atoms is therefore
changed from 2.36 A (Si-Si bond) to 3.2 A for the
Si—0-8i bridging structure. The Si atoms on the
surface can be easily displaced and will prefer to
bond to four O atoms. On the other hand, the Si
atoms inside the film will not easily bond to O
atoms because of their limited displacement in the
alomic network. Accordingly, the surface oxide is
composed of stable §iO,-tetrahedrons with a .:o.u
(O-5i-0 angle and the internal oxide has a differ-
ent structure with a 120° O-5i-0O angle.

The UV-light irradiation experiment also con-
firms the cause of the difference in the oxide
structure. An 80 A thick a-Si film was oxidized in
an O, pas environment for 6 months; after this
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15104) .z_w__..u ctural parameters of (Si0;)"~ clusters. The status column shows the cluster stability which is determined from the
: - . s
oﬂ_:a_wn._”_ _w_n 1otal energy of the cluster against the Si-O distance r5;_g and the angle §
e 0 8 Energy Electron population Status
B Gi-
Japcity distance (Hartree) Si [6)
m - - - - cannot be optimized
E e - =
2 b 1.6986 107.43° — 580.676623 1313 8.38-8.56 unstable
i =l #.mm..ﬁ 104.92° —580.055331 13.37 B.51-8.71 zszM“n
Fig. 6. Independent structural parameters of (5i0;)m- and _ -2 _.._5...._ 101975 576554553 ! siog. oo ::ﬂw ;
(5i0,)"" anionic clusters. These clusters have (o8 Symmeizy -3 _..Eme 105.47° — 575 550673 = i Likie
around the rotation axes Si-X and Si-0,, respectively _ 4 %
(Si0,)° cluster having r5_o = 1.670 A, near the

r(&)
Fig. 5. Radinl distribution functions of 80 A thick a-Si film
before and after exposure to UV light.

period of exposure, there is no further oxidation
[1,20]. The film was then exposed to the UV-light
of a 150 W Xe-short-arc lamp with about 50
mW /em” for 5 h. The reduced RDF curves for the
film unexposed and exposed to the UV-light are

layer and the a-Si network. This increase Probably
results from the vibrations of the Si network pro:
duced by the UV-light, because the UV photon;
are only absorbed by the a-Si and not by the
silicon oxide [21].

In order to obtain information concerning thy
stability and the reactivity of the two oxide strye.
tures, we made ab initio chemical computations

for anionic $iO, and Si0, clusters. We assumed|

that each cluster has a C, symmetry and two

|

pATAMELETS. The SiO, cluster has two stable struc-

| \ures with electronegativities 2 and 3; the total-en-

ergy.surfaces Versus rg,_q or # are shown in figs. 7

| and 8. Figure 9 shows that the 5i0, cluster has a

stable structure with an electronegativity om.h..Om
the other hand, we could not get any optimized
qructure for neutral 8i0, clusters using the Gaus-
qan 80 program [7]. The total energy of Emu_m:.m-
hedral (5i0,)° cluster with @ being _.om.ﬂ was
first calculated with varying rg_o (fig. 10). The

energy minimum point, shows several dips on the
energy surface (fig. 11). This indicates that ,.rn
neutral SiO, cluster is unstable. (Si0;)™~ with
m=0 and 1 and (810,)"” with n=1, 2 and 3
have a similar behaviour, and we also consider
that they are unstable clusters.

MO calculations show that the SiO; cluster has
two stable structures: a (Si0Q;)?~ planar structure

shown in fig. 5. The curves show that the irradia- independent structural parameters: the Si-Q! dis. gurve shows an energy ::EB_._B_ E_ _‘mw_mmlhh_ﬂmwu E
tion causes three changes on the RDF: (i) an tance 75;_o and the angle as shown in fig. 6. Since | A However, the totlenergy eaeuls 1858 | _sas50q.0
increase of the Si-O peak height, (ii) a decrease of the oxidation site is not necessarily neutral and | _
the Si-Si peak height, and (iii) an increase of the may contain atom(s) with dangling bond(s) during |
110° O-8i-0 peak height. The first two changes the reaction, the oxygen atoms of the clusters are i
indicate that the UV-light allows further oxidation not terminated. f a5®
of the a-Si film. Therefore, the increase of the The structural parameters of the optimized " -
amount of the oxide with the SiO,-tetrahedron structure for each cluster having a minimum |
structure originates from the additional oxidation total-energy are listed in tables 1 and 2. The status
rather than from the reconstruction of the internal column gives the stability of the clusters. This |
oxide having a 120° 0-Si-O angle structure, As status was inspected from the total-energy curves “
the surface of a-Si is already satisfied, the ad- drawn by using four points Legendre interpolation |
ditional oxide is likely to be produced at or below and extrapolation from the values of the total | by {
the inteiface between the native surface oxide energy of each cluster with various structural 115 ,“
%;
Table 1 o\
Optimized structural parameters of (8i0,)™ clusters. The status column shows the cluster stability which is determined from the: |
curves for the total energy of the cluster against the Si-O distance 5.0 and the angle 8.
[onicity Si-0 [ Energy Electron population Status -505.57au. <
distance (Hartree) Si o
(A)
0 1.6239 99.10° —506.768117 13.08 8.23-8.35 unstuble
-1 1.6140 90.00° —506.843213 1329 B.42-8.64 unstable 8
-2 16121 90.00° — 506.387954 13.49 8.84 stable
~3 1.7595 109.30° ~3503.562305 1417 8.94 stable

Fig. 8. Total-enerpy surface of (§i0;)* cluster.

cluster.

Fip. 7. Total-energy surface of (5i04)°
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Fig. 8. Total-energy surface of (§i0,)*~ cluster.
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Fig. 10. Total energy of (Si0,)" cluster with # =109.47° versus
Si-0 disiance.
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Fig. 11. Total energy of (5i0,)" cluster with Si-O distance of
1.670 A and various 8s.

with #=90° and an 120° O-Si-O angle and a
(5i0,)*~ pre-tetrahedral structure with 8 = 110°
and 110° O-Si-O angle. They also indicate that
.:E Si0, cluster has only one stable structure, that
is the tetrahedral (SiO,)*~. These results support
the presence of the two different stable structures
which are observed in the oxidized a-Si films,
Moreover, there are two possible routes for com-
pletion of a tetrahedral SiO, unit from a sub-oxide
5i0; cluster under the condition of free displace-
ment of atoms and free movement of electrons
during the oxidation: one is the transformation of
a planar (8i0,)>~ cluster into a pre-tetrahedral
(8i0,)*" cluster by the capture of an electron and
the following addition of one O~ ion: the other is
a direct reaction of a planar (S810,)*" cluster with
an O°" ion. The first route has no potential
barrier because the (Si0;)*~ cluster is not de-
formed. On the other hand, the second route needs
a change in the geometry of the planar (8i0;)""
cluster. The optimizing process for the transfor-
mation of a (planar SiO;+ O atom)*~ into a
tetrahedral (SiQ,)*~ cluster is shown in fig. 12. In
this calculation, it was assumed that the system
has a C; symmetry similar to the (Si0y)™~ cluster
shown in fig. 6 and that the additive O atom lies
on the Si-X axis. The system is initially con-
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Fig. 12. Optimized transformation of a (planar SiOy+0
stom)*™ into a tetrahedral (Si0,)*~ cluster. O, O, 4, @ repre-
sent the distance between Si atom and the additive O atom, the
distance between the Si atom and O atoms belonging 1o the
planar SiQ, cluster, the angle between the bonds (additive O
alom-Si atom) and (Si atom-O atoms belonging to the Si0,
cluster), and the 1otal energy, respectively.

siructed from a Si0; cluster with structural
parameters identical to those of the stable planar
(5i0,)*~ cluster and a distant O atom. The system
is deformed into a stable tetrahedral (Si0,)*~
cluster allowing a smooth decrease of the total
energy. This result shows that the direct reaction
of a planar (Si0;)*~ and O~ ion into a tetra-
hedral (Si0,)*" is possible.

4. Conclusions

The oxidation of a-Si film in air or O, gas at
room temperature results in the formation of two
different oxides: a surface oxide and an internal
oxide. The surface oxide is generated by the oxida-
tion of the first or second surface layer of the a-Si
film and is composed of SiO,-tetrahedron struct-
ural units with a 110° O-5i-O angle which are
the common structural units of the stable silicon
oxides. The internal oxide has a different structure
with a 120° O-Si-0O angle. The difference in the
structure occurs from the difference of the oxidized
sites: the Si atoms on the film surface bond easily
lo four O atoms as their displacements are easier;
the Si atoms inside the film do not bond easily to
O atoms because of the limited deformation of the
Si network surrounding the Si atom,
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The results of MO calculations support the
presence of the two stable oxides with different
structures. The SiQ, cluster with an electronegativ-
ity of 2 has a stable structure with a 120° O0-5i-O
angle while the SiO, cluster with an electronegativ-
ity of 3 and the SiO, cluster with an electronega-
tivity of 4 have a 110° Q-Si-0O structure. These
results indicate that the ionic character of the
oxidized site plays an important role in the struc-
ture of the oxide.

The authors are grateful 1o Professor T. Shichiri
of Osaka City University for his useful sugges-
tions. This work is partly supported by CNPq
(Brazil).
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