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Abstract

A series of random network structural models with periodic boundary
conditions for SiOy for x range from 0. (pure amorphous Si) to 2. 4(pure
vitreous silica) within the context of microscopic random bond mixing
model have been constructed. A Keating type of potential is used in : ‘
‘the computer relaxation process. These cubic models which have 54 Si
atoms and variable number of O atoms have no internal voids or dangling
bonds. Each O atom 'binds to two Si atoms in a non-linear bridging
position while each Si atom binds to fou_r oﬁher atoms (Si or O) in a i
tetrahedral configuration. The densities, radial distribution functions i
(RDF) and partial .RDF are studied as a function of x and are compared
with available x-ray scattering data. It is found that for cases of
x # 0. or 2., the Si-Si bond lengths tend to be larger and Si-O bond
lengths tend to be shorter than their respective érystalline bond lengths.
Utilization of these structural models in the electronic and vibrational

calculations is also discussed.
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Intioduétion

In the past few years, the continuous randcm network (CRN) theoryl
,has been generally accepted as the approprlate theory to describe the
structure of glasses, amorphous semiconductors and other covalently
bonded non—crystaliine solids. Cluster medels (CM) of CRN which contain
' no internal voids‘or dangling bonds has been constructed for vitreous
silica or anorphoue SiO2 (a-Si0,) as early as mid—sixties.2 Later,
many tetrahedrally bonded netwbrk models were also constructed for
amorphous silicon (a—-Si).3’4 These phySical models enable us to calculate
‘theoretical radial distributioh functions (RDF) and compare with the
RDF.deduced from scattering experiments. Since the RDF is only an h‘
average ptoperty of a bulk solid, the agreement in RDF with experimentally .
measured one is a neeessary but not sufficient condition of being a goed
. model. A more sttingent test is to calculate the‘eleetrenic5’6 or
vibrational prbper-ties7 of the material based on the atomic coordinates
| of the model structure. Tt is expedient to haﬁe a CRN with periodic
l"boundary cenditions-(PBC). - Since then, the mathematical formulism of
electronic or vibrational calculations will be similar to the crystalline
- cases with perhaps an’enornbus increase in the complexity of the calcula-
tion because ef the large number of atoms in the quasi unit cell.' The
first of such quasi;periodic model (QPM) has been eonstructed by D. Henderéen
for a—Si.8 In contrast to the ™ Wthh always associate 1tself with
a finite surface, the QPM represents a truely infinite array of network
from which the density of the material can be accurately determined and
no surface effect will present. Of course, the unit cell should be
sufficiently large sﬁch:that the tesidual long range order ef guasi—

crystallinity is negligible. The only drawback of QPM is that the constraint
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of PRC make the constructlon of model much more dlfflcult.

In this paper, I present the first QPM for vitreous 5111ca th.ch .

has a RDF and densn.ty in excellent agreement with experl_ment. Similar

models are also constructed for SlO with x = 1.5, 1.0, and 0.5 within
the context of microscopic random bond me_'Lng model.9 These models

should'be very useful in elucidating the atamic structures of SiO » films

_ and Si-Si0, interfacial regions and provide a means of deeper microscopic

understanding about the interfacial electronic states.



" Model Construction

The construction of QPM of CRN for amorphous solid is a rather o
difficult and extfemély time consﬁming process. Forfﬁnately, reasonably
good QPM for a-Si is already in existance and can be utilized to construct -
QPM for a—SiQ2 and SiOX. We start with the QPM originally constxructed |
by Guttman,6 which has 54 Si-atams in a cubic cell and insert O atoms
between each pair of Si atoms. We then rescale the size of the cell
such that the densify of the model is equal to 2.2 gm/c.c. for vitreous
silica. A two dimensional illustration of the process is shown in
Figure 1. From this initial configuration in which the topology of the
network and the bond pattern is determined('a computer relaxation process4‘

is applied which reduce the overall elastic energy of the network by

successively moving each atom to the position-of zero force under a
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Keating10 type of potential.
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where ?i i is the radius vector from atam & to its nearest neighbor atam i;
[4

¢ is the ideal 0-Si-O angle (109 ° 28'); 6 is the average Si-O-Si angle

(147.° in this work)-and d is the Si-O or Si-Si bond length as the case




‘ﬁay be. The firét‘term' in the above expressions‘sums over nearest neighbors,
while the second term sums over the nearest neighbor pairs. |
The ratio of bond bending to bend streching force coﬁétants.are‘set to
be Bl/a = 0.17}382 =1/3 Bl“ The model structure is found to be -
rather insensitive to a reasonable range of.choice of the constants a,
Bys Bye | |
. If only a random fraction of the available O sites in the above
described process is occupied, we have the initial configuration of a

random bond mixing model of SiOX.9

Each O atom binds to two Si atoms and
each Si atom binds to four atoms which may be O or Si, depends-on the

‘random statistics. The unit cell sizes are.rescaled appropriately

éccérding to x. The densities are foﬁnd to be 2.45, 2.50, 2.44 gm/c.c.

fbr x =1.5, 1.0, 0.5, respectively. The strﬁctures are then relaxea as
before where we assumed the bond streching constant o for Si-Si and for =~
Si-O are the same, so are the bond bending constants 8, for Si-Si-Si, Si-Si-O
' and 0-Si-O angles. For each Qalue of x. three inequivalent .

models with different random statistics were constructed.



Result
In Figure 2 (a) and (b) we preéent the calculated ROF of a-Si0, for

X;ray and neutrdn scattering respectively. The atdmic scattering factors

ﬁsed for x-ray (neutron) scattering are ng = 14.75 electrons |

-12

(4= 0.4210 x 10712 cm) and £ = 7.625 electrons (£ = 0.577 x 107 % cm)

respectively.l2 The corresponding experimental curves as presented in

Ref. 12 are also shown as dotted lines; It is apparent that the agreement

is very good up to a radlal distance of 8 &. Not only the position of

the major peaks are ‘in match but also the smaller structures are quite

~well reproduced. The resolved 8i-8i, 0O-Si, and O-O partial RDF are shown

_in Fig. 3 (a) to (c). These results are also in good agreement w1th

those from CM of a-Si0y by Bell and Dean.12 ‘The only difference belng

the absence of a shoulder at 3.7 A which is.éttributed to Si-0 pairs in

* four membered rings. = The present model, being derived from a model for

a—Si6 does not contain four membered rings. The distributions of 5i-0
bond lenths R, the 0-Si-O angles ¢ and the Si~0O-Si angle 6 are shown in
Figure 4 (a) ﬁo (c). The average value is indicated by an arrow. It is

cbvious that the distortion of SiO4 units from a perfect tetrahedron is

very small. The root mean square deviations of R and ¢ are only

0.017 A and 4.8° respectiVeiy. The distribution of é is non-symmetric

and fanges from'il6°-to 180° with an average value 6 = 147°. This is to

be compared with the value of 8 = 153° in the model of Bell and Dean12 and

also § = 144° in a—quartz crystal, ‘
The RDF for x-ray scattering of sio, for x from 2.0 (vitreous silica)

to 0. (a-Si) are shown in Figure 5 (a) to (e). For x ; 1.5, 1.0 and 0.5,

the curves represent thélaverage of three statistically inequavalent models.

Going fram x = 2.0 to 0. .the Si-O peak diminishing and the Si—Si peak growing

and moving from 3.12 A in a-Si0, to 2.33 A in a-Si. The interpretations




of other peaks. above 2.5 & is less straight forward because in the

ndcroscopic random band mixing modei, all types of atomic pairs:contribute.

It was found that for X not equal to 2. 0 or not equal to 0. the Sl—O

(Sl-Sl) bond' distances tend to be slightly shorter (longer) than the correspondr
ing crystalline bond length. This is a consequence Qf additional short range
disorder preéent in,the cares of x # 2.0 or O.lin contrast to the presence

of short range order in vitreous silicé or a-Si. .

| Experinental‘x—ray RDF for the specifiq x values of 1.5, 1.0 and 0.5

are ﬁot aware to us at this time. The closest is the x = 1.08 measurement

| of Yasaitis and Kaplan.13 The RbF below 5 A have fou: prominent peaks

A andiagrees quite well with the calculated RDF for x = 1.0 of Figure 5 (c).




Discussion
We have successfully constructed QPMS which represent an infinite

array of random network structure for a-SiO, and Siox; The calculated

. RDF is in good agreement with experimental measurement and that of -

earlier (M. Because of limitation of size of the present paper, detailed

analysis of these models with respect to the ring topology, random bond

- statistics, partial RDF, effects of presence of four member rings, effects

of varying relaxation parameters etc., will be presented elsewhere. It

should be pointed out that the flexibility of Si-O-Si angle plays an

_ inportant role in model construction. This accounts for the fact that

' the distortion of SiO4 tetrahedral coordinétion in the case of a—SiO2 is

nmchbsmallersthan the corresponding distortion in a-Si case.6

. ..The models for Siox-should he of particﬁlar interest because they
yield microscopic¢ information about atomic scale structures of Si-SiOz-
interfacial regions. At present there are two competing ncdels'for
the structure of SiOX: (1) the microscopic random bond mixing model,9
base on which the present models are const;ucted and (2) the randomly dis-
‘ ’ 13

persed mixture of tetrahedrally bonded a-Si and a—SiO2 model™™ in

which the domain of Si-like or §i0,-like regions are of few tetrahedral

" units. Although the present result based on the idea of first model

is not inconsistent with experiment, we should be able to construct shnilar 
QOPMS based on second.model and make critical éomparisons. Similar models
with specific bonding configurations of defects can also be con-

structed. Using the atomic positions of the QPM constructed, one should
be able to attempt realisﬁic quantum mechanical calculations of electronic
and vibrational states of SiO_ for various values of x. In conjunction
with photoemission or vibrational spectroscopy data, we are then in

position to discriminate between competing models for SiO, and achieve a




deeper undérstanding about the microscopic origin and nature of inter-

facial states. Work in this direction is in progress and will be reported

- in future publication.



Figure Captions

Figure‘l. Two dimensional illustration for obtaining initial atomic

.Figure

Figure

Figure

Figure

configurations of a periodic Hcdei of a—SiO2 from periodic
model of a~Si. Q Si 'atom;‘ ® O atom.

RDF of vitreous silica for: (a) x-ray scattering, (b) neutron
scattering. Soiid'line, computed from the éresent model;
dotted“line, expefinental curveAas presented in Ref. 12.

Partial RDF of vitreous silica from present model:

.(a) si-si, (b) Si-0O, (c) 0-0.

Distribution of.(a)‘Si—O bond lengthé, (b) 0-Si~0 bond angles,
(c) Si-0-Si bond angles in the present model. The average .
value-is indicated by an arrow.i )
Calculated x-ray scaﬁtering ROF for SiOx, (a) x = 2.0
(vitreous silica), (b) x = 1.5, (q) x=1.0, (@) x= OﬂS,

(e) x = 0. (amorphous Si).
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