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We present a comprehensive study of the electronic structure of a-quartz employing the tight-binding
method. Nearest- and second-nearest-neighbor interactions are included and treated as parameters which are
adjusted to provide the closest correspondence to the recent pseudopotential-based electronic-structure
calculations. A satisfactory agreement over the entire range of bands is obtained employing only eight
parameters. Detailed agreement in limited ranges of energies of particular interest in various contexts can be
obtained at the cost of discrepancies elsewhere. The direct or indirect nature of the fundamental band gap is
found to be controlled by the second-order effects arising from the interplay between the oxygen-oxygen and
oxygen-silicon-oxygen interactions. Results for the density of states are obtained and, after proper weighting
by the appropriate photoelectric cross sections, compared with the observed x-ray photoelectron spectra
(XPS). The computed charge density indicates a charge transfer to oxygen of order unity. The flexibility of
the tight-binding method and the insulating nature of SiO, are exploited to study the influence of local
geometrical distortions from the a-quartz configuration. We find the behavior of the bands near the
fundamental band gap to be more sensitive to the precise local geometry than is the overall behavior of the
bands. Results for the changes in the bands, density of states, and charge transfer to oxygen as a function of
variations in the Si-O-Si bridging-bond angle, as well as the O-O bond length, are presented. It is suggested
that such information may be of considerable use in elucidating the nature of amorphous SiO,. To this end,
a framework capable of providing much needed chemical and structural information regarding glassy
materials is presented and discussed in the context of recent XPS studies of the core level chemical shifts
and of the valence-band structure of amorphous SiO,.
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I. INTRODUCTION

The tight-binding method has proven to be one of
considerable flexibility and particular usefulness
in studying the electronic structure of complicated
lattices of low symmetry. In this paper we exploit
this method and present! a comprehensive study of
the electronic structure of a-quartz, as well as the
influence of local disorder. The paper aims at e-
lucidating the influence of different silicon and ox-
ygen interactions (s-s, s-p, and p-p) on the band
structure of a-quartz, as well as the role of the
Si-O-Si bridging-bond angle and the O-O bond
length. This information, it is argued, provides
reasonable insights into the behavior of amorphous
Si0,, and possibly even the nature and character-
istics of the interface between silicon and its ox-
ide.

To date, theoretical studies of the electronic
structure of SiO, have employed empirical or semi-
empirical molecular orbital schemes,z'5 molecular
cluster calculations,®™'? or phenomenological tight-
binding studies of idealized forms of SiO, such as
B-cristobalite.!!"!? An appraisal of these calcula-
tions has been presented by Chelikowsky and
Schluter'* who have recently presented the first
study of a-quartz based on the pseudopotential the-
ory. A comprehensive tight-binding study of a-
quartz, and particularly the influence of local de-
formations, is still lacking. It is the aim of the
present paper to fill this need. The last section of
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the paper provides a summary of our findings and
places them in proper context in light of recent
work.

In Sec. II we develop the basic tight-binding
framework and introduce the different types of in-
teractions, namely, nearest- and second-nearest-
neighbor matrix elements, as well as the relevant
diagonal energies for silicon and oxygen. A pro-
cedure for estimating numerical values of some of
these parameters is also presented. In Sec. III we
present our results for the band structure, the
density of states (DOS) and the charge density of
a-quartz. We compare the calculated DOS with ex-
perimental data obtained via x-ray photoemission
spectroscopy'™!® for the valence bands, after cor-
recting for photoelectric cross-section effects.
Section IV is devoted to the study of the effect of
local deformation on the electronic structure. In
particular we investigate the effects of changing the
Si-0O-Si bridging-bond angle and the O-O bond
length on such properties as the DOS and the charge
transfer. ‘Such a study allows reasonable insight
and inferences regarding the nature of amorphous
Si0,, which undoubtedly contains a distribution of
bond angles and ring sizes of SiO, tetrahedral units.
In Sec. V we carry these ideas a step further and
present a framework in which the distribution of
silicon to oxygen charge transfer, corresponding
to a distribution of the bridging oxygen bond angle,
is suggested to give rise to a distribution of core-
level chemical shifts. It is argued that if this dis-
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tribution is peaked at certain bond angles, then the
corresponding core-level shifts could become ob-
servable in high resolution XPS studies. Recent
work of Grunthaner et al.!® gives credence to these
ideas. In Sec. VI we conclude with a discussion
and some comments on future directions of the
present studies.

II. TIGHT-BINDING MODEL
A. Structure and basis functions

The primitive cell of @-quartz is hexagonal,
containing three Si atoms and six oxygen atoms, as
shown in Fig. 1(a) along with the set of Cartesian
coordinates employed in this study. The corre-
sponding Brillouin zone!? is drawn in Fig. 1(b).
Note the four equivalent Si atoms at four edges of
the primitive cell and the two equivalent atoms at
two of the faces.!® The tight-binding bsis func-
tions are written in the conventional manner as

Uy,a(, ) = ?l—ﬁ ‘;e"ﬁ'w— Ri-Ty), 1)

where / is a sum over the N lattice points, f=1,
..+, 9 locates the particular type of atom consider-
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FIG. 1. (a) Primitive cell for a-quartz. Atoms la-
beled by the same number are equivalent. a; and a; are
the primitive translation vectors in the x-y plane.

(b) Corresponding Brillouin zone. by and b, are the re-
ciprocal lattice translation vectors in the k,-k, plane.

ed within the primitive cell, and v denotes the type
of atomic orbital. The Si 3s and 3p atomic levels
lie at ~13.55 and -6.52 eV, respectively, while
the O 2s and 2p levels lie at —29.14 and —-14.13 eV,
respectively. The O 2s level lying much lower than
the other levels considered, is not expected to mix
much with these orbitals. Evidence for this weak
mixing has alsobeen found in previous studies.?:!!:1%
While retaining the O 2s orbital does not add any
significant difficulty in the analysis, it is never-
theless omitted from our basis set. We are thus
left with 30 functions: the four sp® hybrids around
each of the three Si atoms and three p orbitals

(P, Dy, Do) for each of the six oxygens. These
functions yield 30 bands, only 18 of which are fill-
ed by the 36 valence electrons per cell (four on
each Si and four on each O). Note that inclusion of
oxygen 2s levels would result in 36 bands, 24 of
which would be filled since there would be, in that
case, 48 valence electrons per cell (four on each
Si and six on each O). Ignoring the O 2s levels,
then, amounts to omitting a lower-lying manifold
of six valence bands of essentially O 2s character.

B. Nearest-neighbor interactions

In setting up the calculations it was found profit-
able to view the system as alternating Si-O-Si and
0-Si-O triads (see Fig. 2). Each Si-O-Si triad de-
termined three directions €,, ¢y, and €, Which
we shall refer to as the triad coordinate system.
€, is parallel to the Si-Si directions, €, is perpen-
dicular to €, but lies in the plane of thetriad, and
€, is normal to that plane. The three oxygen p
orbitals were taken along these directions and will,
consequently, be denoted by pg, p,y, and p,y. The
Si basis functions were taken to be the sp? hybrids
as mentioned above, but the hybrids were then ex-
panded in terms of the Si s and p orbitals in the
triad coordinate system so that the nearest-neigh-
bor matrix elements of the Hamiltonian could ul-
timately be described in terms of s and p func-
tions, as shown in Fig. 2. We have shown six
nearest-neighbor (n.n.) parameters. These inter-
actions may be assumed to be independent, giving
rise to a tight-binding description involving six
adjustable n.n. parameters. However, invoking
certain geometric relationships along with the
commonly employed two-center approximation,
one can easily show that these six n.n. interaction
parameters are related, thus leading to only three
independent parameters. These three parameters
are taken to correspond to linear Si-O-Si bonds.
The expressions relating the six n.n. matrix ele-
ments to the fundamental three, which we denote
as Vi, Voo, and Vi, are



1578 ROGER N. NUCHO AND

(o}
EU
f L’H)\
Si Si
Si-0

<>
%Jiigh
®
>0 Vp">0

FIG. 2. Nearest-neighbor and second-nearest-neigh-
bor interactions considered (except Vy which is an on-
site parameter).

0
Vepo =c0sa Vs, ,

VsPr =sina Vgﬂq ’

Vo © =cos®a V3, +sin’a V,,, (2)
Vper=sin?a Vi, +cos?a Vi,

Vﬂw = Vpot =sina cosa (Vgao - ngr) ’

where a is the O-Si-Si angle in the Si-O-Si triad
(see Fig. 2) and is equal to 18° for a-quartz. ,The
three fundamental n.n. parameters thus correspond
to o =0 and may be visualized by setting ¢ =0 in
Fig. 2.

C. Other interactions

The second-neighbor interactions are of two
types: Si-Siand O-O. Of the Si-Si interactions,
we retain only the interaction between hybrids be-
longing to the given Si~-O-Si triad, denoted by V,
in Fig. 2. The O-O interactions require a some-
what more involved analysis. Each of the oxygen
DPos Dy, and p, orbitals is expanded along the ap-
propriate O-O direction, yielding a component par-
allel to that direction and proportional to V,,, as
well as a component normal to that direction which
we will neglect. Earlier estimates!? have shown
that this normal component is less than 10 % of the
parallel component. The remaining matrix ele-
ments of the problem are three diagonal energies,
E(sp?), E(poy) and V, where E(sp?) is the silicon
hybrid energy, E(p,,) is the oxygen 2p energy, and
Vi=(¥ - €}')/4. The total number of parameters
is thus eight (three diagonal energies, three n.n.
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interactions, and two second-neighbor interac-
tions), if we invoke the true two-center approxi-
mation,!® or éleven, if one chooses to consider all
six n.n. interactions as independent parameters,
as noted previously. Results for both these situa-
tions are presented in Sec. III.

D. Density of states

The expression for the density of states (DOS) is

N(E)= D, 8(E~ E,(k)).

nyk
The & function appearing in the above expression
was approximated by a Gaussian of width 0. Thus
the DOS, normalized to one, was obtained by com-
puting

1 1 [E - E ()]
N(E)—W"’k c(21r)1/26xP<_ ) ) (3)

Various widths were taken for o, and the results
for 0 =0.5 eV are given in this paper. Grids con-
taining 75 and 196 mesh points in the irreducible
part of the Brillouin zone were used. The 75-point
grid was found to be satisfactory.

E. Charge density

Within the tight-binding framework, the total
charge density is easy to evaluate. Writing the
eigenfunction for band » as

@, F) =2 2 ChaE) s K1), @

the total charge density about the Si atom, for in-
stance, is given by

@5 =23 Zg CrEBICY (R, 5)

where v stands for valence band, the factor 2 a-
rises from the sum over spin, and the prime on
the last sum restricts it to Si atoms. The sum
over k space was evaluated using the Baldareschi
scheme generalized by Chadi and Cohen® to hexa-
gonal lattices. We used, successively, 3, 6, and
12 special points, and found the convergence to be
very good even with three points alone.

F. Estimation of parameters

To initiate the calculations, a set of parameters
was estimated via a combination of previously
quoted values in the literature and certain empiri-~
cal chemical rules which have come to be of great
value in estimation of bond strengths. Thus, for
example, an initial estimate of the V5.;° matrix
element of the interaction between silicon and ox-
ygen was obtained by taking the geometric mean of
the corresponding Si-Si and oxygen-oxygen matrix
elements, scaled to the appropriate Si-oxygen dis-
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tance of 1.61 A for a-quartz. The geometric mean
is taken in the spirit of the Pauling geometric mean
rule for bond energies and is considered to be a
good starting point, even though one recognizes
that the matrix elements are not the same as bond
energies, as well as the fact that correction for
the partly ionic nature of the Si-O bond should also
be accounted for. The scaling with respect to
changes of the bond lengths was done following the
“inverse square” behavior of the tight-binding pa-
rameters found by Harrison. In particular, the
work!? of Pantelides and Harrison on 8-cristobalite
estimates V$,° to be 1.45 eV and Vi° ~-0.17 eV
(i.e., 12% of V55°) for oxygen atoms separated by
2.60 A. A tight-binding study®! of silicon by Pandey
and Phillips gives the value V5i;5! =2.32 eV for
silicon atoms separated by 2.35 A. Scaling these
numbers to the distance 1.61 A gives V 5,0 =3.78
eV and V3155 =4.94 eV, whence the geometric
mean rule gives Vji,° =4.32 V. In a similar
manner, from the value of V5i;5! in Si (~0.52 eV)
(Ref. 21) and V§,;° in Si0, (-0.17 eV),!? the value
of V5i;° was estimated to be —0.70 eV.

In addition, from the work'? of Pantelides and
Harrison, estimates can be obtained for the two
parameters W, and W,, describing the matrix ele-
ments of the Hamiltonian between a Si sp® hybrid
and the oxygen p,y and p, orbitals, respectively.
Using simple geometry, W, and W,, may be ex-
panded in terms of the parameters of this analysis,
obtaining

sz == <Zps’3 |H lpr1>
==3(Vepy— V3 c0518° Vo, — V3 5inl8° V,,,),
and (6)

W2B == <¢sp3 |H Ipo>
=-3(Vspo— V3 cos18° V5i:% - V3 sinl8° V,,,) .

Values for W,, and W,, may be obtained from Egs.
(2) of Ref. 12 using the given value of 10.75 eV for
W,. The overlap S was taken to be zero. Bearing
in mind that V,,, =V, sin18° V_, =V?, cos18°’,
and that V.=V, . and given the estimates

for W,, (2.32), W,, (10.22), V5:;° (4.32), and Vpur
(-~0.70), one can obtain from Egs. (6) values for
Vpr (=3.97), Vo (—12.22), and Ve (1.2). How-
ever, noting that the V,,, overlap is expected to be
larger than the V,,, overlap, the value of V,,, was
increased until the value of |V,,°| determined via
Egs. (6) became smaller than V,,. The Si-Si in-
teraction was estimated by similar considerations,
and the diagonal parameters were taken to be the
atomic term values. The starting set of parame-
ters was then estimated to be the following (all en-
ergies are in eV): E(sp’)=-8.28, E(p,)=-13.14,
V,==1.76, Vgo=6.32, V,,==2.07, V35°="150,

Vor = Vpre =3.00, V,p==0.70, V,=-2.30, and
Vo =1.45 eV. Note that the values given above
are also consistent with relations (2). Starting
from this set, the parameters were adjusted to ob-
tain the best fit to the bands provided by the recent
pseudopotential calculations.!* It is in this fitting
procedure that the tight-binding method provides
much needed insight into the particular influence of
the various interaction parameters on the band
structure. A rather comprehensive study of such
effects, including different fits corresponding to
different criterion (motivated by particular ques-
tions of relevance in different context), results for
the density of states, and the charge transfer from
silicon to oxygen for a-quartz is the subject of the
next section. In Sec. IV we examine the influence
of the departure from the a-quartz geometry.

III. RESULTS FOR o-QUARTZ
A. Band structure

Experience with the tight-binding calculations in
various contexts has established that, while satis-
factory fits to limited energy and momentum re-
gions of the band structure of the system of in-
terest may be achieved with a reasonable number
of tight-binding parameters, an accurate fit over
the entire Brillouin zone for many bands is gener-
ally not possible without an unduly large number
of parameters. This is particularly true of com-
plicated lattice structures of low symmetry involv-
ing large unit cells. To maintain the smallest pos-
sible number of parameters, as well as keeping in
mind the future use of these parameters in investi-
gating the influence of geometrical distortions, it
was found profitable to consider two types of fits.
One is the best overall fit for all the bands covering
an energy range of the order of 40 eV for SiO,. The
other is the best fit to the valence bands, obtained
at the cost of a less accurate description of the
conduction bands. Furthermore, for each of these
two cases we provide two sets of parameters: one
corresponding to eight parameters only while the
other corresponds to 11 parameters. We recall
from Sec. II that, while the latter case treats all
nearest-neighbor interactions as distinct and in-
dependent parameters, the former makes use of
Egs. (2) resulting from geometrical relationships
implied by the two-center approximations. In the
following, therefore, we will refer to these as the
eight-parameter or 11-parameter fit with the above
understanding of the difference between them.

In Table I, the various sets of parameters are
given. Set 1 constitutes the best overall fit achiev-
ed with 11 parameters. The corresponding band
structure for two directions in the Brillouin zone
is shown in Fig. 3. Set 2 gives the best overall fit
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TABLE 1. Tight-binding parameters for a-quartz. Set1 corresponds to the 11-parameter
overall fit, set 2 to the eight-parameter overall fit, set 3 to the 11-parameter valence-band
fit, and set 4 to the eight-parameter valence-band fit. Absolute values of the diagonal param-
eters are chosen such that the topmost valence band at I' point is at zero energy. All param-

eters are in eV.

E(sp®)  Elpe) Vi Vg VERD

0-0
mer Vppo Vsmr Vp1r-n VZ Vpoo

Set1 -=12.54 -1.30 1.6 -7.00 9.00
-1.94 -1.10 -5.00 5.50

Set3 -10.32

4.00 4.00 -0.80 -0.70 1.50 1.76
3.00 3.00 -0.80 =0.70 1.50 1.55

E(sp®) E(pyy) Vi VESJZ? ’ Vprn Vs VEss
Set 2 -10.55 -0.70 -2.00 -7.00 10.15 -1.84 1.50 1.00
Set 4 -8.98 -1.28 -1.10 -4.70 6.23 -1.43 1.50 1.20

employing only eight parameters, the correspond-
ing bands being shown in Fig. 4(a). Although we
have not superimposed on either Figs. 3 or 4 the
band structure obtained from the pseudopotential
calculations, nevertheless, examination shows that
the bands of Fig. 4(a) are slightly less accurate, as
is expected, owing to the reduced number of pa-
rameters. Set 3 corresponds to the best 11-pa-
rameter fit to the valence-band region alone [Fig.
4(b)], while set 4 yields the best eight-parameter
fit to that same region [Fig. 4(c)]. Table IO pro-
vides a comparison between eigenvalues obtained
within the eight-parameter fits (sets 2 and 4) and
the pseudopotential calculations.
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FIG. 3. Energy bands for a-quartz along the K and
M directions corresponding to set 1 of the parameters.

Next, we discuss the individual effect of each of
the parameters shown in Fig. 2. The oxygen p,,
orbital, normal to the Si-O-Si plane, does not in-
teract strongly with the Si orbitals. Thus, the
topmost valence bands which are largely derived
from these oxygen orbitals have been referred to
as “nonbonding.” However, all the oxygen p orbit-
als (including the p,, orbital) interact with the sec-
ond-nearest-neighbor oxygen p orbitals. Each of
these interactions may be written as the sum of
two terms, one proportional to V5" (i.e., along
the O-O direction), and one proportional to V §i;°
(i.e., one perpendicular to the O-O direction). In
our analysis, the V p° component is neglected,
hence it is the parameter V52 which directly con-
trols the width of these nonbonding bands (bands 7
through 18, counting from the bottom of the fig-
ures). The lower valence bands (1 through 6) and
the upper conduction bands (25 through 30) arise
from the strong nearest-neighbor interactions be-
tween the Si atom and the oxygen p, orbital. Con-
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FIG. 4. Energy bands for a-quartz along the K direc-
tion corresponding to (a) set 2, (b) set 3, and (c) set 4 of
the parameters.
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TABLE II. Shows a comparison between eigenvalues
at certain high symmetry points obtained within the eight-
parameter fit and pseudopotential calculations. Note that
labeling of the bands is in ascending order (1 through 30),
band 18 being the topmost valence band. All values are
in eV,

Set 2 Set 4 Pseudopotential
Iy -4.58 -3.6 —~4.2
T'ys 0.0 0.0 0.0
Ty 9.59 8.82 9.7
K, -4.2 -3.5 -4.4
Kig 0.08 -0.19 0.5
Ky 11.7 10.18 14.5
My -4.2 -3.4 —-4.4
Mg 0.06 -0.21 -0.13
My 11.14 9.82 12.53

sequently, the widths of these bands is basically
controlled by V,, and Vif,;o. The lowest conduc-
tion band at the T" point is of pure Si-s symmetry,
whereas it has some oxygen p, mixing everywhere
else. Thus the parameter V,,, acts like a “fine
tune” for the gap at the I" point. The magnitude of
the fundamental band gap is controlled mainly by
the diagonal energies, and the atomic term values
were found to give much too small a gap compared
to the generally accepted value of ~9.00 eV. It was
necessary to force a large separation between the
Si and oxygen diagonal energies. Furthermore, it
is of interest to note that the indirect gap was found
to arise from a second-order effect involving the
O-Si interaction, V35;°. It is only when this pa-
rameter is made large in the presence of a nonzero
V%" that an indirect gap is obtained. In the pro-
cess, however, there results an excessive lower-
ing of the lower-lying valence bands. Thus, the
basic difference between the “overall” fits (sets 1
and 2) and the “valence region” fits (sets 3 and 4)
is that in the former an indirect gap is obtained,
but along with a set of six valence bands lying as
deep as —20 eV (with respect to the top of the val-
ence bands), whereas in the latter the lowest val-
ence band lies closer to the experimental value of
about —12.5 eV, but the indirect nature of the gap
is lost. As for the parameters Vo, and V,,,, their
main effect is to control the width of the lower-ly-
ing valence bands, more specifically the separation
between bands 2 and 3. Finally, the parameters
Ver and V, were found to have relatively minor ef-
fects. V,,,affects the overall dispersion some-
what, and V, displaces the lowest conduction band
a little.

It must be noted that the final value for V, re-
sulting from the fits is 1.5 eV as opposed to the
estimated value of —2.3 eV. This difference insign
of V, is the only significant departure of the final

parameters from their initial estimated values and
requires comment. It has been noted!® by Slater
and Koster that the second-nearest-neighbor inter-
actions in a tight-binding study, when treated as
parameters, may turn out to have the opposite sign
to that one may a priori have expected. We refer
the reader to the original discussion of this point
given by these authors, but merely note that such
changes in the sign of second-nearest-neighbor
parameters are found to be a rather common fea-
ture of tight-binding fits. Nevertheless, to obtain
a better insight into the role of the parameter V,,
two checks were made. First, an examination of
an isolated Si-O-Si triad obtained by turning off all
interactions between the various triads shows that
the total electronic energy of the triad is lower
with V, positive rather than negative. Second, a
positive sign for V, increases the value of the fun-
damental gap by raising the lowest conduction band.
This allows for a smaller separation between the
silicon and oxygen diagonal energies required to
produce the experimental band gap. Since the
charge transfer from silicon to oxygen is directly
coupled to the separation of the diagonal energies,
we find that a smaller separation gives rise to
charge transfer more in keeping with the expected
ionicity of the silicon-oxygen band. Both these
features strongly argue in favor of a positive sign
for V,, at least in a parametrized study.

B. Density of states and x-ray spectrum

In Fig. 5 is shown the density of states for set 2
of the parameters. The gap between the upper
(nonbonding) set of valence bands and the lower
(bonding) set is largely due to the parameter V 55°.
The large peak at the valence band edge is caused
by the lack of dispersion in the uppermost non-
bonding bands (0 to -2 eV), a feature present in
the pseudopotential calculations (note peak A in
Fig. 2, Ref. 14). In Figs. 6(a), 6(b), and 6(c) are
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FIG. 5. Density of states for a-quartz corresponding
to set 2 of the parameters.
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shown, respectively, the s contribution to the DOS,
the p contribution, and the total DOS for set 4 of
the parameters. (Recall that this set consists of
eight parameters only.) Only the valence-band re-
gion is shown. It can be seen that the s contribu-
tion to the valence bands is small [Fig. 6(a)] and
that the valence band edge is mainly of p character
[Fig. 6(b)].

A comparison with x-ray photoelectron spectra
(XPS) requires an appropriate weighting of the s
and p DOS by the corresponding photoelectric cross
sections. Thus Fig. 6(d) represents the valence
band DOS weighted by s and p photoelectric cross
sections at 1487 eV taken from theoretical calcula-
tions by Scofield?® for Si and O atoms. The ratio
of the s to p cross sections is about 10. In 'Fig. ki
is shown a similar plot (curve a) with an s to p
cross-section ratio of about 20, for comparison
with XPS for a-quartz'® (curve b) and a-SiO, (Ref.
16) (curve c). Note the vertical displacement of the
three curves for clarity. The zero of energy indi-
cates the true valence band edge. The tailing of
the density of states up to about +1 eV beyond is a

(a) S-TYPE ORBITAL DOS (x10)

m

(b) P-TYPE ORBITAL DOS

(ARBITRARY UNITS)

1 1 1 1 1 | 1

(c) TOTAL DOS
— 6:144° I

2 NS gy
(d) DOS WEIGHTED BY PHOTOELECTRIC
CROSS SECTIONS

DENSITIES OF STATE

| | | I 1 { Il
-6 14 -2 -0 -8 -6 -4 2 0 2
ENERGY (eV)

FIG. 6. Densities of state for @-quartz corresponding
to set of 4 of the parameters. (a) s-type orbital DOS,
(b) p-type orbital DOS, (c) total DOS for a~-quartz (solid
line) and for a deformation of the Si-O-Si angle by 14°
(dotted line), and (d) total DOS weighted by the s and p
photoelectric cross sections given in Ref. 22 (ratio of s
to p cross sections is approximately ten).

INTENSITY (ARBITRARY UNITS)

| | 1 1 | |
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/
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FIG. 7. Photoelectric cross-section weighted density
of states with an s to p cross-section ratio of about 20
(curve a), XPS for a-quartz (curve b), and a-SiO,
(curve c).

consequence of the Gaussian width employed for
computational ease. The agreement with experi-
ment may be improved by a different choice of pa-
rameters corresponding to a different band fit.

C. Charge transfer

Following the procedure outlined in Sec. II the
charge transfer from Si to oxygen was calculated
for the a-quartz geometry. The charge transfer
per Si-O bond is found to be 0.58, 0.51, 0.65, and
0.61 for sets*1, 2, 3, and 4, respectively, in units
of electronic charge. As noted before, the magni-
tude of this charge transfer depends largely on the
difference between the two diagonal energies, E(ox)
- E(sp?).

IV. INFLUENCE OF LOCAL DISTORTIONS

In this section the flexibility of the tight-binding
method is exploited to investigate the effect of var-
ious deformations of the SiO, unit cell on the elec-
tronic structure. Referring to Fig. 2, it can be
seen that since the interactions are explicitly de-
scribed by overlapping orbitals, any change in the
triad configuration from the a-quartz geometry
will lead to a change in the matrix elements which
can be calculated by simple geometry from the
values obtained for a-quartz in the preceding sec-
tion.

These studies of the influence of variations in
the Si-O-Si bridging-bond angle and the oxygen-



21 ELECTRONIC STRUCTURE OF SiO,: «-QUARTZ AND THE... 1583

oxygen distance are motivated by the well docu-
mented evidence?® for such variations in amorphous
SiO, and glassy materials in general. The insulat-
ing nature of SiO, lends support, of course, for the
relevance of tight-binding studies, but also sup-
ports the “local chemical environment” point of
view behind our use of this method for studying the
influence of local geometrical distortion. Inherent
in this point of view is the idea that the basic elec-
tronic nature of the material is determined, for
all practical purposes, essentially by the geome-
try and chemical interactions of nearest and sec-
ond-nearest neighbors. Thus the distortions in-
troduced within the unit cell of a-quartz should be
a reasonable starting point for investigations of the
influence of short-range disorder. The use of the
tight-binding method may then be considered as a
simple way of imposing periodic boundary condi-
tions for calculational purposes, on a “molecular
cluster” which is considered to be the unit cell.
In principle, of course, one may consider clusters
larger than the three silicons and six oxygens of
a-quartz when deformations are introduced. In-
deed, one may argue that a decrease, for example,
of the bridging Si-O-Si bond angle at one place
would have to be somehow compensated for by an
increase nearby, so as to keep the strains inside
the solid to a minimum. This would, of course,
require an enlargement of the size of the unit cell.
It may, however, be argued that, to the extent
that the chemical nature of the solid may be gov-
erned primarily by the nearest--and second-near-
est-neighbor interactions, the main features of the
electronic structure of the solid would be quite well
reflected in the combination of results of the pre-
sent “nine atom cluster” unit cell calculations for
deviations towards smaller and larger bridging-
bond angles.

A. Si-O-Si bond angle changes

To first order, the second-nearest-neighbor pa-
rameters are unchanged, while the new “effective”
nearest-neighbor parameters may be evaluated via
Egs. (2), as a function of the bridging oxygen bond
angle. In Fig. 6(c) the total DOS for a Si-O-Si an-
gle of 130° (dotted line) is shown for comparison
with the a-quartz case (solid line). Note the ap-
pearance of states in the “gap” between the non-
bonding and bonding valence bands. This filling of
the gap is due to a decrease in the parameter
V519, as pointed out before. Note also the dis-
placement of the nonbonding valence bands to low-
er energy. The conduction band edge (not shown)
moves to higher energy, thereby increasing the
fundamental gap. The displacement of the non-
bonding valence bands is essentially due to the de-
crease in V5", while the change in the conduc-

tion band edge is due to the increase in the magni-
tude of the parameter V,,,. The opposite effects
are found when the Si-O-Si angle is made larger
than the a-quartz value of 144°,

The changes in the value of the charge transfer
as a function of the Si-O-Si angle were also stud-
ied. The results are plotted in Fig. 8 for the four
sets of parameters. The four curves are essen-
tially similar in shape but translated vertically
with respect to each other. It can thus be seen that
for either the overall fits (sets 1 and 2) or for the
valence-band fits (sets 3 and 4), the absolute mag-
nitude of the charge depends mainly on the differ-
ence between E(ox) and E(Si sp3), whereas the re-
lative variation (as a function of angle) is almost
independent of this difference.

B. Variation in O-O separation

A study of the influence of variation in the oxy-
gen-oxygen separation is of value in isolating and
understanding the basic interactions which control
the behavior of the topmost nonbonding valence
bands. Two basic approaches to modeling the
changes in the oxygen-oxygen separation may be
followed. One is to allow the O-Si-O angle to
change without letting the Si(sp?) hybrids follow the
Si-O bond direction. The other is to keep the hy-
brids pointing in the bond direction, thereby chang-
ing the tetrahedral angles between the hybrids.
Some specific considerations required by the latter
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FIG. 8. Silicon to oxygen charge transfer (per Si-O
bond) as a function of the bridging oxygen bond angle 6.
Curves 1 through 4 correspond to the sets of parameters
1 through 4. The Si (2p) chemical shift shown corre-
sponds to curve 2.
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situation will be taken up elsewhere.?* However,
we have noted earlier! that, even when the tetra-
hedral angle is allowed to change, it is the attend-
ant change in oxygen-oxygen interaction (V9;°)
which influences the electronic structure the most.
This, combined with the fact that the tetrahedral
angle is harder to change, leads us to follow, for
the purposes of the present study, the former ap-
proach. The change in the oxygen-oxygen separa-
tion is modeled as a change in the oxygen-oxygen
interaction parameter V 5, via an inverse-square
dependence on the separation. As indicated in the
previous section, this parameter is the crucial one
in determining the width of the nonbonding valence
bands: the larger V?.,';,o, the larger the width of
the nonbonding bands. The point is well illustrated
and confirmed by a consideration of GeO,. The
average O-O separation in GeO, is larger than a-
quartz, and consequently, the overlap of the oxy-
gen p orbitals is smaller. As a result, V0
should be smaller and the nonbonding bands of GeO,
narrower, as they are. It is worth noting here that
variations in the Si-O-Si angle do not significantly
influence the width of the nonbonding valence bands
as can be seen in Fig. 6(c). These observations
thus substantiate the speculation® by Fischer ef al.
that the dominant parameter determining the non-
bonding valence bands of the Si, Ge, ,O, series is
the shortest oxygen-oxygen separation, rather than
the Si-O-Si band angle.

V. LOCAL STRUCTURE AND CORE LEVEL
CHEMICAL SHIFTS

An essential feature of the ideas investigated in
the previous section is the interdependence of the
chemical and structural environment on a local or
short-range scale. In the present section this cen-
tral though is taken a step further by presenting
arguments which exploit core-level chemical shift
information to deduce local structural information
in glassy materials. Although these ideas are pre-
sented in the context of amorphous SiO,, their
more general validity is self-evident.

Traditionally,? the notion of core-level chemical
shift has been associated with core-level binding
energy changes arising from changes in thevalence
charge distribution caused by the presence of a
chemically different species in the vicinity. How-
ever, we exploit the fact that even a change in the
local structure can give rise to changes in valence
charge distribution, thus inducing core-level
chemical shifts. The question at this point natural-
ly takes on a quantitative stance. Whether or not
the changes in the valence charge, attendant to the
expected range of structural geometries, are suf-
ficient to cause observable chemical shifts in the
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available core levels is a basic question but one
which can be dealt with case by case only. The
calculated variations in the silicon to oxygen charge
transfer as a function of the bridging oxygen bond
angle (Fig. 8) of the preceding section, combined
with recent XPS studies'® of amorphous SiO,-indi-
cate that such effects may already have been found
in this system.

Although the details of the structure of glasses
in general and SiO, in particular remains an im-
portant problem,??" nevertheless a variety of ex-
periments tends to offer considerable evidence
that SiO, tetrahedron tends to maintain its integ-
rity even in the amorphous phase. These tetra-
hedra are held together via a bridging oxygen, thus
forming a ring structure.?” It is speculated that
the amorphous phase consists of a distribution of
ring sizes,?® possibly ranging from rings consist-
ing of as few as three SiO, tetrahedra to as many
as eight and possibly higher. This distribution of
ring size is made possible, to a large extent, by
the flexibility of the Si-O-Si bond angle subtended
at the bridging oxygen. It is also likely that for
given ring sizes the bridging oxygen bond angle
has a distribution although it is a p7iori not clear,
of course, how sharply such a distribution may be

‘peaked in the amorphous phase. Some insight into

the likely connection between a given ring size and
the corresponding most probable bridging oxygen
bond angle may be gained by an examination of the
reported structural properties of the various poly-
morphs of SiO,. We refer the reader to the rather
extensive compilation and analysis?® of such data.
provided by Hubner in the recent past. However,
for ready reference in Table III we have provided
some relevant information. It is readily seen that
the existing polymorphs of SiO, do suggest a strong
correlation between ring size and the bridging ox-
ygen bond angle. It is entirely plausible, then,
that the silicon to oxygen charge transfer calcu-

" lated in the previous section as a function of the

Si-O-Si bond angle may reflect the influence of
ring size as well.

TABLE III. Silicon-oxygen-silicon bridging angle and
the corresponding ring structure for various SiO, poly-
morphs.

Material Si-0-Si angle Ring size ¢
Coesite 120°° 4
a-quartz 144° 2 6
B-cristobalite 2165° 7-8-9
Keatite 154°P 5-7-8

2 Reference 28.
b Reference 29.
¢ Reference 27.
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The calculations of the preceding section and the
above arguments thus suggest that amorphous SiO,
may very well exhibit different Si(2p) and O(1s)
core-level shifts corresponding to the predomin-
ance of certain Si-O-Si bond angles. If observable,
such peaks and their line shapes can be powerful
tools for studying local geometrical structure.
However, purely theoretical estimation of core-
level binding-energy shifts corresponding to a giv-
en charge transfer, by and large, remains a rather
complicated problem, if not a formidable one, also.
Consequently, attempts have been made in the past
to seek correlations between experimentally ob-
served chemical shifts and such phenomenological
concepts as electronegativity. For instance, a
compilation of Si(2p) binding energies in 33 organ-
osilicon compounds as functions of different elec-
tronegativities, given by Pauling, Jolly, Sander-
son, and CNDO calculations, may be found in a re-
cent paper® by Gray et al. For SiO, itself, the
material of interest to us, Hubner has attempted®®
to. formulate an ionicity of the Si-O bond based on
Phillip’s definition of ionicity in terms of optical
properties. He has thus extracted a Si-O ionicity
versus the bridging oxygen bond angle curve from
the relevent experimental values for various poly-
morphs of SiO,. However, the conversion of this
ionicity into charge is a procedure whose reliabil-
ity cannot be easily assessed.®!

Following this phenomenological approach, we
rely upon the experiment for a scale factor which
converts the calculated silicon to oxygen charge
loss (Fig. 8) into a binding energy shift of the Si(2p)
core level. Such a scale factor may be obtained
by taking the measured separation in the Si(2p)
core-level binding energies of elemental silicon
and silicon in a-quartz, and dividing it by the cal-
culated charge transfer from silicon to oxygen in
a-quartz (i.e., for Si-O-Si bond angle of 144°).
This scale factor, which gives the Si(2p) binding-
energy shift per unit charge transfer, may then be
used to convert the curves of Fig. 8 into a mea-
sured binding-energy shift versus Si-O-Si bond
angle realtion. In obtaining a scale factor in this
fashion, it is assumed that the final state relaxa-
tion effects are not unduly sensitive to local geom-
etry and are roughly the same in the condensed
phase.?® On the other hand, being a phenomeno-
logical scale factor, it contains, albeit in an un-
known way, the influence of the extra atomic chem-
ical shifts. It is thus expected to be a rather reli-
able scale factor for obtaining a reasonable idea of
expected binding energy shifts in situations where
no other means is presently available. The full
implications of such an analysis can be best ap-
preciated in conjunction with a detailed and criti-
cal experimental study, such as provided by Grun-

thaner ef al. elsewhere.’? Here, for completeness
of the notions, we briefly discuss the process of
extracting the scale factor.

Recently, Grunthaner and coworkers have pro-
vided®2 a high resolution XPS study of the core-
and valence-level spectra of amorphous SiO, films
(thermally grown on silicon substrate) as well as
the Si/8102 interface. Employing newly developed
spectral reconstruction procedures, these authors
have demonstrated the presence of two dominant
and one weak discreet peak structure in the Si(2p)
envelope in amorphous SiO, (Fig. 9). The central
peak, shifted by 4.5 eV from the silicon substrate
2p value, has been identified as corresponding to
the expected predominance of six-membered rings
of a-quartz. Thus utilizing our calculated charge
loss of 2.04 (parameters of set 2) from a central
silicon to four oxygens for a Si-O-Si bridging bond
angle of 144°, we obtain the value 2.20 for the Si
(2p) scale factor, 7. Use of this scale factor
places the lower and higher observed Si(2p) peaks
in Fig. 9 at Si-O-Si bond angles in the neighbor-
hood of 170° and 125°, respectively. For the pur-
pose of charge transfer we have employed parame-
ters of set 2 since this set attempts to fit all the
bands, conduction and valence, whereas set 4 is a
fit to the valence bands alone. Consequently, set
2 has a more stringent requirement imposed on it.
If the correlation between the Si-O-Si bond angle
and ring size noted earlier can be relied upon, then
the three peaks of Fig. 9 suggest the occurrence of
four-membered rings (found in the polymorph coe-
site with angle 120°), six-membered rings (of a-
quartz), and higher membered rings which may
correspond to the seven- and eight-membered
rings of the B-cristobalite. Thus a possible picture
of amorphous SiO, that emerges from this analysis
is one of a distribution of the bridging Si-O-Si bond
angles with peaks at angles of order 120°, 144°,
and 165° or higher.

RELATIVE INTENSITY

I(JJG |(j»4 I(IJZ 100
BINDING ENERGY (eV)

FIG. 9. Shows the deconvolved Si (2p) spectra for 49 A
thick oxide (from Ref. 32). For clarity the silicon
substrate peak (which occurs at 4.5 eV lower binding
energy than the most intense oxide peak shown) is not
shown.
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V1. DISCUSSION AND CONCLUSIONS

A tight-binding study of the electronic structure
of a-quartz has been presented. The tight-binding
parameters of a-quartz were determined by fitting
to the electronic structure provided by pseudopo-
tential-based calculations. It was found that no one
set of parameters can reproduce all the desired
features at once. Consequently, we have provided
two sets of parameters for each of two different
approximations. Mostparameters werea priovi es-
timated by physical considerations and the known be-
havior of other relevant materials. The final fitted
parameters are mostly close to these estimates.
Some exceptions are an unduly large separation be-
tween the diagonal energies required to reproduce
the rather large band gap (~9 eV) of SiO,, and a
large V3i°, which, via a second-order Si-O inter-
action, allows the existence of an indirect gap.

It is important to note the origin of the indirect
nature of the band gap since many other investi-
gators have found a change from direct to indirect
nature as a function of such parameters as the ex-
change parameter o. Although in principle the val-
ue of the exchange parameter a should be fixed,
nevertheless, calculations employing several val-
ues of a between 0.67 and 1.0 have been reported
in the literature. For instance, while Chelikowsky
and Schliiter in their recent psuedopotential-based
calculations!* took @ =0.8 and found an indirect gap
{M(24)—~ T'(25)}, Calaberese and Fowler employing
a mixed basis method took a =1.0 and found®® a di-
rect gap of 6.3 eV at I'. For a =0.67 Batra hasre-
ported®* an indirect gap of 7.6 eV, although it is at
K(24)— I'(25). Increasing a to 0.8, Batra finds®*
the indirect gap to remain at K(24) — I'(25), al-
though its magnitude is enhanced to 8.7 eV. Fur-
thermore, within the parametrized tight-binding
procedure such as ours, but fitting to certain ex-
perimental data, Chadi ef al. found® the indirect
gap to be at A(24) —TI'(25). These authors also
found B-cristobalite to have a smaller and direct
gapat T" of 6.9 eV. The trend towards a smaller
gap for a Si-O-Si bond angle of 180° is opposite to
that found by Batra, by Calaberese and Fowler,
and by us. This wide quantitative—as well as qual-
itative—spread in the reported results for the
electronic structure of SiO, makes the exposition
of the role and interplay of various parameters in a
tight-binding study of paramount importance. The
subtle interplay of second-order effects controlling
the direct-indirect nature, its positioning (M to T’
or K to I or otherwise) and magnitude of the funda-
mental band gap as exposed in our study, thus
take on a particular significance.

The topmost valence bands are found to be de-
rived from the nonbonding oxygen 2p orbitals.
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Thus the parameter controlling these bands, par-
ticularly their dispersion, is the oxygen-oxygen
nearest-neighbor interactions, although the Si-O
nearest-neighbor interactions do influence these
bands in higher orders of the interaction. This in-
troduces a certain amount of bonding character to
these bands as well, although it is very small.
Furthermore, in Sec. III we showed that the major
influence of the oxygen-oxygen interactions arises
from the separation of these atoms in the struc-
ture, rather than the Si-O-Si bond angle. This
tends to substantiate the inference drawn by Fisch-
er et al. from their work!® on §i,Ge,.,0,.

Results for the density of states (DOS) were pre-
sented for a-quartz, showing their s and p charac-
ter. This again indicates the small contribution of
s states to the valence bands near the fundamental
band gap. A substantial dip in the DOS in the ener-
gy region between the bonding and nonbonding val-
ence bands is found. The s and p partial DOS were
weighted by the appropriate photoelectric cross
sections and the resulting total weighted DOS is
compared with the results of the recent XPS de-
terminations for crystalline a-quartz, as well as
amorphous Si0O,. The main features are well re-
produced, the major deficiency being too high a
peak at the leading edge of the nonbonding valence
bands near the band gap. This is caused by a lack
of sufficient dispersion in the nonbonding bands.
This is a carryover from the psuedopotential cal-
culations which also give rise to very narrow non-
bonding bands. We can remove the deficiency eas-
ily by determining some of the tight-binding pa-
rameters via a fit to certain experimentally de-
termined values. However, in this study we de-
cided not to mix theoretical and experimental val-
ues in determining the values of the fitted parame-
ters. This maintains a certain consistency in the
study, as well as avoids additional ambiguities and
uncertainties in the interpretation of the results
arising from variations in the parameters. Final-
ly, the charge transfer to oxygen was calculated
employing special points in the Brillouin zone and
found to be of the order of unity.

The similarity of the optical properties of crys-
talline and amorphous SiO, suggest that only short-
range order may be the dominant factor in deter-
mining the electronic structure of SiO,. Motivated
by this, we studied the influence of short-range
distortions by varying the flexible Si-O-Si bridging
bond angle 9, the oxygen-oxygen separation, as
well as the more rigid tetrahedral angle at Si. We
found that a Si-O-Si bond angle smaller than 144°
gives rise to a filling of the dip (via a decrease in
V$5-9) in the density of states between the bonding
and nonbonding bands, but at the same time tends
to increase the fundamental band gap predominant-



ly by lowering the valence band edge. The opposite
behavior is found for Si-O-Si bond angles larger
than 144°. The true behavior of the amorphous
phase is undoubtedly some statistically averaged
behavior arising from a distribution of these bond
angles.

Experiments on amorphous SiO, films reveal a
smaller fundamental band gap, as well as filling of
the dip in the DOS in the region between bonding
and nonbonding valence bands, thus indicating a de-
finite presence of larger as well as smaller Si-O-
Si bond angles.

In an effort to shed some light on this fundament-
al matter of the distribution of the Si-O-Si bond
angles, we took the first step towards correlating
local structure variations and the chemical shifts
of the core levels. A conceptual framework relat-
ing the variations in the valence charge distribution
induced by structural distortions to the shift in the
core-level binding energies was presented. Anal-
ysis of the existing data on this basis reveals that
the distribution of the Si-O-Si bond angle does in-
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deed show predominance of certain bond angles,
which are likely to be in the neighborhood of 120°,
144°, and 165°. Correlating these angles with the
known angles in various polymorphs of SiO,, we
note that the above-mentioned distribution of bridg-
ing oxygen bond angle may be a reflection of a
more fundamental aspect of the structure of amor-
phous SiO, (and possible nonmetallic glassy mate-
rials in general), namely, a distribution of the size
of rings formed of SiO, tetrahedron. A realistic
consideration of the stability of a ring of a given
size in the amorphous phase is not within the pre-
sent reach of our understanding of glass materi-
als, although some consideration of the stability of
isolated rings (and some inference regarding glassy
materials) was started a few decades ago.’® %
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