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Theory of oxide defects near the Si-Si02 interface

Andrew X. Chu and W. Beall Fowler
Department of Physics and Sherman Fairchiid l.aboratory, Lehigh University, Bethlehem, Pennsylvania 18015

(Received 7 August 1989)

We have analyzed the (100) Si-Si02 interface based on the crystalline structural model proposed
by Ourmazd et al. The quantum-mechanical modified intermediate neglect of differential overlap
(MINDO/3) technique was employed to investigate the electronic properties and atomic
configurations of the interface region with various oxide defects. %'e find that oxygen vacancies in
the near-interface region may explain the existence of several silicon oxidation states which have
been observed in core-level photoemission experiments. Our calculations indicate that the proper-
ties of the oxygen vacancies are a strong function of their locations. A positively charged vacancy
in the first oxygen monolayer is predicted to be unstable against the formation of a neutral Si—Si
bond at the vacancy along with the formation of a positively charged Pb-like defect in the silicon
substrate. However, a positively charged vacancy in the second oxygen monolayer is predicted to
behave very much like an E& center in a-quartz. The energy levels associated with these vacancies
are predicted to lie close to the Si valence-band edge, probably within the valence band. The posi-
tive charge state might therefore be neutralized by tunneling from the Si valence band.

I. INTRODUCTION

The silicon-silicon-dioxide interface has been an active
subject of research for many years because of its impor-
tant role in semiconductor devices. ' Although a great
deal has been learned about the macroscopic properties
of this interface, its detailed atomic-scale structures, and
therefore its related electronic properties, are still not
certain. Several atomic models have been suggested, but
some of these lack supporting experimental evidence, and
others do not define a sufficiently detailed atomic
configuration to allow electronic structure calcula-
tions.

It has been suggested by Revesz and co-workers that
the structure of the oxide will show ordering effects asso-
ciated with the requirements of bonding to the silicon.
A Si-Si02 interface model of such a type was suggested
recently by Ourmazd et al. based on their high-
resolution transmitted-electron-microscopy (HRTEM)
measurements. This model, shown in part in Fig. 1(a),
differs from the others in that it proposes that the oxide
itnmediately adjacent to the (100) silicon substrate is tri-
dymite, one of the crystalline forms of silicon dioxide.
Attached to these ordered tridymite layers is amorphous
silicon dioxide, which in most other Si-Si02 interface
models is assumed to be directly connected to the silicon
substrate. The tridymite region, on the average, is only
about five silicon and oxygen monolayers thick, barely
enough to complete a Si02 ring. Presumably the elec-
tronic properties of such an interface will show many in-
teresting features that are absent in a Si-Si02 interface
model where there is no intermediate crystalline region.

Like any other model of the interface, the Ourmazd
model must explain how interfacial bonds between the
substrate and the oxide could be arranged so that the
coordination number changes from 4 in the silicon sub-

strate to 2 in the oxide. The Ourmazd model assumes
that the silicon dangling bonds on the interface are sim-

ply dimerized to form silicon-silicon bonds. Under such
an assumption the silicon atoms in the interface region
will have one oxygen neighbor, commonly denoted as
Si'+. However, it has been well established through
core-level spectroscopy experiments that silicon atoms
near a smooth silicon-silicon-dioxide interface exist in
three different oxidation states, namely Si'+, Si +, and
Si +, and have certain ratios over a narrow range. One
of the goals of this paper is to investigate whether, within
the framework proposed by the Ourmazd group, it is pos-
sible to have not only Si'+ but also Si + and Si + oxida-
tion states near the interface.

We note that the other two oxidation states may be in-
troduced by considering modifications to the Ourmazd
model. One possible variation of the Ourmazd model is
that two silicon dangling bonds on the interface are con-
nected to an oxygen to form a Si—0—Si "bridge" bond,
instead of simply forming a dimer [Fig. 1(b)]. Siinula-
tions show that lattice imaging cannot detect the pres-
ence of such bridges, which would impart Si + oxidation
states to the two silicon atoms on the surface.

To generate the other type of silicon oxidation state
Si +, we introduce oxygen vacancies. This possibility is
consistent with the early interpretation of Woods and
Williams. We may assume that a Si—0—Si bridge ex-
ists at the interface and that an oxygen vacancy exists in
the first oxygen layer [Fig. 1(c)]. This yields Si'+, Si +,
and Si + configurations. Alternatively, we may create
the oxygen vacancy in the second oxygen layer (an F. '

type center), which (with a Si—0—Si bridge at the inter-
face) will generate two Si + and two Si + configurations
[Fig. 1(d)]. Various combinations of these configurations
will produce a range of the ratios of numbers of the
different oxidation states.
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II. CALCULATIONS

~i
Sttb

o, i5 &i6

Sii

Si

Si5

Si3

Si
(b)

(c)
Si6

Si

Si4

~ Si24

S'8

(d)

FIG. 1. (a) A fragment from the original Ourmazd structure
of the Si-Si02 interface. Si(5) and Si(6) on the interface form a
dimer (not shown). The labeled atoms are the ones fully relaxed
in our subsequent calculations. Hydrogen terminators and one
layer of silicon atoms in the substrate are not shown for clarity.
Otherwise, the configurations shown are the actual large clus-
ters used in the calculations. Termination at O(13) and O(14)
defines the smaller clusters. (b) The bridging model, which
yields two Si + oxidation states. (c) The first-layer oxygen-
vacancy cluster, which includes the Si(5)—O(1)—Si(6) bridge
and yields Si'+, Si +, and Si + (d) The second-layer oxygen-
vacancy cluster (E' center), which includes the Si(5)—O(1)—
Si(6) bridge and yields two Si'+ and two Si +.

The next question is whether these atomic
configurations are energetically possible. We have inves-
tigated this problem with two approaches. One is the
force-field method MM2, a program encoded by Allinger's

group, ' and the other is the quantum-mechanical sem-
iempirical modified intermediate neglect of differentia
overlap (MINDO/3) technique.

MM2 is a semiclassical method which has rarely been
used in the study of solid-state interfaces. In this ap-
proach, all short-range interactions among the atoms or
ions are simulated by springs whose force constants are
derived from experimental results or ab initio calcula-
tions. Because of its classical characteristics, the only in-
formation that it can yield involves the differences of to-
tal energies and the corresponding crystal structures.
The results from an MM2 calculation need to be carefully
calibrated, and more subtle information must be obtained
through other more sophisticated methods.

The advantages of the MM2 program are its simplicity
and its modest demand for computer resources, as com-
pared with other methods. In a calculation of the inter-
face very large numbers of atoms and electrons are in-
volved, and the required computer resources could be ex-
cessive. In such a circumstance MM2 becomes a good
tool for a preliminary investigation. MM2 was used here
to study the strains on the interfaces due to the interface
dimers in the Ourmazd model and to compare with those
due to the Si—0—Si bridge in our proposed
configuration.

To investigate the electronic properties of the oxygen-
vacancy configurations we used MOPN, the open-shell ver-
sion of MINDO/3, developed by Dewar and co-
workers. " MINDO/3 and MOPN have been used in the
investigations of defects in bulk silicon dioxide for nearly
a decade, and have proved to be effective and reliable. '

In order to take advantage of the Cray supercomputer's
parallel processing facility, we have partially rewritten
MOPN.

Two groups of clusters of different sizes have been used
in these total-energy calculations. Each cluster
represents a vertical "slice" taken from a large silicon-
tridymite cluster. The larger clusters have the molecular
formula Si,60»H», and the smaller ones Si,4O„H26, as
shown in Fig. 1(a). Both have three silicon monolayers to
simulate the silicon substrate, of which the lowest layer of
six silicon atoms is not shown in Fig. 1(a) for the purpose
of clarity.

The difference between these two groups is that the
larger clusters have two more silicon atoms [Si(23) and
Si(24)] and one more oxygen atom [O(25)] to complete the
silicon-oxygen ring in the silicon dioxide, and conse-
quently introduce four Si—0—H bonds which do not ex-
ist in the other group of clusters of smaller size. All clus-
ters are terminated by hydrogen atoms in order to elimi-
nate the otherwise-existing surface states due to the dan-
gling bonds on the cluster boundary. These hydrogen
atoms, and the atoms attached to them, as a whole are
called the "cages" and are fixed in the calculations. The
bonds in the cages are placed along the directions of the
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bonds in an infinitely large crystal with the bond length
properly adjusted for OH or SiH. Each cluster has its
own cage, which is taken to simulate its environment.

Since the amorphous silicon dioxides attached to the
tridymite Si02 will impose a variety of different environ-
ments, it is necessary to see how sensitively the energy is
affected as the cage changes shape. We examined this re-
lation by the following sequence of calculations. (a} We
attached hydrogen atoms along normal bond directions
with values of the bond lengths shown in Table I, and al-
lowed the cage, as well as the inner atoms, to relax. (b)
We fixed the cages at the given initial shape and then al-
lowed only the inner atoms to relax.

The comparison of the energies obtained in these two
different ways shows that the energy differences range
from several tenths to three electron volts, where the
clusters with the relaxed cages have lower energies, as
could be expected. This reminds us that the cages must
be chosen carefully, or the results will be easily obscured
by the energy differences due to the cages. We used the
structure of ideal crystalline silicon to construct the sub-
strate, ideal tridymite to construct the oxide, and their
silicon-oxygen-hydrogen cage. The lattice mismatch be-
tween the tridymite and the silicon substrate along the c
axis of the tridymite was considered in our calculations
by using shorter Si—0 bonds (1.491 A) in that direction,
to which the silicon atoms were connected and were then
allowed to relax. The mismatch along the direction
parallel to the interface and perpendicular to the c axis of
the tridymite is about 15%. Full incorporation of this
mismatch into the clusters caused distortions and self-
consistency problems due to the fixed cluster boundaries.
We therefore used normal Si—0 bonds in directions oth-
er than the e axis. In this situation the tridymite can still
be attached to the silicon substrate with ease because of
the relativity high flexibility of the silicon-oxygen-silicon
bonds. Table I shows the bond lengths and bond angles
used as input.

All clusters were fully relaxed in neutral, positively,
and negatively charged states. The results from the cal-
culations of these two groups of clusters of different sizes
show essentially the same features. It is found for all
three charge states that the clusters with an oxygen va-
cancy in the first layer have the lowest energies of the
three configurations (Fig. 2). Furthermore, the positively
charged clusters are always the highest in energy, the
neutral the next, and the negatively charged clusters are
the lowest. This ordering in the energy with charge state
is consistent with the Coulomb attraction between an
electron and a positive cluster, and with a positive elec-
tron affinity for a neutral cluster.
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FIG. 2. The total energies of the large clusters in three
charge states. The horizontal axis represents three different
configurations labeled as Ourmazd, 0 vacancy, and E' center.
"Ourmazd" is the configuration in the Ourmazd model as
shown in Fig. 1(a), "0 vacancy" is shown in Fig. 1(c), and "E'
center" is shown in Fig. 1(d). The solid squares indicate the to-
tal energies of the neutral clusters in the configuration of the re-

laxed positively charged states. (These two energies are used to
calculate the level positions in a Franck-Condon-type process,
shown as the two upper levels in Si02 in Fig. 4.)
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It is mainly due to the lattice relaxation that the
oxygen-vacancy clusters have lower energies than the
clusters of the Ourmazd configuration. This is seen from
the calculations on the smaller clusters, as shown in Fig.
3. Because of the absence of the Si(23)—O(25)—Si(24}
bonds that complete the silicon-oxygen rings in the larger
clusters, full relaxation of Si(8) above the first-layer oxy-
gen vacancy is not possible. The stress thus introduced
near the vacancy may contribute to the total energy so
that the total energy of the oxygen-vacancy clusters be-
comes higher than that of the clusters of the Ourmazd
configuration. However, in a more realistic situation, the
lattice will spontaneously relax to reduce the stress. In
order to include the effects of this lattice relaxation in our

TABLE I. Input values of bond lengths (A) and angles (deg).
-2 5

-0. 1 0.0 0.1 0.2 0.3 0.4

Bonds Angles The displacements of Sis and its neighbors (A)

Si—Si
Si—0'
Si—H
0—H

2.3320
1.6026
1.4850
0.9420

Si—Si—Si
Si—0—Si
Si—Si—0
Si—0—H

0
'ds, o = 1.4913 A along the c axis of tridymite.

109.5
145 ~ 7
109.5
145.7

FIG. 3. The total energies of the small clusters in the neutral
and positively charged states. It is seen that the energies of the
first-layer oxygen-vacancy configuration become lower than the
Ourmazd configuration in both states as Si(8) and its oxygen
neighbors move towards the interface, simulating the lattice re-
laxation near an oxygen vacancy.
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smaller-cluster calculation, we displaced Si(8) and its sur-
rounding Si—0 bonds as a rigid body towards Si(6) in
two steps, each being 0.20 A. After this Si(8) portion had
been moved to a new position, we fixed the entire cage
and allowed only atoms inside the cage to relax. It is
clearly seen in Fig. 3 that as the Si(8) portion approaches
the other side of the vacancy, the energies of the oxygen-
vacancy cluster first decrease and then increase. At a re-

0
laxation of 0.2 A, the oxygen-vacancy configuration
achieves approximately the same energy as that of the
Ourmazd configuration.

This result is apparently consistent with the physical
picture. When one of the silicon atoms beside the vacan-
cy is approached by the other one, we anticipate the ma-
jor effect of this lattice relaxation to be the tendency to
form a Si—Si bond across the oxygen vacancy, and there-
fore the total energy is lowered, while for a cluster where
there is an oxygen atom between the two silicon atoms,
the Si—0—Si bond is squeezed and the total energy in-
creases when the silicon atom is forced to move closer to
another silicon atom. It is important here to note that
this result does not necessarily mean that the oxygen-
vacancy configuration in the real system will be more
stable than the Ourmazd configuration, since the energy
difference in the real situation can probably be accommo-
dated by energy differences due to the environment.
What this result shows is that both oxygen-vacancy and
Ourmazd configurations near a silicon —silicon-dioxide in-
terface can be energetically favored according to the local
environment.

We had expected that the first-layer oxygen-vacancy
cluster [Fig. 1(c)] would show some defect behavior
around the vacancy. It is true that from the results of the
neutral and negatively charged clusters charges are seen
to congregate around the broken bond. However, the va-
cancy in the positively charged state shows little extra
charge or spin density. The upper silicon atom Si(8) is re-
laxed downward, and a silicon —silicon bond is formed to
"heal" the oxygen vacancy. At the same time a Si—Si
bond just below the interface is broken, and a positive

hole tends to form on one of the silicon atoms [see Fig.
1(a) and Table II, which shows the relevant parameters].
The remaining electron in the broken Si—Si bond stays
on the other silicon, forming a dangling bond. The dis-
tance between these two silicon atoms after relaxation is
2.9 A, closer to the Si-Si distance in silicon dioxide (3.1

A) than to that in silicon (2.35 A).
These features suggest two points to us. First, the oxy-

gen vacancy right on the interface might be energetically
less favored than the structure with a broken bond
beneath the interface, which looks like a Pb center. '

0

Second, the unusually long distance of 2.9 A associated
with the broken Si—Si bond might lead to the formation
of a Si—0—Si bond in an oxygen-rich ambient. This
might imply a mechanism for oxidation.

Experimental evidence has been found that an E'
center can exist in the vicinity of a Si-Si02 interface. ' '
It is still unknown just how close it can be. The result of
our calculations of oxygen vacancies in the second oxy-
gen layer could be part of the answer to this question.
The relaxed structure of such an oxygen-vacancy cluster
in a positively charged state shows all the known charac-
teristics of an E' center in bulk Si02. One prominent
feature of E' centers is that one of the silicon atoms next
to the vacancy will relax into or through the plane of its
nearest-neighbor oxygen atoms, leaving the other silicon
atom at a position slightly puckered away from the nor-
mal tetrahedral position. Another feature of oxygen-
vacancy calculations is that in the neutral and negatively
charged states both silicon atoms move towards each oth-
er and a silicon-silicon bond attempts to form.

Our calculations show similar results, as shown in
Table II, where the Si—Si bond lengths and the angles
between one oxygen-silicon bond and the plane of three
oxygen atoms are displayed. This shows that for the pos-
itively charged state, the silicon atom on one side of the
vacancy away from the interface is pulled into the plane
of its neighboring oxygen atoms, while the other silicon
atom is slightly puckered away from its oxygen neigh-
bors. The positive charge is centered on the planar sil-

TABLE II. Calculated parameters in relaxed clusters.

Spin densities

P„ Py P,

Si(2)
Si(5)
Si(6)
Si(8)

Si(8)
Si(24)

Oxygen vacancy in first oxygen layer (positive charge)
0.0889 0.0303 0.2603

—0.0305 —0.0024 —0.0221
0.000 04 —0.0033 —0.0018

—0.0127 —0.00003 —0.0009

Si(2)-Si(5) separation: 2.9 A
Si(5)-Si(8) separation: 2.5 A

Oxygen vacancy in second oxygen layer (positive charge) (F. ' center)
0.259 —0.0036 0.199
0.0096 0.0019 0.0083

Planar Si(24) angle 0.73
Puckered Si(8) angle:"' 19.23
Si(24)-Si(8) separation: 3.5 A

0.446
0.0003

—0.0066
—0.0001

—0.0175
0.000 08

"Angular elevation of the silicon atom from the plane of its three oxygen neighbors (deg).
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icon, while the puckered silicon contains an electron in
the broken bond pointing towards the vacancy. The
computed charge on the planar silicon is close to that of
Si +, while the puckered silicon resembles Si +. Thus
core-level experiments on the positively charged vacancy
(E' center) might yield results consistent with a Si
atom and a Si + atom, while the neutral vacancy might
be observed as two Si'+ atoms.

It is worthwhile to note that, though energetically the
E' configuration is less favored than the other two with
their own cages which simulate the ideal tridymite crys-
tal, it still could be stable in some environments that
would be simulated by a different cage.

From these total-energy calculations, one can directly
obtain the electrical level positions between different
charge states for each cluster. The level position is
defined as follows:

E (0/+ ) = ( E„+ E+ )
—(E„o—E)o—

for a 0/+ level, (la)

E( —/0)=(E, O
—Eo)—(E, E)—

for a —/0 level . (1b)

Here E, E0, and E+ are the total energies of the fully
relaxed negative, neutral, and positive defect clusters, re-
spectively, and E, is the total energy of the defect-free
cluster in a particular charge state. As defined, this
would yield the (0/+) level relative to the valence band
and ( —/0) with respect to the conduction band of silicon.
However, we are not confident that we can obtain the
E„s with sufficient accuracy to utilize this expression.
As an alternative, we could use the experimental
differences' between adjacent E, 's which yield the
conduction- or valence-band edges. This, however, mixes
theory and experiment in a way which is not totally satis-
factory. Finally, we must realize the complexity of the
physics of a system which has two band structures.

Before proceeding we must consider a further aspect of
this problem. If the defect levels are in contact with the
silicon bands through a tunneling process, then one
should not consider the true level positions (which imply
total relaxation for each charge state), but rather one
must realize that the tunneling will occur via a Franck-
Condon-type process into an unrelaxed state. ' To calcu-
late the proper energy, then, for tunneling from the sil-
icon valence band into a positively charged vacancy, one
should obtain the energy of the neutral vacancy in the
atomic configuration appropriate to the positively
charged vacancy. That energy would then be used in
place of Eo in Eq. (la).

Using the somewhat unsatisfactory Eq. {1),with exper-
imental Si and Si02 band alignments to account for the
E, s, yields results for the level positions given in Fig. 4
[which also includes the "tunneling" levels for (0/+), as
discussed above]. This shows that for both the first-layer
oxygen vacancy and the second-layer E' center, the re-
laxed (0/+) levels are predicted to lie nearly 1 eV below
the top of the Si valence band. For the oxygen vacancy
the tunneling (0/+) level is predicted to lie at the top of
the valence band, while for the E' center the tunneling

0.9eV

Si02 Silicon
Vacuum level

Conduction
Band 4.0eV

0.83eV 0.008eVF
O0.79eV ~ + 0.86eV0 o

E' center 0 vacancy Valence

IP

cl. leV
E

v

FIG. 4. The energy-band structure of an abrupt Si-Si02 inter-
face is shown as the juncture of the experimental bulk band
structure of each material. The (0/+) levels shown for the oxy-
gen vacancy in the first oxygen layer and for the E' center in the
second oxygen layer were obtained as the calculated differences
between positively charged and neutral clusters (Fig. 2), plotted
relative to the vacuum level. The lower levels are appropriate
to fully relaxed clusters (triangles and open squares in Fig. 2),
while the upper ones are appropriate to tunneling levels (trian-
gles and solid squares in Fig. 2), as discussed in the text.

(0/+) level is in the upper part of the Si band gap.
An alternative method for obtaining the tunneling level

is due to Edwards. ' First, one looks at the computed
spin densities to find where the unpaired electron is con-
centrated. Then one looks at the "a"-spin wave func-
tions to determine the highest occupied molecular orbital
(HOMO). The HOMO is to be identified as the top of the
valence band if the corresponding defect orbital has a
small spin density. It is to be identified as the defect level
if the corresponding defect orbital has a high spin densi-
ty. If this is the case, then the top of the valence band
should be the a-spin level right beneath the defect level.

Using the Edwards method we found that (0/+) tun-
neling levels for all these clusters of different sizes are
several tenths of an electron volt below the top of the sil-
icon valence band. Since the charged defects are only a
layer away from the silicon substrate, the levels are actu-
ally merged into the subband of the silicon.

It is not surprising that there are differences of the or-
der of 1 eV between these results. The total-energy
method involves experimental band positions. Since we
cannot claim that the present calculations are capable of
predicting level positions in silicon dioxide to within 1

eV, we cannot compare these with confidence to experi-
mental silicon bands. The one-electron Edwards method
is more consistent in that it involves only theoretical re-
sults, and this method predicts the tunneling (0/+) levels
to be within the silicon valence band. Since the tunneling
levels will always lie higher than the fully relaxed levels,
the Edwards method would imply that the relaxed levels
would lie even deeper into the silicon valence bands.

All of the above results, then, are consistent with the
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fully relaxed (0/+) levels lying well into the silicon
valence bands, for both the first-layer 0 vacancy and the
second-layer E' center. The tunneling levels are predict-
ed with less certainty, but the results in which we have
greater confidence predict for both defects that the (0/+)
levels also lie within the Si valence bands.

III. SUMMARY

To summarize, we have introduced oxygen bridges and
vacancies into the Ourmazd model of the Si-Si02 inter-
face and note that the resulting model contains Si +,
Si +, and Si'+ oxidation states as found in core-level
spectroscopy experiments. The force-field method MM2

and the semiempirical quantum-mechanical approach
MINDO/3 have been utilized to explore the stabilities of
three proposed configurations. Two groups of clusters of
different sizes have been constructed in these total-energy
calculations. It is found that a positively charged oxygen
vacancy next to the Si-Si02 interface might not be stable,
and that instead a Pb-like center in silicon and a Si—Si
bond in silicon dioxide might be formed. It is also found
that in a positively charged state an oxygen vacancy in
the second oxygen layer would show all the basic charac-

teristics of an E' center. However, these defects may well
be unstable in their positive charge state against tunnel-
ing from the Si valence band.

While the atomic clusters used in the MINDO/3 cal-
culations are rather large, these calculations should be re-
peated on still-larger clusters in order to better simulate
the three-dimensional tridymite structure. This should
be possible, given sufficient supercomputer resources. Of
considerable interest as well is the influence of hydrogen
on these defects.

ACKNOWI, EDGMKNTS

This work was inspired and encouraged by the late
Frank J. Feigl, whose stimulating insights are sorely
missed. We are pleased to acknowledge as well helpful
discussions with J. K. Rudra, M. E. Zvanut, and A. H.
Edwards, and the encouragement of A. Ourmazd. This
research was supported by the Electronic and Solid State
Science Program of the Office of Naval Research of the
U.S. Department of Defense and by the National Science
Foundation (NSF) through the Pittsburgh Supercomput-
ing Center.

Frank J. Feigl, in Deposition and Growth: Limits for Mi-
croelectronics, Proceedings of a Topical Conference held at
the Anaheim Hilton Hotel, Anaheim, CA, 1987, AIP Conf.
Proc. No. 167, edited by G. W. Rubloff (AIP, New York,
1988) [Am. Vac. Soc. Ser. 4, 97 (1988)].

2I. Ohdomari, H. Akatsu, Y. Yamakoshi, and K. Kishimoto, J.
Appl. Phys. 62, 3751 (1987); J. Non-Cryst. Solids 89, 239
(1987).

3See the series of papers in The Physics of SiOz and Its Inter
faces, edited by S. T. Pantelides (Pergamon, New York, 1978).

F. J. Grunthaner and P. J. Grunthaner, Mater. Sci. Rep. 1, 65
(1986);F. J. Himpsel, F. R. McFeely, A. Taleb-Ibrahimi, J. A.
Yarmoff, and G. Hollinger, Phys. Rev. B 38, 6084 (1988).

5A. G. Revesz, B. J. Mrstik, and H. L. Hughes, in The Physics
and Technology ofAmorphous SiO,, edited by R. A. B. Devine
(Plenum, New York, 1988), p. 297.

A. Ourmazd, D. W. Taylor, A. Rentschler, and J. Bevk, Phys.
Rev. Lett. 59, 213 (1987); A. Ourmazd and J. Bevk, in Si02
and its Interfaces, Boston, 1987, Mater. Res. Soc. Symp. Proc.
No. 105, edited by S. T. Pautelides and G. Lucovsky (Materi-
als Research Society, Pittsburgh, 1988); A. Ourmazd, J. A.

Rentschler, and J. Bevk, Appl. Phys. Lett. 53, 743 (1988).
~G. Hollinger and F. J. Himpsel, Appl. Phys. Lett. 44, 93 (1984);

P. J. Grunthaner, M. H. Hecht, F. J. Grunthaner, and N. M.
Johnson, J. Appl. Phys. 61, 629 (1987).

8A. Ourmazd (private communication).
M. H. Woods and R. Williams, J. Appl. Phys. 47, 1082 (1976).

' N. L. Allinger, Adv. Phys. Org. Chem. 13, 1 (1976).
' R. C. Bingham, M. J. S. Dewar, and D. H. Lo, J. Am. Chem.

Soc. 97, 1285 (1975);P. Bischof, ibid. 98, 6844 (1976)~

Arthur H. Edwards and W. Beall Fowler, Phys. Rev. B 26,
6649 (1982).

' Arthur H. Edwards, Phys. Rev. B 36, 9638 (1987).
' W. E. Carlos, Appl. Phys. Lett. 49, 1767 (1986);M. E. Zvanut,

Ph. D. dissertation, Lehigh University, 1988; W. L. Warren, P.
M. Lenahan, B. Robinson, and J. H. Stathis, Appl. Phys.
Lett. 53, 482 (1988).

'5M. E. Zvanut, F. J. Feigl, W. B. Fowler, J. K. Rudra, P. J.
Caplan, E. H. Poindexter, and J. D. Zook, Appl. Phys. Lett.
54, 2118 (1989).

' J. K. Rudra and W. B.Fowler, Phys. Rev. B 35, 8223 (1987).
' Arthur H. Edwards (private communication).


