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INTRODUCTION

Since the detailed studies of the work carried out during this two-
year contract period have been reported on in the four semiannual technical
reports, the content of this report will be different. The major outputs
of this program to date have been a series of scientific papers in various
stages of preparation. Most of these papers still need some additional
information in order to be complete; however, we have decided to comprise
this report from the series of incomplete and complete papers. At the end
of each of the incomplete papers, a single page will Tist the ijtems needed
for completion of that particular paper. An index of the papers to follow
is:

1. Controlled Reactive Sputter Synthesis of Refractory Oxides: S1'0x -

The Silicon-Oxygen System
2. The Synthesis of S1’Cx Films by Multi-Source Sputter Deposition
Single Source Sputter Deposition of SiC Thin Films

Modeling the Spatial Structures of Silica

g W

Energetic Interactions of Foreign Species with Silica.
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CONTROLLED REACTIVE SPUTTER SYNTHESIS OF REFRACTORY OXIDES:

S1'0x - THE SILICON-OXYGEN SYSTEM

by

Troy W. Barbee, Jr., Douglas L. Keith, Lynn Nagel

and William A. Tiller
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INTRODUCTION b
i
The sputter deposition of refractory compound films of high quality from p

| compound targets is often difficult due to the low mechanical integrity 5

typical of such targets, their low thermal conductivities, their inherently

-

)

i low deposition rates and the often substantial contamination incurred during

the sputter target preparation.(l's) These difficulties may be diminished by

reactive sputtering in which the target, consisting of the metal component, is ]
sputtered using a gas mixture consisting of an inert gas (typically argon) and '}

a reactive component, one element of which is active in the formation of the

(I

desired compound.(l'z’s'll) Despite present drawbacks, associated with the

difficulty of closely controlling film stoichiometry, reactive sputtering !

often yields much higher quality films at somewhat higher deposition rates

than those attained using compound targets. Additionally, stoichiometry of

the deposited films is very difficult to control when compound targets are

used.

fhe purpose of the work presented in this paper was to develop the

reactive sputtering synthesis process so that continuous layers of

controllable structure and composition could be formed in a reproduceable and
routine manner. Refractory oxides were chosen as the class of materials to be
studied. In this paper we report the results of our studies on the reactive
deposition of the oxides of silicon (SiOy). Films of Si0y (0 < x < 2) were
synthesized at high rates onto substrates held at room temperature, A
systematic 1investigation of the structure-composition-synthesis process
variables was conducted for this system and it was clearly demonstrated that

films of controllable stoichiometry, varying over the range SiOélf to Siok,

PO e . .
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can be reproducibly synthesized at rates (> 5 A/sec) -equal to or greater

than those typically encountered in industry. In addition, the substrate
temperature during synthesis was held close to the ambient condition

(TS < 65°C).  The low temperature nature of this process is a unique feature

of high industrial potential as it provides a method for forming Si0)

passivating films that does not include time-temperature cycling that could

degrade existing device structures.

EXPERIMENTAL APPROACH AND PROCEDURES

The experimental approach was to design experiments so that reaction
between tﬁé sputtered species (Si in this case) and the reactive gas (0;) was
forced to occur at the deposition surface. It was believed that under such
conditions, high deposition rates plus control of structure and stoichiometry
would be attainable through control of the relative rates of incidence of the
two reactive components onto this surface. Additionally if such control were
possible, it would facilitate both modeling of the reactive sputtering process
and experimental reproducibility in both a given laboratory and between
laboratories.

Two specific types of experiments were performed. In the first, (Type
1), the characteristic deposition profile of the magnetron sources(2) coupled
with a constant reactive gas pressure was used to produce a spatial variation
of the relative rates of incidence of the two reactive species onto the
substrate. In this case the reactive gas incidence rate is constant while the
incidence rate of the sputtered silicon varies in a manner dictated by the

source characteristics. This allowed films of varying stoichiometry to be

P




systematically and reproducibly deposited. Film thickness in these

experiments varied with position so that these samples were useful only in
semiquantitative process development. Substrates were arranged along a
diameter of the source parallel to the source plane extending from one edge of
the source across the center to a position approximately 15 cm from the
projection of the source center onto the substrates. The deposition profile
of the source resulted in an order of magnitude variation in incidence rate
for the silicon while the constant oxygen pressure in the system yielded a
position independent incidence rate for the oxygen. It was expected that the
synthesized film stoichiometry should vary in a systematic manner a‘ong the
substrate. In these experiments, no attempt was made to isolate the sputter
source from the oxygen and the atmosphere in the chamber consisted of an
argon/oxygen mixture (by pressure)}. The source was run at a power level high
enough so that oxide did not form over the active area of the source plate at
the oxygen pressures used (as indicated by constant power level at fixed RF
tuning). The deposit stoichiometry directly under the source was, in all
cases x € 0.5 in SiOx, a strongly substoichiometric oxide film. The
ultility of this experimental arrangement is that it allows, in a single
experiment, the synthesis of films of continuously varying stoichiometry
thereby defining the dependence of stoichiometry on the relative rates of
incidence of the reactive species.

The second experimental arrangement (Type II) used was designed to
isolate the sputter source plate from the oxygen gas, maintaining it in an
inert argon gas atmosphere while introducing an oxygen pressure at the
substrate. Two approaches were taken here. In the first (Type IIA) argon and

oxygen were brought into the chamber separately with the oxygen inlet




surrounding the substrate and the argon introduced as under normal sputtering

conditions. It was observed that higher partial pressures of oxygen were
attainable in the system before oxidation of the source plate occurred than
were observed in the Type 1 experiments. In these experiments the oxygen
concentration, though localized at the substrate, was nonuniformly
distributed. Also, although higher oxygen concentrations were attainable,
source conﬁami-nation by oxygen still limited the experimental range. A series
of experiments were performed using this apparatus in which the rate of
incidence of silicon was maintained constant and the oxygen pressure at the
substrate varied. In this work the source to substrate distance was 11.5 cm
and (100) single crystal silicon wafers were used as substrates. The silicon
incidence rate was 2.9 A/sec (1.45 x 1019 Si/atoms cm? sec). Oxygen
incidence rates were varied from 0 to 8 x 1017 (02/cm25ec) (0 < Po. <
1.6 m torr). ¢

A second generation apparatus (Type 1IB) was designed so that the range
of oxygen pressures could be extended and the distribution of oxygen at the
deposition surface would be considerably more uniform. In this case two gas
ring sources, one for argon and the other for oxygen, were fabricated with the
gas inlets in each ring consisting of slits 0.002" wide on the inner diameter
of two piece annular structures. For oxygen, the sample was mounted in the
ring with the oxygen directed down onto the substrate. For argon, the ring
was mounted near the sputter source with the argon stream directed at the
sputter source target. This arrangement is schematically shown in Fig. 1.
Substantially improved film uniformity both in thickness and composition was
attained with this apparatus. Additionally, oxygen pressures approximately

twice those accssible without the argon isolation ring were usable without




oxidation of the silicon source plate in the magnetron sputter head. For
these experi-ments, silicon incidence rates were 3.4, 5.9 and 8.2 A/sec or
1.72 x 1015 sijem? sec, 2.9 x 1015 si/ecm? sec and 4.1 x 1015 Sijen? sec

respectively., The general oxygen pressure varied from 0 to 0.6 mtorr (0.08

Pa) in the system. This is considerably lower than the oxygen pressure at the

substrate which was not locally measured in these experiments.

In summary, experimental apparatus allowing reactive sputter deposition
in which the chemical reaction occurs at the deposition surface has been
developed. In the following, experimental results for Si0, films synthesized
in this manner will be presented. Specific emphasis will be placed on the
stoichiometry control and uniformity. Results of exploratory Type 1
experﬂnents will be discussed first with Type Il experimental results

subsequently considered.

EXPERIMENTAL RESULTS

TYPE I EXPERIMENTS:

These experiments give semiquantitative information and therefore were
used to provide guidance for the more systematic Type Il experiments. The
limiting factor in this work was the contamination of the sputter source
silicon target plate with oxygen which 1limits the oxygen pressure to low
values relative to the silicon deposition rate. The work performed here was
done using RF excitation of the source at a power level of 450 watts and a
resultant deposition rate on a substrate 10 c¢cm from the source of 7.2 A/sec.
Argon pressure was 2.8 mtorr and oxygen pressure 1,2 mtorr,

Two types of observations were made in these experiments. First, the




optical transparency of the films varied along the substrate indicating the
variation of film stoichiometry as well as of film thickness. Second, the
film thickness varied in a manner reflecting the film stoichiometry. The film
thickness reflects the stoichiometry since the molecular volume associated
with a silicon atom in Si0, is approximately twice that of an atom of silicon
in silicon. Therefore, comparison of deposit thickness for a silicon-only
film with that of a silicon/oxrgen reactively deposited film as a function of
radial position relative to the source center will give a measure of the
deposit stoichiometry. The results of such an experiment are shown in Fig. 2
in which the thickness tgj of a silicon-only film, the thickness t(Si + 0p) of
a reactively deposited film, and the thickness ratio t(Si + 0,)/tg; are
plotted as a function of radial position on the substrate relat- to the
source center. The ratio, t(Si + 05)/t(Si), is nearly constant ( ..6) wup
to radial distances of approximately 7 cm. It then increases monott . “ly to
a value between 2.2 and 2.4 at 7 to 11 cm and then maintains this vaiue. The
film also became fully transparent at a radial position of approximately 10
cm. In the region 5 to 10 cm it was transparent but had a brown color,
characteristic of the reduced oxides of silicon.

Since the 0, pressure is constant, the rate of incidence of 0p is
constant at all substrate positions, Therefore, the stoichiometry and
structure of the deposited film varies in a manner reflecting the relative
rates of incidence of the Si and the 0,. At an oxygen pressure of 1.2 mtorr,
its rate of incidence on the substrate is Vo, = 5 x 1017 cmlsec. The silicon
atomic incidence rate varied from 3.6 x 1015/cm2 sec (7.2 A/sec) directly
beneath the source to 2.9 x 1014/cm@ (0.5 A/sec) at radial a distance of 15

c¢m assuming an atomic volume for silicon of 20 A3, Therefore, the relative
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rates of incidence, voz/vSi , varied from 125 to 1552 with transparent film
being observed for incidence ratios larger than approximately 400, The data
also indicates that substantial reaction does not occur until the incidence
ratio is greater than 150. This is believed to be determined by the supply of
oxygen to the area directly under the source and by the gettering reaction of
the silicon in regions surrounding that area.

These results support the conclusion that reaction under the experimental
conditions imposed is occurring primarily at the deposition surface and that
the stoichiometry is a strong function of the relative incidence rate ratio of

the resulting species on the substrate. These data provided specific guidance

for the Type Il experiments described next.

TYPE 11 EXPERIMENTS

In these experiments the sputter source plate was isolated from the
oxygen to higher substrate oxygen pressures because oxygen was introduced only
at the deposition surface. Type IIA experiments were performed with

substrates 11.5 cm away from a 5 cm diameter oplanar magnetron sputter

deposition source. Oxygen was introduced at the substrate and argon generally
introduced into the vacuum chamber. Argon pressure was held constant at 2.1
mTorr and the total system oxygen pressure varied from 0 to 1.5 mTorr by flow
rate control. The silicon source was RF excited with a resulting depcsition
of 2.9 A/sec at the substrate onto single crystal (100) orientation silicon
substrates. Analysis of the film thickness and refractive index by
ellipsometry indicated that the oxygen distribution at the substrate was
ronuniform, Additionally, oxygen contamination of the sputter source was

observed at oxygen pressures greater than 1.5 mTorr.




A second experimental arrangement, Type 1IB (Fig. 1), was constructed and
experiments similar to those performed above were carried out. A 7.5 cm
diameter planar magnetron source and a 12 cm source to substrate spacing,
oxygen pressures from 0 to 0.6 mTorr total system pressure and silicon
ceposition rates of 3.4, 5.8 and 8.2 A/sec were used. The Tower range or
OxyGen pressures necessary here indicates that the partial pressure of oxygen
at tne deposition surface was at least a factor of 5 to & larger than the
increase in total system pressure resulting from the introduction of oxygen.

In the following, a systematic presentation of the results obtained with
configuration Type lIA will be made and then compared to those obtained using
configuration Type IIB on the basis of the relative rates of incidence of
oxygen and silicon, The wuniformity of the deposit attained wusing
configuration Type IIB will also be demonstrated.

Steady state synthesis was established by use of a constant flow rate of
02 into the deposition chamber at the substrate surface and a constant rate of
incidence of silicon atoms onto the deposition surface. $§10y formation was
jnitiated by opening a shutter which isolated the substrate from the silicon
sputter source so that both Si and 0 (at the constant) flux are incident on
the substrate aéd the film ids of uniform stoichiometry through its
thickness. A series of synthesis experiments were performed with constant Si
deposition rate, deposition time, source to substrate distance and Argon
pressure while the oxygen pressure was varied from 0 to 0.5 mTorr. Film
thickness and refractive index were determined using ellipsometric techniques
(» = 6328 A; angle of incidence = 70°). Film thickness was also measured
using mechanical stylus techniques at steps introduced by masking. The

composition of these films was deduced from the refractive index data

- 10 -
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correlation with results reported for SIPOS material(12) and by electron
microprobe analysis of four of our samples.

Refractive index has been correlated with oxygen concentration in both
SIPOS films and our films as shown in Fig. 3. Oxygen contents were measured
using electron microprobe analysis tech ~ues in both cases. L

The thickness of our Type IIA deposited Si0, films, as determined using
mechanical stylus techniques and ellipsioma2try, are presented in Fig. 4 as a
function of oxygen pressure during synthesis. The data points represent the
average thickness observed at different step positions, with the vertical bar
providing the range of thickness observed for a given sample., This wide
variation 1is the result of drift in the oxygen pressure during a given
experiment as well as a nonuniform oxygen distribution at the substrate.
Since the oxygen incidence rates on the substrate increase linearly with
pressure, a linear dependence of tg with P02 is expected if a constant
fraction of incident oxygen atoms results in the formation of SiOp clusters
with the specific volume of Si0,, Departures from the expected linearity
could be related to two primary sources; (1) oxygen contamination of the
target which reduces the Si incidence rate, and (2) the incorporated oxygen
does not all form Si0; clusters with the expected equilibrium specific volume
but rather takes forms with different specific volumes. At the highest oxygen
pressures the measured thicknesses are smaller than predicted, a result we
interpret as being caused by sputter source contamination with oxygen.

The optical transmission of the films deposited on the masks was
indicative of the oxidation state of the films. It is expected that the

transmission will dincrease as the oxygen content increases. Even with the

increasing film thickness observed with increasing oxygen pressure, the

- 11 -




transparency increases in a nearly monotonic fashion with increased oxygern
pressure during synthesis. At the highest oxygen pressures the deposits are
transpirent, as expected for Si0,.

The refractive index for these films was also observed to systematicé]ly
vary with oxygen pressure from that expected for silicon ((nf = 3.6
(amorphous}to 3.8 (crystalline)) to that observed for amorphous
SiOZ(nf ~ 1.45). The n¢-values were measured on films deposited onto (100)
Si substrates using standard ellipsometric techniques (x = 6328 A; angle of
jncidence = 70°). These results are plotted as a function of oxygen pressure
during synthesis in Fig. 5. The extent of the blocks surrounding each data
point represents the effect of the variation of pOZ during synthesis as wel)
as the nonuniform distribution of oxygen at the substrate. Oxygen
concentration in our films determined using the refractive index-composition
relation (Fig. 3) are plotted verus P02 during synthesis in Fig. 6.
Examination of the samples indicated that nonuniform flow of the oxygen and
therefore nonuniform oxygen pressure at the substrate was the primary cause of
the variations in composition and film thickness.

The system was modified (Type IIB) as already described (Fig. 1) and a
series of depositions made using silicon deposition rates of 3.4, 5.4 and 8.2
A/sec with total system oxygen pressures of 0 to 0.6 mTorr. Note that these
oxygen pressures are approximately a factor of three to four smaller than
those used in the Type 11A experiments, This difference is believed due to an
increased oxygen partial pressure at the deposition surface resulting from the
more effective arrangement for introduction of oxygen at the substrate
fixture.

The increased homogeneity of the films formed using the Type IIB system

- 12 -




is shown in Fig. 7 where refractive index and film thickness are plotted as a
function of radial distance from the substrate edge toward the center of a 7.5
cm diameter single crystal silicon wafer. The substrates used were 7.5 cm
diameter (100) silicon wafers, centered beneath the deposition source center
in the oxygen ring. The decrease in refractive index from the center c¢f the
substrate to the edge is very slight indicating nearly constant
stoichiometry. Near the edge the refractive index drops rapidly due to a
siight over-pressure of oxygen in that region and shadowing of the incident
silicon by masking. The film thickness varies by approximately 16% over a
distance of 3.0 cm. This is slightly larger than the expected variation of
approximately 12% resulting from the deposition profile of the sputter
source. The refractive index variation 1is indicative of a composition
variation over this distance of approximately 1 at % demonstrating the
compositional uniformity of this sample.

It is useful to compare the results of these Type IIB synthesis runs with
the Type IIA results. This is shown in Fig. 8 where oxygen concentration in
the films, as determined by the refractive index correlation, is plotted as a
function of the relative rates of incidence of 0, and silicon, v07/v51.

The silicon rate of incidence was estimated by normalizing the depasition rate
to a unit area so that a volume rate was defined and dividing this by the
atomic volume of silicon (~ 20A3) (i.e., 1 A/sec = 5 x 1014 atoms/cmzsec).

The incidence rate of oxygen was calculated from the partial pressure of
oxygen assuming a temperature of 300°K. Also plotted on this figure for
comparison is the data of Ritter(13) where reactive synthesis of S§i0, was
carried out using electron beam evaporation techniques. The general behavior

observed is similar for all three sets of data. The lower incidence rate

- 13 -




ratios of Type IIB as compared to Type IIA experiments is believed to be

the result of a higher oxygen concentration at the substrate due to a
more effective means of oxygen introduction being used. The very low
oxygen pressures for oxide formation in the work of Ritter(]3) will be

discussed more fully.
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F1GURE CAPTIONS

Experimental apparatus used in Type IlA experiments. The center of the
sputter source, argon ring, oxygen ring and substrate were vertically
aligned. Deposition was initiated by shutter motion after the flow of
argon and oxygen was established.

Film thicknesses for silicon, silicon plus oxygen plus the ratio of
these quantities are plotted as a function of radial distance from the
sputter source center. The ratio tends towards 2.2, the value expected
for fully oxidized silicon,

Refractive index, as determined by ellipsometry, 1is correlated with
oxygen concentration as determined by electron microprobe analysis for
(a) four Si0, films formed by reactive sputtering and (b) chemical vapor
deposition synthesized SIPQS films reported in the literature.

$i0, film thicknesses for Type IIA experiments as determined by
ellipsometry and mechanical stylus techniques (R51 = 2.9 A/sec) is
shown as a function of oxygen pressure. ,
Refractive index Ne as determined by ellipsometry for the films of Fig.
4 (Tyne IIA) is shown as a function of oxygen pressure.

Oxygen concentration in the films of Fig. 4 (Type IIA) is shown as a
function of oxygen pressure.

Film thickness and refractive index are plotted as a function of radial
distance on a 7.5 cm diameter si]iéon wafer demonstrating both
compositional and thickness uniformity in Type I1B apparatus synthesized

films.
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Oxygen concentration for reactively synthesized films is shown as
a function of the ratio of the oxygen (02) and silicon incidence
rates for Type IIA and IIB experiments and for the thermal source

results of Ritter(]3).
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Items Needed for Completion of This Paper

* 1. A Section on the mechanism of oxygen and silicon reaction at the
surface and a correlation of this work with the reported results
of oxygen adsorption onto both single crystal silicon and amorphous
silicon surfaces. This should lead to a dependence of oxygen
! sticking coefficient on oxygen coverage for the sputtering experi-

ments.

2. A conclusion section.

3. An abstract.

- 26 -




The Synthesis ot §i§x Films by Multi-Source Sputter Deposition

by

P

Karen L. Seaward, Trov W. Bartee, Jr. and Wi_liam A. Tiller

INTRODUCTION

There has been continued interest in SiC as a Semiconductor
material since the early 1950s. It exists in two forms, hexagonal
and cubic with the hexagonal form, a - SiC, occurring in some 140
modifications with a 2.3ev - 3.3ev bandgap range. The cubic form,
8 - SiC, has the :zincblende structure with a bandgap of 2.3ev [1].
In single crystal form, SiC has promising potential for high temperature
and high frequency microelectrcnic devices, UV radiation detectors,
high temperature photocells, etc.

Our interest has been in the svnthesis of large grain diameter
8- 5iC in thin film form via magnetron sputtering. Both dual-source
and single-source deposition of SiC have been studied; the dual-
source work is reported here while the single-source studies will be
reported elsewhere [2]. The emphasis of the present work has been
on structure analysis, film stoichiometry and optical properties.
Auger lineshape analyses of these dual-source depositions have also

been studied [3].
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Sputter Deposition Conditions

In Fig. 1 a schematic is given of the source/substrate
arrangement inside the sputtering chamber. The graphite source was
operated in the DC mode while the silicon (single crystal) source
was operated in the RF mode with a source-to-source separation of
16.5 cm. The substrate could be heated to 830°C by means of a heat-
shielded quart:z lamp configured so that the substrate was heated
from the back surface. The corbination of magnetron sources and
a large source-to-substrate distance (10 -15 cm) was considered
adequate to keep the sputtering plasma from influencing the reaction
at the substrate surface.

Before initiating the plasma, the sputtering chamber was
pumped to 2 x 10-6 Torr with an oil diffusion pump (liquid N, trapped).
A plasma was then maintained with 4 microns (4 x 10-3 Torr) of argon.
As 1llustrated in Fig. 1, a gaussian shaped distribution of sputtered
material is expected from each target with a significant distribution
overlap for the straight down mode of target operation. Thus, one
end of the deposition sample is C-rich while the other is Si-rich
with stoichiometric SiC forming somewhere in between. All SiC,
compositions are represented in a strip sample. The sputter distri-
bution overlap can be increased or decreased by changing the angle
of the targets, as illustrated in Fig. 2, and/or adjusting the target
power.

Both Si and A1203 substrates were used in this studv. The §i

was device quality (100) 20 Q-cm p-type wafers which had been cleaned
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to the industry standard "RCA'" clean [4]. This leaves a reproducible

amorphous oxide film on the silicon surface. The Al,0, was a single

3
crystal wafer and was not considered to be covered by an amorphous

laver. Five different types of camples were made following the

deposition conditions listed in Table I,

Film Analvsis
(a) Thickness

A calculable distribution of sputtered material exists from
each target so the deposition thickness as a function of location on
the substrate can be anticipated for known sticking coefficients of
the two species. Calculations have been made for sample SiC - 3, assum-
ing sticking coefficient of unity for each species; these are compared
in Fig. 3 with the experimental thickness values obtained using a
Tencor Alpha-step. The theoretical curves in Fig. 3 are based on
the deposition conditions plus the average atomic volumes of the
constituerts in both the elemental and SiC forms. These atomic
volumes, along with pertinent values of the density and lattice
constants are given in Table II. It should be noted that the atomic
volume for Si in SiC is "~ 0.5 that for elemental Si. The two limits
of expected theoretical behavior are (i) C plus Si in the form of SiC
and (ii) C plus Si in elemental form.

On the C-rich side, the theoretical curve of C+Si in the SiC
form is only slightly deviated from the experimental value and is within

the experimental error for the thickness measurements. The large devi-

ation on the Si-rich side indicates that the film consists of SiC in
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an Si matrix rather than as Si-rtich SiC. If ~50% of the Si was in the
form of SiC and 50% was present as elemental Si at the Si-rich end of
the sample, the theoretical and the experimental data would match.
However, this requires a very large amount of C to be present at the
Si-tich end of the sample. It is much more likely that the sticking
coefficient of Si at 830°C is less than unity. If the sticking coef-
ficient of Si was ~0.75 under these conditions, the theoretical and

experimental curves would match.

(b) Stoichiometry
Thin film composition was assessed by electron microprobe for
films greater than 5000 A° thickness while Rutherford Back Scattering
(RBS) and Auger sputter profiling were used for the thinner films. In
Fig. 4, the Auger and RBS data are compared for the SiC - 3 deposition.

The agreement is reasonable, although the RBS data are more believable

for two reasons. One is that RBS is more suitable for measuring stoichi-

ometry and two is that the nearly linear increase in silica, shown in

Fig. 4, is what is expected. Fig. 5 shows the relative x-ray peak heights

at the same locations sampled in Fig. 4. The greatest x-ray intensity is

observed at the 6 cm location where the film is nearly stoichiometric.

The results of electron microprobe evaluation of the two
depositions SiC-~4 and SiC- 5 are plotted in Figs. 6 and 7. The C-rich
and Si-rich sides of the depositions are evident. Included in Fig. 6
is the location of the strongest B SiC- (111) x-ray reflection which

is expected to correspond with stoichiometric SiC. 1In Fig. 7, we note

that steichiometric SiC is not present cn sample SiC- 5.
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(¢) Refractive Index

The refractive index of the deposited films was measured by
ellipsometry using an automated Gaertner ellipsometer with a He laser
source (6328 R). The angle of incidence for measurement was chosen to
be 50 degrees. Of the choices available, 30, 50 or 70, this angle
gives the greatest sensitivity in y for an index of 2.7. Assuming
a Si substrate index of 3.85- 0.02j, the refractive index of the SiC
was 2.68 - 2.87 and, in the Si-rich area, the index decreased to
2.43-2.57. Our value of 2.68 compares favorably with the literature
value of 2.654-2.69 [5). This value is from the same region of Fig. 5

that vields the highest x-ray peak.

(d) Thin Film Structure and Morphology

Under interference contrast at 400X, the film surface was
completely smooth at the C-rich end and gradually became very rough
at the Si-rich end. The transition point between smooth and rough
occurred in the SiC region. In the SEM at ~ 20,000X, as shown in
Fig. 8, the surface roughness is evident along with columnar growth
features. The width of the grains was measured in TEM micrographs
(see Fig. 9) and gave a grain width "~ 100 X
for SiC -~ 4. From the Scherrer equation and the x-ray peak widths,
the grain lengths in a direction perpendicular to the substrate were

estimated to be V1500 A for SiC- 3 and ~250 A for SiC- 4.

From the very first deposition at T > 700°C, x-ray diffractometry

revealed the presence of B- SiC in a strong preferred orientation.
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Primarily, the (111) reflection at 29 = 35.6° was detected. Read
camera patterns were recorded to determine the orientation of the

{111} planes with the substrate surface (see Figs. 10 and 11). Using

(a4

a McClintock chart, angles may be read off these Read camera patterns
and the orientations of the reflecting planes relative to the surface
calculated. For SiC-4 (Fig. 10), the planes are oriented ~0- 24°
to the surface. For SiC-5 (Fig. 11), the planes are oriented

0~ 34° to the surface. These values can be compared to the best

single-source deposition values found to date of ~0-~5° [2].

(e) Optical Transmission

For SiC -5, optical transmission measurements were made and
are presented in Fig. 12. The specific location on the sample was at
a 55:45 Si:C composition. Anticipating an indirect gap material, a

1/2 X . - .
/ (o = the absorption coefficient) as a function

plot was made of a
of energy hw. The intercepts on the energy axis gave a value of
1.43ev for the bandgap. This extrapolated value seems low compared
to the reported 8- SiC bandgap of 2.3ev. However, the excess Si

content of the region is expected to strongly reduce the effective

bandgap since the Si bandgap is 1l.lev.

(f) Sheet Resistivity

The sheet resistivity was measured with a four-point probe and

found to be very low for films on Si substrates (below substrate values).

For SiC- 2, p_ ranged from 0.008 Q cm at the C-rich end to 0.31 & cm
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at the Si-rich end. For SiC- 4, ps was 0.27 7 cm at the C-rich end

and 17.1 2 cm at the Si-rich end. For

at v2.2 {{ cm across the entire sample.

be compared to the valus of 600 Q cm
depositions [2] and probably represent

Si matrix effects rather than bulk SiC
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These very low os values can

for some of the single source

fine grained polycrystalline

effects.




References

(1]

(4]

(5]

Robert F. Davis, "Single Crystal Epitaxy and Characterization
of 8- 8iC," North Carolina State University, 1/76-12/79,

page 1, ADA 082036.

K. L. Seaward, T. W. Barbee, Jr. and W. A, Tiller, to be published.

P. Morgen, T. W. Barbee, Jr., and K. L. Seaward, '"Sputter/Auger
and Auger Lineshape Analyses of SiCx Films produced by Sinul-
taneous Sputter Deposition of Silicon and Carben"; presented at
the 5th Intl. Thin Films Congress, Her:zlia, Israel, September
21-25, 1981.

W. Kern and D. A. Puotinen, '"Cleaning Solutions Based on

Hydrogen Peroxide for Use in Silicon Semiconductor Technology,"
RCA Review, June 1970, p. 187.

Handbook of Physics and Chemistry, Chemical Rubber Co., Cleveland,

Ohio.

- 34 -

-




TABLE I

Sputtering Conditions for Dual Source Depositions

Current to Power on

Sample  Substrate  Carbon Source  Silicon Source  Substrate Temperature

SiC- 1 si 0.5 Amp 250 Watts  25°C )
sources
pointed

SiC- 2 si 0.5 250 §30°C ) directly
down
(Fig. 1)

SiC- 3 Si 0.5 500 830°C

SiC - 4 Si 0.5 340 750°C sources
directed
to a

ez < P, point
SiC-5 A1203 0.5 320 700°C (Fig. 2)
- 35 -




TABLE I1I

Lattice Constants, Density and
Atomic Volume of Carbon, Silicon and Silicen Carbide

Lattice AIOmic03
Density (gnm/cc) Constants (ﬁ} Volume (A7)
CARBON
Diamond 3.57 3.356688 5.67
Graphite 2.2 c-6.709 9.05
a-2.401
Amcrphous 2.0 - ~v10.0
SILICON
Cubic 2.42 5.431 20.02
Amorphous > 2.4 - > 20
SILICON CARBIDE 3.217 4.358 10.35
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Fioure Cartions

Flgure 1: Dual source deposition arrangement 1n the sputtering chen
showing the distributions of sputtered muterial for sources
arranged to point straight down.

Figure 2: Dual source sputtering arrangement with directed sources

Figure 3: Experimental and theoretical thickness rrefiles for
a SiC( thin film.

Figure 4: Composition prefile via Auger and Rutherford hoohser-zering
for sample SiC- 3 (this Si value (™) is from @ signu: that
did not equilibrate during sputter rrofiling:,

Figure 53: Relative peak heights of the (111) 2 - SiC reflection at
22 = 35.6° via x-ray diffractometry of sample SiC- 3
(assuming that the texture change with sumrle locaticon
is not significant).

Figure 6: Electron microprobe compositional analvsis of sample Sil - 4

Figure 7: Electron microprobe compositicnal analvsis of sample SiC- 5

Figure 8: Scanning electron micregraph of cample SiC- showing
columnar growth and the surface morpholeog)

Figure 9: Orain size determination by TEM of samples SiC- 3 and
SiC- 4. Dark field images and corresponding selected
area diffraction patterns are shown for beoth the inter-
facial region and the top of the thin films.

Figure 10: Read camera pattern of sample SiC - 4 at the location where
Si:C = 55:45.

Figure 11: Read camera pattern of sample SiC -3 at the location where
Si:C = 55:45.

Figure 12: Optical transmission through sample SiC- 5 at the iocation
where Si:C = 55:45.
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Work Needed for Completion of This Paper

Completion of RBS study and composition with Auger studv.

TEM grain sizes for interfacial and upper layers of films.
Checking of Read pattern interpretation.

Diffractometry scan and Read pattern of SiC-4 in the Si:C = 55:45
location.

Figures 8 through 11 need to be completed.

Conclusions.
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SINGLE SOURCE SPUTTER DEPOSITION OF SiC THIN FILMS
by

Karen L, Seaward, Troy W. Barbee, Jr. and W.A. Tiller

A, Introduction

Continued interest in SiC as a semiconductor has existed since the
early 1950s and the newer technologies, such as magnetron sputtering,
reactive gas sSputtering, and chemical vapor deposition are being
utiltized to produce device quality material. It is B8-SiC, which has
the zinc blende structure and bandgap near 2.3 eV, which is of interest
for high temperature device application, UV radiation detectors, etc.

Our work has been directed toward low temperature (T < 1000°C)
deposition of large grain size 8-SiC by magnetron sputtering. Our
initial work dealt with a dual-source arrangement that showed
considerable promise since B8-SiC thin films were formed with (111)
preferred orientation for depositions where the substrate temperature
was above 700°C.(1) This preferred orientation was seen even for
depositions on Si substrates with 10A - 20 A of amorphous native
oxide, A change was made to single source depositions in order to
simplify the thin film analysis. The single source deposition study
forms the basis for this paper.

The single source deposition occurs by sputtering a SiC target made
from pressed a-SiC particles., In addition to standard magnetron
depositions, we studied the effect of adding an immiscible environment
(liquid tin) during the deposition. The purpose of the liquid-Tike

layer of tin was to enhance the substrate surface mobility of SiC.
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Experimentally, the mobility enhancement consists of co-sputtering a
material that is immiscible with both the substrate and the SiC, while
the substrate 1is maintained above the melting temperature of the
immiscible material. What is envisioned is that a liquid-like film of
the inert material will form as a monolayer above the substrate. This
inert layer is expected to enhance the surface mobility of the sputtered
species so that they travel further before attaching to the solid and
thus can select preferred sites for attachement.

A type of surface mobility enhancement has been observed for Cu-Pb
system(z) where the surface diffusivity of Cu was measured under
different Pb vapor pressures. The Cu surface diffusivity, DS’ increased
strongly as the Pb vapor pressure increased and the surface behaved as a
two-dimensional liquid above 940°C for the highest Pb vapor pressure

(Do ~ 3 x 10'4 cmz/sec). Tin was chosen as a surface mobility

S
enhancement medium for our experiments because of its low melting point
and because it has a vanishing solubility in both SiC and Si.

In the present paper, emphasis has been placed on the evaluation of
film crystallinity, crystallite orientation and chemical
stoichiometry. The film analyses include deposition rate, x-ray
diffractometry, optical microscopy, transmission electron microscopy,
electron microprobe, refractive index and sheet resistance

measurements. Some highly oriented B8-SiC films have been synthesized

with the best films prepared using a tin layer.

B. Experimental Procedures

The sputtering system configuration sketched in Fig. 1 includes a

SiC source, an argon-ion gqun for in-situ surface cleaning and a tin
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source. A substrate heater, which is well-shielded quartz lamp, sits on
a table free to rotate through about 270 degrees. The top view of the
system shows the substrate travel path for a deposition. The
substrates, either 20 s cm {100) or 5 & em (111) device quality
silicon or SOS quality (1Tﬂ2) sanphire, were cleaned hy the standard
RCA surface clean procedure(3) before being loaded onto the heater.
After pump down to about 4 x 10'6 torr with a cryopump, the substrate
heater was slowly ramped to the deposition temperature. This
temperature was estimated with a chromel-alumel thermocouple mounted on
the same substrate material.

The substrate was first rotated under the argon-ion gun and the
surface sputter cleaning step initiated. It is essential tc prepare a
clean surface, and especially when using silicon substrates, to remove
the native oxide. This step involved up to 45 minutes of argon-ion
bombardment at 2 mA and 750 V or areater with the chamber pressure less
than 8 um of argon. Near the end of this step, the SiC and Sn sources
were activated. The clean substrate was rapidly rotated through the tin
spray and then located beneath the SiC target which was peripherally
located in the tin spray region. The SiC source was operated in the RF
mode, nearly always at 600 W, while the Sn source was operated in the DC

mode at low power (~ 20 W). The system argon pressure was reduced to

4 ym during deposition., At completion of the deposition, the substrate
was moved away from the sources and a slow cool-down period ensued,

A number of thin films have been deposited under various conditions
with the depositions and accompanying processes being listed in Table
I. The process column describes, in order, the SiC target power,

substrate temperature, source-to-substrate distance, ion gun voltage,
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ion etching chamber pressure and tin target power. Detailed analysis of
representative films is underway. The presence of significant x-ray
reflections was the basis for the selected films (indicated by a star in

Table I).

1. Deposition Rate

Several interesting comparisons can be made from the
deposition rate data for different substrates at different
temperatures. In the following cases, the substrate surfaces had been
argon-ion cleaned and the SiC source was operated at 600 V.
Surprisingly, no temperature dependence was found for the deposition
rate of SiC on Si whereas evidence was found that the rate on sapphire
is almost twice as high at room temperature than at 700°C. The
deposition rate of SiC on (100) silicon is abcut 30% higher than the

rate on sapphire and about 30% lower than the rate on (111) silicon.

2. Film Stoichiometry

Film compositions were measured by electron microprobe and all
samples, except those involving the tin source, had profiles that were
flat to within the reproducibility of the technique. In Fig. 2, the data
are presented for the atomic percent Si found in the representative thin
films. A standard of single crystal a-SiC was used to determine the
relative amounts of carbon and silicon. As seen in the figure, films
177, 178 and 228 are about 52% Si. Sample 184, however, is about 45%
silicon, indicating a change in the Si sticking coefficient for this
200W  (SiC target power) deposition. The two samples made by
cosputtering tin, 231 and 233, are quite different., These vary from 459
tn 49% Si and the variation is not fully understood at this time but is
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expected to be related to surface solubility and sticking coefficient

changes.
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Substrate

Table 1

Single Source Depositions

SiC target power, T, source-substrate
Process: distance, ilon volitage gurn, P,

Sn target power

124

A1,0.
- 2
A1,0,

-

A1203

(100)S1
(111)s81
A1203

(111)si
{100)si
(100)S1
(lo0)si
(111)81
(i11)Si
(111)Si
(111)Si
(111)51
(111)S8i
(111)s1

(111)Si

600w,
600W,
200W,
600W,
600W,
600W,
J00W,
600W,
600V,
600W,
600W,
600W,
600V,
600w,
600N,
600W,
U0,

oo,

7l0°c, 3, 730V, 8u
700°C, 3", TS50V, 3u
660°C, 4", 750V, 3u
700°C, 4", 750V, 8u
25°¢, 4", 750V, 8u

615°C, 4", 750V, 8u

715°C, 4, 750V, 8Su

25°c, 5", 750V, 8u

750°C, 5', 750V, Su

700°C, 5", 750V, Su

615°C, 5", 750V, Su

TS50V, S', 2000V, du

T50°C, 5", 1000V, 4, 145W
T50°0, 5T, 1000V, du, 18w

T50°C, 5, 4000V, du, loW
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FIGURE CAPTIONS

Single-source SiC sputtering system with jon qun for substrate
surface cleaning and with portable tin source in a likely
position. (&) Side view, {b) top view.

Stoichiometry of selected thin films as measured by electron

microprobe.
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Items Needed for Completion of this Paper

1. Refractive index data

2. Thin film structure and morphology data
3. Sheet resistivity data

4. Conclusions

S. Abstract
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MODELING THE SPATIAL STRUCTURES OF SILICA

by
Y.T. Thathachari and William A. Tiller

A. Introduction

Although a great many investigations have probed, both theoretically and

(1-6)

experimentally, the ideal and defect structure of silica because of its

'important role in various silicon-based semiconductor devices,.we still do not
have a comp}ete1y acceptable picture of its structure that allows us to
evaluate crystalline vs vitreous features, stoichiometric vs non-stoichio-
metric features, point defect vs electronic state features, interstitial vs

substituonal diffusion features, etc. In the present atomistic modeling of

7-10)

the thermal oxidation of silicon by one of us( , the structure of the near

interface region is of crucial concern because this is thought to be a key

10) and in the

formation of both fixed oxide charge and interface charge states(g). In

determining factor in its role as diffusion blocking 1ayer(

justification of this supposition, this blocking layer concept and the

(10) has scored the following successes as a

subsequent two-layer film model
description of the oxidation process:
(a) it reproduces the same formalism as the Deal-Grove one-layer film
model(ll) in terms of a parabolic rate constant B (unchanged) and a
linear rate constant B/A (changed),

{b) it satisfies the Doremus(lz) conclusion that B is determined by 0,

diffusion through 105,
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{c) it satisfies the Til]er<18) conclusion that transport in

the oxidation process must consume a significant fraction of the total

driving force.

(d) it satisfies the Jorgensen(13) conclusion that the oxidation rate
can be slowed, stopped or reversed Dy appiication of an electric
field to the system during oxidation,

(e) it satisfies the van der Meulen(ld) conclusion that, for thin

oxides, the Tinear rate constant exhibits (i) a pressure cependence

at constant T that varies between ~0.5 and ~1.0 and {(ii) a

temperature dependence at one atmosphere pressure that cannot be

fitted by a single activation energy,

(f) it satisfies the Law(ls) conclusion that, at rocm temperature and

very low oxygen pressures, the oxidation rate is proportional to
pl/2
%,
{g) it satisfies the Taft and Cordes(ls) conclusion that a silicon-rich
layer of oxide with an enhanced index of refraction exists at the
§i/Si0, interface.

To properly deal with this blocking layer structure one needs to
understand not only the crystalline Si02/vitreous 5102 transition, but also
the structural consequences associated with the introduction of Sion species
into the interstitial spaces of 3i0,.

The common practice for describing a known structure, e.g. of SiOZ
derived from x-ray diffraction studies on single crystals, is to present the
space group, the dimensions of the unit cell and the fractional coordinates of
the atoms in the unit cell. Such a description is most natural and convenient
when building a model of the spatial structure of a particular polymorph and

for studying the changes in its physical properties with smagll alterations in
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the spatial structure. However, it is not a very convenient descriptiocn
want to compare the structures of quite different polymorphs or if we want *¢
use the structural information to simulate other model systems such as
amorphous silica.

The question we must ask is: “Can we find an alternative set ot
parameters from which we could build any desired structure such as by defining
one or more symmetry elements and a scheme for linking adjacent symmetr)
elements?" With a structure built along these lines and extended over ‘onger
ranges, the unit cell dimensions and space groups should be identifiable in
the observed resultant structure. Of course, the answer is “yes" and we know
that defining the three parameters: bond lengths, ) , bond angles, 28 , and
dihedral angles, & , of the successive atoms in chain structures has been
found to be extremely useful in the study of polymers, especially proteins.

The goal of the present paper is to apply the chain structure approach to
the formation of the silica polymorphs, i.e., to model the various crystalline
Si0, polymorphs in terms of basic building blocks and symmetry elements in the
silica structure and to model the vitreous silica relative to the crystalline
forms. We first define the basic structural units and then evaluate the
dihedra! angle ranges to be found 1in the wvarious «c¢rystalline 5102
polymorpns. By considering the interaction energies between the chemical
species, a restrictive criterion on dihedral angle variations along a chain
was formulated. Using this criteria, the allowed bridge bond angle distri-
bution has been evaluated for various ring structures. Finally, these results
are used to differentiate the normal vitreous and crystalline forms and to
illuminate the structure and energetics of the interface blocking laver

region.
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B, Building Blocks and Symmetry Elements

In silica, the following parameters may be readily identified: /1) bonc
lengths of S$i-0, 0-0, etc., wherein adjacent atom pairs are specified; (2}
bond angles S$i-0-Si and 0-5Si-0 defining three consecutive atoms in the chain
and (2} dihedral angles Si-0-0 defining the rotation of 2 side branch abtout
the chain axis relative to some datum. The change in free energy, dG, of the

chain due to variations in these three parameters (bond Tength, 1 , bond

angle 9 , and dihedral angle, §&) is thus

. 36 3G 36
dG -ﬁdx+aede+aéds (1)

and the observed chain configurations are due to the relative minima in
G(xr, 8, &)

1. Basic Monomer Unit

A1l silica structures, crystalline or vitreous, are made up of the
same basic units - oxygen tetrahedra surrounding an interstitial silicon.
Adjacent tetrahedra are linked by the sharing of a corner referred to as the
bridging oxygen. In perfect silica, all the corners of the tetrahedra are
bridging oxygens. The tetrahedra are the least variable units in the silica
structures and laraely retain their shape and dimensions in most silicas even
when subject to large pressures. This view is reinforced by noting that the
free energy of formation of Si0, at room temperature from Si and 0 is 212
kcal/mole whereas, the free energy difference between any two silica
palymorphs is only ~2-4 kca]/mole(17)

The tetrahedra are almost perfectly regular as illustrated in Fig, 1.
The six edges are nearly equal (2.65 + 0.10 A) and the four corners are at

nearly the same distance from the central Si (1.62 = 0.05 &); thus the 0-5i-C
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anqles are about 110 + 10°, The small deviations from regularity and the
small variations in shape and dimensions of the tetrahedra in different silica
structures should be considered as second order effects,

Two schemes for linking the tetrahedra into a macroscopic structure are
itlustrated in Fig. 2, figure Z2{a) 1is the side-branched chain approacn
mentioned earlier with tetrahedra 1,2,2,4 and © forming the central chain cor
backbone. Clearly, the tetrahedral chain 9,8,2,10, ard 11 could just as
easily have been taken as the backbone. In the alternate scheme of Fig. 2(b},
we start with a central tetrahedron (#1) and we link it to four others as
first nearest neighbors (2,3,4 and 5) by defining the three angular parameters
specifying each dimer (1-2; 1-3; etc.). Each of these four units can be
linked to three new units. This adds three additional ancular parameters
needed to specify each trimer (1-2-7; 1-3-11, etc.), leading to 12 second
nearest neighbors, This procedure can be continued until an adequate volume
of the structure has been built. There is no general reason to expect the
environment of any unit in any given structure to be vastly different from
that of another unit in the same structure. Thus it should be adequate to
define only a few dimers in a sample volume. It will be shown later that, for
most crystalline Si0, structures, defining a single dimer unit and a few
symmetry rules 1is sufficient to build the entire structure tc & aood

approximation.

2. Cimer Unit
Figqure 3 illustrates how the three angles (2, 5 52) defining &
dimer unit can be chcsen., The angle ¢ is made by the two silicons at the
Sridaing oxvgen., The anales 61 and 5, are the two dihedral anales defininag

the position of one oxycen from each of the two telrahedra, el and ¢,
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recoectively, relative the Si]-OO-Si2 plane. Since the size and shape ¢of
tne tetrahedra are known, the other four oxygens are automaticelly fixea as
the dimer is fully defined by ¢, 51 and 62 . The dihedral angles defining

0y and 04 will be &

3 + 1209 5 similarly 05 and 06 are defined by the

1
dinedral angles 62 + 120 . Tne bridge angie g 1is generaily found to e

close to 144° in meost crystalline silica and we shall see why this is later.

3. Trimer Unit

Three silicons, Sil, 312 and Si3 and ten oxycars, 1-10, form the
trimer cluster illustrated in Fig. 4. There are 78 interatomic distances in
all among the 13 atoms in the cluster and, taking the central tetrahedron as
reference, three angular parameters a, £ and y may be chosen to define each
of the other units; i.e., we define two dimers. These angles are conveniently
chosen as the Euler angles. The angles 8 are the angles between the sides
of a potential ring structure. Clearly, some choices of (a,s,Y)1 and
(a,s,Y)2 will not be allowed energetically because they lead to interaction
of the monomer tetrahedra so this begins to constrain the possible configura-
tions of the basic units. For example, if oxygen 5 and 8 are joined, a 2-
membered ring would be formed and this is hiahly restrictive in reagard to
s-variations. . The rina angles should be located almost on the plane of the
ring and outside of the ring, as illustrated in Fig., 5(a), leacina to bridce

angles 9 = 130U (probably a strained confiauration).

1, Ring Structures

To build an N-membered oxygen ring, we start with tetrahedral unit 1,
link it to unit 2 and link unit 2 to unit 3, etc., as in Fia. 6. If the

/Nellth unit is the same as the first , then we have formed g closed ring of &

- €4 .
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bridgirng oxygens:; i.e., an N-ring. If it is not the same, then we have an
‘ open ring of N brideing oxycens. These rinas, of approximately ecual sices,

are a characteristic feature of silica structures, both crysta line eanc

amorphous., In a sense, these rings sample the structure over & small domain
ana 1t 1s useful to aescribe silica structures in terms of these oxygen

rings. Later, we will want to see how the ¢e-distribution

-

varies with N,

It is obvious that there should be considerable restrictions on the &'s
in order to ensure ring clcsure and to ensure that the & for the dimers of
the rings are in an acceptable range. Although the three angular parameters
are sufficient to describe the dimers, for the rings one needs
two sets of parameters: (1) those defining the cgeometry cof the cxygen ring and
(2) those defining the crientatiun of the constituent tetrahedra relative tg
the rirg, We will first illustrate the use of these parameters with a 6-ring.

{a) The geometry of 2 ring projection in a-quartz at a pressure of 68
Pa is shown in Fig. 7. The oxygens of this 6-ring are identified as 1, 2,
+e....6 and the sides 1-2, 2-1, ....5-6, are all roughly eaual. The six
angles at the vertices 1,2 ... 6 of the fing, or equivalently the separation
distances between alternate oxygens are needed parameters. These separations
are between oxygens from adjacent tetrahedra forming a dimer. Three dihedra!
angles complete the set of parameters required to define the ring geometry anc
they could be eauivalently described by the separations 1-3, 2-5, and 3-6,

{b) The qeometry of the rina, as defined above, fixes only one ecce of
the six constituent tetrahedra. With reaular tetrahedra we need only one
other defining parameter: i.e., the dihedral anale around the ccncerned edge

~

with 3 chosen reference nlane in the ring. We shall define & as *the 7-0.7

- 65 -

—




angle at any vertex in the ring and &' as the dihedral angle for one
tetrahedron in the dimer obtaining a new classification ¢,5i.6é which is
equivalent but different to the old dimer classification scheme 8,8,,¢, .

In this complementary notation, the angle (D) at vertex 1 may be varied from
30° tec 160° and, by using si about 1-2 and 6% about 1-6, with respect to
plane 1-2 as reference (see Fig. 7) the Si are located and the Si-Si distance
in each dimer may be found. The dimer is now completely defined. For each

8y » the acceptable Si-Si separation will place varying amounts of restriction
onthe§ 's and the distance 2-6 is known. Clearly, when 2-6 equals 1-2, we
have a 3-oxygen ring such as illustrated in Fig. 5(a). A 4-ring has a little
more flexibility than the 3-ring both with respect to the 4's and the ¢&'s
(Fig. 5(b)). The restriction on ¢ and &' are even more relaxed in the case

of 5-rings and 6-rings.

G 8 and & Distributions for the Crystalline Silica Polymorphs

The structures listed in Table I have been analyzed to determine all the
independent A, 8 and § . Closed rings were identified in each of these
structures and other rings could be relatd to these by symmetry operations.
A1l the basic symmetry rings are 6-rings. For these structures, it should be
noted that there are also 3 and 6-membered pseudo rings which appear as closed
rings in projection but they are really related by a screw axis and are
therefore spirals.

In Appendix I, the computational steps for defining the conformation
parameters (X,8,8) in the different polymorphs of crystalline $i0, have been
outlined. The results of these calculations for a-quartz at one atmosphere
are given in Tables Il and III. We expect symmetry in the clusters to

restrict the Si-0-Si angle to a single value while the dihedral angles may
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have one or more distinct values. Inspecticn of the dihedral angles in the
closed rings show that, in any given ring, there are only two sets of dihedral
anales with less than 2° deviation from the mean. This small variation in
dihedral angles in each set is, in part, due to the small variations in the
tetrahedrai angies. 0f course, in crystaliine structures, the number of
independent dihedral angles will be limited by the symmetries of the structure
and the dihedral angles of each set can vary by : 120° - depencinc on the
tetrahedron corner that qoes into the ring structure.

The high cristobalite data are probably not accurate because the Si-0-5i
angles were assumed to be exactly 180°, In low c¢ristobelite, the pairs of
dihedral angles about the Si-0-Si bridae are 51° and 6° at 28°C and change to
53° and 4° at 210°C. The corresponding variation in Si-0-Si angle is frem
146° to 150°. In high cristobalite the dihedral angles are 79 and 41 at 300°C
and ~79 and 43 at 1200°C. In low quartz the angles are 16° and 28° at a
pressure of 68 Pa and they change to 12° and 30° on increasing the pressure to
58 Pa. However, over this pressure excursion, ¢ fell from 144° to 131°. In
hign quartz, both dihedral angles are about 80°. In Fig. 8, the various ring
structures are outlined in X'-y! projections and both the tetrahedral
representation, based on the 0, and the representation including Si's in the
ring are shown.

From the foregoing, we may also be able to draw some conclusions
concerning vitreous silica. Since for this «¢lass of polymorphs the
crystalline symmetry rules must be broken, we expect to find ag > ae

and A8 > A& for 6-ring amorphous Si0~ where the minimum values are
<

min
considered to be the limits for imperfect crystalline Si0,. For an amorphous
Sify with a mixture of n-rings, the e-distribution will be much more broad

with the +5 variation beina characteristic of the n-rings. Of course, we
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can then expect to form amorphous 3102 as a variation or perturbation of each
of the crystalline polymorphs., To date, the main emphasis has been placed
upon the vitreous SiOZ produced by the thermal oxidation of silicon and this
amorphous structure is the cristobalite variant, The quartz variant should be
~15% more dense and the tridymite variant shouid be ~15% less dense than the

cristobalite variant.

D. A Restrictive Criterion for Conformations Usinag Interaction tneraies

The major difficulty with this topic 1is in finding a theoretical
approach that is simple enough to be manageable and yet accurate enough to
give meaningful insight. At one extreme, we can use the many-body molecular
orbital descriptions to give a microscale view., At the other extreme, we can
use the two body potential functions wutilized 1in molecular dynamic
calculations to give a macroscale view. Although the latter is much simpler
to utilize, there is always the dilemma of deciding the partitioning of the
total energy between the coulombic, covalent and dispersion parts and in
deciding the proper charges to be used in calculating the ionic part. Here,
we shall first consider the purely coulombic energy to see if it can provide a
restrictive criterion on the various conformations allowed by an n-ring. We
shall then consider the purely dispersion energy in the same role.

The coulomb energy, CE, is expressed in kilocalories per mole, for an jon

pair 1-2, by

CE = 332 0,0,/KR,, (2)

where 332 is the conversion factor when the charges on the ions J; and Q, are

in electron units, the separation between the ions, RIZ’ is in angstroms and K
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is the effective dielectric constant, We shall follow this procedure to
estimate the Ct for a variety of silica clusters: (i) an isolated tetrahedron
with no bridging oxygens, (ii) an end unit tetrahedron with one bridging
oxygen, 1i.e., an isolated dimer, (iii) an internal tetrahedral unit in a
closed ring and two bridging oxygens; i.e., an isolated ring and (iv) &
tetrahedral unit in an extended volume with four bridging oxygens. This will
give us the relative CE for a tetrahedron in all possible structural
configurations for the silica network. We can ensure charge neutrality and
stoichiometry of the Si0, provided we assume a weighting of 1 for all Si, a
weighting of 1 for all bridging 0 and a weighting of 1/2 for all non-bridging
0. We assume a negative charge of Q on the 0 and a positive charge of 2Q on

the Si. Then the CE of a structural unit will be given by

2
ce = L 2 oos, e T, T (3a)

Si-0 Si-Si 0-0

where

= Wt, o Wt

Bip = Wty s WE,/Ryp (3b)

Considering only a single tetrahedron (no interaction with neighbors), we have
CE/QZ/K) = - 639 - 752 and -832 kilocalories per mole for an ijsolated unit
fno bridging 0), an end unit (1 bridging 0) and an internal ring unit (2
bridging 0) respectively. Calculation results for the monomer, dimer, trimer
and closed 6-ring in the crystalline 5102 polymorphs are presented in Table

Iv.
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We note from £q.s (1) and (2) that the CE varies slowly with distance and
the small differences noted in Table IV are due to cecmpensating attractive and
repulsive forces. It is thus unlikely that a restrictive criterion on
structural conformations can come from this quarter. However, we do see that
the energy differences between groups in Table IV are noticeable, i.e., ~12.5
kilocalories per mole between monomer and dimer or between dimer and closed
ring. The energy of the 6-ring can be considered a very good approximation
for the structure as a whole with the CE of the monomer contributing the major
portion of the eneray.

Since the standard heat of formation, at room temperature, of §$i0, from
the elements Si and 0 is ~200 kilocalories per mole, we can expect that
ET ~ 70% ionic for Q = 0.8 and K = 3.5, If we had chosen Q = 0.7 then E;
~58% ionic. With either of these choices, AET for closed 6-ring between the
different polymorphs is ~2-4 kilocalories per mole which is the experi-
mentally observed range

To further test this approach, relative CE changes associated with
changing the important angles 8, 61 and 62 in the dimer unit over wide
ranges were calculated. In addition, the minimum 0-0 separation, rm between
the two tetrahedra in the dimer was determined. The enerqgy variations were
small, generally within ~1-2 kilocalories per mole but correlation patches of
the following character appeared: (1) relatively larger values of CE, (2)
relatively small values of r and (3) values of 8 < 130Y ., We may presume
that this occurs because, for small 8 ,the tetrahedra are broucht closer
together and the 0-0 distance decreases which increases CE.

In nature, the separation between oxygens by neighboring tetrahedra is
seldom less than 3.0 & . Even under very high oressure, the smallest 0-3

distance between adjacent tetrahedra is about 2.84 & irn Low QJuartz. Con-
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sidering a lennard-Jones potential for the 0-0 interaction which has been
found to be useful in molecular studies, we find the 0-0 interaction eneragy,

U, to be given by

TR ‘ro 1 ) (4
oY - - bl
2127 8 )

where A = 367 and ro 2.04 A . Values of U for various r are presented in
Table V where we note a very strong repulsive energy contribution developing
for r 2,88 . We shall use the 0-0 distance in the next section as a

restrictive criterion since all of our calculations point to this as being the

single most important factor limiting chain or ring conformations.

E. Energetically Allowed Trimer Configurations in Vitreous Silica

We are now in a position to return to the evaluation of various trimer
conformations using a restrictive criterion on the minimum 0-0 separation

distance, r., . For an allowed r one could calculate the CE and dispersion

m m*
energies for the range of chain configurations. Systematic tabulation of the
energy of the trimer as a function of the six angles shown in Fig. 4 would be
very time consuming., Rather, we have chosen to sample the structure over the
entire "space" of the six angles using random values in the range 0-360° for
each angle., Sieves were used so that the full calculation (determining the 78
distances and evaluating the total CE) was carried out only for those passing
through the sieve. For these calculations,-the sieve was: when any 0-0
separation was less than rm» that set of angles was abandoned, a new set of

random angles was chosen and the process repeated. In any case, the ¢ anales

were calculated. we initially chose Fo = 2.3 & for our sieve value.
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This choice of r, will include 3-rings and 4-rings since it is easy to
recognize that at least one of the 9 distances 0(5-7) to 0(8-10) should be
zero for a 3-ring and about 2.6 A for a 4-ring. In the test runs with
Pm = 2.8 A , we initially tried 1200 sets of trimer angles of which only 61
nassed the sieve, The distributicn of starting sets in terms of TOT angle,

8 , is given in Fig. 9, the effect of the filter can be clearly seen, the TOT
angles for the successful tries are distributed over the fractional raﬁge

110°-180° with a peak around 140°-150° and a half width of ~30V .
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APPENDIX I

COMPUTATION STEPS FOR DEFINING THE CONFORMATION PARAMETERS

(r,8,8) IN CRYSTALLINE 310,

Using the symmetries assigned for the structure, the contents of the unit
cell were derived from the coordinates of the asymmetric unit. By adding
needed axial translations (by unit vectors), it was assumed that all the
fractional coordinates were between 0 and 1. The (X,Y,Z) coordinates were
then transformed into an orthogonal frame (X',Y',Z') and expressed in A units
(x* = X, 2" =12, Y =Y), The a and c¢ dimensions and the coordinates of
the atoms in the unit cell of the orthogonal frame were determined. The Ist
(bonded) neighbors of each atom in the unit cell were then determined. There
are 4 oxygen neighbors for each Si and 2Si neighbors for each oxygen as should
be expected. The neighbors were searched in the reference unit cell as well
as in the 26 neighboring unit cells., From this information, a closed ring is
identified and checked for closure by a plot and from the derived parameters
of the ring. The sequence number of the atom in the unit cell, its sequence
in the ring and the unit cell number (0, +1 or -1) are given in Table II along
with the coordinates of the ring atoms.

Table IIl present the parameters (bond lengths, angles and dihedral
angles) in the three successive tables for a-quartz at 1 atm. tet us use &
6-ring for illustration, This ring has 12 atoms numbered sequentially

through 12. In order to identify all the dihedral angles, it is necessary ¢
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think of 15 atoms with 13, 14 and 15 being the same atoms as 1, 2, and 2. In
the table marked VECTORS, the vectors (2) minus (1), (3) minus (2),.....{15)
minus {14) are recorded with a sequence #1 through 14. The l1st column gives
the sequence #, the next three columns, the X', Y' and Z' components of this
vector and the last column the magnitude of this vector (which is the bhond
length).

The next table, marked NORMALS, presents the unit normals or vector cross
products: (1) x (2) designated with a sequence number of the normal, 1; (2) x
(3) - numbered 2; etc. There are 13 normals. the 1st column gives the
sequence # of the normals, the next three columns present the components of
the uﬁit normal, tHe fifth column gives the magnitude of the normal while the
sixth column gives the angle between the vectors. Thus, normal 1 represents
the normal to the plane of atoms 1, 2 and 3. in all the rings studied, we
have started with a Si as the first atom so the Si's are odd numbered and the
0's are even numbered. For example, the last column for a-quartz 1is 35.9 for
41 and 71.3 for #2. These angles are supplements of the bond angles (180
minus); #1 is the Si-0-Si angle = 180 - 35.9 = 144.1°; #2 is the 0-Si-0 angle
= 180 - 71.3 = 108.7° (the tetrahedral angle).

The third table of the set, marked RT.ANG., presents the dihedral
angles. There are 12 rotations (or dihedral angles) for the closed ring with
12 atoms numbered 1,2,.......12. The first dihedral angle is a parameter for
the first 4 atoms 1,2,3 and 4; i.e., 61 is the angle between the plane 123

and the plane 234 with the zero of § being chosen when 1 and 4 are on the

1
same side of the line 23 when in the same plane. The two normals in that case
are in the same direction. When the projection of vector (2) (¢ minus 3)

along normal #1 [normal to 123), given by (3) {normal #1), is positive, )

is tarxen as positive. If the projection is necative, 51 is taken as
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negative. In the table, the 1st column gives the sequence # of the dihedral
angle; the second gives the dot product of the two unit normals; the third is
the dot product of (3) and normal #1 for dihedral #1, etc., - and the fourth

column gives the dihedral angles thus computed.
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TABLE 1
Silica Structures Analyzed
Polymorph Reference Special Conditions

Low Cristobalite (W)

" (1] ( ) 280 C

1] 1] ! 103° C

" H " 2030 C
High Cristobalite (W)

" 1 ( ) 3000 C

[1] 11} 1] 12000 C
Alpha Quartz (W)

" " () 0.001 Pa

" 1 " 68 Pa
Beta Quartz (W)
High Trydimite (W)

(17

(W) - from Wycoff's Crystal Structures

() - from
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TABLE 11
Orthogonal Coordinates for a-Quartz (at 1 Atm)
4 in 4 in Orth Coordinates in 5 Units
Ring Unit Cell Cell #s X Y VA
1-Si 0,0,0 2.2847 0 0
j 2-0 1 0,0.0 1.3760 1.408 0.6421
3-S5 2 0,0,0 1.3143 2.2765 1.8017
4-0 5 0,0,0 0.7807 3.6339 1.1596
f 5-5i 1 0,1,0 0.1720 4.2551 0o
1 6-0 6 0,0,-1 1.0807 3.1143 -0.6424
7-5 3 0,0,-1 1.1424 1.9786 -1.8017
8-0 4 0,0,-1 0.3000 1.7621 -2.4439
9.5 2 0,0,-1 1.3143 2.2765 -3.6035
10-0 2 0,0,-1 2.7567 2.4931 -2.9613
11-5i 3 1,0,-1 3.7710 1.9786 -1.8017
12-0 3 0,0,-1 3.2374 0.6212 -1.5960
13-Si 1 0,0,0 3.2847 0 0
14-0 1 0,0,0 1.3760 1.1408 0.6421
15-Si 2 0,0,0 1.3143 2.2765 1.8017
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TABLE III

a-Quartz Parameters (1,8,8) at 1 Atm

Sequence # Vector Components
VECTOR X' ¥ Z' X
1 -0.9087 1.1408 0.6421 1.5936
2 -0.617 1.1357 1.159%6 1.6243
3 -0.5336 1.3574 -0.6421 1.5936
4 -0.9527 0.6212 -1.1596 1.6243
5 -0.9087 -1.1408 -0.6421 1.5936
6 -0.0617 -1.1357 -1.1596 1.6243
7 1.4423 -0.2166 -0.6421 1.5936
8 1.0144 0.5144 -1.1596 1.6243
9 1.4423 0.2166 0.6421 1.5936
10 1.0144 -0.5144 1.1596 1.6243
11 -0.5336 -1.3574 0.6421 1.5936
12 -0.9527 -0.6212 1.1596 1.6243
13 -0.9087 1.1408 0.6421 1.5936
14 -0.0617 1.1357 1.1596 1.6243 t
NORMALS Components of Unit Normal Normal Mag -8 !
1 0.3909 0.6679 -0.6333 1.5185 35.9185
2 -0.9394 -0.2685 0.2130 2.4518 71.3007
3 -0.7739 -0.0046 0.6333 1.5185 35.9185
4 -0.7096 0.1822 0.6806 2.4263 69.6142
5 0.3903 -0.6679 0.6333 1.5185 35.9185
"6 0.1971 -0.7056 0.6806 2.4263 69.6142
7 0.3829 0.6725 0.6333 1.5185 35.9185
8 0.2372 -0.9478 -0.2130 2.4518 71.3007
9 0.3829 -0.6725 -0.6333 1.5185 35.9185
10 0.5126 -0.5235 -0.6806 2.4263 69.6142
11 -0.7739 0.0046 -0.6333 1.5185 35.9185
12 -0.7096 -0.1822 -0.6806 2.4263 69.6142
13 0.3909 0.6679 -0.6333 1.5185 35.9185
RT ANG Dot Products 8
1 -0.6815 1.1047 132.9603
2 0.8631 0.4812 30.3290
3 0.9794 0. 11.6560
4 0.0320 -0.9524 -88.1671
§ 0.9794 0.3018 11.6560
6 0.0320 -0.9524 -88.1671
7 -0.6815 1.1047 132.9603
8 0.8631 0.4812 30.3290
9 0.9794 0.3018 11.6560
10 0.0320 -0.952¢ -88.1671
11 0.9794 0.3018 11.6560 |
12 0.0320 -0.9524 -38.1671 ‘
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TABLE 1V

Coulomb Energy for Structural Elements in Different 5102 Polymorphs

CE/Q,f (KPY) CE (xPM)
Element (k=1) (K=3.5, QZ=O.8)
Munomer
Regular Tet -638.¢% -117.05
Low Quartz (10° PA) -626.6 ~115.72
" (68 PA) -633.8 ~116.00
" Cristobalite (28°C) -636.5 -116.50
" " (230°C) -639.5 -117.05
High " (300°C) -634.5 -116.12
" ! (1200°C) -636.3 -116.47
Low Quartz (10° PA) -701.3 -128.36
" " (58 PA) -701.2 -128.34
" Cristobalite (28°C) -707.0 -120.4
High " (300°C) -704.8 -129.00
Trimer
Low Quartz (68 PA) -723.7 -132.48
Closed 6-Rina
Low Quartz (10° PA) -769.7 -140.88
" " (68 PA) -769.2 -140.80
Low Cristobalite (28°C) -776.6 14216
" " (230°C) -781.0 -1¢2.96
4igh " (300 C) -774.5 -141.77
" g (1200°¢C) -776.0 -142.04
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TABLE V

Lennard-Jones Potential for 0-0 Interiction

r(d) e

2.0 + 29.6
2.5 + 0.93
3.0 - 0.23
4.0 - 0.08
5.0 - 0.02
6.0 - 0.0
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Figure Captions

1. Basic structural unit in 5102: oxygen tetrahedron plus silicon
interstitial.

2. Two schemes for linking tetrahedra: {a) centra) spine scheme (1,2,3,4,5) ‘
plus side branches and (b) shell model scheme (2-5 are first neighbors
of 1, etc.).

3. (a) Tetrahedra dimer unit: angles 9,8, and &, fully define the dimer. ]

(b} The dihedral angle, &, (the Siy - 0y is a meausure of 51)

1

4, Tetrahedra trimer unit with numbered oxygens (1-10) and angular
parameters a,8 and y chosen to define the two dimer orientations.

5. (a) A 3-oxygen ring with the silicons in the plane of the ring

(|

illustrating almost total constraintof the & 's .
{b) A 4-oxygen ring with 8 =~ 160Y for si, and Si, . Here,

5‘(s~:1) ~ 0 - 40° and 5'(31‘2) ~ 160V + 20U
6. Scheme used for the formation of closed rings.
7. I1lustration of the key angles and distances in the 6-ring of a-quartz

and 68 Pa (distance 2-5 is 4-89 R and 3-6 is 4.94 & ). At 0.001 Pa, the
distance 1-4 is 3.30 A .

8. X'-Y' projection of various silica ring structures:

(a) Projection of the low cristabolite structure (room temperature) down
the C-axis onto the (100) plane. The heights of the atoms above
the plane containing a-axes are marked in A& units. Six
tetrahedra are outlined centered about the silicons (1,3,5,7,9,11)
as Cﬁ . The bridging oxyqens (2,4,6,8,10,12) as © form a 6-
membered ring, Interstitial sites are marked with a larqge [j.
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(b) Projection of low quartz structure at 68,000 atoms down the
C-axis. The heights above the plane containing the a and b
axes are marked in K units. Six tetrahedra are outlined
centered about silicons Siy, Si,, ... Sig and marked as X
The bridging oxygens (O], 02, ... 0_.) form a 6-membered ring.
In this projection, 513 and 516 are overhead. Similarly, the

bridging oxygens O], 04 and 05 have other oxygens overhead.

{c) The projection is tilted so that no pair of atoms coincide in
projection. For simplicity the heights are not presented in
this figure.

9. Distribution of unconstrained and constrained trimer TOT angles
— [}
(rm > 2.8 A for the 0-0 separation was chosen as the constraint).
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FIGURE 3
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FIGURE 6

DIMER PARAMETER
REPRESENTATION

TETRAHEDRON

CONNECTING OXYGENS
OF CLOSED RINGS
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FIGURE 7
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FIGURE 8a
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FIGURE 8c
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Items Needed for Completion of this Paper

1.
2.
3.

Extension of the calculations to 3-, 4-, 5-, 6- and 7- member rings.
Conclusions

Abstract
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Energetic Interactions of Foreign Species with Silica

by

W. Dibble, Jr., William A. Tiller and B.H.W.S. de Jong

A. Introduction

In the present modeling of the thermal oxidation of
sil. 'on (1,2) the emphasis has shifted from a parametric
description to an atomistic description. At this new level
of modeling, we are confronted with a need for the following
information: (i) solubilitv of various species in either
network or interstitial sites, (ii) dissociation and ionization
data for the various srecies within the Si02, (iii) reaction
energies for the internal oxidation of interstitial Si species,
SiI, to SiOI, SiOzI, Si03I, etc., (iv) bridging oxygen vacancy,
VO, and Frenkel defect, V., + O formation energies and (v)

o} I
binding energies for V. - X pairs. 1In addition to needing this

o

information for bulk Si02, it is also needed for the non-
stoichiometric blocking layer of 5102 (2) which is thought to
be so critical tec the velocity of oxidation and to the formation
of the fixed oxide charge, Of . Some portion of this informa-
tion is accessable by experimentation; however, most of it is not
and the only recourse we have is to theoretical computation to
provide us with the insights we need.

The most appropriate theoretical approach seems to be a
molecular orbital computation but what level of sophistication

should we choose? Although a great deal of knowledge is available

about S8i0, ( 3), there is a correspondingly great lack of infor-

2
mation concerning the items listed above. At present, one is more
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in need of a broad range of insightful cdata than in a few
rigorously gathered numbers determined to a high degree of
accuracy. Thus, rather than conducting an ab initio study of
foreign species introduced into one or more unit cells of
crystalline or vitreous SiOz, we shall pursue the CNDO/2 method
on certain SiO2 symmetry fragments (4 ) because this lets us
cover much more ground with the same amount of effort.

The recent work of de Jong ( 4) showed that the minimum
cluster of atoms necessary to model the valence state of the
bridging oxygen and those of the neighbouring silicon atoms in
silica melts consists of two SiO4 tetrahedra sharing a bridging
oxygen as illustrated in fig. 1l; i.e., a dimer unit. 1In order
to account for the effects of the surrounding structure, de Jong
(4) required that four criteria be satisfied: (1) all the
orbital enercies, Ei, of the occupied molecular orbitals should

be negative; (2) the total energy, E should show a minimum

T’
in its variation with bridge bond angle, 6, around €~140° to be
consistent with the analysis of radial distribution function for
silica glass; (3) the binding energy of the molecule should be
negative or close to zero and (4) the bond overlap population
and other relative measures of bond energy should be consistent

with the geometries and dimensions obtained in silicate structures.

He found that the molecule H,Si,0, (fig, 1) fulfills these condi-

6-72°7
tions.
By placing hydrogen atoms on the non-bridging oxygens in
H6512 7 the electron density on the molecule could be decreased

and, by suitable choice of the orbital exronent, bonding parameters,

and orbital electronegativity for hydrocgen, identical overlap
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populations for all Si-O bonds in the cluster resulted and
identical charges on all the oxvgen atoms were found. This is
what one would expect for an average linkage in a completely

polymerized silicate melt.

In this paper, we shall use the CND3J/2 method tou calcu-
late (a) the interaction of various atomic and molecular species
with the dimer unit, H68i207, (b) the interaction of various
atomic and molecular species with the tetramer ring unit,
H85i4012’ and (c) the formation of the bridging oxygen vacancy
and Frenkel defect with these units. The tetramer ring unit

rather than the hexamer ring unit was cltosen because our present

computer program only allows the handling of 32 orbitals. It

should be pointed out that the calculations involving interactions

with the dimer unit are (i) completelv appropriate for the SiO2
surface in contact with the gas nhase, (ii) approximately correct

for bulk Si0., when we have a small interstitial species interact-~

2
ing with the obtuse angle of the bridging oxygen and (iii) in-

correct for the bulk SiO2 when we have a large interstitial species

interacting with the obtuse angle side or the acute angle side of
the bridging oxvgen because of neglected interactions with the
surrounding environment. The interactions with the tetramer ring
give some insight into normal bulk siO2 interactions; however,
we really need to treat our actual 6-membered ring or a unit cell

of cristobalite to obtain final numbers.

Some additional limitations of the present method are that
(i) the Si-0 bond lengths are not optimized for minimum total
energies, (ii) the reaction energies are determined only at 0°K

and (iii) these calculated energies are not absolute so that
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——y
only relative energies between different species or conditions
are likely to be relevant, These limitations are a small price
to pay for the abundance of insightful data we have gathered to 8
i
date.
B. Interaction Energies with the Dimer Unit
f
Using the H_Si, 0, molecule in the eclipsed conformation I
d

of fig. 1, a neutral or charged species, X, 1is placed on the
bridging oxygen in the upward direction at distance d from
O0(br) and lying in the 8i-0-Si plane, as illustrated in fig. 2,
and the total energy, AET, calculated. In some cases, the
Si-0(br) and the x? - 0(br) bond energy plus the charge states of
0(br) and x2 were also calculated. The reaction eauation to

evaluate the total energy change, AET, is of the form

. « . a . -
X + H681207 e H651207X ; AET . (L)

For diatomic molecules such as O Co etc., the reaction

2 Nar COp
energy will also depend upon the orientation of the species X

as is illustrated in fig. 3 for 0, where the upper curve

refers to 0, being parallel (1) to the Si-0-Si plane and the

lower curve refers to 0, being perpendicular (L) to the Si-0-Si
plane. Table I lists values of AEn for a variety of atomic
and molecular species. These results were obtained using the
J
2 kz and
Cl2 respectively, the ecuilibrium distances between the diatomic

normal parameterization & = 1.383, For Fz, H2’ 0

gas axis and O(br) are 2.7A°, 2.5a°, 2.1A°, 2.4A° and 2.1A°
while the equilibrium distances in the diatomic gases at 0°K are
1.12a°, 0.75A°, 1.13A°, 1.14A° and 1.98A°. Since the 8Si-0(br)

bond energy increases significantly as AFT decreases in Table I,
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formation to be favored by reactions

one may expect vacancy, VO'

with the most negative lET. For the 1 configuration of 0

2
N2, etc., this appears to lead to a bond breaking reaction and

may thus be a mechanism for VO formation. Although 90° rotation
of the meclecule may readily occur on the surface, it is not as
probable that it can occur in the volume of the SiO2 because of

the hindrance of the basic tetrahedral units of the dimer at their
normal dihedral angles. Similar reservations occur for transitions

between the different HZO configurations.

An additional reaction of H,0 with Sif0, that can be simply

2 2
assessed via the dimer is the dissociation reaction into H* and
OH™; i.e.,
>
-

D-H*Y + D-OH~ ; AF. = + 5.18ev (2)

H,0 + 2D T

2
In eq. 2, the HY and OE~ are absorbed at the bridging oxygen
sites at their minimum energv. This large rositive energy change
arises from the large dissociation energy of H20 into H* and

OH™ ( 4).

C. 1Interaction Energies with the Tetramer Unit

Using the H85i4012 molecule in the tetramer form, a
variety of species X were placed in the ring at different co-
ordinate positions as indicated in fig. 2b. The reaction energy
was minimized for X = 0 located at the coordinates (0.5, 0, 0)
with values of AET given in Table II for this and other choices
for X . 1In evaluating the energies for characed species, the

electron work function for §Si0 was taken as 5.1 ev,

2
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One important question involving the interaction of

e — - ———

02 and HZO with the SiO2 structure is whether or not dissocia-

tion is probable. This can be evaluated for the oxygen case

by considering the O2 interaction with the tetramer ring listed |

in Table II and dissociate it in the gas phase prior to placing

e

S

the O's at (0.5, 0, 0) in separate tetramer rings; i.e.,

'
.

OZ(L) + 2T T 2(T - 0(0.5, 0,0)) En, = + 2.827 eV (3)
>

For ihe water case, we have

H,0 + 2T 2 T-HY + T - OH™ Ep = + 16.28 ev. (4)

It thus appears that, while eq. 3 is a somewhat favorable reaction,
eq. 4 is not. If we already have an Oz(l) at the center of a

tetramer ring, then the dissociation is much more strongly favored.

T +(T - 02(0,0,0)) < 2 (T - 0(0,0,0)) 7 OEp = -4.56 ev  (5)

D. Formation of Vacancies and Frenkel Defects

CND0/2 calculations using normal bonding parameters yield
equilibrium Si-0 distances, d(Si-01, greater than the values
found in natural silicates. For example, the calculated equili-
brium Si-0 distance using normal bonding parameters and the
H631207 cluster is greater than 2.0A° (4 ) whereas the measured
values for silica range from 1.61A° to L63A°. Thus, when the
bridging oxygen is moved from its normal position in the H65i207
cluster, the total energy decreases as d(Si-0(br)) increases.
This leads to unreasonably low total energies for a dimer cluster

without a bridging oxvgen; i.e., D-V,-
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To decrease the calculated equilibrium values of d(Si-0), !

!

it was necessary to increase the orbital exvonent of Si, isi, !

from the normal value of 1.383 (4) to 1.86. Increasing i i

contracts the §8i orbitals and produces a minimum in the total

cluster energy at d(Si-O0) = 1.61 for iqi = 1.86. With this

Si-0 bond length - E relationship optimized via choosing the

T
proper isi, it was possible to calculate the energy of formation

L
AP

for vacancy species. Bridging oxygen vacancv formation, VO' in

a silica network is modeled bv the following reaction f

H651207 - }1651206 - VO + O(g) : AET = 4+ 8.97 ev (6) ]

The vacancy configuration consists of the same dimer configuration
without a bridging oxygen. The high positive reaction energy for
(6) suggests that a low vacancy density could be produced by a
reaction involving only neutral species and sites which lead to 1
the release of monatomic oxygen. Performing a similar calculation
for the tetramer species led to AET = + 8.90 ev which is in

remarkable correspondence with the dimer result.

A much more favorable reaction for the formation is that
involved with forming Oz(g) in Table III with LET = + 0.50 ev.
Thus, for this reaction, the Vo formation energy at 0°K is only
0.25 ev. Likewise, if we have a doubly charged dimer unit present,
D++, only a very small energy is needed to form VS* by releasing

O(g). However, the probabilitv of forming such a p**t unit is

extremely small; i.e.,

. - . ++ - -
H651207 < H6Sl207 + 2e : AET = + 45.59 ev (7)

Turning to the formation of TFrenkel defects VO + 0, we

find an extremely high formation probability for the feollowing
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reaction

2H651 « H651207OI + H651206VO ; QET = ~1,07 ev (8)

207

Reaction (8) models the formation of an oxygen interstitial, D—OI,

and oxygen vacancy, D-V simultaneocusly from the bridging oxygen

o'
sites. The ET for the D—OI unit was calculated with OI at
an eguilibrium distance of 4 = 1.25A° from the bridging oxygen
(see fig. 2a). The negative reaction energv suggests that the
large negative energy of formation of a interstitial more than
compensates for the unfavorable positive reaction energy for

vacancy formation and that such uncharged Frenkel defects would

form spontaneously at the free surface. As can be seen from

Table III, charged Frenkel defect formation seems much less probable.

Frenkel defect formation with the tetramer is also a

reasonablyv favorable reaction as indicated in Table III, i.e.,

) ;3 AE, = + 3.32 ev (9)

4T 2 2(T—VO) + 2(T-0 T

I
so that the energy to form a dissociated Frenkel defect is
+ 1.61 ev. This is a likely candidate for determining the bulk

VO and OI population for Si0

2°
Before closing this section, it should be noted that,in
eG. 6, the charge on the bridging oxvgen site changed from
~-~0.5 initially to ~-0.2 when the 0 was separated from its
normal site by 1A° and then the charge changed to ..--0.015 at a
displacement of 1.9A°. Thus, the charge on the removed oxygen

and on the remaining fragment shrank to zero as the © became

completely separated.
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E. Discussion .

Some of the E were calculated using the old bonding

T
parameter, £ = 1.2, and recalculated with the new parameteri-
zation, ¢ = 1.86, to ascertain any differences. It was found
that the ET vs distance relationships for 0, interactions
with O(br) in H6Si207 are similar for both parameterizations. .

For example, for the 02(1) configuration, the ecuilibrium O{(br)
admolecule distance is 1.15A° for both parameterizat ns. However
for X -S§i, deq = 1.76A° for 5 = 1.86 and deq ~ 2. for £ = 1.2.
The results for other O(br) - X irteractions sugge that X 7 Si
is rather unique and that changing ¢ dJdoes not sig. . antly
change the eguilibrium characteristics of the other O(br) - %
interactions. This conclusion is significant since it supports

the validity of CNDO/2 calculations using normal Si bonding par-

meters for modeling interactions between hridging oxvgens and

adatoms.

From Tables I and II we note that O 1is strongly adsorbed
to both the free surface and the tetramer bulk while the charged
species 0%, 0*t are excluded from the bulk. Thus, we may
anticipate that, if uncharged or charged oxygen atoms are avail-
able in the gas phase, they will strongly adsorb on the silica

! surface at O(br) sites. Charge neutralization will both

lower the free energy of the adsorbed oxvgen and will allow it

to flow into the tetramer bulk. This is obviously why plasma-
assisted oxidation processes are so effective even at low temper-

atures.
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We note that 0, and its iorc .rc strongly adesorbed at

the free surface «vile tnere is a considerable Larricer to thoir 1

eniry into the bulk tetramer. For a hexamer bulk, the ring siz«

is considerably larcer and we would expect LET to be sicnificantl:
smaller than for the tetramer. Hhowever, it does appear as 1!
surface adsorbed O could dissociate into one tetrarer alscrbod

2
0 and cone surface adsorbed O with a very substantial leowerin:

of free energv. This would aprear to be the mechanism of oxidan

deliverv to the Si interface for tetramer bulk Si0,. !

As we turn to consider tbhe HZO spccies, we note that a {
similar process to that mentioned above for O mayv be operative.
Here, the HZO adsorbs on the free surface, prcobably in the H.OD
(.!) configuration, and then dissociates into HY and OHT with
a subsequent lowering of free energv. The H%Y can readily enter
the bulk but the OH™ cannot. Thus, a nositive swace charge
develops near the free surface which impedes the motion of the
HY and enhances the movement of the OH™. The rate of oxidaticrn
would be limited by the movement of the OH~ species. Comparing
oxidation via 0, Vs H,0, we know that the latter is faster
(5) and, considering Tables I and II, this is onlyv reasonable

if the population of 02('[) and HZO( ) on the free surface

is the controlling event.

We note from Table I that the adsorrtion of Si at the
O(br) site is not a favored reacticon but that the adscrrtion of
C12 or HC1l are both favored. Calculations for the tetramer
bulk are needed to indicate the probability of movement of these

species into the bullk,
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In actual vitreous SiOz, the bulk primarilv consiste cf
6~membered rings with a few 7-rings and 5-rings. The bulk
environment consists of potential interstitial sites that are
internal to the rings and sites that are external to the rings.
The diffusion of anv interstitial species through the bulk thus
involves secuential movement from an external ring site to an
internal ring site to an external site, etc. Thus a good measure
of the activation energy for interstitial édiffusion should be the
difference in adsorwticn energy hketween these two types of sites:
i.e., the activation energy for the interstitial d4iffusion of C

through tetramer SiO2 should be about 3.5 ev.

Turning to the formation of either the vacancy species cr

the Frenkel defect species, we see from Table III that the

=

cooperation of two dimers is needed to form a vacancy with a hich

probability of occurrence and an Ct defect is a bhiproduct.
Thus, Frenkel defect formation spontanecuslyv occurs at the sur-
face since its formation enercy is -1.07 ev. In the bulk, 4
tetramers are involved in the formation cof a pair of Frenkel
defects at an individual formation energy of 1.61 ev. Thus, in

8

a mole of tetramers, a mole fraction of 3.6 x 10~ Frenkel

defects are formed at 900°C under eguilibrium conditions.
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Xa

+ H_.Si,0

6

2

Table 1

Eclipsed Dimer

(ToT=143.6°)

Ad Species,

Fz(ll)
Hy CH])
0,0 1)

N, D)
+

H,0( 1)

Cl,C{])

oH™ (I *
HCL( i)
co, (D (i~

+
CO2(II)
Ht

Si

sitt

02(L)

HZO(a)
+

HZO(C)

Ny (L)

X

AE

+

(K cal/mole)

317%

(ev)
6.625
3.48
£.717
29.22

1.42

0.35 ev
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- 17.
- 17.
- 16.

- 1l6.
- 1l6.
- 16.

- 12.
- 14,
- 14,

- 12,
9.308

071
019
565

286
796
886

946
565
256
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X

+ H,S1 012

Table I1I

Tetramer Ring

Adspecies X

Ring Position

OH™ (])

{c.s¢,
(0.50,
(0.50,
(0, O,
(0, O,

(o, 0,

(0, 0,

n
Mo

0,
0,
0)
0)

0)
0)
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Table ITII

Point Defect Formation Energies

(& DzDimer, T = Tetramer)
Reaction Species Product Species AET(ev)
D D-V, + 0(q) + 8.97
2D 2D—VO + Oz(g) + 0.50
p+t D*+-V + 0(q) + 0.28
D D++ + 2e” +45.60
2D D-VO+ + D—OI - 1.07
~y+ -0=
2D D VO + D OI +21.75
3T 2(T-VO) + T-OZ(O,O,O) +7.88
T + T-OZ(O,O.O) 2(T—OI) - 4.56
47T 2(T-VO) + 2(T—OI) + 3.32
T T -V, + 0(q) + 8.90
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Figure Captions

Geometrics of the H6T207 molecule considered in these
calculations: (a) definition of the bending angle (LT=-0-T)
and torsional angle (L8) for the H6T207 molecule; (b,c) the
two possible eclipsed conformations for HeT,0, at LT-O-T

< 180°,

Schematic illustrations of adsorption of species X to
various silica fragments at distance d, (a) silica dimer,
(b) silica tetramer ring, (c) silica trimer.

o of O2 with the dimer as a function
of separation distance, Z; (a) non-bonding reaction (O2 in

Interaction energy, E

plane of Si0O-Si), (b) bonding reaction (0, perpendicular to

2
plane of Si-0-Si).
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FIGURE 2
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X Items Needed for the Completion of This Paper

1. Extension of the work to larger size fragments with more
three-dimensional connectedness. Y
2. Conclusions

3. Abstract
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