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alkali series. However, it must be remembered that the approxi- 
mation of treating changes in one type of force constant as indepen- 
dent of the changes in the others is not precise. 
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An amorphous powder of SiOz that calorimetric studies in- I. Introduction 
dicated to be energetically metastable by 46.9 * 0.8 kJ/mol 
relative to fused silica was studied by X-ray diffraction. A 
calculation of the energetic instability, based on the bond 
length and bond angle distributions derived from the diffrac- 
tion data and utilizing the force constants for bond stretching 
and bending, indicated that 41.3 7.9 kJ/mol of the in- 
stability may be associated with distortions of the Si-0 bonds, 
the 0-Si-0 bond angles, and the Si-0-Si angles. Analyses of 
the extensive small-angle scattering from the porous material 
suggested that only a small portion of the instability is associ- 
ated with surface structures. 

ALORIMETRIC studies have been performed on a powder C (“snow”) of SiOz deposited in the cool ends of furnace tubes 
used for coating silicon wafers with amorphous Si02 films by 
low-pressure chemical vapor deposition (LPCVD) used in semi- 
conductor technology. ’ The studies indicated this amorphous mate- 
rial to be metastable by as much as 46.9 M/mol relative to fused 
silica. The diffraction studies reported here were undertaken to 
correlate structure on the atomic level with this instability. Unlike 
fused silica’ this material exhibits extensive small-angle scattering. 
The small-angle data were collected and analyzed to yield esti- 
mates of the size distribution of voids present in the sample and the 
fraction of the atoms that could be associated with surface structure 
around these voids. High-angle scattering was 
collected, and, from it, the radial distribution function (RDF) that 
indicates the values and frequency of of interatomic 
distances was obtained. This RDF was compared to the one for 
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Fig. 1. 
ing of snow silica. 

Guinier plot of the small-angle X-ray scatter- 

fused silica. The differences, combined with simple force con- 
stants for bond deformations, were used to estimate the excess 
potential energy stored in strained bond distances and angles. 

11. Experimental Procedure and Discussion 

(1) Sample Preparation 
One of the major methods of obtaining amorphous thin films is 

low-pressure chemical vapor deposition (LPCVD). ’ Two kinds of 
samples can be obtained from a hot-wall LPCVD furnace, thin 
films heterogeneously deposited on a substrate in the central hot 
zone and homogeneously deposited “snow,” the latter being a very 
reactive powder adhering to the furnace walls at the cooler ends of 
the deposition tube. The deposition system used for sample prepa- 
ration is described e l~ewhere .~  The gases used were SiH4 and 02, 
which react in the hot reaction chamber to produce amorphous 
SO,. The snow sample in this study was collected during a 703 K 
deposition run (temperature range at ends of furnace was 344 to 
673 K). 

(2) Low-Angle X-ray Data 
The material was packed into a thin-walled glass capillary 1 mm 

in diameter. Data were collected in the range 0.01 < s < 3 nm-’ 
in increments of 0.01 with a Kratky camera equipped with a dif- 
fracted beam monochromator using CuKa (A = 0.154 nm) radi- 
ation. Here s = 47r sin O / A ) ,  where 28 is the angle between the 
incident and scattered beams. The scattering from the capillary, 
which rises slowly from zero at s = 0, was subtracted with appro- 
priate consideration for absorption. The intensity was placed on an 
absolute scale by measuring the scattering from a calibrated film of 
p~lyethylene.~ 

(3) High-Angle X-ray Data 
The material was packed into a 5 mm by 30 mm by 1 mm 

sample holder. Thin (0.013 mm) mylar was fixed over each 5 mm 
by 30 mm face to form a flat sample suitable for transmission 
measurements. Data were collected in the range 2 < s < 
160 nm-’ in increments of 0.5 using AgKa radiation (A = 
0.054 nm), pinhole collimation ( I”  divergence), diffracted beam 
monochromator, and pulse height analyzer. Similarly, data were 
collected for the mylar only and its contribution from the first 
experiment was subtracted after suitable absorption corrections. 
Lorentz and polarization corrections were made. 

(4) Analyses of Low-Angle Data 
Extensive small-angle scattering (SAS) was observed. The scat- 

tering of X-rays is sensitive to fluctuations in the electron density 

Fig. 2. Fractional void volume distribution for snow 
silica. Error bars are staiidard deviations obtained from 
least-squares fit of small-angle scattering. 

of the material. The SAS is determined by such inhomogeneities 
of electron density in regions measuring ~ 0 . 6  nm or greater in 
size. The inhomogeneities may be the result of phase separation, 
the presence of small voids, the presence of small particles, or a 
combination. 

The inhomogeneities were assumed to be voids in the following 
analyses. Phase separation in essentially pure SiOz is not possible; 
thus the presence of particles of a different composition appears 
unlikely. A portion of the small-angle scattering could also arise 
from small silica particles rather than voids. However, since the 
surfaces of voids and particles involve approximately the same 
number of atoms, conclusions concerning surface area will not be 
altered by the presence of both voids and particles. In the approxi- 
mation that such regions are widely dispersed and the approximate 
law of Guinier’ holds, the scattering is proportional to 

where I&) is the calculated intensity, M(Ro) is the volume fraction 
of the inhomogeneities with radius of gyration Ro. For a spherical 
region R i  = 0.6R2, where R is the radius of the sphere. It can be 
seen from Eq. (1) that a plot of the natural logarithm of the in- 
tensity vs. s’ (Guinier plot) will be a straight line if only a single 
size region is present. A Guinier plot of the small-angle scattering 
corrected for slit geometry aberrations is shown in Fig. 1 .  The 
nonlinearity indicates a distribution of inhomogeneity sizes. 

The volume fraction, M(Ro),  in Eq. ( I )  was expressed as a 
flexible function whose shape was altered with a least-squares 
procedure to reproduce the observed intensity as closely as pos- 
sible. Figure 2 illustrates the void volume distribution obtained. 
Correction for the broadening effects of the slit geometry are in- 
cluded in the refinement. Integration over this function yields the 
void volume fraction, x, .  

x ,  = M(R0) dRo = 0.16 (2) 

Thus, 16% of the sample volume is composed of voids of the size 
to which the experiment is sensitive. M(Ro) indicates the presence 
of a number of voids with a radius of gyration of Ro = 2.1 nm or 
a radius for the spherical voids of R = 2.7 nm. Another peak is at 
R = 8.9 nm. Other voids of larger size are indicated out to the 
limit of resolution which is ~ 3 0 . 0  nm. 

If the small-angle scattering could be separated from the high- 
angle data, then the surface area could be estimated from the shape 
of the tail of the small-angle scattering. Such a separation is not 
possible with the snow data. It is possible, however, to estimate the 
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Short-Distance Parameters (r) and Their Rms ( I )  Table I. Results of Analyses of Snow Table 11. 
Silica by Small-Angle Scattering Displacement Amplitudes for Fused Silica and Snow* 

Void radius Void volume Fraction of atoms R l C p r l  Snow 
(nm) fraction within 0.3 nm of surface 

0-7.5 0.033 0.0067 
0-15.0 0.062 0.0086 
0-22.5 0.093 0.0098 
0-30.0 0.159 0.01 15 

. ---- V.." .. 
rsL-o 0.1608 (2) 0.1611 (2) 
1st-0 0.0056 (3) 0.0067 (4) 
ro-o 0.2632 (6) 0.2604 (8) 
10-0 0.0097 (6) 0.0119 (7) 

0.3085 (15) 0.3082 (15) 
L - s ,  0.0100 (8) 0.0130 (10) 

*All distances in nanometers; least-squares standard deviation in last place in 
parentheses. 

o o ~ ' " ' " ' ' ' ' " ' ' ~  40 80 120 160 
s (nm-1) 

Fig. 3. Total X-ray diffraction pattern for snow silica, I , ,  
corrected for absorption and polarization, and the final represen- 
tation for the background intensity, f b .  

fraction of atoms associated with the surface of these voids by 
calculating the number of atoms contained within a shell at the 
surface of the assumed spherical regions. Table I summarizes the 
results when all atoms within 0.3 nm of the surface of the voids 
indicated in Fig. 2 are designated as surface atoms. A total of 1.2% 
of the atoms are in this way associated with surfaces of voids 
detected by the small-angle scattering. It should be noted that, 
while Fig. 2 suggests the existence of voids larger than those 
detectable in this experiment, the majority of the surface atoms are 
associated with the smaller voids because the smaller spheres have 
larger surface-to-volume ratios. 

The Si-0 bond energy is ~ 3 6 8  W/mol." If 1.2% of the SiOz, 
residing near the surface, have all their bonds broken, the excess 
energy would be (0.012) (2) (368) kcal = 17.6 kJ/mol. It is more 
likely that the structure near the voids has perhaps one Si-0-Si 
bond in four ruptured (analogous to a sheet silicate) with the Si-0 
then neutralized by hydrogen-bearing species CH:, H30', H 2 0 ,  
OH-, etc., at the surface. The actual energy associated with these 
surface structures would then be much smaller, perhaps by 1 order 
of magnitude or more. Thus, it appears that the observed instability 
of ~ 4 7  W/mol cannot be solely associated with surface atoms. 

Low-resolution scanning electron microscopy has shown that, in 
general, snow silica CVD samples have a very open ~tructure .~ In 
addition to overall small particle size, complex morphology is 
indicated, with each particle having a larger surface area than that 
of a smooth sphere of similar dimensions. While the voids or 
particles studied with the X-ray data are much smaller than those 
seen in SEM, these observations emphasize that the assumption of 
spherical voids or particles in the sample should be made with 
caution. Nevertheless, we conclude that the excess energy associ- 
ated with surface species is of the order of 10 kJ/mol at most. 

(5) Analyses of High-Angle Data 
We now look at the structual properties of the bulk material 

for evidence related to the observed instability. This is accom- 
plished by analyzing the high-angle scattering data. The diffrac- 
tion pattern, I,, shown in Fig. 3 may be expressed as a sum of 
components. 

I,(s) = I ($)  f I b ( s )  (3) 

where I(s) is the interference term and contains the interatomic 
distance information. I&) is the smooth background function that 
includes coherent and incoherent atomic scattering as well as in- 
strumental background. In order to obtain the interatomic distance 
information, I(s) must be isolated from I,(s) by subtracting I&). 
The interatomic distance distribution or radial distribution func- 
tion (RDF) may be obtained from I(s) by means of the Fourier 
sine transform 

rG(r) = 4ar2[p(r) - pol = (4) 

where i(s) = [I,(s) - I b ( s ) ] / X f ' ( s ) ,  p(r) represents the proba- 
bility of occurrence of an interatomic distance within the range r 
and r + dr, p o  is the bulk density averaged over the volume to 
which the experiment is sensitive, and xfZ, a sharpening function, 
is the sum of the squares of the atomic scattering factors for the unit 
of composition (SO2). The integral in Eq. (4) requires that I(s) be 
known in the range 0 < s < a, whereas it is only measured over 
a finite interval whose maximum is experimentally limited. Thus, 
in order to obtain an accurate RDF, I ( s )  must be isolated from the 
total intensity and the effects of the termination of data must be 
minimized. This may be accomplished by collecting data with an 
appropriately small wavelength, and with data reduction tech- 
niques that require the resultant RDF to meet certain physical 
criteria.6 

The treatment of the termination of the integral in Eq. (3) is 
based on the recognition that generally only the shortest distances 
make a significant contribution to the experimental intensity func- 
tion, i(s), beyond the measured range of scattering angle due to 
their small thermal or disorder parameters. Because of this, the 
data reduction procedure6 yields accurate parameters for the short 
distances. Table I1 lists the short-distance parameters obtained 
along with those obtained for bulk fused silica. The Si-0 bond 
distributions are centered at essentially the same value of 
0.161 nm, but the snow silica has an rms amplitude of disorder 
~ 0 . 0 0 2  nm larger. The 0-0 distribution for snow silica is not 
only 0.003 nm broader but also is centered at 0.260 nm, 0.003 nm 
shorter than for fused silica. The Si-Si distribution is also 
0.003 nm broader for snow, but centered to within experimental 
error at the same value as for bulk glass. 

The reduced intensity function for snow silica is illustrated in 
Fig. 4 along with the corresponding function for bulk silica glass. 
The RDFs for snow silica and bulk silica are compared in Fig. 5. 

The RDFs are very different. They may be compared by calcu- 
lating a correlation function, F(g,h) ,  between curves g and h. 

(5) 

This function may range in value from 1 to - 1 .  A value of 1 
corresponds to perfect positive correlation, whereas a value of zero 
corresponds to no correlation. 

Table 111 gives the correlation coefficients comparing the two 
RDFs. Not only do the amplitudes of the oscillations fall off much 
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s i(s) 
A A SNOW 

Fig. 4. 
silica. 

Reduced intensity functions, si(s), for snow and fused 

“ V  
0 I 2 

r(nm) 

Fig. 5. 
fused silica. 

Radial distribution functions for snow and 

more rapidly for the snow silica, but the maxima around 0.6 nm 
occur at quite different r values. The large differences in the two 
curves in the 0.4- to 0.6-nm region with regard to both amplitudes 
and position indicate that the ring statistics are very different for the 
two phases. Six-membered rings of silicate tetrahedra appear to be 
favored in the bulk silica.’ Very possibly the differences in the 0.4 
to 0.6-nm region indicate the presence of more rings of different 
size. The absence of significant oscillations in the snow RDF 
beyond 1 .O nm indicates much less long-range order than is 
present in bulk silica which possesses significant oscillations out to 
at least 2.0 nm. 

Table IV lists the correlation coefficients comparing the two 
reduced intensities. Large differences are particularly noticeable 
around the s values of 15 and 85. 

(6) Relation of Observed Distance Distributions to Potential 
Energy 

The widths of the Si-0, 0-0, and Si-Si distance distributions 
were used to estimate the potential energy that is associated with 
observed distortions of bond distances and angles from equilibrium 
values for bulk glass. Each observed distance distribution was 
assumed to be the convolution of a thermal motion distribution 
with a positional disorder distribution. Equivalently, the variance 
of the observed distribution (1’) is taken as the sum of the variances 
of the thermal (1;) and disorder (1;) distributions. The normal 
modes of vibration that describe the thermal motion of the system 
were taken as also representing the displacement distributions nec- 
essary to describe the positional disorder in the glasses. Normal 
coordinate calculations were carried out using a program written by 
Kuhl and Hildebrand8 using force constants from Gibbs’ on 
a 30-atom group taken from terrestrial low tridymite (a crystal- 
line polymorph of silica with 240 atoms in the asymmetric 
unit).” Summation of the force constants associated with all of the 
modes suggested that each SiO’ group has associated with it ap- 

Table 111. Correlation of Fused Silica and Snow 
Silica Radial Distribution Functions, rC(r) 

Range (nm) 

0.0-1.0 0.79 
1 .o-2.0 0.06 
0.0-0.2 0.97 
0.2-0.4 0.93 
0.4-0.6 0.82 
0.6-0.8 0.76 
0.8-1.0 0.71 

Correlation 

Table IV. Correlation of Fused Silica and Snow 
Silica Reduced Intensity Functions, si(s) 

Correlation Range (nm) 

0.0-1 .5 0.83 
0.0-0.5 0.85 
0.5-1.0 0.77 
1.0-1.5 0.86 

0.1-0.3 0.73 
0.3-0.6 0.83 
0.6-0.9 0.87 
0.9-1.2 0.78 
1.2-1.5 0.87 

proximately four Si-0 stretches, three 0-Si-0 bends, and two 
Si-0-Si bends. 

The potential energy associated with each displacement x (in 
nanometers) from the equilibrium distance may be expressed in 
terms of the force constant, k (in mdyn/nm), for that displacement. 

(6) 

Assuming a normal distribution with variance I’ (in nm’), we may 
integrate over the distribution to give the total potential energy 

U (kJ/mol) = (3.010 X 10-”)kr2 

U (kJ/mol) = (3.010 X 10-9)k12 (7)  

The potential energy difference between the two phases associated 
with each type of distance distribution may then be expressed as 

(8) 

where A1’ is the difference in variances for the disorder distribu- 
tions of snow and fused silica. 

(7) Potential Energy Difference in Si-0 Distributions 
The thermal motion distributions were assumed to be the same 

for the two phases. The difference in the variances of disorder 
distributions is then the difference in the experimental distributions 
A1 = (0.0067 nm)’ - (0.0056 nm)’. Thus, using k(Si-0 
stretch) = 74.76 mdyn/nm, one obtains 

(9) 

for each Si-0 distortion mode. Therefore, we associate (4) (3.0) = 
12.0 k 0.8 kJ/mol of instability with Si-0 distortions. 

(8) 
A similar analysis may be carried out on the 0-0 distributions. 

This distribution involves both Si-0 stretches and 0-Si-0 bends. 
The variance of the positional disorder distribution is taken to be 
the sum of contributions from two uncorrelated Si-0 stretch distri- 
butions and one 03-0  bend. The stretch is along the Si-0 bond, 
whereas the bending component for the oxygen atoms is per- 
pendicular. This being the case, the Si-0 stretch contribution to the 
variance of the 0-0 distribution is approximately sin’ ( 6 / 2 )  times 
the variance of the Si-0 distribution, where 0 is the 0-Si-0 
angle. The variance of the bend component that is perpendicular to 
the Si-0 bonds must be multiplied by cos’ ( 6 / 2 )  to yield the 
variance of the bend distribution along the 0-0 direction. 

AU (kJ/mol) = (3.010 x 10-9)kA12 

Us,,, - Ufured = 3.0 2 0.2 kJ/mol 

Potential Energy Difference in 0-0 Distributions 



196 Journal of the American Ceramic Society-Konnert et al. Vol. 70, No. 3 

The difference in variances for an 04-0 bend is then approxi- 
mated by 

Al&o = [AZ&, - 2 sin2 (8/2)A1~,-o]/cos2 (8/2) 

Using k(0-Si-0 bend) = 10.0 mdyn/nm 

U,,,, - Ufused = 6.9 _t 2.6 kJ/mol 

for each 0-0 distortion mode. Therefore, we associate (3) (6.9) = 
20.7 * 7.8 W/mol destabilization with 0-0 distortions. 

(9) Potential Energy Difference in Si-Si Distributions 

differences in variances for the Si-0-Si bend to be 
In the same way as for the 0-0 distribution, we calculate the 

Alg,-s, = 5.47 x A‘ (11) 
Using a force constant of 1.0 mdyn/nm, the potential energy dif- 
ference is 

Us,,, - Ufused = 4.3 * 1.60 kJ/mol 

for each Si-Si distortion mode. Therefore, we associate 
8.6 * 3.2 kJ/mol instability with the two modes. 

The calculated contributions to the excess energy are 12.0 W for 
Si-0 bond length distortions, 20.7 kJ for distortions of the 
0-Si-0 angles in the Si04 tetrahedra, and 8.6 kJ from Si-Si 
distortions leading to changes in the distribution of Si-0-Si an- 
gles, or a total of 41.3 kJ/mol. The largest energy contribution 
comes from the 0-0 distortions, which result in a significantly 
different mean 0-Si-0 angle for snow (107.8” t 0.5”) than for 
bulk glass (109.9” ? 0.4”). The smaller energy terms arise from 
differences in Si-0 and Si-Si distributions which do not signifi- 
cantly change the mean values but substantially increase the vari- 
ance in the Si-0 distances ((0.0067 nm)’ in snow, (0.0056 nm)’ 
in fused glass) and of the Si-Si distance ((0.0130 nm)‘ in snow, 
(0.01 nm)* in fused glass). The molecular orbital calculations of 
Gibbs8 as well as comparisons with bond length and bond angle 
variations in crystalline silicates suggest that it costs less energy to 
change bond angles than to alter the Si-0 bond length. The results 
here suggest that the total energetic contributions reflect a balance 
between the energy needed for a given distortion (the force con- 
stants used in the calculations above) and the extent to which that 
distribution differs from snow to glass. Although the force con- 
stants and energy calculations used cannot represent a unique set 
of parameters, the conclusion that the major distortions and the 
major source of excess energy come from bond bending rather than 
from changes in Si-0 distances appears reasonable and lends sup- 
port to the approach used. It is interesting that the data suggest a 
greater distortion within S i04  tetrahedra (change in average 
0-Si-0 angle and its variance) than in Si-0 bond length and 
Si-0-Si angles (average values unchanged though variance in- 
creased) and that the largest energy increment is associated with 
the former. 

For chemically vapor deposited S i02  films, Huffman and 
McMillan” interpret their Raman data to suggest a smaller average 
Si-0-Si angle in deposited films than in annealed films or bulk 
glass. No comparable Raman spectrum could be obtained for snow 
samples because of strong surface scattering (consistent with the 
morphology seen by SEM’) and the voids inferred from SAS in this 
study). Both films and snow were found to contain significant 
amounts of Si-H and Si-OH species which disappear on an- 
nealing. These may be related to some of the differences seen in 
the Si-0, Si-Si, and 0-0 distributions. Perhaps distorted 
0-Si-0 angles are found in tetrahedra containing H or OH species 
and not linked to four other tetrahedra through Si-0-Si bonds. 
Such “defects” may also contribute to the energetics, but although 
their concentration cannot be readily quantified, it is unlikely to 
be high enough to contribute a large fraction of the total stored 
energy.’ 

From this study the following conclusions can be drawn. The 
snow contains a distribution of voids and/or particles but it is 
unlikely that the surface energy terms contribute more than 10% to 
20% of the total excess energy. The RDFs of snow and fused silica 
are rather different. The snow has a wider distribution of Si-0, 
0-0, and Si-Si distances and far less order at distances beyond 
1.0 nm than does bulk glass. Though the mean Si-0 distance and 
the Si-0-Si angles in snow and glass are the same within experi- 
mental error, the average of the 0-Si-0 angles within the SiO, 
tetrahedra are smaller for snow than for glass. The total excess 
energy using a simple potential energy model for these distortions 
is in good agreement (41.3 5 7.9 kJ/mol) with that measured by 
calorimetry (46.9 * 0.8 kJ/mol). The major contribution to this 
excess energy comes from changes in bond angle distributions. 
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