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While numerous investigations of the structure and interface of amorphous SiO2 thermally grown on Si,
theoretical as well as experimental, have been carried out over the years, a definitive picture of this thin gate
oxide and its interface remains lacking. We have explored this issue using synchrotron x rays in grazing
incidence geometry. In this geometry a fourfold modulation in the first sharp diffraction peaksFSDPd from thin
vitreous SiO2 of 100 and 500 Å thickness can be observed. While the FSDP exhibits a modulation throughout
the entire film, this modulation decays away from the interface. Reflectivity measurements were also per-
formed, which reveal an interfacial layer of 3% density increase in the SiO2 film over the bulksfilmd density.
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I. INTRODUCTION

For the sake of clarity, we have decided to present the
results and analyses carried out in consecutive papers. The
first spresent paperd contains an analysis of the amorphous
phase of the films, together with reflectivity measurements
that complement the data discussed. In the second paper,52 a
crystalline component detected by means of crystal trunca-
tion rod analysis, as well as its corresponding modeling, is
included. It is also in the second paper where we attempt to
combine all findings into a plausible paradigm for the struc-
ture.

Thermally grown amorphous SiO2 on crystalline Si has
served as the gate oxide in complementary metal oxide semi-
conductorsCMOSd processing due to several key features,
including stability, high SiO2-Si interface quality, and elec-
trical isolation properties.1 The continuous thinning of the
gate oxide has exhibited features that degrade its
performance,2 and this has driven a series of efforts to
deepen the knowledge of this system. In particular, the inter-
face between crystalline Si and amorphous SiO2 has received
special attention. Studies have used experimental techniques
such as medium-ion-energy spectroscopy,3 electron-energy-
loss spectroscopysEELSd,4 x-ray-photoelectron spectroscopy
sXPSd,5,6 transmission electron microscopy,7 and ion
scattering,11 among many others, together with various theo-
retical investigations.8–12 In spite of the extensive research,
the nature of this SiO2 layer requires a detailed understand-
ing, not only because of its technological impact, but also
because amorphous SiO2 is classically understood as a con-
tinuous random networksCRNd glass.13 In this case interest
arises regarding the interface morphology and its relation to
the degree of order present throughout the expectedly amor-
phous film, when it is in contact with its crystalline silicon
substrate.

II. AMORPHOUS NATURE OF SiO 2

Traditionally, amorphous or glassy materials are identified
as a frozen liquid,14–19 and liquidsstogether with gasesd do
not possess the translational symmetry of crystalline materi-
als. Although translational symmetry, or long-range order
sLROd, is absent, it is well known that concepts of medium-
sMROd and short-range ordersSROd can still aid in the char-
acterization of structure within amorphous solids.

In vitreous SiO2, tetrahedra of oxygensOd atoms surround
silicon sSid atoms, as in Fig. 1, to yield a basic SiO4 unit.
Thus the SiO4 tetrahedra share corners with each other such
that an O atom is linked to two Si atoms. Moreover, the
relative orientation of these tetrahedra vary within wide
enough limits,20–25 to preclude any crystalline interpretation.
We should recall that SRO describes the nearest-neighbor
bonding environment of Si and O, and that MRO involves
the specification of the dihedral26 and intertetrahedralusSi
-O-Sid s<148°, Refs. 25, 27, and 28d bond angles, along
with other features such as ring statistics.21

A prominent feature of the well-known structure factor in
amorphous materials is the first sharp diffraction peak
sFSDPd, as displayed in Fig. 1, whose interpretation has re-
ceived a great deal of attention.27,29–34 In reciprocal space,
for amorphous SiO2, the FSDP appears atQp<1.5 Å−1.
From the point of view of Fourier analysis, it can reasonably
be said that it corresponds to a period given by 2p /Qp, Qp
corresponding to the peak positionfthe Debye relation in Eq.
s1dg. Its width will be indicative of the correlation range of
the associated Fourier components.30

In SiO2 we havedsSi-Od=1.62 Å, dsO-Od=2.65 Å, and
dsSi-Sid=3.12 Å sRefs. 25 and 28d. None of these distances
yields Q<1.5 Å−1, when using the approximate reciprocal
relation 2p /Qp<d. Moss29 pointed out thatQp<1.5 Å−1

has large contributions fromdsSi-Si2ndd , dsSi-O2ndd, and
dsO-O2ndd sFig. 1, insetd, suggesting that this is a feature

PHYSICAL REVIEW B 71, 045310s2005d

1098-0121/2005/71s4d/045310s7d/$23.00 ©2005 The American Physical Society045310-1



related to the way in which the SiO4 tetrahedra link together
sElliott35 attributes the FSDP to correlations involving net-
work interstitial voids, but this is, by the Babinet principle,
an essentially identical statementd. Thus such a diffraction
feature represents the buildup of correlations whose period is
well beyond the first few nearest neighbors. This can prob-
ably be better appreciated by using the Debye scattering
equation,36

IsQd = o
m

o
n

fmfn
sinQrmn

Qrmn
. s1d

For x rays, sinsQrmnd /Qrmn are the partial structure factors,
and fm is the atomic form factor for atomic speciesm sanalo-
gously for nd. Given Eq.s1d, the FSDP actually appears at
the maximum of the partial structure factor, i.e.,Qp
=2ps0.715d /d.

The contribution of the three neutron partial structure fac-
tors sSi-Si, Si-O, O-Od to the FSDP was discussed by Rob-
ertson and Moss27 using a computer-relaxed Bell and Dean
sBDd model.21 They paid particular attention to the partial
structure factors of the Si-Oswhich is actually negatived,
O-O, and Si-Si pair correlations. From those partial structure
factors, it appeared that the FSDP was present in all three
partial structure factors, indicating that not only the Si-Si
partial sassociated with intertetrahedral correlationsd re-
flected a contribution. The relaxation of the BD model led to
a mean angleusSi-O-Sid=148.7°, with a much narrower
spread<10°, a value close to that given in a very recent
study of amorphous germania and silica.25

In a variety of different amorphous materials, the connec-
tivity of the constituent structural units may vary, yet an
interference is expected to arise from those units in CRN
glasses.30 Of course, one cannot simply infer the structure of
amorphous materials from the FSDP; nevertheless, the ran-
dom packing of these units can provide a convenient way to
extract the relationship between MRO and SRO
correlations.30

In this paper we show how the typical isotropy of the
FSDP, present in amorphous bulk SiO2, is altered by the

Sis001d template, turning into a fourfold featuresin Q space
and intensity when the sample is rotated about the Sik001l
normald, of a rather specific kind in relation to the substrate.

III. MATERIALS AND METHODS

The thin film samples under investigation were prepared
at North Carolina State University with an RCA cleaning that
leaves a thin native oxide onp-type Sis001d-oriented high-
quality wafers from Okmetic, which showed<0.2° miscut at
<5° off the k100l sthis vicinality cannot, however, induce a
fourfold modulation in the glassd. The cleaned samples were
then loaded into a tube furnace for thermal oxidation at 1123
K for 30 min and 1223 K for 66 min to produce 100 and 500
Å SiO2 films sdetermined by ellipsometryd, respectively.

In an experiment performed on beam line X22C at the
National Synchrotron Light SourcesNSLSd we used x-ray
radiation at 11 keVsl=1.1271 Åd, in a bisecting reflectivity
mode, to determine the thickness, roughness, and electron
density profile of the 100 Å SiO2 film. This sample was
mounted within a cylindrical berylliumsBed dome, which
was filled with heliumsHed gas. The purpose of the He at-
mosphere was to improve the signal-to-background ratio and
to prevent any contamination of the film. It was possible to
cover a perpendicular momentum transfer rangeQ=0
→0.77 Å−1 with the detector effectively integrating over the
exit angle,a f, and thus over depth, as we shall describe
below. Additionally, grazing-incidence measurementssFig.
2d in radial and azimuthal modes of the Sis2 2 0d yielded
information about stress in the sample.

The various experimental sessions at the Advanced Pho-
ton SourcesAPSd, beamline 4-ID-D, had basically a similar
experimental setup. There were, however, variations in the
sample environment, the thickness of the sample, and the
x-ray wavelength; those changes will be indicated when we
discuss the results.

In the first APS experiment an energy of 20 keV was used
sl=0.6199 Åd. The sample, 100 Å SiO2/Si, was placed in-
side a Be can filled with Hesas earlier done at X22Cd. At the
working wavelength, the critical angle for total external re-
flection wasac=0.087°.

The 100 Å sample was vertically aligned, and a slit ori-
ented normal to its surface was vertically open, to allow all

FIG. 1. sColor onlined X-ray scattering from vitreous SiO2 at a
laboratory source. Inset: SiO2 structural units indicating distances
that contribute to the FSDP, including the intertetrahedral Si-O-Si
distance, which defines the bond-angle. The small dark spheres are
oxygensredd; the larger spheres are siliconswhited.

FIG. 2. sColor onlined Grazing-incidence diffractionsGIDd ge-
ometry using a position-sensitive detectorsPSDd. Shown also is the
exponential decay of the evanescent wave.uB is the angle corre-
sponding to the in-plane position of interest.
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scattered photons into a scintillation detector. With this con-
figuration a f was not restricted and the entire SiO2 film
thickness could be probed. With the x-ray beam at an inci-
dent angleai ssee Fig. 2d, of 0.05°, i.e., below the critical
angle, anHK0 map in reciprocal spacefFig. 3sadg was ob-
tainedfH=−1.5→1.5 reciprocal lattice unitssr.l.u.d, K=0.5
→1.6 r.l.u., andL=0 r.l.u.g. This reciprocal space map cov-
ers the Sis1 1 0d and Sis1̄ 1̄ 0d positionss1.636 Å−1d, which
are Bragg reflections forbidden by symmetry in the bulk Si.
Also the bulk glass FSDP positions1.5 Å−1d is enclosed in
this area. Thus we were are able to explore the azimuthal
dependence of the amorphous scattering factor.

An independent measurement that consisted solely in ro-
tating the sample about its normal, Fig. 3sbd, traced only the
radius corresponding to Sis1 1 0d. It shows the FSDP ampli-
tude modulation as observed in theHK0 map. Investigation
of l /2 contamination using attenuators showed no contribu-
tion to the enhanced intensity observed in the Sif1 1 0g di-
rections.

To investigate the depth dependence and to understand the
nature of the transition layer in more detail, a sample of 500
Å SiO2 was analyzed, using 10 keV x rayssl=1.239 Åd.
The sample was placed inside a cryostat at 10 K to suppress
any bulk Si crystal thermal diffuse scatteringsTDSd contri-
bution. The use of the cryostat restricted us to mounting the
sample in the horizontal positionsthe vertical polarization of
the x-ray beam isP=1, while horizontallyP=cos2 u ; u is
the scattering angle.d, which entailed polarization corrections
during the data reduction. Prior to placing the sample inside
the cryostat, it was cleaned with acetone for 5 min, followed
by ethanol for 5 min; the ethanol was then rinsed with deion-
ized water. A last step of the cleaning process included flow-
ing nitrogen to dry the sample surface. This cleaning process
has the overall intention of removing possible organic
contamination,37 observed in the 100 Å filmsa contamina-
tion that, as noted later in the discussion, did not affect our
principal resultsd. The scattered photons were collected with
a position-sensitive detectorsPSDd, oriented perpendicular to
the sample surface, as in Fig. 2. This detector is capable of
simultaneously registering photons along a 50 mm window
and thus recording intensity as function ofa f. Photons scat-
tering from different sample depths can thereby be accounted

for. A slit is also set perpendicular to the samplesFig. 2d to
define the resolution in 2u. This geometry gave the 100µm
PSD resolution an angular step size of 0.004° in the final
angle,a f. a f was recorded between between 0.176° below
and 0.848° above the critical angle,ac=0.174°. Two differ-
ent incident angles,ai, were used: 0.15° and 0.25°.

Series of PSD data sets were collected. Each PSD set was
separated into two regions of interestsROId: one below the
critical angleswhere the intensity versusa f peaksd, and an-
other above the critical angle,ac. The ROI below theac is
mostly surface sensitivessurface ROId, while the ROI above
ac includes information down to the bulksfilm ROId, i.e.,
from the entire film; this is indicated in Fig. 4. In the par-
ticular PSD scan of Fig. 4 the Sis220d reflection and the
FSDP position can be observed.

Sucessive radial scans, using the PSD detector, with the
sample rotated about its normal at intervals of 10°, collected
surface and bulk information within a 180° range. Scattering
depths between 40 and 130 Å can be explored withai
=0.15°, while the scattering depths forai =0.25° range from
60 to 8000 ÅsRefs. 38 and 39d.

Our last experiment on thin SiO2 was carried out at the
ESRF, beamline ID1. The scattering was done horizontally,
due to technical constraints. The scattered photons of energy
7.2 keV sl=1.722 Åd were collected by a PSD vertically
oriented respect to the sample surfacesFig. 2d. At this energy
the critical angle was,ac=0.2421°. The 500 Å SiO2 film
sample was placed inside a kapton cone filled with helium to
reduce air scattering.

We registered data at two different incident anglessai
=0.15°, 0.30°d, through a series off scans, at different radii
sQid in reciprocal space; this scan was achieved by moving
the diffractometer detector arm to the appropriate angular
position sin a 4S+2D diffractometerd. Qi was thus scanned
between 0.4455 Å−1 and 3.0840 Å−1, while f covered a
range of 180°.

As was done in the APS experiments while using the
PSD, a surface ROI and a film ROI were identified, in order
to extract the FSDP depthdependence. With the available
setup the final angle varied 0.17°s<4 mradd below ac, and
1.125°s<22 mradd aboveac. Scattering depths between 35
and 80 Å were explored withai =0.15° and between 60 and
5000 Å with ai =0.30°.

FIG. 3. sColor onlined 100 Å SiO2 film: sad HK0 map in the Si
crystal notation. The FSDP modulation can be observed to peak in
the Sif1 1 0g directions.sbd f scan of the FSDP position, roughly
corresponding to the Sis1 1 0d position. No thermal diffuse streaks
were observed in this region.

FIG. 4. sColor onlined Contour plot of a PSD data set. Dashed
lines indicate the position of the cross sections. Top projection:
critical angleac, and surface and film ROI are indicated. Right-
hand side projection: Sis220d, and FSDP positions. The FSDP as a
function of f was obtained for each radial scan.
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IV. RESULTS AND DISCUSSION

From reflectivity measurements atl=1.1271 Å that cov-
ered a range ofQ=0→0.77 Å−1, Fig. 5, we observed a
series of oscillations that were enhanced by Fresnel
normalization.40 The Fresnel reflectivity has aQ−4 depen-
dence, which is a factor included in the actual measured
reflectivity, the other factor being that part of the reflectivity
that departs from a system with perfectly flat interfaces be-
tween the media composing the sample. By multiplying by
Q4, we are more sensitivesthe fit can be more accurated to
the second factor and thus to properties of the sample.

Figure 5 includes as well the fitsred lined, the experimen-
tal data sopen circlesd, and the inset
contains the model, i.e., theds=l2Nr0Z/2pd and
bs=lNs0/4pd parameterssl is the wavelength,N the elec-
tron density,r0 the Thompson scattering length, ands0 the
absorption coefficientd; d andb are associated with the com-
plex refractive index,n=1−dib. The sample is modeled to
be composed of strata and a substrate. The three strata in-
cluded in the model have different electron densities, absorp-
tions, thicknesses, and roughnesses, values that were calcu-
lated applying the Parrat41 formalism, using a least-squares
minimization method.

An uppermost layer, of 12 Å, was identified, and consid-
ered to be due to organic material,37 denatured by the x-ray
radiation, but otherwise of no interest in this study. The most
prominent oscillation period corresponds to 74 Å and repre-
sents amorphous SiO2. At the interface, a layer of<20 Å
was found, with a rms roughness of<5 Å between interface
and substrate. The inset in Fig. 5 shows the thickness varia-
tion of d andb. The film surface is located on the left-hand
side sz=0d. In the profile, a lower electron densitysthe ab-
sorption decays more abruptly; red circlesd is located at the
surface, and a 3%scompared to the 74 Å layerd enhanced
electron density layer is observed at the interface. The sub-
strate is on the extreme right of the inset. The rapid decrease
of the absorption factor,b, indicates that it is composed of a
material with low absorption—hence the contamination—
while d decays more gradually as it is due to scattering.

Figure 6 shows the results of our grazing-incidence dif-
fraction sGIDd scan through the Sis2 2 0d, at ai =0.2°. There

is a clear broad peak with a maximum slightly displaced to a
lower angle which we tentatively associate with a crystalline
component discussed in the following paper52 spaper IId. The
inset of Fig. 6sad shows solely the Sis2 2 0d sgiving a 1/e
penetration of<80 Å at the incident angle usedd, with a
shoulder extending toward a higher anglesD2u<0.035°d.
Because of the evanescent nature of the wave field, we at-
tribute the stronger peak to the interfacial Si and the shoulder
to the bulk. This indicates an interfacial compression normal
to the film surface. The asymmetry of the profile gives a
strain e<1310−3, comparable with an estimation of the
thermal mismatch straine<1.7310−3 fcalculated from
e=saTsSiO2d−aTsSiddDT; aTsSiO2d=2.6310−6 K−1 sRef. 42d,
aTsSid=0.5310−6 K−1 sRef. 43d, and DT is the temperature
variation between oxide formation and room temperatureg.
Some distortion in the Si close to the interface11 follows
from the previous discussion, which will carry a densifica-
tion of Si, normal to the film, and thus account for part of the
20 Å interfacial layer, noted in the reflectivity curve of Fig.
5. The broad component in Fig. 6sbd is related to the shape
transform of the crystalline phase discussed in the following
paper52 spaper IId. This rather unusual line shape is observed
transverse to the radial scan, which, when plotted on a linear
scale shows a correlation length of<250 Å. The expectation

FIG. 5. sColor onlined 100 Å SiO2 reflectivity curve, Fresnel
normalized; the line is the fit; and open circles are data. Inset:
Calculated electron densitys<delta, in units of 10−6; squaresd, and
absorptions<beta, in units of 10−7; open circlesd; surface atz=0.

FIG. 6. sColor onlined 100 Å grazing incidence profiles atai

=0.2° sabove the critical angleac=0.15°d and l=1.1271 Å. The
Sis2 2 0d position is highlighted with an arrow.sad Radial scan
through Sis2 2 0d; the inset is a close-up of this Sis2 2 0d, where a
dilation of the Si lattice parameter is observed in the stronger peak,
leading to a compression normal to the film; two Gaussians were
added to guide the eye.sbd azimuthal scan through Sis2 2 0d. In
both profiles, neglecting the inset, there is a broad feature perhaps
due to the oxygen incorporation into the silicon, although insad it
does not follow aQ2 law, typical for point defectssRef. 46d. The
full width at half maximum of the broad feature is<0.034r . l .u. in
the radial scan,<0.008r . l .u. away from the Sis2 2 0d sbd, and
<2.45° in the azimuthal scansad, this last breadth translates into a
correlation range of<250 Å.
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is that this corresponds to the form factor of the crystallites,
revealing a structure with a larger cross section near the in-
terface and smaller towards the thin film surfacessee paper
II d. The shapessemitriangular on a logarithmic scaled is cur-
rently being analyzed in a manner similar to the work of
Kegelet al.44,45but without their consideration of concentra-
tion.

Figures 7sad and 7sbd are included for a clearer under-
standing of the reflectivity fitting process. The two fits cor-
respond to a model withonly two layers: a very superficial
one followed, towards the substrate, by an SiO2 layer sand of
course a substrate, crystalline silicond. Figure 7sad corre-
sponds to a relatively “bad” representation of the experimen-
tal findings. Our best attempts to improve the fit, usingonly
two layers, yielded the curve in Fig. 7sbd. In both cases it is
fairly clear to the eye, that there is a phase shift, most no-
ticeably betweenQ=0.05 andQ=0.25 Å−1. The phase shift
is the strongest indicator of the need to include a third layer
in the model, as shown in Fig. 5.

Another portion of the analysis here presented consists of
quantifying the FSDP intensity and position variations. In
Fig. 3sad a semiring can be observed. The semiring corre-
sponds to the FSDP position in the reciprocal spaceHK0
map, its maximum expanding to 1.636 Å−1 at the Sis1 1 0d
positions. Not only a radial expansion occurs, but also the
intensity varies, gradually decaying by 200 counts along the
semiring and away from the Sis1 1 0d positions. As the in-
tensity decays, the semiring reduces its radius, relative to the
origin, to 1.4 Å−1. This leaves some ambiguity resulting
from the variation in Fig. 3sbd, which is due to both the
varying intensity and the radial position.

The integrated PSD data obtained from the 500 Å film in
Fig. 8sad clearly display the fourfold modulation of the

FSDP. The peak aboutf=110°, Fig. 8sad, corresponds to the
Sik1̄ 1 0l direction, while aboutf=20° the Sik1 1 0l is lo-

cated. Although the scan along Sik1̄ 1̄ 0l was not completed,
due to technical limitations of the diffractometer, the trend of
the intensity increase is still present, similar to the 100 Å
film in Fig. 3. Here, however, the peak is determined using
radial scans in 10° intervals and then plotting its maximum at
Qp. In this case, the FSDP shifts to 1.485 Å−1 at the position
of maximum intensity and to 1.455 Å−1 at the minimum; the
difference between these two values is smaller than in the
100 Å film, but the positions are consistently different, in
reciprocal space, from the 1.5 Å−1 FSDP value typical of the
bulk. On the other hand, the profile corresponding to the
surface region, Fig. 8sbd, has a statistically null FSDP modu-
lation. Forai =0.15° the data yielded qualitatively analogous
results but with lower counting statisticssnot shownd.

Figure 9 shows the azimuthal dependence, in the ESRF
data, of the FSDP forai =0.3° film ROI and surface ROI at
1.722 Å. There are again two prominent peaksfFig. 9sadg at

aboutf=−75° and 15°, which correspond to the Sik1̄ 1 0l
and Sik1 1 0l directions, respectively. The counting statistics
of the surface-ROIf scan in Fig. 9sbd exhibits essentially no
FSDP modulation.

Figure 10 represents another view of the collected data.

HK0 maps indicate the Sik1̄ 1 0l and Sik1 1 0l directions. In

FIG. 7. sColor onlined Reflectivity of 100 Å SiO2 film. Fit stwo
layers and a substrate, red diamondsd; and experimentsblue
crossesd: sad fit with only two layers,sbd best fit with two layers.
Clearly, the interface in Fig. 5 is required for the best fit.

FIG. 8. FSDP values for the 500 Å film at their correspondingf
positions:sad down to the interface with bulk Si, film ROI, andsbd
within the topmost 100 Å, surface ROI. Clearly the surface ROI
shows essentially no anisotropy, while the film ROI does.

FIG. 9. ESRFf scans on the 500 Å film about the FSDP posi-
tion for ai =0.3°; sad surface ROI,sbd film ROI. Clearly the modu-
lation in the surface ROI is statistically absent.
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Fig. 10sad the fourfold modulation is clear. A modulation can
barely be observed in Fig. 10scd; this figure basically has the
same appearance for bothai =0.3° and 0.15°, in their respec-
tive surface- and bulk-ROI representations. This last is not
entirely surprising judging by the scattering depth curves
shown in Fig. 10sbd. In Fig. 10sdd the FSDP modulation is
absent.

A prominent feature of the amorphous SiO2 is the
FSDP,27,29,30,32–35to which we have devoted significant atten-
tion. Useful structural correlations are associated with it,
generally referred to as intermediate-range order, which in-
clude distances well beyond the first-nearest Si-O neighbors
in the Fig. 1 inset. The FSDP is thus clearly related to the
degree of order among the interconnected SiO4 tetrahedra in
the film.

Coincidence of the FSDP with the Sis1 1 0d positions
assisted us in scaling the degree of structural compression of
the tetrahedral units. There is a compression variation of
about 8% alongf1 1 0g in the 100 Å film while the 500 Å
film registers a smaller variation, about 2%. Both variations
are compared to the standard vitreous silica FSDP. Earlier
measurements of the refractive index of SiO2 sRefs. 47 and
48d showed a negative slope as a function of growth tem-
perature, which should be attributed to relaxation in the
structural components of the glass. Thinner films are grown
at lower temperatures, at which higher compression would
induce higher electron density, that being the reason for a
larger compression variation in the 100 Å film. Pressure
changes in the glass have been considered in the past35,49,50

as responsible for FSDP intensity variations. The difference
in the interfacial strain found in the reflectivity and in the
variation in the FSDP is due to the fact that the reflectivity
normal to the surface averages the lateral compressive and
tensile components in the glass as it forms.

The experiments at 7.2 keV, at the ESRF, basically con-
firm those obtained with a higher energy, 10 keV at the APS.
Measurements in both cases were carried out on 500 Å
samples. Although preferential orientation along Sif1 1 0g
has been stressed, as being responsible for the structure fac-
tor modulation, we have to note as well that this is strongest
close to the substrate. Judging by the low counting statistics
sFig. 9d in the surface sensitive depth-dependence investiga-
tions swithin 80 and 35 Å depth, depending onaid, there is a
vanishingly small preferential orientation along Sif1 1 0g
close to the surface.

In summary, since we are interested in discussing the
structure of these amorphous SiO2 films, it is convenient to
consider the variations in the type of connections between
coordination polyhedra in the glass. Those variations in the
packing connectivity, which occur anisotropically in the thin
film, aided by the Sis001d symmetry, are responsible for the
enhanced electron density observed in the reflectivity mea-
surements, Fig. 5, together with the FSDP enhanced intensity
and its positional variation along the Sif1 1 0g. We note here
that that Reichertet al.,51 studying liquid Pb over Sis001d,
found both a fourfold modulationsas did wed, as well as
strong evidence for fivefold icosahedral fragments of the liq-
uid layers captured by the Si crystal.

Together with the experiments described in the present
work, crystal truncation rod data along Sis1 1 Ld disclose the
presence of a crystalline peak accompanied by Laue oscilla-
tions. The significance of those results, their relation to Fig.
6, and a model proposed to explain them, will be discussed
in more detail in the following paper, paper II.52

The present results help to complement the understanding
of the oxidation process in silicon. Subsequent models must
include a mechanism that permits ordered regions to coexist
within the amorphous matrix, without causing cracks or de-
fects that destroy the gate oxide. The modulated glass results
from this requirement.
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