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Observation of a Distributed Epitaxial Oxide in Thermally Grown Sio& on Si(001)
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We present direct evidence of an ordered oxide which is epitaxially related to the underlying Si(001)
substrate and is distributed throughout thermally grown oxide films with thicknesses between 80 and
1000 A. This evidence consists of diffraction peaks at the (1, 1, 0.45) positions. For films with thickness
in the range 80—160 A the integrated intensity of these diffraction peaks increases roughly linearly and
the ordered oxide grain size parallel to the surface is constant at 130 A.

PACS numbers: 68.55.Jk, 61.10.Eq, 81.65.Mq

Oxidation of silicon has been a topic of considerable
interest for both fundamental and technological reasons.
The transition from perfect crystallinity in the substrate to
the amorphous oxide is abrupt, yet there are few unbonded
silicon atoms at the interface [1]. Technological develop-
ment has achieved a density of interfacial dangling bonds
of less than 1 per 10 atoms and a transition region from
perfect crystallinity to seemingly pure amorphous mate-
rial in less than 10 A. However, the specific nature of
the transition from the crystallinity of the substrate to the
amorphous oxide film has been difficult to determine, due
to its buried nature and the inherently challenging prob-
lern of characterizing the decay of long-range order.

After the prediction of a boundary layer of microcrystal-
lites [2] for a thermally grown oxide a number of groups
reported observation of these features, using both trans-
mission electron microscopy [3,4] and grazing incidence
x-ray scattering [5]. More recently, epitaxial interfacial
oxides have been seen on native and room-temperature dry
and wet oxides as well [6—g]. Until now, however, there
has been no direct evidence of a ordered oxide distributed
throughout a thermally grown oxide film.

For the past decade the termination of bulk order has
been studied using crystal truncation rod (CTR) scattering
[9,10]. The CTR is an excess of scattered intensity away
from a bulk Bragg peak in the direction of the surface. It
is by modulation of CTR scattering that indirect evidence
of a distributed epitaxial oxide has been seen [11]. In this
Letter, we report direct evidence of an epitaxial ordered
oxide which is present throughout thermally grown oxides
of thicknesses 80, 115, 160, and 1000 A. In addition
to observing the modulation of the CTR scattering, the
period of which corresponds to the film thickness in
each case, we have observed scattering from the ordered
oxide responsible for the modulation of the CTR. The
integrated intensity of the ordered oxide peak increases
roughly linearly with film thickness between 80 and
160 A, but the integrated intensity from the 1000 A
film is only slightly larger than that of the 160 A film,

which may be a result of different processing conditions.
The increase in ordered oxide integrated intensity with
thickness coupled with the period of the oscillations in the
CTR scattering is conclusive evidence that the oxide is
not limited to the interface, as has been seen previously,
but is distributed throughout the oxide film.

The samples used in these experiments are commer-
cially produced 6 in. Si(001) wafers. The 80 A oxide was
grown using a dry oxide process. The 115 and 160 A ox-
ides were produced using a wet-dry process. The 1000 A
oxide was grown using a steam process. The substrates
are typically within 0.1 deg of the (001) orientation.

Experiments were performed at both the Stanford
Synchrotron Radiation Laboratory (SSRL) and at the
European Synchrotron Radiation Facility (ESRF). At
SSRL the experiments were performed on beam line 7-
2 with a four-circle diffractometer using a symmetric
scattering geometry (co = 0 mode). The energy of the
photons was selected to be 10.1 keV by a Si(111)double
crystal monochromator. The scattering from the ordered
peak was mapped out by both radial scans and rocking
curves for all samples. For our purposes radial scans
increase the scattering vector length parallel to the surface
(h = ic) without changing the out-of-plane length (l).
Rocking curve (0 rotation) scans rotate the scattering
vector with respect to reciprocal space without a change
in length. The interference between the ordered peak
and the CTR was detected both with an l scan (a scan
through reciprocal space perpendicular to the surface) and
with radial scans which sliced through the CTR at various
perpendicular momentum transfers.

At the ESRF an ultrahigh vacuum surface diffractome-
ter [12] was used to study the 1000 A oxide sample,
but for our experiments the vacuum was sufficient only
to eliminate air scattering near the sample. Photons of
10.36 keV monochromated by a Si(111) double crystal
monochromator were produced by the ID32 undulator.
Both the horizontal and vertical divergence of this inser-
tion device are very low (43 and 24 p, rad), which result in
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very high scattering resolution, even without a diffracted
beam analyzer crystal, as can be seen in Fig. 1. Simi-
lar radial and rocking curve scans to those at SSRL were
taken to map out the ordered peak.

Figure 1(a) shows the scattering taken at ESRF along
the CTR between the (110) surface peak and the (111)
bulk reliection (I scan) for the 1000 A oxide sample.
Plotted is the region between (1, 1, 0.35) and (1, 1, 0.55).
Here and elsewhere in this Letter we will be discussing
positions or sizes in reciprocal space. In all cases the
dimensions are in units of 2n/as;, i.e., 1.157 A, where
aq; is the silicon unit cell dimension. Note that these data

are plotted on a log scale, so that the jump in intensity
at l = 0.45 is almost a factor of 85. The oscillations
seen in the data have a periodicity which matches the
1000 A oxide film thickness. Figure 1(b) is a set of three

scans for the 80, 115, and 160 A samples. In this
case the scanning range is from (1, 1, 0.25) to (1, 1, 0.70).
The data are plotted on a linear scale, with an offset
between scans for clarity. In all four curves of Fig. 1

the period (A) of the oscillations in reciprocal space is
related to the thickness (t) of the corresponding film

by r = as;/A. The data shown in Fig. 1 were taken in
an off-specular scattering geometry, i.e., the scattering
vector is not aligned with the surface normal, so these
oscillations are not due to Kiessig fringes such as are seen
in low angle specular reAectivity of thin films. This can
be seen in the diagram inset in Fig. 1(a), which shows the
scattering geometry. Kiessig fringes would be observed
along the 00l direction, whereas this scattering is seen
between the (1, 1, 0) and the (1, 1, 1) positions. We are
convinced that this effect is not due to simultaneous
diffraction of multiple reflections from within the silicon
crystal, because the scattering is observed at the same hkl
with a variety of photon energies, e.g. , 8.05, 10.1, and
10.53 keV.

To explore the scattering further, we have performed
scans where h = k at constant l in the vicinity of
(1, 1, 0.45), which are shown for the 160 A oxide film in
Fig. 2. This figure plots the log of the scattered intensity
in a "waterfall" plot for a series of h = k scans through
(1, 1, l) with l values between 0.44 and 0.5. The central
sharp peaks which these scans cut through make up the
rod of scattering seen in Fig. 1(b), top. The thickness
oscillations seen in that figure are also observable here.
Figure 2 clearly shows an additional broad scattering peak
which coincides with the scattering from the bulk silicon
rod at (1, 1,0.45). It is this peak which we are convinced
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FIG. 1. (a) Scan of a 1000 A thermally oxidized Si(001)
wafer between 1, 1, 0.35 and 1, 1, 0.55. The oscillations in
reciprocal space have the same periodicity as the thickness
of the oxide film. The inset shows the portion of reciprocal
space where the scattering is observed. The data were taken
by scanning in the direction of the dashed line of the inset.
(b) Scans similar to that of (a) for 80, 115, and 160 A thermal
oxide films from (I, 1, 0.25) to (1, 1, 0.70).
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FIG. 2. Scans with h = k near (I, 1, 0.45) through the peak of
the 160 A thermal oxide sample seen in Fig. 1(b). These scans
show not only the narrow strong scattering of Fig. 1 but also
the broad weak scattering of an epitaxial ordered oxide which
coincides with the bulk scattering.
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is due to an ordered oxide within the amorphous thermal
oxide film.

The scattering seen in Figs. 1 and 2 has been observed
at all four of the (1, 1, 0.45) positions. The peak position
corresponds to scattering from planes with a periodicity
of 3.66 A. The limited width of the ordered oxide
peaks (=0.5 deg wide for the 1000 A film) in the h

and k directions indicates that the oxide is well oriented
with respect to the silicon substrate. Randomly oriented
crystallites would result in a spherical shell of scattering
at a scattering magnitude (/hz + k2 + l2) equal to that
of the (1, 1, 0.45). Note that the peak intensity of the
oxide scattering (60 counts/sec) is a factor of 20 weaker
than the intensity of the rod. In addition, the scattering
from the rod at (1, 1, 0.45) is more than 6 orders of
magnitude weaker than the intensity of the bulk (1, 1, 1)
Bragg reflection. Thus the crystallinity of the oxide would
be very difficult to observe without an intense synchrotron
source. Although Si-Si02 is one of the most studied
systems, the weak scattering explains why the ordering
has not been observed using other techniques.

Rocking curves were performed through the maximum
of the ordered oxide peak at (1, 1, 0.45) for each of the
four samples. The results are shown in Fig. 3. The inte-
grated intensity was determined for each of these curves
after removing the background and the CTR component.
Normalized to the 80 A sample, the ratio of the inte-
grated intensity between the 80, 115, and 160 A samples
are given by 1, 2.70, and 3.53, respectively. The inset
in Fig. 3 is a plot of the integrated intensity versus film
thickness for these three samples, along with a best fit line

through the data which also passes through (0, 0). The
monotonic increase in ordered oxide intensity with film
thickness is further evidence that the ordered oxide is dis-
tributed throughout the bulk of the film rather than situ-
ated at the interface. The 1000 A oxide has an integrated
intensity only slightly larger (4.01) than that of the 160 A
sample. We believe the deviations from linearity are due
to differences in the processing procedures during their
fabrication.

One can learn about the grain size of the ordered oxide
perpendicular to the growth direction by radial and rocking
scans at constant out-of-plane momentum transfer. The
width of a rocking curve has contributions from mosaic
spread, finite crystal size, and instrumental resolution.
A radial scan width includes contributions from finite
crystal size, instrumental resolution, and inhomogeneous
strain. Differences in widths for the sample measured at
ESRF and SSRL are due to differences in instrumental
resolution. With the assumption that the instrumental
broadening at ESRF is negligible, we can deconvolute the
instrumental broadening at SSRL from the other effects.
This assumption is justified by the small horizontal and
vertical beam divergence of the ID32 undulator beam
at ESRF.

Results of the analysis of crystallite size for the four film
thicknesses are shown in Table 1 for both radial (h = k at
constant l) and rocking scans. The peak width (w) in re-
ciprocal lattice units (rlu*s) is related to the crystallite size
in angstroms by size = as;/w. The difference in rocking
curve width between the ESRF and SSRL data is suffi-
ciently small that it has no impact on the integrated inten-
sity values quoted above. There is a significant difference
in the measured width of the radial scan for the 1000 A
data, being 0.024 rlu's at SSRL and 0.009 rlu's at ESRF.
The deconvolution factor derived from the 1000 A sample
was then applied to the thinner samples. For all samples
the deconvoluted widths derived from the radial and rock-
ing scans are equal to each other. Given that the width

TABLE I. Ordered oxide crystallite size for different thermal
oxide film thicknesses. The maximum of the diffraction peak
near (1, 1, 0.45) has been scanned both in the radial direction
(h = k at constant l) and by a 0-rocking curve, such that the
magnitude of the scattering vector is unchanged.
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FIG. 3. Rocking curves through the maximum of the ordered
oxide peak for the four oxide film thicknesses. The narrow
strong feature in the center is the CTR scattering from the
silicon substrate. In the inset table, the integrated intensities of
the rocking curves have been normalized to that from the 80 A
oxide sample. The second inset shows the integrated intensity
for the thinner oxide samples as a function of film thickness
along with a best linear fit through (0, 0).

Film thickness

(A)

80
80

115
115
160
160

1000
1000

Scan type

Rocking
Radial

Rocking
Radial

Rocking
Radial

Rocking
Radial

Crystal Size
(A)

128
130
133
133
138
132
407
411
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extracted from the radial scan involved a significant de-
convolution whereas the width from the rocking curve in-
volved almost no correction, this agreement is reassuring,
and suggests that the domains of ordered oxide are cylin-
drically shaped. We conclude from these results that the
broadening caused by inhomogeneous strain (for the radial
scan) and that caused by mosaic spread (for the rocking
curve) are small compared to the finite crystal size effect.
For the three thinner samples both radial and rocking scans
result in crystallite sizes of —130 A. The 1000 A sample
has a significantly larger grain size of —410 A. The grain
size in the growth direction is extracted from the width of
the oscillation in the l direction, and is equal to the film
thickness in each case.

In conclusion, we have obtained direct evidence of an
epitaxial ordered oxide distributed throughout thermally
grown oxide films on Si(001) ranging in thickness from 80
to 1000 A. The existence of a distributed ordered oxide
was predicted by Takahashi, Shimura, and Harada [11]as
a result of their observation of oscillations in the scattered
intensity of the 11l rod. We observe these same oscilla-
tions and have also observed directly the scattering from
the epitaxial oxide which is the cause of these oscilla-
tions. The integrated intensity of this oxide peak increases
roughly linearly for similar oxidation processes, which
demonstrates that the ordered oxide extends through the
amorphous oxide film. The narrowness of the ordered
oxide rocking curve indicates that these columnar grains
are well oriented with respect to the substrate. The grain
size in the plane perpendicular to the growth direction is
constant for the thinner films (130 A), but is significantly
larger =3x for the 1000 A film (410 A). This suggests
that the oxide ordering increases with film thickness, al-
though changes in processing parameters are likely to play
a significant role as well. We have looked for higher order
diffraction peaks without success, thus making the deriva-
tion of the crystal structure difficult. The lack of higher
order refIections suggests that the "crystallinity" of the

ordered oxide is rather poor, with large amounts of static
disorder. This perhaps explains why transmission elec-
tron micrographs have not observed these grains, which
would otherwise be large enough to be seen. Given the
weakness of the scattering from the ordered oxide peak,
the concentration of this ordered oxide is probably below
1% of the total oxide film.
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