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We use ion beam analysis to probe the structure and interface of ultrathin thermal oxide films grown
on �1�1� Si�100� surfaces prepared using the Herbots-Atluri �U.S. patent No. 6,613,677 �Sept. 2,
2003�� wet chemical clean. We discover that these oxide layers are structurally registered with the
substrate lattice with no interfacial structural disorder. Registry of Si atoms is most pronounced
along �111� directions relative to the Si substrate, consistent with a �-cristobalite epitaxial phase.
This structurally registered phase transitions to an amorphous structure approximately 2 nm from
the interface. © 2006 American Institute of Physics. �DOI: 10.1063/1.2358835�

INTRODUCTION

Si/SiO2 interfaces exhibit a transition from an ordered
Si crystal to the amorphous structure of SiO2 with virtually
no electrically active defects. Recent theoretical predictions
reveal that a partially ordered oxide phase can exist within
approximately 3 nm of the interface.1 Ordered cristobalite-
like crystallites and residual order within a thermal oxide
layer grown on Si have been observed using x-ray
diffraction,2–5 and cristobalite phases have been reported in
SiO2 precipitates in Si matrices using microscopy.6,7 How-
ever, previous reports of two-dimensional ordered oxide
phase extending from the Si�100� interface8–10 remain a
source of controversy.11,12 Most recently, order from an ul-
trathin Si layer in silicon-on-insulator �SOI� substrates was
found to extend into a thermal oxide grown above it.13 How-
ever, the ultrathin Si layer in that work is relatively pliable
and ordering is not observed when the oxides grow on rigid
Si substrates. In this work, a patented chemical process was
used to produce ultrasmooth �1�1� Si�100� templates14–18

and grow 1–4 nm thermal oxides. A combination of ion
beam channeling, nuclear resonance, and damage versus in-
cident beam dose analysis demonstrates that significant
atomic registry and order are present in the thin 1–2 nm
interphase oxide region. In addition, the scattering data are
confirmed by IR spectroscopy.

EXPERIMENT

We used 100 mm B-doped ultraflat Si�100� wafers with
a resistivity of 10–14 � cm as substrates. The patented
Herbots-Atluri wet chemical clean and passivation14 were
performed in a class-10 chemical hood especially designed
for this process located in a class-100 clean room at Arizona
State University. All chemicals used were General Chemical
Corp. class-10 grade. Wafers were first immersed in

NH4OH:H2O2:H2O �1:1:4�, the so-called SC1 solution, held
at 80 °C for 10 min; immersed in a 2% HF solution at room
temperature for 2 min; and immersed in HCl:H2O2:H2O
�1:1:4�, the so-called SC2 solution, held at 80 °C for 10 min.
Wafers were rinsed after each step for 5 min in dry N2

purged 18.3 M� de-ionized water. The surfaces were subse-
quently passivated with a 1 min dip in HF:methanol �1:10�
and a final rinse in pure methanol. Further details of this
process are described elsewhere14–18 and this procedure re-
sults in a �1�1� ordered surface stable in ambient air.15,18

The surfaces were oxidized using either a furnace or a rapid
thermal oxidation system19 strictly used for gate oxidation to
reduce contamination.

Ion beam analysis �IBA� was performed on a 1.7 MV
General Ionex Tandetron accelerator with a base pressure in
the 10−8 Torr range using a two axis goniometer capable of
azimuthal and polar rotations of the sample. The signal-to-
noise ratio for O is enhanced by a factor of approximately
230 relative to 2 MeV Rutherford backscattering spectrom-
etry �RBS� by combining channeling with the 3.045 MeV
16O�� ,��16O nuclear resonance analysis �NRA�.20–23

Because of the narrow energy spread of 10 keV for the
full width at half maximum of this resonance, the energy of
the incident beam is calibrated prior to each measurement.
To ensure accuracy, we conducted independent measure-
ments of O areal density with conventional 1 MeV RBS with
3.045 MeV NRA for the thickest �4.5 nm� oxide layer used
in this study. These two measurements yield identical values
of O areal density well within the experimental error, indi-
cating that the narrow resonance energy spread does not af-
fect our measurements for oxide films thinner than 4.5 nm.15

The incident ion beam direction is aligned along the de-
sired crystallographic direction for channeling analysis via
systematic angular scans21,22 for each sample. This alignment
procedure is critical for an accurate quantitative analysis of
the Si surface peak. Our sample goniometer is capable of
rotations in two directions: azimuthal and polar. This re-
quires us to perform two separate angular scans, one for each
direction, to achieve proper alignment. In order to quantify
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the error introduced into our measurement of the Si surface
peak areal density using our alignment procedure, we per-
formed a detailed study of the sensitivity of the Si surface
peak on small misalignments and determined the error intro-
duced into the measurement from our procedure and instru-
ments. For the �111� channel, we measured the error in the Si
surface peak to be less than 5% if the incident beam align-
ment is within ±0.13° of the �111� channel for the sample
azimuthal direction and ±0.25° for the polar direction. Ex-
perimentally induced misalignment was experimentally mea-
sured to be at most ±0.06° in both these directions and is due
mostly to the goniometer mechanical precision. Thus, the
error in the Si surface peak areal density due to experimental
misalignment is at most 5%. Absolute values of O and Si
areal densities are found using the standard surface approxi-
mation given the thickness of the oxide layers and the fact
that the nuclear resonance occurs throughout the entire film
and are given for O and the Si surface peak in Eqs. �1� and
�2�, respectively. Normalization is achieved from the Si sig-
nal height obtained from rotating random spectra.

�Nt�O =
AO

HSi

�Si

�O

NSi

�S�Si
dE , �1�

�Nt�SSP =
ASSP

HSi

NSi

�S�Si
dE . �2�

Here, �Nt�O and �Nt�SSP are the O and Si surface peak areal
densities �cm−2�, respectively, AO and ASSP are the O and Si
surface peak signal integrated areas, HSi is the rotating ran-
dom Si signal height, �Si and �O are the RBS cross sections
for Si and O, respectively, NSi is the atomic density of Si,
�S�Si is the stopping power factor for He++ in Si, and dE is
the energy per channel.

Even with the cross-section enhancement achieved by
combining channeling with NRA, the error in absolute O
areal density measured in individual channeling spectra is
still too large for three reasons: �1� necessity of large incident
beam doses for good measurement statistics in the O signal
�these analyzing doses modify the structure of ordered films�,
�2� ion induced damage, and �3� ion assisted oxidation of the
surface. We resolved this issue by taking a systematic se-
quence of channeling spectra with an increasing cumulative
dose and analyzing the O and Si surface peak coverages for
each sample as a function of the incident beam dose. The y
intercept of a linear fit of the detected areal density versus
dose yields an areal density measurement at zero incident
beam dose, and thus, free of measurement artifacts. We call
this technique the damage curve which we demonstrate and
apply in more detail in Refs. 15–17. We have established in
these works that the analyzing beam damage in thin ordered
oxide films—as would be expected—increases linearly for
the Si surface peak and O peak with increasing dose.

RESULTS AND DISCUSSION

Damage curves for both the Si surface peak and O are
measured along �100�, �110�, and �111� directions for oxide
thicknesses ranging between 1 and 4 nm. The areal density
measured for the Si surface peak in each film is shown as a

function of the O areal density detected along the �100� and
�110� directions in Figs. 1�a� and 1�b�, respectively. In addi-
tion, the contribution of the bulk terminated Si to the total Si
surface peak is drawn as a horizontal reference line through-
out the plot to show how much of the surface peak is ex-
pected to intrinsically arise from the Si substrate indepen-
dently of the surface structure and oxide film. The Si bulk
contribution is calculated using Monte Carlo methods with
the 3DSTRING computer code. The accuracy of these calcula-
tions at 3.045 MeV was confirmed by comparing the com-
puted values by the same code for 1 and 2 MeV scatterings
with previously reported computations by other groups.24–26

A linear regression fit of the �100� and �110� data in Figs.
1�a� and 1�b� yields a y-intercept value that matches that of

FIG. 1. Si surface peak areal density vs O areal density taken along the �a�
�100�, �b� �110�, and �c� �111� channels with corresponding regression fits.
The dashed lines show regression fits with the slope fixed at the ideal value
of 0.5. The horizontal line shows the bulk Si surface contribution.
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the calculated bulk Si in both cases. Linear regression fits are
also included �dashed line� with the slope fixed at 0.5 �for an
ideal 1:2 ratio of Si to O� and show only a small deviation in
the y intercept. This indicates that the Si/SiO2 interface is
free from disorder within our small measurement errors, in
contrast to the net disorder reported by other groups.24–26 We
use the same procedure as these other groups by taking the
net interfacial disorder as the difference between the ideal
bulk terminated calculated value and the y intercept of the
linear fit of the measured values. Table I compares our results
for the measured net interface disorder with previously pub-
lished data from other groups using alternatively prepared
oxides. The equivalent disorder in Si monolayers �MLs� at
the interface ranges from 2.1 to 10.9 for previous works and
is zero for this study.

Figure 1�c� shows the Si surface peak versus O areal
density plot taken along the �111� channel. We find that the y
intercept of the linear regression line is significantly below
that of the calculated bulk Si surface areal density along this
direction. These data indicate that Si atoms in the substrate
are being shadowed by Si atoms in the oxide layer. This can
only occur if Si atoms in the oxide layer are registered with
the atoms in the crystal structure of the Si substrate. In order
to maintain such a registry within the interfacial phase, O
atoms would have to be inserted along �111� directions, sug-
gesting a cristobalite-like phase. It would also explain the
more pronounced shadowing effect we observe in the �111�
direction for Si atoms in the present work, as the insertion of
O atoms between the Si bonds without disruption of their
alignment would increase the shadow cone from one atom to
the next. In addition, the effects of shadow cones in such a
structure would not be pronounced along the �100� and �110�
directions, consistent with our data for those directions. Fi-
nally, the fact that the Si surface peak yield increases with O
coverage above two MLs indicates that registry and ordering
are confined to an interphase region estimated to be 1–2 nm
in thickness. This is due to the fact that an unordered struc-
ture will increase the Si surface peak yield more rapidly than
an ordered structure. Most recently, Monte Carlo simulations
of channeling along �100�, �110�, and �111� in ordered
SiO2/Si�100� films and using the Moliere approximation to
the Thomas-Fermi potential reveal that a 2 nm epitaxial
�-cristobalite SiO2 phase that transitions to an amorphous

structure above 2 nm matches the present IBA data along all
three �100�, �110�, and �111� directions.27 These simulations
confirm, in particular, the effect of the geometry of the cris-
tobalite structure upon the increase of magnitude of shadow-
ing observed in the �111� when compared to the �110� and
the �100�. In addition the simulations demonstrate that the
cristobalite is tetragonally distorted in order to align with the
Si�100�. The growth mode for these ordered SiO2 films is
thus one where an amorphous overlayer forms over a critical
thickness instead of islanding.

To confirm by an independent technique the detection of
atomic registry at the Si/SiO2 interface, these oxides were
characterized using a Fourier transform infrared �FTIR�
spectroscopy technique developed specifically to study oxide
interfacial regions.28,29 Infrared absorption spectra are taken
at incremental thicknesses as the oxide layer is gradually
removed via a dilute HF solution. Longitudinal-optic �LO�
and transverse-optic �TO� adsorption frequencies are shown
as a function of oxide in Figs. 2�a� and 2�b�, respectively,
comparing the oxides prepared on Herbots-Atluri chemically
cleaned surfaces �ordered� and oxides grown using conven-
tional RCA clean prepared surfaces �control�. Optical mode
adsorption frequencies were found to be higher within the
first 2.5 nm of the ordered oxides compared to the control
oxides grown on surfaces cleaned with a traditional RCA. In
addition, the optical absorption frequencies were found to be

TABLE I. Comparison of values of net disorder along the �100� and �110� channels at the Si/SiO2 interface
among this work and previously reported works.

Channel
Incident ion

energy �MeV�
Net disorder in Si
��1015 at. cm−2�

Equivalent
disordered Si
monolayers Reference

Initial surface
process

�100� 3.045 −0.2 0.0 This work Herbots-Atluri clean
0.8 1.4 2.1 25 Not reported
0.8 7.4 10.9 26 RCA
0.8 6 8.8 26 HF in ethanol
0.8 5.3 7.8 26 Rapid thermal cleaning

�110� 3.045 −1 0.0 This work Herbots-Atluri clean
0.8 2.2 2.3 24 Aqueous HF
0.8 2.2 2.3 25 Not reported

FIG. 2. FTIR measurements of the �a� LO and �b� TO modes for an oxide
grown on a surface prepared with the Herbots-Atluri wet chemical clean ���
�ordered� and on a traditional RCA clean prepared surface ��� �control� as a
function of oxide thickness.
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stable and well defined across the first 1.0 nm of the inter-
face for the ordered oxides while the control oxides exhibit a
progressive shift towards lower frequencies, consistent with
disorder. These data provide further confirmation that our
oxides have a well defined structure across the interface with
a unique coordination and stoichiometry.

SUMMARY

In conclusion, we have detected significant atomic reg-
istry in an interfacial phase or interphase between Si and
SiO2 by forming ultrathin oxides nucleated on a patented
OH-terminated �1�1� Si�100� surface14–18 by combining ion
beam channeling, NRA, and a damage curve analysis. This
innovative method maximizes the signal-to-noise ratio and
removes artifacts from ion beam damage and ion beam in-
duced oxidation. We observe significant shadowing in the
�111� direction and zero interfacial disorder along the �100�
and �110� directions. This phase consists of a 2 nm epitaxial
�-cristobalite structure above which amorphous oxide forms.
FTIR measurements confirm the presence of an ordered ox-
ide interphase region.
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