Comparison of ultrathin SiO,/Si(100) and SiO,/Si(111) interfaces
from soft x-ray photoelectron spectroscopy
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The limitations of soft x-ray photoelectron spectroscopy (SXPS) for determining structural
information of the SiO,/Si interface for device-grade ultrathin (~6-22 A) films of SiO, prepared
from crystalline silicon by remote plasma assisted oxidation are explored. The main focus of this
article is the limitation of data analysis and sensitivity to structural parameters. In particular,
annealing data shows a significant decrease in the integrated density of suboxide bonding
arrangements as determined from analysis of SXPS data. These decreases and changes are
interpreted as evidence for reorganization of specific interface bonding arrangements due to the
annealing process. Moreover, these results suggest that sample preparation and processing history
are both critical for defining the nature of the SiO,/Si interface, and therefore its electrical
properties. Quantitative estimates of the interface state densities are derived from SXPS data
revealing ~2 monolayers (ML) of suboxide as prepared and ~1.5 ML of suboxide after rapid
thermal annealing at 900 ° C for both Si(100) and Si(111) substrates. Comparison of the individual
suboxide bonding state densities indicate for both Si substrate crystallographic orientations that
annealing causes a self-organization of the suboxide consistent with bond constraint theory. © 2006
American Vacuum Society. [DOI: 10.1116/1.2218865]

I. INTRODUCTION

It has been established that the SiO,/Si interface in metal-
oxide-semiconductor (MOS) devices is not an atomically
abrupt interface but consists of ~0.35 nm (or 1-2 monolay-
ers) of silicon suboxide. As silicon-based metal-oxide-
semiconductor applications push the scale of discrete com-
ponents ever smaller, a quantitative understanding of the
bonding in interfacial transition regions between the Si sub-
strate and the stoichiometric SiO, dielectric becomes in-
creasingly important. An understanding of this canonical in-
terface also provides a foundation for investigating transition
metal oxide/silicon and oxide/compound semiconductor
interfaces.

Several years ago Keister et al. reported studies of subox-
ide interfacial bonding states for several Si(111) oxide sys-
tems and some initial data for the well studied Si(100)/SiO,
interface.' Later measurements by this group included com-
parison of the Si(111)/SiO, interface with transition-metal
oxide interfaces such as the interface between the pseudobi-
nary (Ta,0s) (Al,03);_, alloys and Si(111).? In this article
additional experiments on the Si(100)/SiO, interface and the
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effect of annealing are reported and compared with the
Si(111)/Si0, interface. Our purpose is to present a more
detailed study than previous reports and to compare and de-
fine these two interfaces in order to clarify the role of inter-
facial suboxide bonding states for the technologically impor-
tant Si(100)/SiO, interface. Figure 1 shows the raw Si 2p
soft x-ray photoelectron spectroscopy (SXPS) data for less
than 10 A of SiO, on Si(111) in the upper panel (a) and in
panel (b) shows the spin-orbit stripped data showing only the
Si 2ps3;, component. The 0.602 eV spin-orbit splitting of the
substrate 2p core level is clearly seen in the raw data and
illustrates the typical resolution of ~0.1 eV for the SXPS
instrumentation. Three interface peaks are also clearly distin-
guishable. The precise interpretation of the interface peaks
has not yet come to full agreement and at least two separate
models are in contention at this time.>™ However, there is
general agreement that these interface features arise from
suboxide states localized in an interfacial transition region
between the noncrsytalline stoichiometric silicon dioxide and
the crystalline silicon substrate. In this article we follow the
previous convention of Keister et al. of labeling these fea-
tures in SXPS by Iy, I,, and 13;l these same features have
been commonly labeled in the literature by the formal
oxidation-state notation as Si'*, Si**, and Si**. In photoelec-
tron spectroscopy studies, the Si'*, Si’*, and Si** assignment
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FIG. 1. Soft x-ray photoemission spectroscopy (SXPS) results for the Si 2p
binding energy region: (a) raw data indicating spin-orbit splitting and (b)
spin-orbit stripped SXPS data (Si 2p5,) of ultrathin ~10 A SiO, on Si(111)
showing the Si substrate, the oxide film, and the suboxide interface peaks
together with interpretation.

implies a configuration that corresponds to one, two, and
three O-Si bonding sites at the interface. Our data are con-
sistent with this interpretation but we do not claim that all
interface state SXPS data can be correctly interpreted in this
way.

A variety of previous studies have been conducted on
Si0,/Si interfaces using various experimental and theoreti-
cal techniques including photoelectron spectroscopy,l’s_17 in-
frared spectroscopy,]8 density functional calculations,'**°
and scanning tunneling microscopy.ﬂ The distribution of in-
terfacial suboxide bonding states varied among these studies
yet with all having very nearly the same amount overall; that
is, an effective thickness of ~0.35 nm. These studies in-
cluded thermal oxidation in various environments
(0,,N,0,H,0), thermal oxidation with excited oxygen, dry
O, oxidation, in vacuo oxidation, and electron stimulated
oxidation. Films were formed at various temperatures rang-
ing from 600 to 1100 °C with the exception of the electron
stimulated oxidation being conducted at room temperature.
The I,:1; ratio in most, but not all, of these previous studies
was roughly similar to the results presented in this study
whereas the I3:1; ratio is generally significantly larger than
the results presented in this study. Though the effects of an-
nealing may be trivial for high temperature oxidation, in the
study reported here, the effect of annealing is more important
since the deposition process is a relatively low temperature
process (300 °C). The I3 suboxide peak intensity for the
Si(100) interface is unaffected by annealing and is only
slightly increased for the Si(111) interface. The I; and I,
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suboxide peak intensities, however, change significantly with
annealing. The differences in the interface suboxide bonding
state distributions among the various deposition methods and
studies illustrates that the interface bonding configuration is
sensitive to processing conditions; the initial oxidation pro-
cess and temperature, as well as the post oxidation/
deposition annealing temperature and ambient.

Previously, it has been determined that the relative inten-
sities of the specific interfacial suboxide peaks depend not
only on the oxide and interface quality, but also on charac-
teristics such as annealing temperature,l oxide composition,9
crystal 01rientation,]0 nitridation level,l and vicinal cut.?>*
The focus of this article is not a survey and comparison of
the SiO,/Si interfaces from various studies but on an analy-
sis of the effect of annealing on SiO,/Si interfaces formed
on Si(100) and Si(111) substrates by a low temperature oxi-
dation process. In this study, approximately 2 monolayers
(ML) of suboxide form between the oxide and substrate dur-
ing low temperature (~300 °C) oxidation. Additional post-
growth rapid thermal annealing at 900 °C reduces this to
roughly 1.5 ML. A comparison of the relative suboxide
bonding state densities indicates a reorganization of the in-
terface upon annealing consistent with bond constraint
theory.24 The currently accepted model of the device-quality
Si0,/Si interface includes a defective silicon layer and an
~0.25-0.35 nm interfacial transition region of silicon
suboxide.”* The new study for the SiO,/Si(100) interface
reported herein gives further evidence for the small but finite
size of the interfacial transition region and the distribution of
suboxide bonding state densities within this region.

Il. EXPERIMENTAL DETAILS

Ultrathin films of SiO, were formed by remote plasma
assisted oxidation (RPAO) of Si(100) and Si(111) substrates
after removal of native oxide by standard wet chemical pro-
cedures. Native oxide was removed from Si(100) substrates
by 1:50 Hf and from Si(111) substrates by 40% NH,F. Sub-
strates were subsequently rinsed in de-ionized water, blown
dry with dry N, and immediately loaded into the oxidation
system. The substrates were exposed to plasma-excited oxy-
gen at a substrate temperature of 300 °C. Oxygen and he-
lium flowed through the oxidation chamber at 20 and
200 SCCM (standard cubic centimeters per minute) respec-
tively while maintaining a chamber pressure of 0.3 Torr. The
plasma excitation region was isolated from the chamber in
which the oxidation took place, and this process has been
referred to in Ref. 24 as a RPAO process. The oxygen was
excited using a 13.56 MHz rf plasma source at 30 W of
power. This procedure has been shown to produce low defect
density Si—SiO, interfaces as revealed by electrical studies
of metal oxide semiconductor capacitors (MOSCAPs)
and metal oxide semiconductor field effect transistors
(MOSFETs), if followed by a deposition of SiO, or a Si
oxynitride alloy by remote plasma enhanced chemical vapor
deposition (RPECVD) and a thermal anneal at 900 oC. 2%
The oxidation rate of the silicon substrate, determined using
in situ Auger electron spectroscopy (AES) is #,,~ 718,
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F1G. 2. SXPS Si 2p5, spectra for ~10 A of SiO, on Si(111) (filled circles)
and Si(100) (open diamonds) measured at a photon energy of 150 eV. The
data are normalized to the substrate peak height. The binding energy is
given relative to the substrate peak.

where ,, is the oxide thickness in angstroms and 7 is the
plasma exposure time in minutes.*® Samples were exposed to
the plasma from 5 s to ~10 min resulting in oxide thick-
nesses ranging from 9 to 22 A. Samples were subsequently
transferred (ex situ) to the SXPS system of the U4A beam-
line of the National Synchrotron Light Source at Brookhaven
National Laboratory. This resulted in exposure to air for sev-
eral days. After transfer, samples were annealed in vacuum to
~500 °C to remove adsorbates resulting from the exposure.
Though the U4A beamline has recently been upgraded, at the
time of the experiments, the beamline consisted of a 6 m
toroidal grating monochromator which produced photons
between 10—200 eV. Photoelectrons were collected with a
100 mm hemispherical analyzer fixed at 45° with respect to
the photon beam axis. Data were collected for films at 130,
150, and 200 eV photon energies with an overall instrumen-
tal resolution of ~100-200 meV. All of the films showed
qualitatively similar interface characteristics. Oxide films
~10 A thick are optimal for resolving the interface suboxide
at these photon energies. For thicker films, the signal-to-
noise ratio of the interface suboxide states is reduced, de-
creasing exponentially with oxide thickness. For films thin-
ner than 10 A, final state effects cause the SiO, peak to
interfere with the I5 peak.l Accordingly, the data presented in
this article were taken using samples with ~10 A of SiO,.
Films were annealed by rapid thermal annealing to 700, 800,
and 900 °C and measurements were taken for samples as
oxidized and for samples annealed at each temperature.

lll. RESULTS

Figure 2 compares typical Si 2ps, spectra for ~10 A
Si0, films oxidized from Si(100) and Si(111). The data are
normalized to the substrate height and the binding energy is
given relative to the substrate peak position. An empirical
background has been subtracted from the spectra. The Si
2p;» component was mathematically stripped to clearly
identify the discrete suboxide peaks. The binding energy of
the Si® (substrate) peak was measured to be ~99.4 eV with
respect to the Fermi level of the analyzer. The SiO, peak has
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Fic. 3. Interface suboxide region of SXPS Si 2p,, fitted spectra for ~10 A
of SiO, on Si(100). These spectra are for (a) as oxidized and for (b) 900 °C
annealed Si0,/Si(100) interfaces.

a relative binding energy of ~3.8 eV. The suboxides I, I,
and /5 have relative binding energies of ~0.9, ~1.8, and
~2.5 eV, respectively. The most notable difference between
the spectra is that the I; peak intensity is larger for
Si0,/Si(111) compared to SiO,/Si(100) while the 7, inten-
sity is significantly reduced. This is expected based on the
crystal structure of the two silicon faces. The Si(111) crystal
face has single Si dangling bonds and the I, suboxide is
native to that face whereas the Si(100) crystal face consists
of silicon dimers that naturally result in /, suboxide.

Rapid thermal annealing of the SiO,/Si films significantly
changed the interface suboxide bonding state intensities. This
is readily seen in Figs. 3 and 4 which compare the suboxide
region of the Si 2p;,, spectra of the as oxidized samples with
samples annealed at 900 °C for SiO,/Si(100) (Fig. 3) and
Si0,/Si(111) (Fig. 4). As in Fig. 2, the data are normalized
to the substrate peak and the binding energy given relative to
the substrate peak. Fitted peaks are shown to emphasize the
differences in the spectra. Slight deviations between the data
and fitted curve are the result of constraining the fit for quan-
titative analysis as discussed below and displaying peaks fit-
ted using the raw Si 2p data with mathematically spin-orbit
stripped data. Upon annealing, the /; and I, suboxide states
of the SiO,/Si(100) film decrease slightly, indicating a slight
phase decomposition into Si- and/or O-rich phases. For the
Si0,/Si(111) film, annealing causes a dramatic reduction of
the I, peak intensity. This indicates not only phase decom-
position, but also a change in the structure of the interface.

To conduct a quantitative analysis of the interfaces, the
full Si 2p spectra were modeled using five pairs of spin-orbit
split Voigt functions optimized with a nonlinear least-squares
fit to the raw data. The background was empirically modeled
with four parameters (a+bx+cx?). Each spin-orbit split peak
pair had a common Gaussian width and the Lorentzian width
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FIG. 4. Interface suboxide region of SXPS Si 2p,, fitted spectra for ~10 A
of SiO, on Si(111). These spectra are shown for (a) as oxidized and for (b)
after 900 °C rapid thermal annealed SiO,/Si(111) interfaces.

was common to all peaks. The following procedure was used
to prevent ambiguous fitting due to the large number of pa-
rameters. The Lorentzian width (80 meV), spin-orbit split-
ting (0.602 eV), and branching ratio (0.5) were chosen and
fixed. Spectra were initially fit with these constraints and the
Gaussian width for each peak at each photon energy was
averaged. These averages were then used as further con-
straints for final fits. The positions and heights of the subox-
ide peaks remained free variables as well as all parameters
for the well-resolved substrate and Si** peaks. Table I lists
representative fitting results for the relative binding energies
and peak widths.

Utilizing estimates of the escape depth and relative pho-
toemission cross sections, (two dimensional) interface sub-
oxide densities, ISD j, WETe calculated from the SXPS data by

TABLE I. Representative relative binding energies and peak widths (Gauss-
ian). Data shown for Av=150 eV.

ABE FWHM
State (j) (eV) (eV)

Si0,/Si(100):

Sub (0) 0.37

1, 0.94 0.50

I 1.81 0.59

I 2.50 0.57

Si0, ~3.9 ~1.16
Si0,/Si(111):

Sub (0) 0.36

I 0.96 0.44

I 1.84 0.58

I 250 0.66

SiO, ~4.0 ~1.15

TaBLE II. Parameters used to calculate the interface suboxide state densities.

hv Nsi
(eV) (A) asil oy osil 0y osi/ 03
130 3.3% 1.0° 0.91* 0.59°
150 4.8 1.0 1.0 0.68
200 6.3 1.0 1.0 0.77
“From Ref. 10.

considering the ratio of the interface suboxide state peak in-
tensity, /;, to the substrate peak intensity, 10,1’10

1D, = 2% g (1)
Iy o;
where og; is the Si 2p photoemission cross section of the
substrate at a given photon energy, o; is the Si 2p photoemis-
sion cross section of suboxide state j, ng; is the bulk (three
dimensional) silicon crystal density, and \g; is the electron
escape depth (at a specific photon energy) in the silicon sub-
strate. The escape depth and ratio of substrate to suboxide
cross sections for photon energies of 130, 150, and 200 eV
are used from Ref. 10. These data were provided in Ref. 1
and repeated here in Table II. It is instructional to convert
these interface state bonding densities into monolayer cover-
age by normalizing them to the silicon atom density of the
particular crystal face (N;p=6.78 X 10" cm™, N,,=7.83
X 10 cm™2). The data are listed in Table III and shown in
Figs. 5 (Si0,/Si(100)) and 6 (SiO,/Si(111)). When the dif-
ferent escape depths are taken into account, the calculations
from the different photon energies are in agreement and
Table III lists the average interfacial suboxide bonding state
densities. The individual and total interface state densities
are shown in Figs. 5 and 6 as a function of the annealing
temperature. The general trend follows the expectation of the
visual comparisons in Figs. 3 and 4. For SiO,/Si(100), the
interface states I, and I, decrease with annealing and for
Si0,/Si(111), I, decreases dramatically with annealing. For
both crystal orientations, the total “thickness” of the interface
is ~2.0 ML before annealing and ~1.5 ML after annealing
to 900 °C. After annealing, the ratio of I,:1,:I5 for SiO,

TaBLE III. Summary of interface suboxide state densities.

I, I, Iz Total

Sample (ML) (ML) (ML) (ML)
Si0,/Si(100):

As ox. (300 °C) 0.77 0.72 0.53 2.02

700 °C 0.58 0.64 0.53 1.76

800 °C 0.57 0.61 0.53 1.72

900 °C 0.55 0.56 0.52 1.63
Si0,/Si(111):

As ox. (300 °C) 0.87 0.59 0.38 1.84

700 °C 0.92 0.26 0.42 1.60

800 °C 0.82 0.23 0.58 1.63

900 °C 0.79 0.30 0.46 1.56
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FiG. 5. Interface state density calculated from fitted SXPS data for as oxi-
dized and annealed SiO,/Si(100) showing (a) total interface state density
and (b) individual suboxide state density. Dashed lines are provided to il-
lustrate trends. The average error is 0.1 ML.

oxidized from Si(100) is 1:1:1 and for SiO, oxidized from
Si(111) is 3:1:2.

IV. DISCUSSION

Drawing upon a host of investigations of the SiO,/Si in-
terface including medium energy ion scattering, spectro-
scopic ellipsometry, cathodoluminescence, and SXPS, Lu-
covsky and Phillips reviewed the SiO,/Si interface, focusing
on Si(111).** They concluded that annealing causes decom-
position of interfacial suboxide into Si-rich and O-rich com-
position regions and a reorganization of the interface to form
a strain relaxation region between the SiO, and substrate.
This conclusion was based on an extension of the bond con-
straint theory originally applied to chalcogenide glass.24
Upon oxidation, the distribution of suboxides is kinetically
prevented from forming the energetically favored arrange-
ment. Annealing at 900 °C allows a rearrangement of the
Si0,/Si interfacial suboxide bonding to form ~1 ML of sub-
oxide (0.3 nm) which provides a strain relief mechanism be-
tween the SiO, and Si. Interpreting the interface suboxide
bonding states as quantitatively representing the formal oxi-
dation state of the silicon atoms, this study demonstrates that
both the Si0,/Si(100) and SiO,/Si(111) interfaces are con-
sistent with the interpretation given in that review. For the
purpose of this discussion, the assumption is made that the
I,, I, and I; peaks represent Si atoms with one (Si'*),
two (Si?*), and three (Si**) bonds to oxygen atoms in the
interface.

Hinds et al. established that bulk SiO; decomposes into Si
and SiO, upon annealing.28 This is a kinetically limited re-
action; there are no stable SiO, phases to block the decom-
position. The results presented here indicate similar phase
decomposition in the SiO,/Si interface. Because a Si atom
bound to two two oxygen atoms (SiO) is not native to the
Si0,/Si(111) interface, a qualitative comparison of the two-
dimensional (2D) and three-dimensional (3D) decomposition
is reasonable. Hinds illustrated that bulk reaction is >90%
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dized and annealed SiO,/Si(111) showing (a) total interface state density
and (b) individual suboxide state density. Dashed lines are provided to il-
lustrate trends. The average error is £0.1 ML.

complete after annealing at 900 °C. This study reveals that at
the SiO,/Si(111) interface, the I, peak intensity (represent-
ing the Si** density) is reduced by ~60% after annealing at
900 °C. Further decomposition is presumably prevented by
the crystalline silicon to amorphous oxide bonding transition.

The relative interface suboxide state densities before and
after annealing are revealing. A random Si'*:Si**: Si** bond-
ing distribution between tetravalent Si and O is 4:6:4. The
RPAO of silicon is conducted at a relatively low substrate
temperature so there is insufficient thermal energy for the
bonding arrangement to relax during oxidation. Thus a ran-
dom bonding arrangement with emphasis on the suboxide
“native” to the Si surface is anticipated. The as-oxidized
RPAO SiO,/Si(111) interface has an I;:1,:1; suboxide
bonding distribution of ~9: ~6: ~4. This is consistent with
0.5 ML of the native Si'* suboxide with the remaining sub-
oxide randomly distributed. The as oxidized SiO,/Si(100)
interface has an /;:1,:1; suboxide bonding distribution of
~6:~6:~4. A random distribution with an additional 0.5
ML of the native Si** would result in an overall distribution
of ~4:~11:~4. It is anticipated that this distribution is not
achieved because of step edges on the (100) surface. Step
edges are abundant on Si(100) substrates and would enhance
Si'* bonding at the expense of Si** bonding.

Annealing at 900 °C provides sufficient thermal energy
for the interface to relax, redistributing the suboxide densi-
ties. The distribution is ~1:~1:~1 for the SiO,/Si(100)
interface and ~3: ~1: ~2 for the SiO,/Si(111) interface. It
has been demonstrated by other studies that after thermal
annealing at 900 °C, the Si—SiO, transition region includes
~1 ML of suboxide with an average composition of Si0.**
The SXPS data in this study reveal ~1.5 ML of suboxide for
both Si(100) and Si(111). A third of this (0.5 ML) is due to
the native bonding at the Si surface while the remaining 1.0
ML is a distribution of suboxides with an average composi-
tion of SiO (Si**).

An interesting comparison can be made between this
study and the study of thermally oxidized Si(100) by Lu
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et al.,”'12 Lu et al. studied the interface suboxide distribution

of the Si0,/Si(100) interface for oxides thermally grown
between the temperatures of 700 and 1000 °C and for oxides
grown at 700 °C and subsequently annealed up to 1000 °C.
In both cases, the higher processing temperature, whether
during oxidation or during postoxidation annealing, resulted
in higher densities of Si>* and Si** bonding whereas the Si'*
bonding was unaffected. A thermodynamically (rather than
kinetically) governed strain relief mechanism is postulated as
the basis for this change. In this study, the I; and I, (or Si'*
and Si**) suboxides of the as grown SiO,/Si(100) sample are
~1.6 times larger than the thermally grown oxides of Lu
et al. The I; (or Si**) suboxide is roughly the same in both
studies. Upon annealing, the /; and I, suboxides decrease to
roughly the same as in thermally grown oxides of Lu et al.
This is consistent with an interpretation that the lower tem-
perature of RPAO does not provide sufficient energy to allow
significant relaxation during oxidation and that the resulting
extra Si'* and Si** bonding is removed during rapid thermal
annealing.

V. CONCLUSIONS

Using high-resolution SXPS investigation of ultrathin
Si0, films oxidized from Si(100) and Si(111), the evolution
of the interface suboxide states of the Si0,/Si interface was
studied. Provided that the interface suboxide states resolved
by SXPS represent formal oxidation states of silicon, the
trends shown in Figs. 5 and 6 are indicative of the self-
organization model of an amorphous/crystalline interface. As
oxidized, the suboxide states tend toward a random distribu-
tion that is tailored by the intrinsic suboxide bonding of the
Si crystal surface. After annealing at 900 °C, the non-native
portion of the suboxide reorganizes to form an average com-
position of SiO while the suboxide native to the particular Si
crystal face remains. This study indicates that the Si—SiO,
transition region is common to both the Si(100) and Si(111)
surfaces and differs only in the intrinsic suboxide bonding at
the Si surface. It has also been illustrated that processing
conditions play a significant role in defining the bonding
character of the interface.
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