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Photoemission Extended Fine Structure Study of the SigySi(111) Interface
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High-resolution Si P core level photoemission spectra of the $iSi(111) system show chemically
shifted components derived from individual oxidation states, which exhibit strong intensity modulations
as a function of photon energy due to final-state diffraction. Analysis of these photoemission intensity
modulations gives bond-length information specific to the individual suboxide. The results indicate that
the interface is atomically abrupt. [S0031-9007(96)01259-8]

PACS numbers: 68.35.Bs, 79.60.Dp

The structure of Sig/Si interfaces is a topic of great  Thin (~10 A) SiO, films were grownin situ by ex-
interest because of the ubiquity of Si(®i structures posing clean Si(111)7(X 7) substrates to pure Lat a
in semiconductor devices, and because, despite years pfessure of5 X 1078 torr for 2000 s, with the samples
study, a detailed understanding of the interface strucheld at 600C during exposure. Heating was accom-
ture is still lacking [1]. Although the large lattice plished by passing a current directly through the sample.
mismatch between Si and Sj@isallows significant epi- The photoemission spectra were taken at the University
taxial and single-crystalline growth [2], there are surpris-of Wisconsin’s Synchrotron Radiation Center (Stoughton,
ingly few electrical defects at the interface, resulting in aWisconsin). The data were acquired with a hemispheri-
nearly ideal electrical behavior. An issue of central im-cal electron energy analyzer with an acceptance cone of
portance to the ongoing discussion of the interface strucabout7 X 13 deg, with the cone axis perpendicular to
ture concerns the chemical abruptness of the interfacgéhe surface. The linearly polarized photon beam was in
While suboxides are necessarily present in the transitiograzing incidence, with its polarization vecte3° to the
region from Si to SiQ, the question is whether or not surface normal and pointed into the analyzer. Ztexis
this transition occurs with an atomically sharp boundaryfor the system is defined to be the sample normal.
Of all the major experimental tools that have been em- Figure 1 shows a representative photoemission spec-
ployed in such studies, high-resolution photoemission isrum of the oxidized Si(111) surface and its decompo-
the only technique that allows the distinction of individual sition into constituent components. As is known from
oxidation states of S{Si’, Si'*, S#*, Si¥*, and St*)  previous studies [1,3-5], the line shape consists of five
by their chemical shifts [1,3-5], but its implementa- components, corresponding to bulk Si and the four oxida-
tion so far has been unable to make a direct link betion states Sit —Si** (labeled S1-S4). Each component
tween the observed chemical states and the interfacensists of a pair of spin-orbit split peaks. The spectral
structure. parameters for the line shapes are listed in Table I, which

The present work is an application of extended finewere deduced from an extensive analysis involving over
structure analysis to high-resolution photoemission from
the Si0,/Si(111) interface. Photoemission extended fine 1 T T T 1T T T 1
structure (PEFS) is a well known technique, which Si0, on Si(111)
can provide an accurate measure of local atomic bond
lengths [6—8]. In our study, this analysis is applied to
individual oxidation states of Si as observed by $i 2
core level photoemission. Our measurements show that
final-state diffraction effects are significant, resulting in
considerable modulation of the photoemission intensity
as the excitation energy is varied. This diffraction fine
structure at the Sig¥Si(111) interface has not been s4 S3 S2 S1 Buk
observed before, to our knowledge, and vyields detailed T R T T R
information about the local bonding structure of each 6 5 4 3 2 1 0 -1 -2
resolved Si oxidation state. Our analysis of the local Relative Binding Energy (eV)

bond lengths leads to the conclusion that the B&X111) FIG. 1. A representative Si2core-level photoemission spec-

interface is chemically abrupt, with the intermediatetrum for SiO,/Si(111). The circles are data points, and the
oxidation states confined to the interface monolayer. curves show a fit and the decomposition into components.

hv =166 eV
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TABLE I. Fitting parameters for the Sip2core level spectra. e LI B B B B
Values are averages over many photon energies, except where
noted. Quoted errors are one standard deviation. &he 600 -
width parameter is the difference between the oxide component
Gaussian width and the bulk Gaussian width. All energies are _. 450}
in ev. £
5 300 |-

Fit parameter Value "5
Spin-orbit splitting 0.61 2 240
Lorentzian full width 0.07 é
Branching ratio 0.50 = 0.01 £ 2001 ¢
S1 shift 0.97 + 0.02 g
S2 shift 1.73 = 0.04 £ 1601
S3 shift 2.58 = 0.01 g
S4 shift 3.57 £ 0.02 § 120~ o
Bulk Gaussian full width ativ = 160 eV 0.46
S1A width 0.02 = 0.01 80 -
S2 A width 0.07 = 0.02

i + 40
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FIG. 2. Photoemission intensities of the bulk component (top

100 spectra taken at different photon energies and on difanel) and the S2—S4 components (bottom panel) as a function

- f of photoelectron kinetic energy. Dashed lines show the smooth
ferent samples. The uncertainties shown in the table raciackgrounds which were subtracted to obtain théunctions.

flect the root mean square devigtions frpm the mean, anthese background functions were obtained by smoothing the
our results are in good accord with previous studies [1,3-data using a quadratic Loess function.

5]. All five components have the same line shape in our
analysis, except that the Gaussian width becomes progregy| path length difference, the diffraction oscillations are
sively larger for higher oxidation states. This broadeningyominated by backscattering from atoms located directly
can be attributed to the increasing local disorder in goingyehind the emitter, at a path length difference kiR20ur
from pure Si to a nominally amorphous Si@m. calculation shows that the intensity for each sidescattering
Figure 2 shows the photoemission intensities of the bulkn pulk Si is no more than-3% of the backscattering in-
and S2—S4 components as a function of the excitation phqensity. PEFS, in our case, then acts like a vector-EXAFS
ton energy. AsseeninFig. 1, the S2—S4 components giVgxtended x-ray-absorption fine structure) technique, mea-
rise to well defined peaks, Whlle_ there are no obvious SPeGsuring bond lengths only in thez direction. Specifically,
tral features that can be associated with S1, due partly e are sensitive to the interlayer bond length, and whether
its proximity to the much more intense bulk component.qr not this bond has an O atom inserted into it. However,
As a result, the S1 intensity cannot be reliably deduced the emitter is in a disordered state such that the bond
and is therefore excluded from our analysis. The curvegyes are randomly oriented, all of the nearest neighbors
in Fig. 2 show large intensity modulations due to diffrac- || contribute, and the resulting signal will be similar, but
tion in the final state, and there are significant differenceg,qt exactly equivalent, to EXAFS.
among the curves. The oscillations are due primarily t0  As is done in standard PEFS analyses, the oscillatory
backscattering from nearest neighbors located directly bg;art of the intensity variation in Fig. 2 is extracted for
neath the emitters [6-8]. Since the photoelectron fin:Each oxidation state to obtain the so-callgdfunction.
state has primarilyl symmetry and the photon polariza- These )y functions are Fourier transformed with respect

tion vector is normal to the surface, the emission peakgy the path length difference to obtain the bond length
along# = 0 and, which imparts a degree of sensitivity gistripution functions,

in our measurement to scatterers located above and below [

the emitter, on the axis. Thisz-axis sensitivity is greatly F(R) = / x (k)e R g(k)k dk

enhanced by the angular dependence of the scattering am- Kinin

plitude. It is well known that the electron-atom scatter-whereg(k) is a window function. The results are shown
ing amplitude is strongly peaked in the formed-scatteringn Fig. 3. The two vertical dashed lines in Fig. 3 mark the
and backscattering directions in this energy range. AmGi-O and Si-Si bond lengths, corrected for the appropriate
sidescattering from nearest neighbors not on zhexis  backscattering and forward-scattering phase shifts [9,10].
must necessarily involve a scattering event with a relativel\Clearly, the bond lengths measured for bulk Si and for
small amplitude compared to backscattering or forwardS4 (Si**) are in excellent agreement with the Si-Si bond
scattering in order to interfere with the direct wave at thelength and Si-O bond length, respectively. This is exactly
detector. Since forward scattering results in no geometriwhat we expect, because, for bulk Si, there are only Si
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are two possible terminations, as indicated in the figure. The

: oxidation states for Si atoms at and near the interface boundary
i 1 L 1 L 1 are labeled.
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o o to the different sample preparation procedures employed
FIG. 3. The bond-length distributions for Sigsi(111). Ver-

tical dotted lines indicate the expected Si-O and Si-Si bond" tha.t study (the presence of H and OH.Sp?CIeS from wet
lengths, corrected for the scattering phase shifts. chemical processing may affect the stoichiometry of the

SiO, layer; for example, a Si bond could be terminated by

. . , ) . a H atom within the Si@layer).
nearest neighbors behind the emitter, while for S4, which 5 results also have implications for the interface

corresponds to Si in the amorphous Silyer, there are  growth model. The observation of a chemically abrupt
only O nearest neighbors. The intermediate oxidationnterface implies that there are no partially oxidized bilay-
states S2 and S3, corresponding to Si in suboxides, shoyts with the interbilayer substrate bond filled, suggesting
essentially pure Si-Si pondlng. These res_ults _'”d'cat?hat the bilayer must be fully oxidized before proceed-
that the S2 and S3 emitters are bonded primarily 10 Sjq 16 fill the interbilayer bonds. This is in agreement
in the —z direction. Such an orientational effect has ayjih recent electron microscopy results which show that
significant implication concerning the bonding structureihe thermal oxidation of Si(111) proceeds by the reaction
of the sub_oxide species. I_f the suboxides were disorderegk yiscrete monolayers with no flow of surface steps [11].
as is S4 in amorphous SiOwe would expect to see a Thjs implies a layer-by-layer oxidation mechanism, which

much shorter average bond length, especially in the casg consistent with our observation of a chemically abrupt
of S3, which is bonded to three O atoms and only one Sinterface.

atom. The S2 and S3 emitters must then be oriented at theln summary, we have made the first direct measure-

interface with Si nearest neighbors in the direction. -~ ments of the intermediate oxidation state bonding at the
A chemically graded, amorphous oxide film with dis- gio,/si(111) interface. Our results show evidence for a
tributed suboxide species is thus inconsistent with our f'ndéhemically abrupt interface, with the suboxide states con-
ing. Our results can only be explained by assigning S2 ang,q( to the interface. ’
S3to St* and Si* confined to a chemically abrupt inter-  he aythors would like to thank J. Murray Gibson for
face between Si and SiO Figure 4 is a simple schemalic seyerg) illuminating conversations. This material is based
diagram showing the atomic bonding geometry, where thg,n work supported by the Division of Materials Sci-
horizontal dashed line indicates the abrupt boundary beénces, Office of Basic Energy Sciences, U.S. Department
tween Siand Si@ Just below this boundary, each Si atom ¢ Energy, under Grant No. DEFG02-91ER45439. Ac-
terminating the Si(111) substrate lattice has either one qznowledgr,nent is also made to the Donors of the Pe-
three bonds extending to the SiGide (three bonds for oleym Research Fund, administered by the American
intrabilayer termination, and one bond for interbilayer ter-chemical Society, and to the U.S. National Science Foun-
mination). These bonds can be joined to either Si or O ORyation (Grant No. DMR-92-23546) for partial support of
the side of the SiQ) as indicated by the various possible \he synchrotron beamline operation and personnel. The
configurations in the figure. Clearly, all of the suboxide gynchrotron Radiation Center of the University of Wis-

species are either just above or just below the boundarygnsin is supported by the National Science Foundation.
and the backbond of every’Siand Si* in the —z direc-

tion is to a Si atom, which is what our experimental results
indicate. Our finding is, however, in opposition to a previ-
ous model based on an x-ray photoelectron intensity analy- +present address: Environmental Molecular Sciences
sis, in which Si* is thought to be distributed throughout Laboratory, Pacific Northwest National Laboratory, P.O.

the thin SiG, layer [1]. This discrepancy might be related Box 999, MSIN K2-14, Richland, WA 99352.
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