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Statistical Cross-Linking at the Si(111) /SiO; Interface
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Angle-resolved photoemission measurements of the2/sicore level as a function of polar
emission angle were carried out to investigate the atomic populations and depth distributions of Si
in various oxidation states for a SiGilm thermally grown on Si(111). The suboxide states including
Si'*, SP*, and Si* exhibit different depth distributions. Despite these differences, the results are
consistent with a chemically abrupt interface. A simple model based on the statistical cross-linking of
dangling bonds between a bulk-truncated Si and an amorphous|&jér explains our observations.
[S0031-9007(97)04292-0]

PACS numbers: 68.35.Bs, 79.60.Jv

The structure of the 38i0, interface is a subject of Our photoemission measurements were carried out at
considerable interest [1-9], and yet a detailed understandhe Synchrotron Radiation Center (Stoughton, Wisconsin)
ing has been lacking because of the amorphous nature aking the 1-GeV storage ring Aladdin. Substrates of
the SiQ film which renders traditional diffraction tech- Si(111) were prepared by outgassing at 300for many
niques inapplicable or inadequate. There has been coours, and then heated to 12%Dfor a few seconds to yield
siderable debate in the literature regarding the chemicdhe clean(7 X 7) reconstruction. Thin oxide films were
profile of this interface. The simplest model for this struc-grownin situ by exposing the $111)-(7 X 7) substrates,
ture is that obtained by joining a bulk-truncated Si latticeheld at 600°C, to pure Q at5 X 10~# torr for 2000 s for a
to pure SiQ, with all of the dangling bonds from both total exposure of 100 langmuirs. This resulted in an oxide
sides stitched together. This concept of bond stitching i§ilm of about 5 A thickness [3]. Photoemission spectra
motivated by the fact that there are few electrical defectsvere taken with a hemispherical analyzer with an angular
at the interface, and therefore few dangling bonds are exacceptance cone of 1.5°. The polar emission anglé
pected. The result is an abrupt interface, but still, Si subwas varied by moving the analyzer in a plane containing
oxide must exist at the interface because of the cross-linthe[121] direction of the Si substrate.
between Si and Si© While this simple model is intuitive Figure 1 shows two photoemission spectra, on&fer
and appealing, some earlier studies [1,3] have suggesté&dand the other fod = 50°. As shown in previous work,

a graded interface involving suboxides Si@ < x < 2)  the spectral line shape consists of five components. The
extending up to 10 A into the oxide layer. decomposition of the line shape is indicated in the figure,

Of all experimental techniques, the most direct probeand the five components are labeled bulk &ne-S4 (for
of the interface chemical structure is photoemission [1-Si'"—Si**). These five components have identical line
8]. High-resolution spectra of the Sp core level show shapes except that the Gaussian width increases progres-
five components, of which one corresponds to Si in thesively for higher oxidation numbers due to an increased
bulk bonding environment and the other four correspondocal disorder in going from pure Si to amorphous &iO
to Si in various oxidation states (Si, SP*, SP*, and  The two spectra in Fig. 1 are normalized to have the same
Si**) [1-8,10]. In the present study, we employ angle-bulk peak intensity, and the oxide pe&k and the sub-
resolved photoemission to examine the intensities obxide peakss1—S3 are more intense for the = 50° case
these individual components as a function of the poladue to a shorter vertical probing depth. All of the suboxide
emission angle. These intensities are related to the atompeaks are known to be spatially confined near the interface,
populations of the different chemical states. As thesince experiments on thicker films showed the intensities
polar angle increases, the vertical probing depth becomex S1-S3 to diminish relative taS4 [3].
shorter, and the measured intensity variations provide The intensity ratios for thes’1-S4 components to the
information about the depth distribution. Our results will bulk component are shown in Fig. 2 as a function of the
show that the abrupt-interface model mentioned aboveyolar emission angle. As the polar angle increases, all of
augmented by a simple concept of statistical cross-linkinghe four ratios increase, but generally at different rates.
at the interface, provides a quantitative description of th&Vhile the increases fa§1 and S2 are similar,S3 shows
Si(111)/Si0, system. An explanation will be offered in a greater rate of increase, afid shows an even greater
regard to earlier photoemission measurements that arrivedte. This largest rate of increase ft is understandable
at a different conclusion. becauseS4 corresponds to Si in the Sjdilm, which is
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To explain the results shown in Fig. 2, we will now com-
pute the expected intensity variations based on the abrupt-
interface model. Figure 3(a) is a side view aldrig?2]
of the Si(111) lattice, which consists of bilayers. Fig-
ures 3(b) and 3(c) show all of the possible local bonding
configurations for a terminating Si atom at the interface. In
each of the six cases, the four nearest neighbors of a ter-
minating Si atom are shown. Again, we assume that the
interface is formed by joining all of the dangling bonds of
a bulk truncated Si(111) to SiQand the dashed lines in
Fig. 3 indicate the interface plane. Below this interface
plane is pure Si, and there are two ways of terminating
the Si(111) lattice: (1) intrabilayer termination as shown
in Fig. 3(b), in which each top Si atom has one back bond
and three dangling bonds protruding to the other side of
the interface, and (2) interbilayer termination as shown in
Fig. 3(c), in which each top Si atom has three back bonds
and one dangling bond protruding to the other side of the
interface. As the oxidation of the Si lattice proceeds layer
6 5 4 3 2 1 0 - -2 by layer, the termination of the Si lattice alternates between
these two cases [11]. Since thermal oxidation is a rela-
tively local and random process resulting in uncorrelated
FIG. 1. Si2p core-level spectra taken from($11)/SiO, for oxidation at different parts of the surface, the two termina-
two different polar emission angles’ @nd 50. The circles tions are equally probable by statistics.

are data points and the curves are fits. Also shown is the Above the interface plane in Figs. 3(b) and 3(c) is
decomposition of the spectra into five components (bulk and.. d its d i bond linked h
S1-S4). The photon energy used was 140 eV. The kinetico/2; @nd its dangling bonds are cross-linked to the

energy of the2ps,, peak of the bulk component is 35.7 eV;
the corresponding kinetic energy for each successive oxidation

state is lower by about 0.9 eV. (a) Si Lattice Viewed along [113]

Photoemission Intensity (arb. units)

Relative Binding Energy (eV)

[111]

closest to the surface. The differences betw§énrand
§1/S2 suggests that the depth distribution for*'Siis
significantly different from that for $i and St*. At
first sight, one might be tempted to interpret this result as
a sign of a nonabrupt, graded interface, but this is actually
not so as we will discuss below.

1.75
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1.25 p = 4/27 6/27 3/27 1/54
£
;ﬁ; 1.00 (c) Inter—Bilayer Termination
§0-75 siog ¢ sf o si
"~ 050) o ® o
0.25_ p = 1/3 1/6
0.00 FIG.3. (a) A model of the Si(111) lattice viewed from

the side along112]. (b) All of the possible local bonding
9 configurations for a Si atom terminated within a bilayer
(intrabilayer termination). The probabilitiesy) for the four
FIG. 2. Intensity ratios between th#l—-S4 components and configurations are shown. (c) All of the possible local bonding
the bulk component as a function of the polar emission angleconfigurations for a Si atom terminated in-between bilayers
The symbols represent data points, and the curves are fi(snterbilayer termination). The probabilitielp) for the two
to the data. configurations are shown.
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dangling bonds of the Si substrate. Both Si and O can — e exr(— r >

be the terminating species of SiO Since the film is " ) Acosg /)’

amorphous, there should pe statistically_ twipe the nur_nber nsi% + 25—7 exp(m)] T

of oxygen atoms than Si atoms terminating the SiO Iz = I - m ,
Each terminating oxygen atom will have one dangling eXF(Acosqb

bond, and each terminating Si could have up to threevhere ns. = 2.28 X 10> cm 3 is the concentration of
dangling bonds. However, the oxidation occurs at highSi in SiQ,, andng; = 7.83 X 10 cm2 is the number
temperatures, and a local minimization of free energyof Si atoms in an atomic layer. All physical quantities are
makes multiple dangling bonds on a terminating Si veryknown exceptV,, T, and A, for which we only know the
unlikely [12]. Thus, our model is for single dangling values to within about-20%.
bonds from both Si and O, with d:2 population Using the nominal values of,, 7, and A mentioned
ratio between the two kinds. Taking into account theabove, these equations yield results in fairly good agree-
symmetry-equivalent degeneracies, the probabpitjor ~ ment with the experiment. The curves shown in Fig. 2
each of the configurations shown in Figs. 3(b) and 3(care, however, obtained by a least squares fitting proce-
can be calculated, and the results are indicated in thdure withVy, T, and A treated as fitting parameters. The
figure [13]. Note that each Si atom just above thefinal values from the fit aréd/, = 153 eV, T = 4.2 A,
interface plane has three other bonds connected to oxygemd A = 4.4 A, which are all well within the expected
atoms in the Si@ film (not shown). A straightforward ranges for these quantities. It is important to note that the
counting of the oxygen neighbors yields the assignment®ur curves in Fig. 2 represent intensity ratios involving
of oxidation numbers as shown in Fig. 3. It is interestingno arbitrary scale factors. The good agreement means that
to observe that S and St* are confined to the atomic the relative abundances of the different suboxide species
layer just below the interface boundary, while*'Si are very well described by the model; this is satisfying
can be on either side of this boundary. This explainsbecause the argument used in our model is entirely statis-
qualitatively why the behavior of3 in Fig. 2 is different  tical. The rates of increase as a functiondafor the dif-
from that of S1 andS2. ferent oxidation numbers are also very well reproduced by
The calculation of the intensities involves the probabili-the model. In particular, the faster increasesdfrelative
ties mentioned above and an exponential weighting factaio S1 and S2 can be related to the two-layer distribution
exd —D/(Acose¢)], whereD is the thickness of the mate- of Si** mentioned above.
rial above the emitting species,is the electron mean free It is quite remarkable that such a simple model de-
path (5 A; this may be slightly different between Si and scribes the experimental results well for a system that ap-
SiO,, but this difference is ignored), andl is the polar pears complicated in many ways and has defied numerous
angle of emission within the crystal. Because of surfaceattempts for a quantitative analysis. On the other hand,
refraction, the internal angle and the external angleé  this model is very reasonable based on our general under-
are not the same, and are related by [14] standing of surface chemistry. An important remaining
guestion is why some previous photoemission studies ar-
Ey : rived at a conclusion of a nonabrupt interface. Part of
—— sing, . S
Er +Vy the discrepancy may be semantic in nature, but there are
two fundamental issues that make a significant difference:
1) In joining Si to SiQ to form an interface, the dan-
ling bonds from Si can join both Si and O on the side of

sing =

where V; is the inner potentia(~15 eV), and E; is the
kinetic energy of the photoelectron in vacuum. The abov

model yiquis an attenuation factor G_EXIJ/(A COS‘?’” for the SiQ. Some previous studies assumed that only the O
each atomic layer, where= 1.57 A is the atomic layer atoms in SiQ are available for bonding. A consequence

thickness illustrated in Fig. 3(a). Thus, the attenuation fof¢ iis constraint is that no &i is present at the abrupt in-

the layer of atoms just below the interface plane inVOIVesterface (see Fig. 3), and the presence 8f Sis observed
a distanceD = T, where T(~5 A) is the thickness by experiment was taken to be evidence for a graded, ex-
of the oxide layer, whileD =T — ¢ for the layer (.)f .tended suboxide SiOregion. This assumption is unjus-
fified and leads to incorrect relative abundances for the
Quboxide species. (2) In previous studies, the depth in-
formation was often inferred from a dependence of the
[ F{ T —t )} photoelectron mean free path on the photoelectron kinetic
Inw = ngv| 1 — expg — ACOS¢ ,

A COS¢ energy, which was varied by changing the exciting pho-

straightforward, and the resulting equations, apart from al
overall proportional constant, are

ton energy. However, this type of measurement relying
4 2 t T Lo
I+ = nsi| == + — ex exp — , on the energy dependence can be significantly affected by
271 3 Acosé A cosg photoelectron diffraction effects. Even for an amorphous
T layer, near edge and extended fine structure modulations
Acosep )’ can be important [15]. In contrast, the present experiment

I, = nSig ex
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