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Abstract The x-ray absorption near-edge structures from the Si 2p edge have been measured 
at high resolution, and compaTed.to a theoretical calculation using a cluster multiple-scattering 
model. The absorption features near threshold are shown to be sensitive to the degree of short- 
range crystalline order. over a range of up to 40 A. The real-space scattering cluster calculation 
establishes the connection W e e n  the short-range order, as reflected in cluster size or final-state 
electron damping, and the line-widths of sharp absorption features near the 2p edge. Results are 
shown for amorphous and crystalline Si, and silicon oxides in the form of quartz, obsidian, and 
thin films on single-crystal Si subsmtes. 

1.  introduction^ 

X-ray absorption fine structure (XAFS) spectroscopy is ideally suited to the exploration of the 
onset of crystalline ordering in amorphous materials since it is a local structural probe and 
it requires neither translational nor orientational order in the sample, unlike most diffraction 
probes. Extended x-ray absorption fine structure (EXAFS) measures oscillations in x-ray 
absorption cross-section beginning z 50 eV above the absorption edge, which are used 
to measure the interatomic distances between the absorbing atom and its near neighbours. 
Usually EXAFS are recorded near deep core levels since core level energy separations must 
be large enough to allow measurements over an extended energy range. For example, Si 
1s EXAFS has been used to determine the nearest neighbour Si-0 and Si-Si bond distances 
in amorphous SiO, compounds [ I ] .  However;because of the relatively short core-hole 
lifetime of deep core levels, the information available in EXAFS experiments is limited to 
radial distances including only the first two, or three nearest neighbours of an absorbing 
atom. 

On the other hand, spectroscopy of the near-edge region in the range 0-50 eV from an 
absorption edge is usually regarded as a probe of electronic structure., Since the variation 
in the atomic cross-section is a smooth function of x-ray energy, the x-ray absorption near- 
edge structure (XANES) spect” primarily reflects the local density-of-states (LDOS) of the 
unoccupied orbitals near the absorbing atom, modified to account for the dipole operator 
Selection rules. The close connection between XANES and band-structure of a crystalline 
material is well known [Z]. 

An equally valid theoretical description of the origin of XANES can be based on a local 
electron scattering theory in a finite cluster of atoms [3,4]. Because of the finite electron 

7 Current address: IBM Research Division, Almaden Research Center. 650 Harry Road, San Jose, CA 95120.6099, 
USA. 
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mean free path, the cluster model calculation is guaranteed to converge for a sufficiently 
large cluster, for which the results should be identical to that of a band-structure type 
calculation for an infinite crystal 121. The description of XANES in terms of a real-space 
cluster model suggests that near-edge spectroscopy may also be used for structural studies, 
and in fact it may have some advantages over EXAFS. For example, XANES spectra may 
be collected for shallow core level excitations, for which the core-hole can have a longer 
lifetime than for deeper core levels. This implies that, in principle, XANES may be sensitive 
to crystal structure on length scales longer than those of EXAFS, and XANES might be useful 
in the study of order in semi-crystalline systems. 

We have studied the XANES spectra above the Si 2p edge in ordered and disordered 
silicon and silicon oxide samples, both experimentally and (for the Si case) with a cluster 
multiple-scattering theory. The experimental measurements were done with sufficient energy 
resolution to identify changes in the XANES as the degree of crystalline order in the samples 
was changed. The line-widths of narrow XANES features, particularly in the oxide samples, 
were found to be particularly sensitive to disorder over length scales of several nanometers. 
Using the cluster multiple-scattering model, three sources of line-width broadening were 
found to be necessary to explain the experimental results. These included the intrinsic core- 
level lifetime, the final-state electron lifetime due to inelastic scattering, and a structural 
coherence length representing the degree of short-range order in the samples. 

The calculations were performed using the cluster method developed by Durham, Pendry 
&d Hodges [3] and Vvedensky, Saldin and Pendry (ICXANES) [4]: this is a full multiple- 
scattering technique, in which a nearly spherical cluster of atoms is divided into concentric 
shells containing atoms at nearly the same radius from the emitting atom at the centre. 
The XANES spectrum is found by evaluating the amplitude of the wavefunction that is 
reflected by the cluster back to the origin. A modification of the theory to calculate the 
transmitted amplitudes has been used to compute angle-resolved photoelectron and Auger 
electron diffraction patterns [5].  

Experimental measurements were done using an x-ray photoemission electron 
microscope (XPEEM), which acts as a secondary-electron yield detector 161. Use of the 
XPEEM for x-ray absorption measurements resulted in an improvement in energy resolution 
of about a factor of two over total electron yield techniques, because the imaging function 
of the XFEEM acted as a virtual monochromator exit slit of very small size. This enhanced 
energy resolution was useful in the studies of the narrow core-exciton lines of silicon-oxides. 

The contribution of the corehole lifetime to the line-width of sharp features in XANES 
can be very small. For example, recent high-resolution XANES of the 2p core-levels in 
transition-metal oxides show peaks as narrow as a few tenths of an eV [71. The number 
and relative intensity of these peaks has been adequately described by an atomic model 
with crystal-field splitting [SI. The corehole lifetime contribution to the Si Zp XANES is 
also small, but an atomic theoretical approach does not appear promising, since the electron 
final-states are more delocalized in Si than in the transition metal oxide systems. 

The intrinsic core-hole lifetime is not the only important contribution to the line-width 
measured in the Si XANES spectrum, however. The finite range of the electron, which is 
caused by inelastic scattering, finite size of the atomic cluster, or random disorder, also 
contributes in a significant way. While the effects of core-hole lifetime broadening are 
independent of the final-state electron energy, the other contributions to broadening must 
vary with energy. Lifetime broadening can be incorporated into the theoretical model by 
adding a small constant imaginary part to the muffin-tin potential. We extend this model by 
incorporating energy dependent terms in the imaginary part of the innerpotential, to account 
for the electron mean free path and strucoural disorder. 

G R Harp er ai 
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2. Cluster multiple scattering method 

The silicon LU edge has been studied with increasingly sophisticated theoretical models 
since the late 1970s. The first work compared the absorption edge to the calculated total 
density of states (DOS) above the Fermi level [91, showing qualitative agreement between 
experiment and theory. Better agreement with experiment was found by calculation of the 
angular- momentum projected local DOS (p-LOOS) [10,11], since although the DOS at the 
Fermi level has s, p and d character, only transitions to the s and d states are allowed in 
the Lz.,-edge spectrum. Further improvement was found by properly weighting the s and d 
channels with the appropriate energydependent photoemission matrix elements [12,13]. 

This earlier work dealt with the structure within about 5 eV of the absorption edge, 
due to limitations in the band-structure method of computation at high kinetic energy. The 
band-structure methods all use some form of localized atomic orbitals in the basis set for 
the final states, which are not appropriate for calculations far above the Fermi edge. For 
high-energy calculations, a scattering formalism is more efficient, which is the approach 
taken in this work. The Si b . 3  level absorption up to 40 eV above the edge is calculated 
by the multiple-scattering cluster method. In the language of the previous paragraphs, both 
the p-LOOS and the energy-dependent photoemission matrix elements are included. 

The calculations were done using the IC-XANES programs [3,4], substantially modified 
to allow non-s-state initial states. An ideal silicon crystal was modelled hy an atomic 
cluster, with atoms divided into a series of shells of increasing radius (see table 1). The 
largest cluster included 46 silicon atoms surrounding the electron emitter, arranged into four 
shells, including all atoms within 8 A of the emitter. Full intra-shell and inter-shell multiple 
scattering was included. 

Tabte 1. Dimensions of atomic clusters. 

Shell number Number of atoms Radius 

1 4 235 A 
2 12 3.84 A 
3 12 4.50 A 
4a 6 5.43 A 
4b 12 5.92 A 

Scattering of the final-state electron was described by spherical waves in an exact 
Green’s function representation. Atomic scattering phase shifts for angular momenta up to 
lms* = 3 were used for the scattering centred on each atomic nucleus. The shell scattering 
matrices are constructed by projecting the scattered waves at the atom sites in the shells 
onto an angular momentum basis set centred on the origin. This single-centre approximation 
step is computed with angulz momentum terms up to l,, which is made energy dependent, 
to maximize calculation efficiency. A value of I ,  = 1.5kr- was used, up to a maximum 
of 1% = 31, where rmar is the radius of the outermost atomic shell. 

The atomic phase shifts and the silicon matrix elements were calculated with a muffin- 
tin potential model, using the Mattheis prescription [14]. The value of the muffin-tin zero 
(Vo) was treated as a fitting parameter, and best agreement with experiment was found 
with Vo = -13.3 eV. Slater’s Xa approximation was used for the exchang-orrelation 
potential, with (Y = 0.7275. The potential for the absorbing atom was chosen for neutral Si, 
as it was found that using an ionized or partially ionized atom, or using an aluminum atom 
emitter (Z + 1 approximation) had no significant effect on the results. The L2.3 spin-orbit 

~ 

~ ~ 
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splitting was incorporated using an energy separation of 0.61 eV and intensity ratio of 0.7, 
determined empirically 11.51. 

Both the core-hole lifetime and final-state electron lifetime contribute to electron 
damping, which broadens the features in the xANEs spectrum. The finite energy bandwidth 
of the core-hole (AE,)  is incorporated in the calculation by adding a constant imaginary 
component to the inner potential Vo, so that VO = V, + iVj, where Vi = $A&. The 
electron damping then takes the form of an exponential damping factor e-q‘, where p is 
the imaginary component of the electron wavevector, given by 

G R Harp et a1 

which results from Schrddinger’s equation for complex energy and wavevector. Here, 
E = E - Er is the electron kinetic energy, €0 is one Hartree, and 00 is one Bohr radius. 

For deep inner-shell core-levels. in which the core-hole lifetime leads to an energy 
broadening of the order of 1 eV, this broadening dominates over the electron lifetime effects, 
which can be therefore ignored in the near-edge region. For soft x-ray spectra, however, 
the core-hole lifetime broadening is very small (of the order of a few tenths of an eV). 
Good agreement between theory and experiment could not be obtained for the silicon L- 
edge without correcting for the additional damping due to the finite electron mean free path. 
Therefore, as is done for EXAFS calculations [16], we have introduced an energy dependent 
component of the imaginary potential, Vine[. to account for the effects of inelastic electron 
scattering [17]. This potential is related to the inelastic mean free path damping factor 
qinel = 1 / 2 A ~ p ,  which is calculated from the empirical formula of Seah and Dench [181: 

1 
where d is the atomic diameter in angstroms, and E is the energy in eV. 

The total damping due to core-hole and final-state effects is then calculated from 
equation (1) using a potential that is the sum (vi, = V, + V,) of the core-hole broadening 
(V, = 0.2 eV) and the electron damping found from 1171: 

v e  = 9 i ” e i a o d G  (3) 

The resulting effective electron mean free path is shown in figure I. 
The effective electron mean free path shows a maximum about 5 eV above threshold of 

about 15 A, where it is dominated by the small core-hole lifetime. In contrast, a deep core- 
hole lifetime of 1 eV would produce a maximum of only 6 A. The longer electron mean free 
path for the shallow 2p core-hole means that a larger cluster size is necessary to correctly 
model the sharp structure near threshold. Also, since the mean free path near threshold is 
largely determined by the narrow core-hole linewidth, the measured or calculated linewidth 
can in tum be related to structural disorder over length scales set by the mean free path. 

3. Experimental methods 

The XANES measurements were made in an x-ray secondary electron photoemission 
microscope [6,19,20] at the Synchrotron Radiation Center (Wisconsin, USA) using 
monochromatic x-rays from 3M and 6M toroidal grating monochromators. The detected 
signal is composed of low energy electrons (secondaries) with a transmission function 
proportional to 1/E [6]. The secondary electron yield intensity I (ho )  is related to 
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the photoabsorption coefficient~~by the relation Z ( f i o )  = fio x pL(fio) [21]. The 
microscope permits simultaneous observation of surface mor$ology during. spectroscopic 
measurements. Typically, an area of IO micron diameter is isolated in the microscope image 
and the signal from this region is integrated for the XANE spectrum. 

The silicon samples were 1 cm2 pieces cleaved from device quality (100) oriented 
wafers (Monsanto). Under ultra-high vacuum, the samples were annealed to 500°C to 
remove adsorbed water and organic contamination, but to retain the 15 A thick native oxide 
for XANES measurements [15,22,23]. A clean crystalline Si surface is prepared by further 
annealing the sample to about 1000°C. The base pressure in the microscope column was 
2 x Torr. During heating of the silicon wafers the pressure was maintained below 
1 x Torr except during the short period when the native Si02 layer desorbs, at which 
time the pressure rose briefly to 1 x IO-* TOR. 

Sample surface composition of the singlecrystal silicon samples was checked 
in additional experiments using identical preparation techniques, and analysis by x- 
ray photoelectron spectroscopy, Auger electron spectroscopy, and low-energy electron 
diffraction. These measurments verified the thickness of the native oxide, and showed that 
no measureable amount of carbon (or other surface species) was present after the 500°C 
annealing treatment for the majority of samples. Occasional samples showed as much as 
114 monolayer of carbon contamination, which may have been due to variations in sample 
mounting methods. The XANES measurements were therefore repeated on a large number 
of samples to ensure reproducibility. 

Bulk silicon oxide samples were prepared by crushing small amounts of material into a 
powder and pressing the powders into indium foil, to reduce the effects of sample charging. 

4. Comparison of theory and experiment: clean Si 

The results of the XANES multiple-scattering calculation for the Ledge is compared to 
experiment in figure 2. The calculation shows good agreement over the entire energy range, 
from the absorption edge to 50 eV above the edge. Above the absorption edge, there are 
two narrow resonances seen in both experiment and theory, and a broad resonance between 
115 and 135 eV. 

The sharp edge structure at 100 eV in the theory is a direct result of the calculation and 
is not the result of a Fermi-level cut-off. In the vicinity of the Fermi level, the calculation 
reproduces the low density of states in the Si bandgap, and the edge (see figure 2) is due 
to the states at b the conduction band minimum. The calculation correctly reproduces the 
number and energy position of the structures near the absorption edge. There is also good 
agreement between theory and experiment on the energy broadening of structures at higher 
photon energy, caused by the energy-dependent imaginary part of the inner potential (see 
figure I). As discussed above, the, increase in V, with increasing electron energy makes 
the low energy resonances sharper than those at higher energy. 

Previous comparisons of theory and experiment have successfully related many of these 
XANES structures to critical points in the calculated conduction bands. Moving from low 
energy to high, three such structures are (i) the sharp onset of the absorption edge at the AI 
point. (ii) the first maximum near 101 eV from a DOS maximum in the LI band, and (iii) a 
smaller maximum at around 103 eV, from a DOS maximum in the L, band [ 11,241. 

The cluster XANES ~ calculation. is readily decompased into the individual angular 
momentum channels, and this has been done in figure 3. We find that the sharp threshold 
at the Si Lz.3 edge is largely due to transitions to s states, in agreement with earlier 
calculations using band theory by Weng e t ~ p l  [13]. However, in contrast to an earlier 
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Figure 1. Calculated electmn damping factor and Figure 2. Comparison of calculated XANES spectrum 
imaginary polenual including core-hole lifetime and with eaperimens for singlecrystal silicon. The 
final state lifetime effects. theoretical data was convolved with two delta functions 

separated by 0.61 eV to simulate the spin-arbit splitting 
of the experiment 

study by Bianconi er al [LO], we find that there are also substantial d-state contributions 
near threshold, which are responsible for the two sharp resonances at 101 eV and 103 eV. 
The energy dependence of the s and d state contributions near threshold is in agreement 
with band-structure calculations [13], and can also be understood in terms of the occupancy 
of silicon hybridized orbitals. For the ground-state 3s13p33d0 configuration of silicon, we 
expect unoccupied s and p states just above the Fermi level, with d states at higher energy. 
Of course the total spectrum (s plus d) is the result of the interference between these two 
channels, not simply the sum. 

The broad resonance extending from about 115 to 135 eV in both theory and experiment 
is a result of the delayed onset effect 1291 in the atomic absorption cross-section due to the 
centrifugal barrier in the atomic potential (see discussion of figure 4 below). 

The present multiple-scattering calculation agrees as well with experiment as any prior 
work [9,10, 12,131. This shows that the muffin-tin potential scattering approach to the 
calculation of near-edge structure (and equivalently of the unoccupied Dos) can be used 
for semiconductors with directional bonds. At least for the case of silicon, self-consistent 
potentials were not required for good agreement to experiment, in contrast to the expectations 
for other systems with highly directional bonds, such as chemisorbed atoms on surfaces [27]. 
The fact that core-hole corrections to the potential (such as the Z + 1 approximation [28]) 
were not required shows that final-state screening effects are not significant in the Si L-edge 
spectrum. 

There are some variances between theory and experiment, however. One important 
difference is that the theoretical linewidths of structures near threshold are broader than 
those of the experiment. This effect is caused by the finite size of the atomic cluster used 
in the calculation. As shown in figure 1, the atom cluster radius should be 2 15 8, to 
reproduce structure at 6 5 eV above the edge. However, a cluster radius of only 8 8, was 
practical at this time, since the computational time scales as approximately the sixth power 
of the radius. A truncated atomic cluster produces an additional broadening, which can be 
estimated by using the relationship between inner potential and electron damping shown 
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Pigure 3. Decomposition of silicon 2p XANES ' Figure 4. XANES calculations for smdl clusten of 
calculation into s-wave and d-wave emission channels. silicon atoms. The labels refer to the cluster diameter. 
It is seen that the edge srmcture and the first intensity The afomic absorption coefficient.(bare atom) is shown 
maximum haves character, while lhe second maximum at the bottom. 
and the broad higher energy svUc1ures ?e primarily d- 
like in character. 

in equation (3). At 5 eV electron kinetic energy, a cluster radius of 8 8, corresponds to 
an effective imaginary inner-potential value of 1 eV. This.is in agreement with the energy 
broadening observed in the calculation as compared with experiment at the absorption edge, 
which is found to be 1.0 eV. The core-hole and final-state lifetime broadening contnbution 
is only 0.3 eV at this energy, so the additional broadening is due to the finite cluster sue. 

5. Finite cluster-size effects 

The relatively long electron mean free path at the silicon L.3-edge makes~the XANES spectra 
sensitive to the degree of short-range-order in the sample. We have attempted to model the 
effects of disorder in two ways. The first is to theoretically study small silicon molecules, 
which sewe as a model in which perfect short range order is maintained, but the particle 
is embedded in a glassy host. This exercise allows us to use the real-space structure of the 
cluster XANES calculation to associate particular spectral features with specific atoms in the 
cluster. The second technique used was to increase the size of the imaginary inner potential, 
using equation (I) ,  to model an effective coherence length (0 over which short-range order 
is preserved. 

Silicon molecules with bulk silicon bond lengths were constructed in the shell model, 
consisting of from one to four shells. Atom locations and numbers are sh,own in table 1. The 
results of the calculations for all four clusters are shown in comparison to the silicon atomic 
absorption coefficient in figure 4.. There are relatively large changes in the spectral shape 
with cluster size apparent in this figure. Given the changes seen between the 3- and &shell 
cluster (with diameter 9.0 8, and.12.0 8, respectively), it could not be determined from this 
series alone that the results have converged in terms of cluster size, and it is possible that 
a larger cluster would,show some change from that of the largest cluster attempted in this 
work. The principle reason for confidence in the calculation at this stage is the relatively 
good agreement between theory and experiment. 
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6. Electron damping model of disorder 

G R Harp et a1 

Experimentally, disorder was introduced into the silicon surface region by sputtering with 
5 keV argon ions for several minutes. This produces an amorphous silicon layer which 
produces no 1x13 pattern. We show a comparison between theory and experiment for the 
ordered and amorphous surfaces in figure 5. The experimental data has had the spin-orbit 
splitting removed by deconvolution [15,23]. 

The effects of disorder on K-shell EXAFS were incorporated into a path-formalism series 
expansion theory by modifying the Debye-Waller factor to include both a thermal disorder 
and a configurational disorder term [25,26]. This approach is not effective in our exact 
matrix inversion cluster formalism, since the Debye-Waller thermal disorder effects are 
included by modifying the scattering phase shifts. This would require a new set of phase 
shifts to be computed for each modelled degree of disorder. 

Instead, we model structural disorder with the introduction of an additional electron 
damping factor through a new term in the imaginary inner potential. The magnitude of the 
contribution to the inner potential due to structural disorder, V,, can be related to an electron 
coherence length (e = I / q )  through an expression similar to equation (3). The physical 
justification for this approach is that it approximates a situation in which the sample has 
good short range order (over distances comparable to e) ,  but that for distances much longer 
than 6 the atoms in a shell can be considered to be randomly distributed and therefore do 
not contribute to the near-edge peaks. 

The overall effect of both the structural Debye-Waller term [26] and our structural 
coherence length is an exponential damping of the electron wave with distance from the 
emitting atom which limits the size of the cluster that contributes to the XANES 
intensity. The advantage of the structural Debye-Waller factor approach is that it can be 
used to directly relate the displacement of atoms from their mean positions to the structural 
coherence radius, whereas in our method this coherence length is purely empirical. For 
example, a value of the electron coherence length of 6 = 13 A was used in the calculation 
shown in figure 5, which gives reasonable agreement with the experiment. 

The main difference between the experimental data for orderrd and disordered silicon 
surfaces is the absence of sharp spectral features above the absorption edge in the sputtered 
surface. This effect is accurately reproduced with the additional damping factor to model 
a finite electron coherence length. We conclude that the line-width of structures in the Si 
L-edge XANES is the result of contributions from the core-hole lifetime, final-state lifetime 
(inelastic scattering), and structural disorder. 

7. Linewidths in silicon dioxide XANES 

Although we have not yet attempted to apply the full multiple-scattering formalism 
developed for pure Si to the case of silicon oxides, we present here some experimental 
results from oxides that suggest that such a calculation is worth pursuing. 

There are at least eight crystalline forms of Si02 in nature. Usually, the low-temperature 
phases are the most complex. The simplest form of crystalline Si02 is high-temperature 
cristobalite, which has a diamond lattice that can be visualized by taking elemental silicon 
and inserting an oxygen atom into every silicon-silicon bond. NI other forms of crystalline 
silicon dioxide are simply variations of this structure with reduced symmetry. 

Because of multiple-scattering effects, it has been argued [30] that such subtJe structural 
disturbances could generate detectable changes in the XANES spectra, whereas they would 
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Figure 5. Experimental XANES (solid linis) from 
crystalline and amorphous silicon compared with 
XANES calculations (dashed lines) assuming diffaing 
crystalline coherence lengths, .$. as labeled. The 
amorphous silicon was prepared by sputtering a single 
crysml sample for several minutes at rwm remperature. 
In lhe calculation with E = 13 A. the coherence length 
was chosen to give the best agreement with experiment. 
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Figure 6. XANES spectra from several forms of Si&, 
including mineral quartz, fused or glassy quartz, 15 A 
native oxide on SijlOO), mined obsidian, and 50 A 
of amorphous Si& on single crystal silicon. Note that 
all the spectra look quite similar. The samples with 
increased disorder, such as amorphous SiOz~on single- 
crystal silicon, show the same XANES structures. with 
same spectral broadening. 

not be visible in the single-scattering region of the spectrum characterized by the EXAFS 
oscillations. 

We have measured the Si h,s-edge XANES from several forms of SiOz, as shown in 
figure 6. The five samples studied include mineral quartz, fused or glassy quartz, a native- 
oxide film on Si(100). obsidian (a natural glass), and a 50 8, thick amorphous oxide film. 
Note that all spectra show very similar structures. Each is characterized by a sharp core 
exciton feature at 105.8 eV, which appears as a spin-orbit doublet [15,22]. Additional 
resonances are found at 108 eV, 115 eV, and 130 eV. 

Differences between the spectra of the different materials are small. The most evident 
effect is a change in line-widths, particularly at the core-exciton, which can be accounted for 
by an energy dependent spectral broadening of the form discussed above for pure silicon. 
For these silicon oxides, we find that the XANES spectra are identical except for effects due 
to varying amounts of long-range order, and changes due to the small differences in crystal 
structure are not detected. 

These 
include mineral quartz, fused quartz, and the native oxide, which are labeled 3D crystal, 
3D amorphous, and 2D crystal respectively. The sample with the highest degee of long- 
range order (3D crystal, mineral quartz), shows a spin-orbit doublet at the core-exciton with 
a line-width close to the experimental resolution. In comparison, the spectrum from fused 
quartz (3D amorphous) is simply a broadened version of the mineral spectrum. It is well 
known [311 that the structure of fused quartz is not entirely amorphous, but retains short- 
range order with a coherence radius of IS-20 A, which includes the first 5 or 6 atomic 
shells. 

We propose that the line-width of the core-exciton in these silicon oxides is determined in 
part by the degree of short-range order in the sample. The line-width has contributions from 

Three of the oxide spectra are shown on an expanded scale in figure 7. 
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Figure 7. The mineral quanz (30 crystal). fused q u a m  
( 3 ~  amorphous). and native oxide ( 2 ~  crysral). specm 
from figure 6 shown on an expanded scale. Mineral 
quam has nearly perfect three-dimensional crystalline 
order throughout, fused q u a m  is a three-dimensional 
system with a large amount of crystalline disorder. 
and the native oxide is a reduced dimensional syslem 
containing some disorder. Both disorder and crystal 
mncation cause specVal broadening in these XANES 

SF- 

Photon Energy (eV) 
Figure 8. The core exciton smc tms  of figure 7 plotted 
on an expanded scale (solid lines). These spectra are 
(a), mineral quanz, (b), fused quam, (c). native oxide. 
(d). mineral obsidian, and (e). 50 A of amolphous Si02 
on Si(100). Superimposed upon lhese svUc~res are 
Gaussian curves which showed the best fil with the data 
(dashed lines). 

the core-hole and final-state electron lifetimes, as discussed above for silicon. The magnitude 
of these contributions can be determined from the data for crystalline quartz, which has 
a measured linewidth of 0.41 eV. The spectra for fused quartz, native oxide, obsidian, 
and amorphous quartz all show larger hewidths. This additional linewidth broadening is 
attributed to a combination of structural disorder and finite-size effects. 

To model the additional broadening from disorder, we assume that there is a coherence 
length :, which characterizes the mean radius of clusters of atoms with perfect short-range 
order. This coherence length must be modified, in the case of an epitaxial film, to account 
for the finite film thickness. As discussed for the comparison of crystalline and amorphous 
Si, the coherence length can be converted into a line-width contribution using the relation 
Vc = ,f&/(E/o~) (equation (3)), which is the small V, limit of equation (1). Because 
we expect the sample to be composed of an ensemble of clusters with varying degrees of 
short-range order, the contribution from disorder, Vc, is added in quadrature to the imaginary 
potential derived from core-hole and final-state lifetimes. 

The oxide core-exciton lines, with spin-orbit contributions deconvolved, are shown on 
an expanded scale in figure 8. The spectra are plotted in the sequence mineral (crystalline) 
quartz, fused quartz, native oxide film, obsidian, and 50 8, thick amorphous oxide. In this 
order, the exciton line-width is progressively broader, indicating a decrease in the degree 
of short-range order. Note that in the native oxide spectrum there is an additional peak at 
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104.7 eV, which is due to an interfacial oxide state. This interface component has been 
discussed in detail elsewhere [15,22,23]. 

Table 2. Linewdths Si02 wreexciton limewidths and inferred coherence lengths. 

Matenal Measured FrmM Less inst Coherence radius 

Q u m  crystal 0.46 0.41 CO 

Fused quam 0.72 0.69 17 A 
Obsidian 0.82 0.80 13 A 
Native oxide 0.82 0.80 13 A 
Amorphous oxide 0.97 0.95 IO A 

The exciton line-widths are given in table 2, which used an instrumental resolution of 
0.2 eV. The additional broadening due to local disorder is expressed as a coherence radius, 
which IS derived using an intrinsic linewidth taken from the quartz crystal data The value 
of the final-state electron energy in the solid was found to be E = 4.6 eV, which yields the 
correct value of 17 8, for the coherence radius in fused quartz [31]. 

The degree of local disorder In the amorphous oxide film is found to be substantially 
larger than that of bulk fused quartz, as reflected in the reduction of the coherence radius 
from 17 8, to IO 8,. We also find that the coherence radius for the native oxide, at 13 8,. is 
larger than that of the amorphous oxide, and is comparable to the thickness of the film. The 
two-dimensional geometry of the native-oxide is itself a source of line-width broadening. 
Thus, the derived coherence radius of 13 8, is a lower bound on the short-range order in the 
film, since the model assumed a three dimensional infinite solid. Incorporating the effects 
of the restricted geometry in a simple way [23] gives a value of over 20 8, for the coherence 
radius parallel to the surface of the native oxide film. This suggests that the native oxide 
has a degree of local order comparable to fused quartz, and measureably higher order than 
the amorphous oxide. The native-oxide samples studied here were prepared by annealing 
to 500"C, which was found to reduce the linewidth by a small amount [15,23], and which 
we interpret as resulting in an improvement to the short-range order. 

8. Conclusion 

We find that the cluster multiple scattering method using neutral silicon atom muffin-tin 
potentials, when extended to calculate the XANES for an I = 1 orbital, gives good agreement 
to experiment for the case of SI 2p levels both at the edge and up to 50 eV above the 
edge. An accurate explanation of the measured line-widths in the crystalline semiconductor 
requires a complex potential that includes contributions from both the core-hole lifetime 
and electron final-state lifetime, with a value of the imaginary part of the inner potential 
that reaches a saturation value of 4 eV by 60 eV above the edge, but falls to the core-hole 
lifetime value of 0.2 eV near threshold. 

High resolution XANES spectra from a series of oxides show a similar core-exciton 
feature in all cases, which can be identified by a characteristic spin-orbit splitting. After 
removal of instrumental effects and spin-orbit deconvolution, the line-widths of the core- 
exciton are found to vary with the degree of short-mnge order in the samples. A model that 
incorporates a coherence radius can be used to correlate the short-range order in a sample 
with measured XANES line-widths. 

Structural disorder in both elemental silicon and silicon oxides is found to produce 
a broadening of absorption resonances near threshold, which is observable because of 
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the small contribution of core-hole and final-state lifetime broadening at low energy. A 
semi-empirical model based on a structural coherence length was incorporated into the full 
multiple-scattering calculation and was found to qualitatively reproduce measured effects. 
Future theoretical work should include a comparison to calculations using an alternative 
formulation of structural disorder based on Debye-Waller effects [25]. 
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