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Abstract

The difference between the K-edges XANES (X-ray Absorption Near Edge
Structure) spectra of crystal and amorphous silicon is discussed. We show
that the multiple scattering signal gives a large contribution to the total
absorption in crystalline silicon in an energy range of about 70eV. The
double scattering term probing the triplet distribution function gives the
major contribution to the XANES. We show that the difference between the
crystalline and amorphous absorption spectra is due mainly to the crystalline
multiple scattering signal which is quenched in the amorphous spectrum. The
suppression of the signal due to the triplet distribution function in the
amorphous silicon is assigned to the large orientational disorder.

1. Introduction

In amorphous materials two different kind of disorder can be
identified: first, the disorder in interatomic distances which is
probed by the pair distribution function; second, the disorder
in bond angles which is probed by the higher order distri-
bution functions. X-ray absorption spectroscopy can provide
information on both types of order in condensed systems by
switching the focus of data analysis from the EXAFS part
(extended X-ray absorption fine structure) [1, 2] to the
XANES part (X-ray absorption near edge fine structure)
[3-8] of the absorption spectrum. In fact, EXAFS gives infor-
mation about interatomic distances and coordination num-
bers and XANES provides information on bond angles [5]
and the triplet distribution function can be extracted in some
cases [7].

For crystals it has been demonstrated that the description
of the optical transitions in terms of the classical Fermi
golden rule in the k-space is equivalent to the multiple scatter-
ing description in the real space in a small cluster around the
photoabsorbing atom [9, 10]. In this way there is an exact
correspondence between band theory description of the elec-
tron states and multiple scattering formalism. The size of the
cluster considered in a multiple scattering calculation is deter-
mined by the inelastic mean free path of the photoelectron and
the core hole lifetime [11]. The advantage of the multiple
scattering (MS) approach is that it can be extended to materials
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where there is not long range order and therefore information
on local structure can be determined.

In a recent paper [11] we showed how the multiple scatter-
ing signal can be extracted from an experimental spectrum
and that multiple scattering effects can explain the main
structures of the absorption spectra of crystal silicon in the
first 70eV beyond the K-threshold. In some other recent
papers [12, 13] the energy range of multiple scattering has
been subject of discussion. Infact the case of copper K-edge
{13] exhibits weak multiple scattering effects. It was suggested
that in the case of open structures, with no atoms in collinear
configuration, multiple scattering is negligible. We have
focused our attention on the silicon crystal where in the local
structure (in a cluster of 99 atoms) there are no atoms in
collinear configuration and where the EXAFS spectrum can
be calculated ab initio {11]. This work shows that the dif-
ference between the XANES spectra of crystalline and
amorphous silicon is mainly due to the suppression of the
peaks due to the triplet distribution function. Orientational
disorder in bond angles of amorphous silicon can explain the
suppression of this relevant multiple scattering signal.

2. Experimental

The K-edge absorption spectra of crystalline and amorphous
silicon have been determined by measuring the intensity
of the KLL Auger emission as a function of the photon
energy. The measurements were performed using the Jumbo
monochromator at the Stanford Synchrotron Radiation
Laboratory.

The signal was normalized to the incident flux, /y, and the
intensity of the Auger emission was measured with a double
pass cylindrical mirror analyzer which was set at the silicon
KLL Auger peak at 1610eV. The data were collected in
constant final state mode as the photon energy was swept
across the absorption edge.

The amorphous silicon sample was prepared in an ultra-
high vacuum chamber (p < 107"torr) by depositing
>200A of silicon by electron beam evaporation onto a
germanium substrate which was held at room temperature
throughout the evaporation.
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Fig. 1. X-ray absorption spectra of crystalline and amorphous silicon deter-
mined by measuring the intensity of the KLL Auger emission as a function
of the photon energy. The upper curve shows the difference spectrum
(% — o) X 2 between the two absorption spectra.

3. Results and discussion

In Fig. 1 the X-ray absorption spectra of crystal and amorph-
ous silicon are reported.

We first consider the case of the K-edge of crystal silicon.
A good fitting of the EXAFS oscillations from 50 to 450eV
above the absorption threshold (E; &~ 1839¢V) has been
obtained using the exact spherical wave EXAFS analysis
[11, 14] and the spherical wave approximation (SWA) {10, 11,
15]. The best agreement with the experimental spectrum
[16] xexp(k) = [a(k) T ag(k) — ag(k)}/x(k) has been obtained
including seven shells around the absorbing atom. In both
calculations we have used the same physical parameters
/g(E) and o°(R;). The mean free path damping factor
exp (— 2R, /), where R, is the distance of the i-th shell, has
been evaluated starting from photoemission measurements
considering also the finite core hole lifetime [11, 17]. The
Debye-Waller relative terms ¢?(R;) have been evaluated
starting from a calculation of Walker and Keating [18, 19].
The EXAFS calcuiation shows that the first three shells give
the major contribution to the spectrum.

The data analysis of the XANES spectra is based on the
recent demonstration that in many cases the absorption coef-
ficient can be expanded in the following form [6-8, 10, 11, 15]:

a(k) = ao(k)[l + ixn(k)] 0

n=2

Here a,(k) is the structureless absorption coefficient of a
central photoabsorbing atom and y, (k) represents the contri-
bution arising from all MS pathways p, beginning and ending
at the central atom and involving n — 1 neighboring atoms.
The y,(k) term defined in the eq. 1 is determined by single
scattering and it is called the EXAFS signal; generally it is the
dominant term above wave vector values k > 4A~'. The
13 (k) term is the double scattering signal arising from all the
triangular paths with on a vertex the central atom. The general
mathematical expression from y,(k) is given by {10, 15]:
) = ¥ Ak, p,) sin (kRp, + ¢k, p,) +20) ()

Pn

where the dependence of the amplitude and phase function 4/
and ¢’ on the particular path has been indicated symbolically

“*u7

SIGNAL

k(a™Y)

Fig. 2. Experimental y.,,(k) (upper curve) compared with: the caiculated
12{k) spectrum (dot-dashed curve); the difference spectrum
Xms(K) = Xep(k) — xa(k) (central solid curve); a theoretical calculation of
the y;(k) contribution performed taking into account the most important
pathways of double scattering (lower curve). It is a remarkable result to
verify that the A, B, C peaks arise mainly from the multiple scattering
contribution.

by p, and &7 is the central atom /-th phase shift. General
expressions for calculating the quantities 4 and ¢/, in terms
of the atomic phase shifts and the geometry of the path p, are
provided by the MS theory.

Due to the general structure of the y)(k) quantities, the
amplitudes A4)’s decrease with increasing order n, so that
usually ¥, (k) is the dominant term in the whole energy range
where the series converges. Hence an analysis of the MS
contribution beyond the first term is possible if the yi(k)
contribution is subtracted from the experimental signal:

Xep(k) = [(k) — (k)] (K) ©))

provided a good estimate for o, (k) is used.

The key point however is to determine in which energy
range the MS series in eq. (1) converges for the actual system
under investigation. The theoretical condition for convergence
is that the spectral radius of the MS matrix ¢(T,G) [8, 10] is
less than 1. The energy range where there is no convergence
can be very small like in tetrahedral clusters [8] and generally
it is reduced by finite core hole lifetime, damping of the
photoelectron in the final state, limited experimental resol-
ution and thermal and configurational disorder when present.
Hence it is a reasonable ansatz to assume that for silicon the
MS series converges right from the edge and that the spectra
can be analyzed on the basis of the eq. (1).

The multiple scattering signal is defined as yys(k) =
T2 1. (k) and it can be obtained experimentally by subtrac-
tion of a yx,(k) spherical waves calculation from the experi-
mental oscillatory part of an absorption spectrum y,,(k);
therefore yus(k) = Xep(k) — 12(k). Following this subtrac-
tion procedure over the full experimental energy range from
about SeV above the threshold we found {11, 15] a strong
signal in the first 70 eV above the absorption K-edge of silicon
which is not possible to explain within the frame of the single
scattering formalism. The resulit of the subtraction is plotted
in Fig. 2 (central solid curve). The resulting ., (k) is also
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shown in Fig. 2 and it is compared with an EXAFS calcu-
lation which has been performed by using the SWA formal-
ism (dot-dashed curve). Looking at Fig. 2 it is clear that the
A, B, C peaks arise mainly from multiple scattering effects.

Since the first higher order term in the MS series is the
¥3(k) term we have performed a caiculation of the contri-
butions arising from the double scattering paths involving
two neighbour atoms within the first three shells. The result-
ing x;(k) curve is shown in Fig. 2 (lower curve). We have
taken into account mean free path damping effects. There are
756 paths-of double scattering within the first three shells and
it is possible to sort them out in 41 groups according to total
length and scattering angles relative to the central atom. The
groups with low path degeneracy are generally negligible
since they give only a weak signal. Moreover we can neglect
the contribution due to the groups with a very long total
length (the perimeter of the triangle) since the mean: free
path term suppresses their contribution to the spectrum in
the energy range beyond 15eV above the edge, as we have
verified.

The main contribution to the y; signal is due to the
36 double scattering paths with the shortest total length
(R = 8.54A). These 36 paths can be divided into two
groups differing in the angles between the outgoing and
incoming paths directed at the photoabsorbing vertex. The
first of these two groups comprises 12 paths contained within
the first neighbour shell (3S1-type paths) but its contribution
to the absorption spectrum is very weak. The second group
comprises 24 paths (3S2-type paths) involving the atoms of
the second shell and gives the main contribution to the total
13 signal. We have verified that in the XANES region the
contribution of one 3S2-type path is 6 times greater than the
signal due to one 3S1-type path. This is due to the angular
dependence of the scattering amplitude of MS paths.

The calculated g, is close to the experimental oscillation
Xums as shown in Fig. 2. The differences between yys and the
theoretical x; which become more important at low energy
can be assigned to higher orders (n > 3) of multiple scatter-
ing contribution.

The final result is that in the first 70eV of the K-edge
absorption spectrum of crystal silicon the multiple scattering
contribution is important and the double scattering signal
due to the shortest triangular paths can be recognized in the
experimental spectrum.

The comparison of Si K-edge spectra of amorphous and
crystalline silicon is illuminating for the comprehension of Si
spectrum in the amorphous phase. The difference spectrum
% — O,y is Teported in Fig. 1 (upper curve).

In the absorption spectra of amorphous silicon we expect
a x, contribution due to the first coordination shell similar to
that one found in the crystal silicon ones. On the contrary the
second shell x, signal can be described through a modified
Debye-Waller expression composed of two terms [20]: the
thermal disorder term ¢} and the configurational disorder
term o¢. The signals due to further shells are almost totally
suppressed by structural disorder.

However a reliable evaluation of the contribution to an
absorption spectrum due to the other coordination shells in
amorphous materials is generally difficult to obtain because:
(a) The presence of order at certain distances depends on the
growth of the sample. (b) Generally a simple Debye-Waller
term cannot describe the distribution of distances in a dis-
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Fig. 3. Modulating part of the difference spectrum a (k) — a,,(k) (solid
curve) in comparison with the crystalline [xys (k). spectrum (s, dashed
curve) and the sum of this multiple scattering signal with the single scattering
residual {{x;(k)., — Dt2(k)l.n, }(dot-dashed curve, yys + Xons). We observe a
perfect agreement of the last curve with the solid one. This fact confirms the
presence of a quenching effect of the multiple scattering signal in the amorph-
ous phase.

ordered system because the distribution function g(R) can be
asymmetric around the broad peaks due to the coordination
shells.

Therefore in order to obtain a reliable approximation of
the contribution of the distant shell we need knowledge of the
distribution function, i.e. precise structural information.

In any case a good fit of the amorphous Si K-edge spec-
trum has been obtained over the energy range above about
20eV beyond threshold by a y, term with only two shells
around the photoabsorber [21] (the Debye-Waller term rela-
tive to the second shell is considerably greater, o2, & 0.08 A2,
than the one used for the crystalline silicon: 62, &~ 0.0073 A
[11]). Therefore it is reasonable to conclude that the contri-
bution due to the distant shells and multiple scattering effects
are almost negligible as long as we look at the energy region
above 20eV beyond the K-edge.

The difference between the crystal and the amorphous
silicon spectra can be explained, assuming that the atomic
absorption a, is the same in the two phases, by using the series
expansion of the absorption coefficient:

Oak) — 2n(®) = a1 + [ + DO}
— %1 + [0 + s ®)lam )
= a®{®k — D@
+ Cws e = Dws(o)lam
therefore:
[t (k) = B BNtok) = Dtras®er + {000 — Do (Y}
— Dt ()l %)

- In Fig. 3 we have reported the modulating part of
[ — %am}/a, (s0lid curve). In this way we can directly com-
pare this curve with the right hand side (r.h.s) of eq. (4), which
is composed of three terms: the MS contribution to the crys-
talline absorption spectrum, the single scattering residual
Xes(k) = [22(K))e — [%2(k)].n and the MS contribution to
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the amorphous absorption spectrum. The leading term in the
XANES energy region is the first and in Fig. 3 we report the
[itms (k)] (dashed curve) which is close to [, — a,,]/% in the
first 45eV above the edge (k < 3.5A~'). The second term
becomes more important in an intermediate energy region
(3-6 A='). In fact. the amorphous spectrum contains [}, (k)]
contributions due to the second shell only in the XANES part
of the spectrum because the large Debye-Waller factors
quenches this signal rapidly with the increasing energy;
therefore in the subtraction we can find these contributions
only in an intermediate region of wave vector values. The
contribution due to distant shells has been considered in the
calculation of the [x,(k)], but the signal is weak also in the
XANES region in comparison with the MS contribution. In
Fig. 3 the sum of the first two terms {{yms(K)lee + Xares(K)} Of
the eq. (4) has been reported (dot-dashed curve). There is a
very good agreement with the experimental solid curve: the
single scattering residual provides the explanation for the
presence of the D peak in the [0, — &,,]/% curve and the
reduction of amplitude observed in the difference spectrum in
comparison with the yys spectrum is due to the second and
further shells contribution in the crystalline spectrum. The
final step is the subtraction of the [yys(k)l., in order to test
eq. (4) and to obtain the best agreement with the solid curve.

It is well known that the standard deviation in the bond
angle distribution of amorphous silicon from tetrahedral
coordination is about 10° [35, 36]. This disorder in bond
angles suppress the yus(k).. signal coming from the atoms
beyond the first shell. The subtraction of the double scatter-
ing contribution of the amorphous absorption spectrum in
the r.h.s of eq. (4) can be important only for refining the
agreement with the solid experimental curve in the wave
vector range k < 2A~'. In the major part of the spectrum
[tms (K)l.m can be considered almost negligible, as it is also
suggested by preliminary calculations of this signal. However
this analysis cannot indicate the actual intensity of the MS
contribution in the amorphous absorption spectrum because
this very low signal can be hidden by the experimental noise.

4. Conclusions

This analysis has shown that the main features of the
[# — %ml/o spectrum in the XANES energy region are due
to multiple scattering effects.

The strong MS signal found in the crystalline absorption
spectrum is almost suppressed in the amorphous one. The
orientational disorder of bond angles is responsible of this
quenching effect in the transition from the crystalline to the
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amorphous phase. In fact the amplitude of the MS signal
depends on the existence of a large number of equal muitiple
scattering paths but in a disordered structure we have to
consider an average value of the MS contribution over a
broad distribution of MS path lengths. In this way the ampli-
tude of the MS signal can provide a key for estimating the
level of disorder of an amorphous system.
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