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In conventional EXAFS (extended x-ray-absorption fine-structure) analyses, reliable structures
are obtained with different values of absorption-edge energy E, for different neighboring atoms. It
is shown in this study that the Ge K-edge EXAFS resulting from the Ge—Ge and Ge—Si bonds in
hydrogenated amorphous Si-Ge alloys can be excellently explained by a unique E, value provided
that a newly developed formula based on the spherical wave functions of photoelectrons is em-
ployed. The E, value is just at the steepest point in the experimental edge-jump curve. With the
conventional formula the adjusted E, values for the Ge—Ge and Ge—Si bonds differ by 7 eV at
maximum, and in addition they deviate by 3 eV at least from the steepest point.

I. INTRODUCTION

EXAFS (extended x-ray-absorption fine-structure) os-
cillations have been analyzed using the curve-fitting
method,! 3 in which the interatomic distances, the num-
ber of atoms, and the Debye-Waller factors for each coor-
dination shell are the fitting parameters. Sometimes the
absorption-edge energy E, is also treated as a fitting pa-
rameter to obtain the best fit. Significant progress in this
method’s accuracy has been achieved with the fine-
adjustment technique based on model compounds
(FABM) ’(echnique.3 In this FABM technique, reliable
estimations of crystal structures for unidentified com-
pounds can be obtained if the same correlation between
the E, and interatomic distance R are obtained from the
unidentified and model compounds.

It should be noted that an optimum E inevitably re-
sults in a different value for each shell in the FABM tech-
nique. It is also noteworthy that the E, value is by no
means an adjusting parameter and must have the same
value for individual bonds.

Model compounds with clearly identified structures are
required to have the same E,-to-R correlation as in the
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case of unidentified compounds. It is difficult, for exam-
ple, to obtain such compounds for a-Si;_, Ge,:H alloys,
in which Si and Ge atoms form a random solid solution
throughout the entire compositional range. Thus the va-
lidity of the FABM technique is extremely limited. This
is why a well-grounded and universal technique for EX-
AFS analysis is required.

The purpose of this report is to show that EXAFS os-
cillation caused by two coordination shells can be ana-
lyzed with the same E value for each bond. In addition,
it is clarified that model compounds are not necessary if a
new formula based on the spherical wave functions of
emitted photoelectrons is employed. An experimental Ge
K-edge EXAFS for a-Si; ¢,Ge, ;5:H has been used for the
present study. In Sec. II computational procedures are
presented. In Sec. III results are given and the E prob-
lem in conventional analyses is discussed.

II. COMPUTATIONAL PROCEDURES

Some formulas based on spherical waves for a single
scattering process have been independently developed.*~°
The K-edge EXAFS X(k) for nonpolarized x rays in a sin-
gle scattering process is described by the following final
expression:®

X(k)=—1Im [ 3 (21 +1)exp(2i8)+i8])sin(8]){I (I + D[k (p;)/p; P+ 1A (p;) /p;—h{V 1 (p)1P} ] , (1)

Jj#0,1

where p; is given by p; =kr;, with k the wave number of
the photoelectrons, and r; the distance of the jth scatter-
ing atom from the absorbing atom. The 8! is the p-wave
phase shift of the photoelectron at absorbing atoms, & is
the phase shift of the /th partial wave at the jth scattering
atoms, and h,(”(pj) is the spherical Hankel function of
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the first kind of order I. If we take only the first term in
the following asymptotic expansion for p— oo,

1_H.l(l—i-l)+

2p ...], (2)
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the / summation in Eq. (1) can be expressed with the
backscattering amplitude f;(m):

X(k)=—Im 3 f;(m)2l +1)
Jj#0

><exp[2i(6(1)—|~krj)]/krj2 . (3)

This asymptotic equation corresponds just to a conven-
tional formula.”8

The experimental EXAFS was fitted with the following
parameters: the Ge—Ge bond length, the Ge—Si bond
length, and the coordination ratio Ng./(Ng.+Nsg;),
where N, and Ng; are the coordination numbers of Ge
and Si atoms around a Ge atom. In the fitting the bond
lengths and coordination ratio were varied by 0.005 A
and 0.05, respectively.

The physical quantities used to calculate Egs. (1) and
(3) were obtained as follows. The phase shifts of the pho-
toelectron at the absorbing atom were taken from the nu-
merical tables given by Teo and Lee’ with Herman and
Skillman wave functions.!® The phase shifts for the
scattering atom (/ =0-12) were calculated with a pro-
gram developed by Pendry!! from core-state wave func-
tions.!® The effect of thermal vibration of scattering
atoms was included in thermal Debye parameter B.% The
B factor at room temperature was estimated at 0.31 and
0.30 A? for Ge and Si atoms, respectively, from the
characteristic Debye temperature for crystals for each
element.!>!3 The effect of inelastic scattering of photo-
electrons was included in a form exp(—2r/A), where r is
the interatomic path length and A is the mean free path.
For the mean free path, the escape depth of crystalline
germanium measured by Gant and Monch!* was used.

FIG. 1. Comparison of theoretical and experimental EXAFS
for a-Sij ¢,Geg 3g:H. The total coordination number around a
Ge atom is assumed to be 4 in (b) and (c). (a) Experimental Ge
K EXAFS. The energy of absorption edge E, is taken at the
steepest point in the edge jump. (b) Theoretical EXAFS calcu-
lated using Eq. (1) for the Ge coordination ratio, 0.4, and the
bond lengths, 2.46 A for Ge—Ge and 2.41 A for Ge—Si. (c)
Theoretical EXAFS calculated using Eq. (1) for the Ge coordi-
nation ratio, 0.4, and the bond lengths, 2.45 A for Ge—Ge and
2.37 A for Ge—Si.

III. RESULTS AND DISCUSSION

A. Analysis based on spherical waves
of photoelectrons

The x-ray-absorption coefficient for a-Siy Geg 35:H
was measured.!® The experimental Ge K-edge EXAFS is
shown by the solid line in Fig. 1. The photoelectron
wave number as the abscissa is converted from the x-ray
energy via an absorption-edge energy of 11.109 keV
defined as the steepest point in the experimental absorp-
tion curve. The X(k) was multiplied by k> to intensify
the amplitude at higher k values. Good fitting with a
theoretical curve was realized at the Ge coordination ra-
tio, 04 and the bond lengths, 2.46 A for Ge—Ge and
2.41 A for Ge—Si as shown by the dash-dotted line in the
figure. As for the phase and period of the EXAFS, the
solid line is in good agreement w1th the dash-dotted line
over a range of k from 4.5 to 12 A

The Ge K-edge EXAFS for a-Si; _, Ge,:H has been an-
alyzed by Minomura et al.'® and Incoccia et al.!” How-
ever, their results, although generally excellent, contain
some ambiguities because of the lack of model com-
pounds.

Incoccia et al. have used the conventional formula and
extracted the backscattering amplitude and the phase
shift for the Ge—Ge and Ge—Si bonds from experiments
on a-Ge:H and a-Sij ¢3Gey o:H. The E, value in that
work was taken at the inflection point at the edge jump.
It was concluded that the Ge—Ge bond length and the
Ge—Si bond length were 2.45 and 2.37 A, respectively,
for x =0.37-0.72.

The Ge—Ge bond lengths in Incoccia’s and the
present authors’ results were very close. However, the
Ge—Si bond lengths differed by 0.04 A. The EXAFS cal-
culated by using Eq. (1) with Incoccia’s results are shown
by the dotted line in Fig. 1. The Ge coordination ratio
was assumed to be 0.4. The dotted line is considerably
different from the solid one for a whole range of the wave
number k. The E, value alone cannot account for this
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FIG. 2. Theoretical EXAFS for two extreme cases: (a) The
Ge atom is surrounded by Ge atoms only (solid line) and (b) the
Ge atom is surrounded by Si atoms only (dashed line). The total
of coordination number around the Ge atom is assumed to be 4.
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discrepancy. Thus, it is unfortunately difficult to explain
the experiment with Incoccia’s results.

The theoretical EXAFS for two extreme cases are
shown in Fig. 2. One is the EXAFS when the absorbing
Ge atom is surrounded only by Ge atoms (solid line).
The other case is obtained when it is surrounded only by
Si atoms (dotted line). The Ge—Ge bond length and the
Ge—Si bond length were set to be 2.46 and 2.41 A, re-
spectively. The phase difference for these two cases in-
creased at a low k value. Because the phase and period of
EXAFS oscillation is sensitive to a slight change of coor-
dinating atom, determination of the coordination ratio
was highly accurate in the a-Si;_, Ge, :H case.

The EXAFS oscillation when the Ge coordination ra-
tio is 0.3 (dotted line), 0.4 (solid line), and 0.5 (dash-
dotted line) is shown in Fig. 3. The Ge—Ge bond length
and the Ge—Si bond length were set to be 2.46 and 2.41
A, respectively. It is clearly easy to distinguish one spec-
trum from another. Thus, the accuracy of the coordina-
tion ratio is within 0.05.

As for the amplitude of the EXAFS, it is hard to say
that good agreement has been attained. The amplitude is
affected by the thermal vibrations of atoms and the in-
elastic scattering of photoelectrons. In the present
analysis, Debye parameters B,g; for crystals at room tem-
perature were employed. Strictly speaking, the B,g;
values for crystals are invalid for amorphous material.
Incoccia et al. have also discussed Debye-Waller factors
o? for the Ge—Ge bond and the Ge—Si bond. It was
concluded in that paper that the o? for both bonds have
almost the same value and do not change with the Ge
concentration. Accordingly, in the case of
a-Si;_,Ge,:H, the B value for crystals is valid unless it is
necessary to determine the absolute coordination num-
ber, Ng. or Ng. Additionally, the effect of the inelastic
scattering of photoelectrons should be the same for the
Ge—Ge bond and the Ge—Si bond. It must be em-
phasized that the fine adjustment of the phase and period
of EXAFS oscillation as employed in the present analysis
can provide accurate short-range structures, except for
the absolute coordination number.
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FIG. 3. Change in EXAFS with a Ge coordination ratio of
(a) 0.3 (dotted line), (b) 0.4 (solid line), and (c) 0.5 (dash-dotted
line).
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FIG. 4. Comparison of thoeoretical EXAFS for Ge—Ge bond
whose bond length is 2.46 A. (a) Calculated using Eq. (1). (b)
Calculated using Eq. (3).

B. E, problem

It has been pointed out that the optimum E; in con-
ventional analyses with or without the use of model com-
pounds have different values for each bond.* The op-
timum E, for Ge—Ge and Ge—Si bonds, which is de-
rived from the analytic property of asymptotic Eq. (3), is
estimated below.

The EXAFS oscillation due to the Ge—Ge bond calcu-
lated by using Eq. (1) is represented by the solid line in
Fig. 4. The dotted line shows the result obtained through
the use of Eq. (3). The Ge—Ge bond length was 2.46 A
in both cases. The EXAFS oscillation for the dotted line
is quite different from that for the solid line, especially at
a low energy. The phase difference in both cases is ~12
eV and ~3 eV at a photoelectron energy of 100 and 500
eV, respectively.

The EXAFS oscillation due to the Ge—Si bond calcu-
lated by using Eq. (1) is represented by the solid line in
Fig. 5. The dotted line shows the same calculated by us-
ing Eq. (3). The Ge—Si bond length was set to be 2.41 A.
The phase difference for these two cases is ~5 eV and
~3 eV at a photoelectron energy of 100 and 500 eV, re-
spectively.

It should be noted that the phase difference in Fig. 4
and Fig. 5 is not constant and increases as the photoelec-
tron energy becomes small. It is because the second term
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FIG. 5. Comparison of theoretical EOXAFS for Ge—Si bond
when the Ge—Si bond length is 2.41 A. (a) Calculated using
Eq. (1). (b) Calculated using Eq. (3).
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of the asymptotic expansion in Eq. (2), I(I +1)/2p, de-
pends on the photoelectron energy and the interatomic
distance. The term /(I +1)/2p cannot be neglected for
photoelectron energy up to 500 eV when the Ge—Ge
bond length is 2.46 A and the Ge—Si bond length is 2.41
A. Asymptotic Eq. (3) is valid for a more distant electron
path: for a Cu—Cu bond whose interatomic distance is
5.11 A, Eq. (3) almost agrees with Eq. (1) down to 100 eV
of the photoelectron energy.®

The absorption coefficient near the Ge K edge for
a-Siy ¢;Geg 35:H is shown in Fig. 6. The arrow A shows
the E, value employed in the present analysis. Arrows B
and C show the optimum E; in Eq. (3) for Ge—Ge and
Ge—Si bonds at the photoelectron energy of 100 eV, re-
spectively. Clearly, the arrows B and C are out of the
edge region. Maximum discrepancy of optimum E for
the Ge—Ge and the Ge—Si bonds are ~7 eV at a photo-
electron energy of 100 eV. Although it has not been
confirmed that the point of steepest change corresponds
to the absorption edge, only one value of energy is al-
lowed to be the absorption edge. Nevertheless, the op-
timum E in Eq. (3) requires an E, for each Ge—Ge and
Ge—Si bond, which contradicts the uniqueness of E.

In curve-fit analyses with Eq. (3), the best fit is realized
with the different values for each bond: Maximum
discrepancy is 22.27 eV for the Mo—S and Mo—Fe
bonds.> However, as pointed out above, the optimum E,
cannot be uniquely defined over a wide range of photo-
electron energy even if only the Ge—Si bond is con-
cerned. So real structures cannot be obtained with Eq.
(3) no matter how the E; value for each bond is opti-
mized.

IV. CONCLUSIONS

The absorption-edge energy E is the most fundamen-
tal quantity in EXAFS analyses because it defines the
wave number of emitted photoelectrons. However, in
conventional analyses, the E, results in different values
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FIG. 6. The absorption coefficient near the Ge K edge for
a-Sij ¢;Geg 33:H The absorption-edge energy E, in the present
analysis is shown by arrow A. Arrows B and C show the op-
timum E, values in Eq. (3) for Ge—Si and Ge—Ge bonds at a
photoelectron energy of 100 eV, respectively.

for neighboring atoms. We have shown that the EXAFS
oscillation due to the Ge—Ge and Ge—Si bonds can be
analyzed with a unique E, value provided that the EX-
AFS formula based on spherical wave functions of photo-
electrons is employed.
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