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We have measured and quantified the effect of alloy composition on the atomic bonding in relaxed
molecular-beam-epitaxy-deposited crystalline Si,_,Ge, alloys. X-ray-absorption fine structure (XAFS)
and x-ray diffraction were used to examine how the atomic bonding in Si,_, Ge, is affected by changes in
alloy composition. In this study, the Ge-Ge and Ge-Si bond lengths were measured using XAFS and
compared with the conflicting results of existing analytical models and previous XAFS studies. The
measured Ge-Ge and Ge-Si bond lengths were found to be in good agreement with the analytical models,
which predict that the Ge-Ge, Ge-Si, and Si-Si bonds maintain distinctly different lengths which change
linearly with alloy composition. The topological rigidity parameter a ** was used to quantify the linear
dependence of the bond lengths on alloy composition and a value of a** =0.63 was calculated from the
measured bond lengths. An extensive XAFS error analysis was performed and the error in the topologi-
cal rigidity parameter a**=0.6313% was determined. This value of a**, which is notably different
from O or 1, indicates that both the bond lengths and bond angles are distorted by changes in composi-
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tion.

I. INTRODUCTION

The use of Si,_, Ge, heterostructures in integrated and
photoelectronic devices has been attracting increasing at-
tention. Many studies have been performed to investi-
gate the effects of composition and strain on the electrical
properties of Si; _, Ge,, but the atomic scale properties of
Si,_,Ge, have yet to be adequately determined. While
x-ray-absorption fine-structure (XAFS) measurements
have proven effective for determining bond lengths in
III-V alloys,! there have been only limited XAFS experi-
ments to measure directly the atomic bonding in Si-Ge al-
loys. In fact, there are significant differences between the
existing theoretical models and some of the previous
XAFS measurements.

The underlying structure of silicon and germanium is
the diamond lattice. The natural lattice constant of Ge is
4.2% larger than the natural lattice constant of Si (5.6576
and 5.4309 A, respectively). Si and Ge are completely
soluble, and Si;_,Ge, alloys form continuous solid solu-
tions over the entire composition range (0=x <1). The
effect of changing composition on the atomic
configuration of Si;_,Ge, has been predicted, in the ex-
tremes, by Bragg,? Pauling,’> and Vegard.* According to
Bragg and Pauling, atomic radii are approximately con-
served and, as composition changes, bond lengths remain
unchanged. With the bond lengths fixed, the bond angles
must distort from the tetrahedral angle to accommodate
the presence of different size atoms. Vegard’s law as-
sumes the lattice parameters of the alloy are the composi-
tionally weighted average of the natural Si and Ge lattice
constants. On the atomic scale it is assumed that all the
bonds in the alloy have the same “effective” length. As
the composition of the alloy changes, the ‘effective”
bond length changes, and the bond angles remain fixed at
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the tetrahedral angle.

Theoretical studies of Si,_,Ge, alloys have indicated
that bulk Si;_,Ge, alloys may not strictly adhere to ei-
ther the Bragg-Pauling or Vegard models. Studies by
Martins and Zunger,5 Weidmann and Newman,® and
Mousseau and Thorpe’ all suggest that bond lengths and
bond angles change as alloy composition changes. Mar-
tins and Zunger® used a valence force field (VFF) ap-
proach to calculate symmetric lattice distortions around
isovalent impurities. They calculated values of 2.380 and
2.419 A for the Ge-Si bond length at the Ge and Si im-
purity limits, respectively. It was theorized that the Ge-
Si bond length would vary linearly, with alloy composi-
tion, between these two values.’ In the studies by Weid-
mann and Newman® and Mousseau and Thorpe,7 relaxed
elastic network Si-Ge supercells were used as models of
bulk Si;_,Ge, to calculate properties of the alloy. In
both studies it was found that Ge-Ge, Ge-Si, and Si-Si
bonds maintain distinctly different lengths which vary
linearly with alloy composition.

In an analytical study by Cai and Thorpe,® they define
a topological rigidity parameter a** which is a measure
of the rigidity of the lattice. In the diamond lattices of Si
and Ge each atom is bonded to four neighboring atoms.
If an atom applies a radial force against its four neighbor
atoms, the neighbor atoms will be displaced. The other
bonds of the neighbor atoms and the rest of the lattice
will partially counteract the applied force and will dimin-
ish the displacement. As a** is defined by Cai and
Thorpe it is a measure of the force required to produce a
unit displacement (force al/a**). For a rigid lattice,
0<a**=<0.5(a**=0 in a perfectly rigid lattice). In a
lattice where less force is required to displace the atoms,
0.5<a**=<1 (a**=1 is the “floppy” limit). For bulk
Si;_, Ge, alloys the definition of the topological rigidity
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parameter a ** can be reduced to

L,=(1—x)Lg+xLcqe »
(Lgigi) =L, —xa**(Lge —Lgsi) »
(Lgege? ={Lsis;) +a**(Lege —L3isi) »
(Lgesi? =3({Lgege ) +{Lgsi))

where L2 g, and L are the natural Ge-Ge, and Si-Si
bond lengths, respectively, and (Lg.ge)s {Lgesi)> and
(Lg;s; ) are the Ge-Ge, Ge-Si, and Si-Si bond lengths in a
bulk Si,_,Ge, alloy of composition x.” The parameter
L, is analogous to the “effective” bond of Vegard’s law
which varies linearly from the natural bond length of Si-
Si to the natural bond length of Ge-Ge as the alloy com-
position changes from x =0 to 1.

The parameter a** can be thought of as a measure of
the effect of composition on bond length. In Vegard’s
limit a**=0.0, and the Ge-Ge, Ge-Si, and Si-Si bond
lengths are equal to the effective bond length L,. In the
Bragg-Pauling limit ¢**=1.0, and the bond lengths
remain at their natural values independent of the alloy
composition. For comparison we have determined a**
from the results of several previous analytical and experi-
mental studies. From the theoretical results of Weid-
mann and Newman® we determined, using Egs. (1), the
value of a**=0.6310.04. Mousseau and Thorpe’ deter-
mined a **=0.707 from the bulk Si,_,Ge, Monte Carlo
simulations of de Gironcoli, Giannozzi, and Baroni.’
From the results of the study of Martins and Zunger® we
calculated a value of @ **=0.60+0.03 for bulk Si,_, Ge,.
These values of a** (0.6 <a** <0.7) suggest that atomic
bonding does not strictly adhere to the either Vegard
model or the Bragg-Pauling model, and that both the
bond lengths and bond angle change with composition.

In apparent conflict with these analytical results are
the results of an extended x-ray-absorption fine-structure
(EXAFS) investigation of Si,_,Ge, by Kajiyama et al.'®
which indicated that the bond lengths in Si,_, Ge, alloy
exhibit Bragg-Pauling-type behavior. In the study of Ka-
jiyama et al. the Ge-Ge and Ge-Si bond lengths mea-
sured for samples ranging in composition from x =0.20
to 1.00 varied only slightly with composition. We deter-
mined a value of a**=0.98 from the Ge-Ge and Ge-Si
bond lengths measured by Kajiyama et al.

This study addresses the apparent conflict between the
theoretical predictions and previous experimental obser-
vations of atomic bonding in bulk Si;_, Ge, alloys. Care-
ful attention has been given to two problem areas of pre-
vious studies: sample preparation and EXAFS error
analysis. Samples were prepared in ultrahigh vacuum
and their composition, purity, and crystallinity were
checked by several techniques. The EXAFS error
analysis included the examination of many possible
sources of error. Each source of error was identified and
examined to determine the magnitude of its contribution
to the error in the measured bond length. The total error
was determined by summing the contributions of all the
individual sources of error.
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II. EXPERIMENT

To examine the effect of composition on atomic bond-
ing, Si, _, Ge, layers of differing composition were depos-
ited on Si(100) substrates. The molecular-beam epitaxy
(MBE) deposited Si,_,Ge, alloys were grown on clean
Si(100) substrates at 550°C. The Si wafers were pre-
cleaned by (1) exposure to UV-generated ozone to remove
hydrocarbons from the surface and to form a stable sil-
icon oxide, (2) spin etching with a solution of
hydrofluoric acid: deionized H,O: ethanol (1:1:10) to re-
move the silicon oxide and leave a hydrogen terminated
surface, and (3) in situ thermal desorption at > 850°C for
10 min to remove any remaining surface contaminants.
This cleaning process has been shown to produce atomi-
cally clean surfaces.!! Following an in situ thermal
desorption at >850°C, the substrate temperature was re-
duced and held at 550 °C for deposition of a homoepitaxi-
al silicon buffer layer (225 A) and a heteroepitaxial
Si;_,Ge, alloy layer (>2000 A). The processing
chamber base pressure was ~1X 107 1° Torr, desorption
pressure was <5X 107! Torr, and deposition pressure
was <5X107% Torr. Silicon and germanium were
codeposited from two electron-beam evaporation sources.
The Si and Ge deposition rates were monitored using os-
cillating quartz-crystal monitors. Feedback from the
deposition monitors was used to control automatically
the relative Si and Ge deposition rates, and the maximum
composition variation during deposition was =~2%.

When crystalline Si; _, Ge, is deposited on a substrate,
the substrate will exert an influence on the alloy. The
most studied case of this effect is that of Si;_, Ge, on a Si
substrate. Silicon-germanium alloys can be formed in a
strained state when grown on Si(100).'> The Si,_, Ge, al-
loy lattice parameters parallel to the Si,_,Ge,/Si inter-
face are initially compressed to match the Si substrate
(pseudomorphic growth). The biaxial compression at the
interface distorts the atomic bonding, increases the inter-
nal strain energy, and causes the alloy lattice to expand
uniaxially in the direction normal to the alloy/substrate
interface.!> As the thickness of the alloy increases, the
total internal strain energy of the alloy increases. When
the internal strain energy is greater than the strength of
the bonds at the alloy/Si interface, some interface bonds
are broken (defect formation) allowing the compressed al-
loy lattice parameters to expand (relaxation).!> A strained
Si;_,Ge, alloy can also be relaxed by increasing the
amount of thermal energy in the sample (i.e., by anneal-
ing). As the strained alloy relaxes, the bond lengths and
bond angles approach those of bulk Si;_ Ge, (of corre-
sponding composition). Because of the substrate
influence, both strain and alloy composition must be con-
sidered when examining the properties of deposited
Si;_,Ge,.

The goal of this study is to focus on the effects of com-
position on the atomic bonding in Si;_,Ge, alloys. To
separate the effects of composition and the effects of
strain, relaxed Si,_,Ge, films were used. In all the sam-
ples, except Sij ¢4Ge, 36, the thickness of the alloy layer
deposited was greater than the critical thickness'* to en-
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sure relaxation of the alloy. The Sij ¢,Ge, ;5 sample was
relaxed by repeated annealing. The Sij ¢,Ge, 35 sample
was annealed in situ for 10 min at 400, 650, 700, and
750°C. X-ray diffraction was used to examine the lattice
parameters of the Si;_,Ge, films to ensure that they
were relaxed.

Alloy composition and thickness were measured by
Rutherford backscattering (RBS). Rutherford back-
scattering analysis of the Si;_,Ge, alloy films was car-
ried out with 2.0-MeV He* ions. Samples were mounted
on a computer-controlled two-axis goniometer; the rota-
tional axis was perpendicular to the sample surface, and
the tilt axis was in the surface plane of the sample and
perpendicular to the beam direction. To increase the ac-
curacy of the thickness and composition measurements
the samples were tilted 50° from normal, away from the
detector. The detector, with a narrow slit in front, was
placed at a scattering angle of 165°. The Monte Carlo
simulation program Win Spec!® was used to infer the
thickness and composition of the Si, _ Ge, alloy films.

The structural properties of the alloys were examined
using x-ray diffraction (XRD) and extended x-ray-
absorption fine structure (EXAFS). A Theta-2Theta
goniometer with a Cu x-ray source was used for the
XRD. A graphite monochromator rejected all x-ray en-
ergies except Cu K, and Kz The Si(400) and
Si, _, Ge, (400) diffraction angles were measured, and the
spacing of the Si;_,Ge,(400) planes parallel to the
alloy/substrate interface were calculated.

The EXAFS measurements were obtained at beamline
X23A2 of the National Synchrontron Light Source
(NSLS) at Brookhaven National Laboratory (BNL). All
measurements were carried out at the germanium K ab-
sorption edge (11 103 eV). The electron-beam energy was
either 2.53 or 2.58 GeV, with a stored current of between
100 and 245 mA. The x-ray energy was defined by a
double-crystal monochromator with Si(111) crystals. The
energy calibration was periodically checked using a ger-
manium foil in transmission. An electron yield detector
with both sample tilt and rotation capabilities was used in
a low angle configuration to minimize Bragg reflections.
All samples were mounted in the same orientation to
reduce differences in the data sets due to sample orienta-
tion beam polarization effects. Data was collected with
the sample at room temperature. Increased integration
times in the 381-975-eV region (above the absorption
edge) were used to improve the signal-to-noise ratio of
the EXAFS oscillations.

III. RESULTS

A. Strain

The measured lattice parameters (normal to the
Si,_,Ge,/Si interface) of the Si;_, Ge, samples are plot-
ted in Fig. 1. As mentioned previously, Vegard’s law pre-
dicts that the lattice parameter of bulk Si;_,Ge, will
vary linearly with composition from the natural lattice
constant of Si to the natural lattice constant of Ge.* In a
study of bulk Si,_, Ge,, Dismukes, Ekstrom, and Paff®
measured a downward bowing of the lattice parameter
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FIG. 1. Si;_,Ge, lattice parameter, normal to the
Si,_,Ge,/Si interface, measured by XRD (open squares).
Vegard’s law with the bowing correction of Dismukes, Ekstrom,
and Paff (Ref. 16) (solid line). The lattice parameters predicted
for Si, _, Ge, grown pseudomorphically on Si(100) (dashed line).

away from Vegard’s law. A maximum deviation of
~0.007 A was observed for the Si-Ge lattice. Weidmann
and Newman® observed similar downward bowing when
an exact solution was used in the relaxation of their su-
percell model. Analytical models of bulk Si,_,Ge,
which impose the condition of rigid neighbors during
iterative supercell relaxation do not allow the lattice con-
stants of the supercell to relax, and thus impose Vegard’s
law (i.e., lattice parameter bowing is not observed).® To
predict the bulk lattice parameter of the Si;_  Ge, alloys
used here, the deviations measured by Dismukes,
Ekstrom, and Paff were modeled and added to lattice pa-
rameters predicted by Vegard’s law. The lattice parame-
ters predicted by this procedure are also plotted in Fig. 1
(solid line).

In Fig. 1 it can been seen that the measured lattice pa-
rameter of the x =0.36 sample is slightly larger than the
lattice parameter predicted for bulk Sij¢Gegze. To
determine if this deviation indicated a significant degree
of residual biaxial compression, the lattice parameter of
pseudomorphic (100% biaxially compressed) Sig ¢4Ge€y 36
was estimated. In an analytical study of Si;_,Ge, alloys
by Xu!” it was predicted that the Si; _, Ge, lattice param-
eter (normal to the surface) in alloys grown pseu-
domorphically on Si(100) would vary linearly with alloy
composition. The lattice parameter of Ge pseudomorphi-
cally grown on Si(100) can be calculated using

ap—ag.=—2(Cy,/Cyy)lag—ag.) » 2)

where ap is the expanded Ge lattice parameter (normal to
the surface), ag; is the natural lattice constant of Si, ag, is
the natural constant of bulk Ge, and C;; and C), are the
elastic constants of Ge (C,,=1.32 and C,,=0.49)."
The calculated value of the uniaxially expanded lattice
parameter of Ge pseudomorphic on Si(100) is 5.8260 A.
The expanded lattice parameter expected for Si;_, Ge,
grown pseudomorphically on Si(100) is indicated by the
dashed line in Fig. 1 which is a linear interpolation be-
tween the natural lattice constant of Si and the expanded
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lattice parameter of pseudomorphic Ge. Using the es-
timated lattice parameter of pseudomorphic (100% biaxi-
ally compressed) Sij ¢4Ge, 36, it was determined that the
residual biaxial compression in the x =0.36 sample was
20%. The residual biaxial compression was determined
to be 4.6% in the x =0.59 sample and less than 1.5% in
the remaining samples. The agreement of the measured
lattice parameters with those predicted by the modified
Vegard’s law demonstrates that the alloy layers in this
study are essentially completely relaxed and should ex-
hibit bulklike properties.

B. Bond lengths

The EXAFS data sets used for analysis for each sample
consisted of 3—6 EXAFS scans. The background sub-
traction portion of the MACXAFS3.1 analysis programs'’
was used to isolate the EXAFS oscillations (y data) of
each scan and an average )y was calculated for each data
set. The average Y from the data set of each sample was
Fourier filtered and fitted to determine the atomic param-
eters of that sample. The forward and reverse Fourier-
transform programs of the Eindhoven EXAFS analysis
package were used to Fourier filter the EXAFS data to
isolate the first shell data (Ge-Ge and Ge-Si bond-length
information). The following parameters were used for
Fourier filtering: . k  weight=2, transform k
range=2.7-12.5 A7!, and inverse transform R
range=1.0-2.75 A (this gives 2AR Ak /7=10.9 as an es-
timate of the number of free parameters).”’ The y data
and Fourier-filtered R-space data of the 59% Ge and Ge
standard samples are shown in Figs. 2 and 3, respectively.
During fitting the interatomic distance (R), occupancy
(N), and disorder (o'2) terms for both the Ge-Ge and Ge-
Si components of the first shell were varied simultaneous-
ly. It was found that if the energy shift parameters
(AEQg;, AEQg,.) were also allowed to vary independently
the fitting produced AEOQ’s, R’s, N’s, and o’s which were
clearly nonphysical. The energy shift parameters were
set equal to a common value (AEOg;;=AEOg,=AEO).
The value of AEO was determined from the Ge standard.
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FIG. 2. EXAFS x data of the x =0.59 sample (a) and the Ge
standard sample (b) plotted with ok_lweighting of 2. The
Fourier-transform range of 2.7-12.5 A, with k weighting of 2,
was used for the subsequent Fourier filtering.
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FIG. 3. Fourier-transformed EXAFS y data for the x =0.59
sample (solid line) and the Ge standard sample (dashed line).
The range of 1-2.75 A was used for the subsequent inverse
Fourier transform (Fourier filtering).

Theoretical phase shift files generated by FEFF3.11 were
used as references for the fitting.?! The Fourier-filtered
first shell y data and the best-fit results are plotted in Fig.
4 for the 59% Ge and Ge standard samples. The results
of the EXAFS analysis are summarized in Table I.

C. Error analysis

The EXAFS data sets were collected during two
separate experimental sessions at beamline X23A2 of the
NSLS. A clean Ge(100) substrate, used as a germanium
standard, was run during both sessions as a reference
standard to check for systematic differences between the
data from the two sessions. The only observed difference
in the data from the two sessions was a slight (0.2) change
in the average total coordination (Ng+Ng.). The con-
sistency of the difference indicates that there was a sys-
tematic difference between the experiment and/or
analysis of the two sessions. The composition of the
Si;_,Ge, alloy samples was calculated from the mea-
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FIG. 4. The fitting results of the Fourier-filtered first shell
data (Ge-Ge and Ge-Si bonds) of the x =0.59 sample (a) and
pure Ge standard samples (b). The Fourier-filtered EXAFS y
data is indicated by the solid lines, and the best-fitting results
are indicated by the dashed lines.
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TABLE 1. Results of Ge K-edge EXAFS analysis of Si;_,Ge, samples and a pure Ge standard.
Column 1: The Ge fraction x as determined by RBS. Column 2: The EXAFS data were collected dur-
ing two separate experimental sessions and the run number indicates which samples were examined
during each session. Columns 3 and 6: The number of Si and Ge nearest-neighbor atoms, respectively.
Columns 4 and 7: The measured Ge-Si and Ge-Ge bond lengths, respectively. Columns 5 and 8: The
Debye-Waller factors for the Gaussian disorder in the Ge-Si and Ge-Ge bond lengths, respectively. All
six of the fitting parameters listed were allowed to vary during the fitting except as noted. The values
denoted by () were held constant during the fitting. The value of AEO was held constant at —6.70 eV

during the fitting.

Germanium oé,ez.si o %%e-zce
fraction Run Rgesi (A") RGeGe (A7)
(x) No. Ny (A) X 10~ No. (A) X107
0.36 1 2.7+03 2.403+0.010 46 1.6£0.3  2.429+0.011 37
0.59 2 1.7£0.2 2.402+0.014 44 24404  2.435+0.007 42
0.69 1 1.4+0.2 2.399+0.013 47 3.0£0.3  2.436+0.005 48
0.74 1 1.21+0.2 2.400+0.018 44 3.2+0.3  2.439+0.005 47
0.82 2 0.8+0.2 2.39410.040 45.2* 3.2£0.7  2.442+0.009 45.7*
Ge Std. 1&2 4.0* 2.4498* 47

sured Si and Ge coordinates (x =Ng./[Ng;+Ng.]) and
compared with the RBS composition measurements. The
maximum difference between the two composition mea-
surements was 0.02, which is within the error of both the
EXAFS and RBS measurements. The small differences
between the alloy compositions calculated by EXAFS
and RBS indicates that the error effected the amplitudes
of both the Ge-Ge and Ge-Si signals uniformly, indepen-
dent of composition. The systematic shift in total coordi-
nation and the uniform way in which both the Ge-Ge and
Ge-Si signals were affected suggests that there was a
difference between the two sessions in either the orienta-
tion of the samples (polarization effect) or the normaliza-
tion of the EXAFS y data. The normalization factor is a
multiplicative factor which affects the entire EXAFS
scan uniformly (i.e., no k dependence), and errors in the
normalization factors should only directly affect the total
coordination. It is expected that the systematic
differences in the total coordinations between the two
runs have a negligible affect on the other parameters
(R,0,AEQ).

The EXAFS data collected from the Ge standard dur-
ing both runs were fitted using known germanium param-
eters to determine the value of the energy shift parameter
AE0O. The Ge-Ge bond length and coordination were
held constant at the known values of 2.4498 A and 4, re-
spectively. The o and AEQO parameters were allowed to
vary as each of the EXAFS scans were fitted individually.
From the fitting results the value of AE0O=—6.70%0.55
eV was determined.

For the Si;_,Ge, alloys the value of AEO was held
constant at —6.70 eV, and the remaining six parameters
were allowed to vary during the fitting. Allowing the N’s,
R’s, and o’s to vary during the fitting of the Sij 13Geg g,
EXAFS data resulted in nonphysical values for the R’s
and o’s. The weighted mean values of 0g..g. and og.g;
were calculated from the fits of the other five Si;_,Ge,
samples, and the o’s were held constant at these values
during the fitting of the Sij 3Gej g, EXAFS data. The
difficulty in fitting the Sij3Geys, EXAFS data is

reflected in the relatively large standard deviations calcu-
lated for the fit parameters of that alloy.

To estimate the standard deviations of the atomic pa-
rameters determined by EXAFS analysis, several sources
of error were examined. Durng the EXAFS data fitting
the “fit quality” was measured by the parameter
S§2=7,(Exp; —Model, )’ W, where the sum is over all the
EXAFS data points, Exp; are the EXAFS data points
measured by experiment, Model; are EXAFS data points
calculated from a model using the fitting parameters, and
W, is a weighting function. The “best fit” was deter-
mined by allowing the fit parameters to vary such that S>
was minimized. The fit quality parameter was found to
be strongly dependent on some of the fitting parameters
and weakly dependent on others. To determine the stan-
dard deviation of each fit parameter due to the fitting er-
ror and fitting sensitivity, the EXAFS fitting of each sam-
ple was repeated multiple times while each of the previ-
ously floated parameters were fixed at constant values.
During the fittings the parameter being checked was fixed
at constant values different from the best-fit value of the
parameter, and the other fitting parameters were allowed
to vary. The parameter being checked was increased
above and decreased below its best-fit value until the fit
quality parameter S? increased by 10%. A standard de-
viation was calculated from the maximum, minimum,
and best-fit values of the parameter. The variances deter-
mined by this method were used as a starting point, and
the variances caused by other sources of error were added
in quadrature.

To determine the effect of noise on the variance of the
fitting results, each EXAFS scan was analyzed individual-
ly. For each data set (i.e., for each sample) the x data
from the individual EXAFS scans were averaged together
to reduce the random noise level. The average y data
were then processed and fitted and the results compared
with the fitting results of the individual scans. From the
comparison a variance, due to the random noise, was
determined. To examine the effect of changes in the ener-
gy shift parameter AEO, the fitting of each data set was



repeated two more times using energy shift parameters of
—6.15 and —7.25 eV (i.e.,, —6.701+0.55 eV). To exam-
ine the effect of data preprocessing (i.e., background sub-
traction and normalization) the preprocessing and fitting
of several data sets were repeated several times using
different preprocessing parameters each time. All of
these errors were added to the fitting/sensitivity error to
give an estimate of the total possible error in the EXAFS
results. The error estimates appear in Table I along with
the fitting results.

In a random Si;_,Ge, alloy the relative contributions
of the Ge-Ge and Ge-Si bonds to the total Ge K-edge
EXAFS signal will be weighted by the alloy composition
(e.g., for Siy ,Gey 3 80% of the Ge K-edge EXAFS signal
will be due to the Ge-Ge bonds, and 20% will be due to
the Ge-Si bonds). Assuming a constant noise level, the
signal-to-total-noise ratio for the Ge-Ge and Ge-Si com-
ponents will change with composition. As x approaches
1 the ratio of the signal to the total noise for the Ge-Si
bond will decrease, and there will be a composition above
which the signal-to-total-noise ratio is so low that the
noise will cause instabilities in the fitting of the Ge-Si
bond parameters. We believe this was the case for our
Siy 15Geg g, sample. Numerous instabilities were encoun-
tered during the fitting of the EXAFS data of the
Siy. 13Geg g, sample. These instabilities led to the relative-
ly large error bars on the Ge-Si bond length measured for
that sample.

D. Calculation of the topological rigidity parameter a **

Germanium K-edge EXAFS analysis can only measure
the Ge-Ge and Ge-Si bond lengths in Si;_,Ge, alloys.
The definition of a ** [Egs. (1)] predicts that the variation
in the Ge-Ge, Ge-Si, and Si-Si bond lengths, as a function
of composition, can be represented by three equivalently
spaced parallel lines. At x=1 the Ge-Ge bond length
will equal the natural Ge-Ge bond length (2.4498 A), at
x =0 the Si-Si bond length will equal the natural Si-Si
bond length (2.3516 A), and, as a consequence, at x =0.5
the Ge-Si bond length will equal the average of the natu-
ral Si-Si and Ge-Ge bond lengths (2.4007 A). Thus, using
the definition of a** and the measured Ge-Ge bond
lengths, it was possible to calculate the value of a** and
to predict the behavior of the Ge-Si and Si-Si bond
lengths. A line was fitted to the measured Ge-Ge bond
lengths and a value of a**=0.63 was calculated for the
topological rigidity parameter. By changing the slope of
the line to the maximum and minimum limits allowed by
the Ge-Ge bond-length error bars, the range of possible
a** values was determined to be 0.50<a** <0.71. Us-
ing this range of possible a** values, theoretical Ge-Si
bond lengths were calculated using Eq. (1) and compared
with the measured Ge-Si bond lengths. The full range of
theoretical Ge-Si bond lengths predicted by
0.50<a**=<0.71 fell within the error of the measured
Ge-Si bond lengths. The measured Ge-Ge and Ge-Si
bond lengths and the theoretical Ge-Ge, Ge-Si, and Si-Si
bond lengths predicted by a**=0.63 are plotted in Fig.
5.

In EXAFS analysis there are often strong correlations
between the EXAFS fitting parameters. Because the
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FIG. 5. Comparison of measured and predicted Ge-Ge and
Ge-Si bond lengths in bulk Si,_,Ge,. The measured Ge-Ge
and Ge-Si bond lengths are indicated by the open squares and
open circles, respectively. The solid lines indicate the Ge-Ge,
Ge-Si, and Si-Si bond lengths predicted by a**=0.63. The re-
normalized predictions of Weidmann and Newman (Ref. 6) and
Mousseau and Thorpe (Ref. 7) are indicated by the dotted and
dashed lines, respectively. The predictions of Weidmann and
Newman and Mousseau and Thorpe were based on natural Ge-
Ge and Si-Si bond lengths different from the values assumed in
this study (2.4498 and 2.3516 A, respectively, for this study).
For comparison the results of those studies were renormalized
to the natural Ge-Ge and Si-Si bond lengths used in this study.

measured Ge-Si bond lengths do not fit well to
a**=0.63, it was necessary to check the correlation be-
tween the Rg.g. and Rg.5; EXAFS fitting parameters
(i.e., to determine if the R ;. parameters were manipu-
lated so that the Rg..g. parameters would match previ-
ous theoretical predictions). During the initial EXAFS
data analysis both the R ... and R .5 parameters (and
the N’s and o’s) were allowed to vary (there are the re-
sults listed in Table I). To examine the correlation be-
tween the R, g. and R g..5; parameters the fitting of the
EXAFS data was repeated two additional times, while
the Rg.s; parameter was held constant at arbitrary
values. For each sample the fitting was repeated twice:
once with R, calculated from a**=1.00 and once
with Rg.g calculated from a**=0.63. The Ge-Ge
bond-length results of these constrained fits are plotted in
Fig. 6. The maximum change in the measured Ge-Ge
bond lengths caused by fixing the Rg,.g values was 0.003
A and the average change was 0.000 A (zero). The Ge-
Ge bond lengths from the first and second constrained
fittings were used to calculate the values of a**=0.61
and 0.62, respectively. These values are in very good
agreement with the results of the initial EXAFS data
analysis, indicating there is very little correlation between
the Rg..g. and R ;. fitting parameters.

IV. DISCUSSION

The renormalized theoretical results of Weidmann and
Newman® and Mousseau and Thorpe’ are also plotted in
Fig. 5. Both of the theoretical predictions are in good
agreement with the measured Ge-Ge bond lengths, and
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FIG. 6. Examination of the correlation between the EXAFS
fitting parameters Rg..g. and Rg.s;- The Ge-Si bond lengths
were predetermined, and the Ge-Ge bond lengths determined,
from the EXAFS fitting. The open squares indicate the Ge-Ge
bond lengths when a**=1.00 was used to predetermine the
Ge-Si bond lengths (open circles). The solid squares indicate
the Ge-Ge bond lengths when a ** =0.63 was used to predeter-
mine the Ge-Si bond lengths (solid circles). The crosses indicate
the Ge-Ge bond lengths measured when both R, . and Rg.s;
were allowed to vary during the EXAFS fitting. Only slight
changes in the Ge-Ge bond lengths are seen, indicating that
there is a low correlation between R, . and Rg..g;-

are within the errors of the measured Ge-Si bond lengths.
The experimental results of Kajiyama et al. suggested
that the Ge-Ge, Ge-Si, and Si-Si bond lengths would not
change with alloy composition. This appears to be plau-
sible for the Ge-Si bond lengths we measured, but it
clearly is not possible for the measured Ge-Ge bond
lengths. Typically, in lieu of a complete error analysis,
error bars of £0.02 A are assigned to bond lengths deter-
mined by EXAFS analysis. Since no bond-length error
bars were quoted by Kajiyama et al., we arbitrarily as-
signed the bond-length error of +0. 02 A to their results.

Using the bond-length measurements of Kajiyama et al.

and the arbitrary +0.02- A error bars, we calculated the
possible range of the topological rigidity parameter to be
0.69<a**<1.00. The lower limit of this range
(a**=0.69) is within the error of our bond-length mea-
surements and is at the upper limit of the predictions of
the analytical models, suggesting that the results of Ka-
jiyama et al. may not actually be in conflict with the
analytical models and the results of this study. The real
error bars on the measurements of Kajiyama et al. may
actually encompass the bond-length measurements of this
study and the predicted bond lengths of the VFF-based
analytical models.

Another possible explanation for the bond-length mea-
surements of Kajiyama et al. comes from an analytical
study by Mousseau and Thorpe.?? The samples used in
the study by Kajiyama et al.'® were prepared by
chemical-vapor deposition (CVD) of amorphous
Si; _,Ge, on polycrystalline graphite with subsequent an-
nealing to crystallize the alloy. Mousseau and Thorpe??
modeled the effects of H trapped in Si,_,Ge, on the Ge-
Ge, Ge-Si, and Si-Si bonding. They determined that the
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presence of significant levels of hydrogen would cause the
remaining Ge-Ge, Ge-Si, and Si-Si bonds to relax closer
to their natural values, thus reducing the effect of compo-
sition on the bond lengths (making the lattice less rigid
and increasing the topological rigidity parameter). The
trends in the experimental results of Kajiyama et al.'”
are in good agreement with the analytical model of bond
lengths i m polycrystalline Si;_, Ge,:H, of Mousseau and
Thorpe.?

The values of a** calculated from the results of this
study and calculated from the results of VFF-based
analytical studies fall in the range of 0.50<a** <0.71,
indicating a combination of Bragg-Pauling- and Vegard-
type behaviors. A similar mixture of Bragg-Pauling- and
Vegard-type behaviors has been predicted for other semi-
conductor alloy systems. In the analytical study by Mar-
tins and Zunger,5 a parameter £ was defined for ternary
alloys such that e€=1 indicates Bragg-Pauling-type
behavior and £ =0 indicates Vegard-type behavior. They
examined 64 binary and ternary semiconductor alloy sys-
tems, and found that £ was in the range 0.6-0.8 for most
of the semiconductors considered. Their results predict
that the behaviors of most semiconductor systems are a
combination of Bragg-Pauling- and Vegard-type
behaviors and are closer to the Bragg-Pauling limit
(e=1) than to the Vegard limit (¢=0). This type of
bondmg behavior has been observed, by EXAFS, in other
semiconductor systems. Mikkelsen and Boyce! examined
the In-As and Ga-As bond lengths in Ga;_, In, As solid
solutions. They measured a change in both bond lengths
of ~0.038 A across the alloy composition range. Mar-
tins and Zunger’ calculated £~0.78(6) for the
Ga;_,In,As system, and we calculated a**=0.78(6)
from the results of Mikkelsen and Boyce.!

* %

V. CONCLUSIONS

We have shown that in relaxed MBE-deposited crystal-
line Si; _, Ge, alloys, the effects of composition on atomic
bonding are the same as predicted for bulk Si, _, Ge, al-
loys. Heteroepitaxial Si;_,Ge, alloys were grown on
clean Si(100), and the levels of strain in the alloys were
measured to insure that the alloys had relaxed. We have
used germanium K-edge EXAFS analysis directly to mea-
sure the Ge-Ge and Ge-Si bond lengths in the Si;_,Ge,
alloys. Valence force field (VFF)-based analytical models
of bulk Si;_,Ge, alloys predict that the Ge-Ge, Ge-Si,
and Si-Si bonds maintain distinctly diﬂ'erent lengths
which vary linearly with alloy composition.”~7 The mea-
sured Ge-Ge and Ge-Si bond lengths were in good agree-
ment with those predictions. The topological rigidity pa-
rameter a** was used to quantify the linear dependence
of the bond lengths on alloy composition. From the mea-
sured Ge-Ge and Ge-Si bond lengths a value of
a**=0.6310% was determined. The value of a**=0.63
indicates that the bonding in Si;_,Ge, exhibits both
Bragg-Pauling-type and Vegard-type behaviors (i.e., both
bond lengths and bond angles respond to the strain of
mismatched bond lengths). The results of previous EX-
AFS studies which apparently conflict with the analytical
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models may be explained in terms of hydrogen incorpora-
tion in the Si,_, Ge, alloy lattice.'®?
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