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Bond-length relaxation in crystalline Si,_, Ge, alloys:
An extended x-ray-absorption fine-structure study
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Extended x-ray-absorption fine-structure spectra for crystalline Si,_,Ge, alloys, measured at the K
edge of Ge at room temperature, are analyzed with a curve-fitting method based on the spherical-wave
approximation. The Ge-Ge and Ge-Si bond lengths, coordination numbers of Ge and Si atoms around a
Ge atom, and Debye-Waller factors of Ge and Si atoms are obtained. It is shown that Ge-Ge and Ge-Si
bonds relax completely, for all Ge concentrations of their study, while the lattice constant varies mono-
tonically, following Vegard’s law. As noted by Bragg and later by Pauling and Huggins, the Ge-Ge and
Ge-Si bond lengths are close to the sum of their constituent-element atomic radii: nearly 2.45 A for Ge-
Ge bonds and 2.40 A for Ge-Si bonds. A study on the coordination around a Ge atom in the alloys re-
vealed that Ge and Si atoms mix randomly throughout the compositional range studied.

I. INTRODUCTION

Crystalline silicon-germanium (c-Si;_,Ge,) alloys
have attracted much attention from both fundamental
and technological points of view because they have valu-
able structural and electronic properties, i.e., a continu-
ous variation in the lattice constants? and band gaps®
with changing composition. Although these alloys are
known to form solid solutions over the entire composi-
tion range, their local structures, such as bond length and
coordination, have remained almost unknown.

How atoms form a crystal in a specific structure is a
fundamental question in solid-state physics. Two oppo-
site concepts for alloy bond-length dependence on com-
position have been offered, i.e., Pauling’s limit and
Vegard’s limit. Bragg,® and then Pauling and Huggins,*
noted that the bond lengths in alloys are the sum of their
constituent-element atomic radii, and hence should be
composition independent (Pauling’s limit). Vegard,’> on
the other hand, discovered that the lattice constant a(x)
changes linearly with the composition x; a(x)
=(1—x)a, +xa,, where a, and a, are lattice constants
of pure materials, i.e., at x =0 and 1, respectively. On
the basis of Vegard’s picture, alloys are thought to be sus-
tained by a single bond (Vegard’s limit). For example, in
a diamond structure, the bond length is given simply as
V3a(x)/4.

In the past ten years, extended x-ray-absorption fine
structure (EXAFS) has emerged as a powerful structural
tool for the determination of bond lengths between select-
ed atomic pairs. Recent EXAFS experiments on the lo-
cal structure of ternary semiconductor alloys, such as
In;_,Ga,As (Refs. 6 and 7) and GaAs,_,P,,% have led
to the conclusion that the bond lengths differ by constitu-
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ent atoms, maintaining nearly the respective distances
found in pure binary alloys. Theoretical studies, using a
valence-force-field theory”!® and a pseudopotential per-
turbation theory,!! also support distinct bond lengths in
alloys. Although a quantitative agreement is not univer-
sal in experimental and theoretical studies, it is usually
satisfactory to consider the bonding structures of the
semiconductor alloys to be closer to Pauling’s limit than
to Vegard’s limit.

Knowledge about the bonding structures of
¢-Si; _,Ge, alloys, which are totally covalent, is expected
to be a starting point to understand those of largely co-
valent semiconductor alloys, e.g., GaAs, InAs,
In,_,Ga,As, etc. Furthermore, in order to clarify the
relation between the lattice constant and bonding net-
work, a good understanding of the case of ¢-Si;_,Ge, al-
loys is clearly desirable. EXAFS is a useful probe for
studying local structure around atoms of a specific ele-
ment in alloys. In this paper, by applying EXAFS mea-
surements on c¢-Si;_,Ge, with various Ge concentra-
tions, the Ge-Ge and Ge-Si bond lengths, and coordina-
tions on the nearest-neighbor sites around Ge atoms are
evaluated.

II. EXPERIMENTAL PROCEDURES

A. Sample preparation

Samples were prepared by rf glow-discharge decompo-
sition of disilane (Si,Hg) and germane (GeH,) mixtures in
a capacitively coupled diode system;'? rf power density
was held constant at 0.65 W/ gmz. Films were grown at a
deposition rate of 4.3-13.5 A/s to a thickness ranging
from 0.77 to 2.43 pm on 0.8-mm-thick polycrystalline
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graphite substrates. The temperature of the substrate
was 300°C, and the pressure was 0.45 Torr during the
deposition. Prior to crystallization of amorphous films,
hydrogen evolution from as-grown amorphous films was
examined when they were heated up to 700°C in a vacu-
um. Evolution of hydrogen reached the maximum inten-
sity in the temperature range of 300°C-600°C. At
700 °C, the evolution intensity became less than 10% of
its maximum value. Then it can be assumed that the
amount of residual hydrogen is reduced down to a negli-
gible order. Thus, to get crystalline structures, all sam-
ples were annealed at 700 °C for 5 h in argon atmosphere.
Crystallization was confirmed by x-ray diffraction mea-
surements. The dependence of the lattice constant on Ge
concentration is shown in Fig. 1. The lattice constant de-
viates slightly from Vegard’s law, shown by the dashed
line.

Ge concentration in the film was varied by adjusting
the flow rate of Si,H¢ and 21% GeH, diluted with H,,
maintaining the total gas-flow rate constant at 20 cm? at
STP per minute. Chemical composition was determined
by inductively coupled argon plasma atomic-emission
spectroscopy. Several compositions of Si;_,Ge, films
were prepared with different Ge concentrations; x =0.20,
0.39, 0.61, 0.82, and 1.0.

B. Measurements

The EXAFS measurements were carried out at the
EXAFS station (Beam line 8C) (Ref. 13) of the Photon
Factory at the National Laboratory for High Energy
Physics in Tsukuba, Japan. The electron storage ring
was operated at 2.5 GeV; the beam current ranged from
140 to 260 mA during the measurements.

The x-ray absorption spectra were taken on the K edge
of Ge, using a monochromator equipped with a Si(111)
double crystal. The monochromator was detuned so as to
eliminate the influence of high-order harmonics. The in-
tensity of higher-order harmonics was checked as being
less than 1% with a Nal scintillation counter. The ab-
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FIG. 1. Change in lattice constant with Ge concentration x

in crystalline Si,_,Ge, alloys, determined by x-ray-diffraction
measurement. The dashed line represents Vegard’s law.

KAJIYAMA, MURAMATSU, SHIMADA, AND NISHINO 45

sorption measurements were performed in the transmis-
sion mode at room temperature. The incident and
transmitted x-ray intensities I, and I, respectively, were
monitored simultaneously with two ionization chambers.
Here, In(1, /1) is equal to ut, where p is the linear absorp-
tion coefficient and ¢ is the absorber thickness. To get the
optimum absorption coefficient jump (ut=~1) at the ab-
sorption edge, several sheets of the same type film were
stacked. The measured energy range was from 500 eV
below to 1000 eV above the absorption edge. The energy
resolution was estimated to be 1-2 eV.

C. Analysis

Photoelectrons ejected from an x-ray-absorbing atom
can be characterized by photoelectron wave number k;
172

) (1

2m
k= ?(hv—Eo)

where m is the electron mass, 4 v is the incident photo en-
ergy, and E is the absorption-edge energy. The normal-
ized EXAFS oscillation y(k) is defined as a function of %,
ie.,

Xk )=[ulk)—po(k)]/uglk) , (2)

where u(k) and py(k) are the K-shell absorption
coefficient for atoms in environment and for isolated
atoms, respectively. Both u(k) and puy(k ) are obtained in
the conventional manner.!* y(k) is multiplied by k3 to
intensify higher k contributions. Experimental EXAFS,
k3x(k), is analyzed using the formula based on a
spherical-wave approximation on the emitted photoelec-
trons. >~ 17 Fitting parameters are also follows: Ge-Ge
and Ge-Si bond lengths; Ge coordination ratio defined by
Ng./4, where Ng, is the average number of nearest Ge
atoms around Ge atoms and 4 is the number of nearest
neighbors in the perfect diamond structure of pure Ge
crystal; deviation of Debye-Waller factors of Ge and Si
atoms from the pure crystal values. The physical quanti-
ties needed for calculation were obtained as follows.
Phase shifts of the photoelectron in the absorbing atom
are taken from numerical tables given by Teo and Lee!®
with Herman-Skillman wave functions.!* Phase shifts for
the scattering atom (/=0-12) were calculated by a pro-
gram developed by Pendry?® with core-state wave func-
tions.!® The effect of thermal vibration of scattering
atoms in pure Ge and Si crystals is included in the
thermal Debye parameter.?! The photoelectron inelastic
scattering effect can be presented in the form
exp(—2r /M), where r is the interatomic path length and
A is the mean free path. For the mean free path, the es-
cape depth dependence on photoelectron energy of crys-
talline germanium, measured by Gant and Monch, 2 is
used.

III. RESULTS

The Ge K-edge absorption spectra for Ge concentra-
tions of (a) 1.0, (b) 0.61, and (c) 0.20 are shown in Fig. 2;
background absorption is subtracted in each spectrum.
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The absorption-edge energy E, is a fundamental quantity
which controls a reliability of analysis.?} In the present
study, the E, value for the K edge of Ge was determined
as the steepest point of the edge jump on the experimen-
tal absorption spectrum: 11090.0 eV for x=1.0 and
11087.0 eV for x =0.20-0. 82.

The experimental k3y(k ), obtained with the above E,,
values, is Fourier-transformed into r space as follows:

(a)

(b)

(c)

Absorption Coefficient (a. u.)

~ kmax :
F(r)=v2/m [, " k*x(k)W(k)e ™ dk , (3)

)

- 1 1 1 " 1 I 1 1 1

108 11.0 112 114 116 118 12.0
Photon Energy (keV)

where k_;, and k_,, are lower and upper limits of the
Fourier transform, respectively, and W(k) is a window
function to reduce the cutoff effect, given by

FIG. 2. Experimental x-ray absorption vs photon energy
curves for crystalline Si;_,Ge, alloys at room temperature: (a)
x=1.0, (b) x=0.61, and (c) x =0.20.

for ki, <k <k, tAk ,

1.0—cos %(k—kmm)/Ak

W(k)=11.0 for ky, +Ak <k <k, —Ak ,
1.0—cos -27T—(k—kmax)/Ak

In the present analysis, k;, and k., are 3.0 and 14.0
;\_', respectively, and Ak is 0.1 A~!. Absolute values of
F(r) for x=1.0, 0.61, and 0.20 are shown in Fig. 3. The
peak intensity is reduced and the distance is shortened by
decreasing Ge content. Main peaks near » =2 A are due
to the nearest-neighbor atoms around Ge atoms. In or-
der to clarify the bonding structures, the main peaks are
Fourier-transformed back into k space in the same
manner as described above. In Fig. 4, solid lines
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FIG. 3. Absolute values of Fourier transform of k>y(k) into
r space, |F(r)|, corresponding to x=1.0 (solid line), x =0.62
(dashed-dotted line), and x =0.20 (dashed line). The Fourier
transform range employed was from 3.0 to 14.0 A™! for each
sample. Main peaks near r=2.0 A, which are nearest-neighbor
contributions, were Fourier-transformed back into k space for
the fitting procedure.

for k., — Ak <k <k, -

FIG. 4. Experimental k3y(k), due to nearest-neighbor atoms
around a Ge atom, is shown by the solid line for (a) x =1.0, (b)
0.61, and (c¢) x=0.20 in crystalline Si,_,Ge, alloys. Dashed-
dotted lines in (a), (b), and (c) represent the best-fit results.
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TABLE 1. Determined structure parameters in the fitting procedure, and reliability factors (R factor). Column 1: Ge concentra-
tion x in crystalline Si;_,Ge, determined by inductively coupled plasma spectroscopy. Column 2: Ge coordination ratio X, defined
by Ng./4, where N, is the number of nearest-neighbor Ge atoms around a Ge atom and 4 is the number of nearest-neighbor atoms
in perfect diamond structure. Columns 3 and 5: Ge-Ge and Ge-Si bond length, respectively. Columns 4 and 6: deviation of Debye-

Waller factors for Ge and Si atoms from that of pure Ge and Si crystals, respectively. Column 7: R factor of best-fit results.

x X, Roege (A) (Mg, (AY) Roesi (A) (Mg (A R factor
1.00 2.446 6.0X10°¢ 0217
0.82 0.84 2.446 5.2X10°* 2.398 6.3X107* 0.175
0.61 0.67 2.444 3.4X107* 2.396 7.8X107* 0.165
0.39 0.39 2.443 4.2X10™* 2397 1.0X107° 0.140
0.20 0.17 2.445 4.8% 10712 2.395 1.5%X10°° 0.129

23,24

represent experimental k3y(k) due to the nearest-
neighbor atoms, for (a) x=1.0, (b) 0.61, and (c) 0.20.
Best-fit results, summarized in Table I, are shown by
dashed-dotted lines. Excellent agreement exists between
the experimental and the theoretical curves.

Figure 5 shows the coordination ratio as a function of
the Ge concentration. The Ge coordination ratio is a cri-
terion for the extent of atomic mixing. If a site-
occupation probability is proportional to the alloy com-
position, in other words, atoms are distributed randomly
and the Ge coordination ratio is identical to the Ge con-
centration. EXAFS analysis shows that the Ge coordina-
tion ratio is almost equal to the Ge concentration, which
means a random mixing of Si and Ge atoms is essential in
c-Si;_,Ge, alloys with the Ge concentrations ranging
from 0.20 to 0.82.

Figure 6 shows the Ge-Ge bond length R ;... and the
Ge-Si bond length Rg.g; in ¢-Si;_,Ge, alloys as a func-
tion of the Ge concentration. It is noteworthy that the
bonds tend to maintain their respective lengths over the
composition range studied: nearly 2.45 A for the Ge-Ge
bond and 2.40 A for the Ge-Si bond. The bond lengths
are almost identical to the sum of their atomic radii (1.22
and 1.17 A for Ge and Si, respectively), as noted by Paul-
ing et al. The Si-Si bond length in the alloys has not
been investigated in this study. It is expected, by analogy
to the Ge-Ge and Ge-Si cases, that the Si-Si bond length
is close to 2.35 A which is the sum of the Si atomic ra-
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FIG. 5. Ge coordination ratio around Ge atoms, Ng./4, as a
function of Ge concentration x in crystalline Si;_,Ge, alloys.
The dashed line shows the Ge coordination ratio expected for a
random mixture of Si and Ge atoms.

dius. In our previous papers, the local structures of
amorphous Si,_, Ge,:H alloys have been studied. It was
concluded that the Ge Ge and Ge-Si bond lengths are
2.46 and 241 A, respectively. The Ge-Ge and Ge-Si
bond lengths are almost the same in the amorphous and
crystalline alloys.

IV. DISCUSSION

In the present analysis, deviations from thermal Debye
parameters B,q;x for pure Ge and Si crystals at room
temperature, are also evaluated. It should be noted here
that the devxatlons are negligible, being less than
7.8X107* A? for the Ge concentrations studied, com-
pared to the B,q; ¢ values for Ge and Si crystals, 0.31 and
0.30 s, respectively. Negligible deviation means that
Debye-Waller factors are equal to those in pure Ge and Si
crystals. Therefore, phonon anomaly associated with al-
loying does not exist in polycrystalline Si; _, Ge, systems.
In amorphous Si;_,Ge,:H alloys, EXAFS measure-
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FIG. 6. Ge-Ge bond length Rg. . (open circles) and Ge-Si
bond length Rg.5 (open squares), as a function of Ge concen-
tration x in crystalline Si;_,Ge, alloys. Bond lengths are con-
centration independent and nearly equal to Rg..g. =2.45 A and
Rg.si=2.40 A, respectively. The bond lengths in Ge crystals
(c-Ge) and Si crystals (c-Si) are indicated by arrows.
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ments®> have shown that Debye-Waller factors are the
same for Ge-Ge and Ge-Si bonds over Ge concentrations
from 0.20 to 0.89, and that they are similar to the amor-
phous Ge:H case. The Debye-Waller factor is the sum of
thermal and static contributions. Minomura et al.?% in-
dicated, from Raman measurements, that static contribu-
tions are the same for Ge-Ge and Ge-Si bonds in amor-
phous Si;_,Ge, alloys. They concluded that static con-
tribution to the Debye-Waller factors is constant in
amorphous Si,_,Ge, alloys. The lack of Raman mea-
surements in this paper prevents us from distinguishing
thermal and static contributions.

If bonds contract and/or stretch, the Debye-Waller
factors should be affected through the force constant, as a
consequence of distortion of electronic configurations.
No evidence in Debye-Waller factor anomaly in
¢-Si;_,Ge, alloys is seen to support the above hy-
pothesis. Hence, the Debye-Waller factor behavior rein-
forces the constant bond lengths, as shown in Fig. 6.

Martin and Zunger® have investigated systematic lat-
tice distortions around isovalent impurities, using a
valence-force-field theory.?””?® They defined the dimen-
sionless relaxation parameter in ternary (A4,_,B,C) al-
loys as

E=[Rpc(AC:B)—R 4c1/(Rgc—R 4¢), (5)
where R ,c and R are bond lengths in two pure binary
materials, respectively, and Rpzc( AC:B) is the BC bond
length around the B impurities in the AC host crystal. It
has been predicted that £ is in the range of 0.6-0.8 for
most semiconductors, closer to Pauling’s limit rather
than to Vegard’s limit. On the other hand, Ito!! has es-
timated the £ value for ternary semiconductor alloys, us-
ing a pseudopotential perturbation theory.? Calculated
results are in the range of 0.2-0.3 for most 4,_,B,C al-
loys.

EXAFS results on ternary semiconductor alloys seem
to support Pauling’s picture. In Ga,;_,In, As alloys,®7 it
has been shown that the Ga-As and In-As nearest-
neighbor distances remain nearly constant, varying by
only 004 A: £=0.77 for Ga,_,In,As. In GaAs,_,P,
systems, ® the Ga-As and Ga-P nearest-neighbor distances
differ from each other, showing slight variations with
composition: £=0.60 for GaAs;_, P,. In the present
c-Si;_,Ge, case, § is close to 1.0, indicating that
Pauling’s picture is valid in covalent binary alloys. It
should be noted that previous results on ternary systems
were obtained using a conventional curve-fitting analysis,
which is based on plane waves of emitted photoelec-
trons.* In general, it is possible to reliably estimate bond
lengths in alloys if model compounds whose local struc-
tures are well known are available.>! Thus it is relatively
hard to say positively, for complex systems, whether
bond length varies slightly with composition or not.
Whether or not it does in covalent and largely covalent
semiconductors, we may conclude that the constituent
bonding elements determine bond lengths, according to
Pauling’s picture. In contrast to the case of semiconduc-
tor alloys, a larger relative change in bond length has
been reported on ionic K;_ Rb, Br (Ref. 32) alloys, indi-
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cating that bonding structures differ in ionic and covalent
alloys.

Ichimura et al.' have recently calculated the bond
lengths in crystalline Si;_, Ge, alloys by a valence-force-
field (VFF) model. The £ values for Ge-Ge, Si-Si, and
Ge-Si bonds are about 0.6, which is consistent with the
result obtained by Martin and Zunger.® However, a seri-
ous discrepancy exists between the VFF calculation and
the present EXAFS analysis. Two possible reasons are
presented here. One is an overestimation of force con-
stants in the VFF calculation. It is not certain that the
microscopic lattice relaxation can be successfully de-
scribed by the force constant which is itself derived from
a macroscopic force constant. The other possibility is
that exclusion of anharmonicity in the VFF model might
have a non-negligible effect on results. In either case, the
reason for the discrepancy requires further study.

The bond angle must be modified to form a unit cell
with a bond of a distinct length. According to the Pauli
exclusion principle, covalently bonded atoms interact
with a strong repulsive force. Considering that the dia-
mond structure gives a low filling of space, 0.34 of the
available space, it is advantageous to maintain bond
length. Therefore, the structural change occurs more
often in bond angles than in bond lengths. As shown in
Fig. 5, atoms are randomly mixed in the alloys. Accord-
ingly, in triangle configurations of Si-Ge-Si, Ge-Ge-Ge,
and Ge-Ge-Si (underlines represent central atoms), bond
angles must also be distinctly fixed for each configuration.
Thus, if the bond angle distribution could be measured,
the shape of the distribution profile would be dependent
on the Ge concentration.

As already shown in Fig. 1, the lattice constant
changes with composition, deviating slightly from
Vegard’s law. Since the lattice constant is an average
over many unit cells, it does not deliver detailed informa-
tion about nearest-neighbor atoms. One can expect that
the degree of bond-angle distortion would approach its
maximum value in the midpoint composition, provided
that bond lengths between randomly mixed atoms do not
vary with composition. The bonding-network model,
which can explain clearly both lattice constant behavior
and bond length, is now required. For that purpose,
next-nearest-neighbor structure should be also clarified.
At present, a nonlinear variation in a lattice constant
may be regarded as a consequence of the invariant bond
lengths.

V. CONCLUSION

The local structures of c-Si;_,Ge, alloys have been
determined using the EXAFS method. It is shown that
Ge-Ge and Ge-Si bonds relax completely, while the lat-
tice constant varies monotonically. Significant changes in
the bond lengths versus Ge concentration ranging from
0.20 to 0.82 are not detected; nearly 2.45 A for Ge-Ge
bonds and 2.40 A for Ge-Si bonds. A study of the coordi-
nation around Ge atoms has shown that atoms are ran-
domly mixed within the Ge concentration range studied.
These results support the Bragg and Pauling notion that
bond lengths in alloys are the sum of their constituent-
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element atomic radii and that they are independent of
composition.
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