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Bond lengths in Gg_,Si, crystalline alloys grown by the Czochralski method
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We measured the effect of alloy composition on the atomic bonding in bujk (S alloys grown by the
Czochralski method across the whole composition rangex€1. Extended x-ray-absorption fine-structure
measurements performed at the Kkedge at 20 K found that the Ge-Ge and Ge-Si bond lengths maintain
distinctly different lengths and vary linearly with alloy composition. The topological rigidity parameter, esti-
mated from the measured bond lengths, is around 0.6, which indicates that the bond lengths and bond angles
are distorted with alloy composition.
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Germanium silicon (Ge; _,Si, or silicon germanium X-ray-absorption measurements were conducted by utiliz-
SiGe _x, wherex indicates the mole fraction of silicon ing an XAFS station BL 10B in the photon factory at the
alloy is a fully miscible solid solution of the diamond base. High Energy Acceleration Research Organizati®tEK),

The 4.2% difference in the lattice constants of the constituenfSukuba. The storage ring energy was 2.5 GeV and the pos-
ron current was 250-350 mA during measurement. A

nd Si atoms | various uni lloying eff .i .
Ge and Si atoms leads to various unique alloying effects o i(111) double-crystal monochromator was used to define

the electronic, optical, and mechanical properties. Thusthe x-ray energl’ K-edge XAFS of the GeSi alloys were

GesSi glloy_s are important mlc_ro_e_l_ectromc and 0ptome(?tron"1"neasured in transmission mode at 20 K together with a com-
materials in view of the possibilities of band-gap engineerarison of that for pure-Ge single crystal. The incident and
ing. Knowing the accurate local atomic structure in the contransmitted x-ray intensities were monitored simultaneously
text of the local strain relaxation is essentially important inpy two ionization chambers. For quantitative EXAFS-data
order to clarify the origins of such properties and to developanalysis, the parameters of phase shift, amplitude, and elec-
the device potential of GeSi. Indeed, up to now, much exiron mean-free path for Ge-Ge and Ge-Si were calculated
tended x-ray-absorption fine-structupéAFS) spectroscopy Using theab initio FEFF 6.01program:*

work has been performed to determine bond lengths for dif- Obtained EXAFS data in the photoelectron wave number
ferent types of neighbor atoms and the corresponding fradcrange of 0.3—1.69 nit were analyzed for Fourier transfer.
tional occupancy of each type of neighbor. Unfortunately,migure 1 shows absolute values of the Fourier transform
despite these studies, e.g., Refs. 1-6, there remains a conttb(r)| of the GeK-edgek’x(k) at 20 K as a function of Si
versy whether or not the bond lengths vary with compositiorcontentx for the Ge _,Si, alloys. The intensity of the main

within GeSi: the so-called Pauling lifior Vegard limit? ~ Peak around =2 A, which is due to nearest-neighbor atoms

Indeed, the local structure of GeSi crystal is still in question_around Ge, decreases and becomes asymmetric with decreas-

in relation to theoretical band-structure calculation, such ad'9 Ge content. In addition, the peak position is also short-
the virtual-crystal approximation. The GeSi alloys used for
these studies were grown as thin films on Si substrates by 1500 Ge-Si at 20K
various epitaxial techniques. However, the large biaxial [ Ge K-edge
stress inherent in such heterostructures, even when relaxed
through the induction of dislocations, hinders the quantita-
tive study of the native properties of material.

Accordingly, this paper reports XAFS investigations on
the bond length of the nearest-neighbor Ge-Ge and Ge-Si
atom pair in bulk GeSi crystals grown by the Czochralski
method across the whole composition range.

High-quality bulk crystals of Ge ,Si, alloys across the
whole composition range<0x<<1 were grown by the Czo-
chralski technique at very low pulling rates ranging from 1 to
8 mm/h in a flowing Ar-gas atmosphetet? Samples for
XAFS measurements were prepared from both grown single
crystals of GeSi alloy in the composition ranges<X

[ F(r) |

<0.15 and 0.85x<1 and polycrystals in the composition % oz o 06

range 0.15:x<0.85. The composition of the alloy was de- Atomic Distance r (nm)

termined by means of energy-dispersive x-ray analysis. The

ground samples were mixed with BN powders and adjusted FIG. 1. The absolute values of the Fourier transfofrr)| for
the effective thickness to keep the edge juipt~1. the GeK-edgek®x(k) of GeSi for various Si content at 20 K.
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TABLE I. Structural parameters of GeSi alloys and pure Ge

obtained from first peak XAFS data usirgrr 6.01. g 0250
Ge-Ge Ge-Si £ 0245 Log pe->Ge
Sample g Pk ko
(%S) N R(A) AE(eV) o (A) N R(A) AE (eV) o (A) g I %i%
S o240 R A S
0 4.0 2.449 1.4 0.06 ; Ge->Si ii
12 35 2441 34 0.05 ;
24 3.1 2.440 25 0.05 S 0235} &
44 28 2439 44 005 15 2405 44  0.06 §
57 1.9 2425 1.9 0.05 2.2 2.409 5.0 0.05 g 0.230L | L . . [
67 1.6 2424 1.9 005 3.0 2403 44 005 0 50 100
82 09 2427 5.0 0.05 3.6 2.395 5.6 0.05 % Si
93 4.0 2.385 6.0 0.05
98 4.4 2.385 5.3 0.05 FIG. 3. Ge-Ge bond length and the Ge-Si bond length in GeSi

alloys as a function of Si content. The symb®dl shows the bond
length of Si-Si in pure-Si crystal. The dashed lines are the predicted
ened. The well-defined double peaks in the higher shells becompositional dependence of the bond lengths within the topologi-
tween 3-5 A can be observed only in the alloys ofcal rigidity model @** =0.60).
compositionx<<0.18 andx>0.56. These features seem to o .
show qualitatively the random-substitution character of thecoordination numbemg, around the Ge atoms in bulk
structure, i.e., closer to the Pauling lifihan the Vegard G@.-Sk crystals (0.44:x<0.82), is around 0.22-0.29, but
limit.® The structural parameters around Ge atoms were délot close to 1. Thus, no preferential ordering of the Ge-Ge
termined by curve-fitting procedure in thespace for the dimer seems to occur in bulk GeSi crystals across the whole
first peak of the=(r) between 0.13 to 0.29 nm. Ti83 value ~ COMPpOsition range. _ _
was fixed to 1. The results of the quantitative analysis are_ Figure 3 plots the experimentally derived Ge-Ge and
shown in Table 1. Ge-Si bond Iengths. as a function qf alloy composmop. Al-
The first-shell Ge and Si coordination numbers around G&hough the uncertainty on the derived bond length is less
atoms derived from the XAFS data are shown as a functiod’@n +0.015 A, it seems that the Ge-Ge and Ge-Si bond
of alloy composition in Fig. 2. The dashed lines show the!€Ngths in the GeSi alloys vary linearly and are parallel to
coordination numbers predicted from a random mixture of SF&ch other as a function of Si content. At the composition
and Ge atoms. The XAFS results are found to be in good=0-5 the Ge-Si bond length is 2.40-2.41 A, corresponding
agreement with the random-site occupancy of Si and Ge a0 the sum of the Si and Ge covalent radii. Possibly the Si-Si
oms across the whole composition range. bonds, not investigated in the present study, have the same
Diffraction studies of GeSi thin films grown by various dépendence on composition by analogy with the Ge-Ge and
epitaxial methods indicate the existence of ordéfirgnd ~ G€-Si cases. _ o , _
Aubry et al5 pointed out the tendency of clustering of Ge-Ge  Our results confirm that the bonding in crystalline GeSi
dimers within Si-rich GeSi thin films. Conversely, there is no@0ys grown by the Czochralski method is closer to the
report detecting an ordered structure within bulk GesiPauling limif’ than the Vegard limit,in agreement with most
crystalst® From the present studies, the ordering paramete?(AFS studies on various semiconductor alloys including

[0.2MNge— (1—X)]/(1—x) (Ref. 17 estimated from the Ge G€Si; ° Ga _,InyAs," and Zn_,CdTe,” etc. However,
the bonds of Ge-Ge, Ge-Si and possibly Si-Si show a depen-

dence of the bonding length on the alloy composition, i.e.,

SF they do not follow a strict Pauling model, which is consistent
5, N-Si(Ge) } with recent XAFS studies on GeSi allo§3.The fact that
£ % { { N their dependence has the same slope can be explained with
= 3L % regard to the topological rigidity model, similar to the results
5 by Woicik et al* but contrary to those by Aubrgt al®
s 24 In the simple model by Cai and ThofJeon the compo-
3 { sitional dependence of the first-shell distance in the diamond
é ik L - 4}; and relevant structures, a central atom bonded to four neigh-
ol N-Ge(Ge)l ™. bor atoms pushes the nearest-neighbor atoms away. The to-
'(; S— 5'0 _ 1")0 pological rigidity parametea**, a measure of the force
. required to produce unit displacement of the neighbor atoms
% Si (Ref. 21, is defined
FIG. 2. Ge and Si coordination numbers around Ge atoms de- a** =ualF (1)

rived from XAFS data as a function of Si content. The sympois
for pure-Si crystal. The dashed lines show the coordination numbergshereF is the radial force from the central atom pushing the
predicted from a random mixture of Si and Ge atoms. nearest-neighbor atom awais the radial-force constant for
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the bond, andi is the displacement of the nearest-neighborcomposition rangé? Probably most of the strain in GeSi
atom relative to its natural bond length. A roughly estimatedalloys may be accommodated by changes of both the bond
topological rigidity parametea** according to the model angle and bond length.

by Cai and Thorp® is 0.6Q+=0.05, in agreement with or a In conclusion, we have performed an XFAS study of the
litle smaller than the values of 0.63-0.70 reported/oc@l structure of Ge.,Si alloys grown by the Czochralski
experimentally® and found theoreticalf} for Ge-Ge bond method in the whole composition range<@<1. From Ge

. ) . " . . K-edge spectra measured at 20 K Ge-Ge and Ge-Si bond
in GeSi alloys.'Slnce 'the paramgmﬁ varies from zero in lengths have been found to maintain distinctly different
the Vegard limit to 1 in the Pauling limit, our resul_ts Mean jengths and vary linearly with alloy composition and to be
that both the bond lengths and bond angles are distorted kyjose, but not completely, to the Pauling limit. The estimated
changes in the composition of GeSi alloys, similar to thetopological rigidity parameter 0.6 suggests that the bond
reported results for most ternary alloy semiconductors. Typitengths and bond angles are distorted with alloy composition.
cally for Ga_,In,As a** ~0.78 is estimated from the It is a task in the future to clarify the compositional depen-
change of the InAs and GaAs bond lengths across the allogience of Si-Si bond length in GeSi alloys.
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