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Local structure of „Ge4Si4…5 monolayer strained-layer superlattice probed
by fluorescence x-ray absorption fine structure
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Local structure of~Ge4Si4!5 monolayer strained-layer superlattice~MSLS! on Si~001! has been studied by
grazing-incidence fluorescence x-ray absorption fine structure. The observed Ge-Ge and Ge-Si bond lengths,
RGe-Ge~2.42 Å! andRGe-Si ~2.38 Å!, indicate that the mismatch strain in~Ge4Si4!5 MSLS is accommodated by
both bond compression and bond bending in the (Ge4) layer. The result rules out a possible model structure
featuring fully relaxedRGe-Ge leading to the directDv2D(Xcl) transition as an origin of 0.75-eV optical
transition. The determined Si/Ge coordination numbers for~Ge4Si4!5 MSLS (NSi :NGe52.2:1.8) deviate from
that of an ideal interface model (NSi :NGe51:3), which indicates a substantial interface mixing. A simple
mechanism of intermixing via site exchange and surface segregation is proposed.
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I. INTRODUCTION

Artificially ordered GeSi superlattices possessing elec
cal and optical properties have opened a doorway to ba
structure engineering through heterostructures formed by
strained-layer coherent epitaxy of Si and Ge.1,2 The~Ge4Si4!5

monolayer strained-layer superlattice~MSLS! grown on
Si~001! substrate, has shown strong optical transitions~0.75,
1.25, 2.31 eV! unique to the superlattice period, which a
found neither in constituent crystals nor in the Ge0.5Si0.5

alloy.3 In order to understand the nature of GeSi MS
quantum wells expected to have significant modifications
the optical and electrical properties, a number of studies
the electronic properties, growth, structure, and stability
the strained GeSi MSLS and GexSi12x alloys have been
performed.4–16

In the early stage,3,4,7optical transitions have been studie
for GenSin (n51,6) MSLS and GexSi12x alloys with elec-
troreflectance spectroscopy. The results demonstrated
both Ge1Si1 and Ge6Si6 prepared on Si~001! substrates show
the electroreflectance spectra similar to random Ge0.5Si0.5 al-
loy, whereas those for Ge2Si2 and Ge4Si4 show significant
difference from that of Ge0.5Si0.5 alloy. In particular, for
~Ge4Si4!5 /Si(001), new optical transitions have been r
solved at energies that cannot be explained by a simple c
bination of those for crystalline Ge or Si. People and Jack
have pointed out that the lowest-lying states in the cond
tion band are derived from the~100! valleys of Si.17 This
picture has been supported by the band calculations base
ideal superlattice model.10,18,19 However, the magnitude o
the calculated matrix elements for the new transitions
several orders lower than what is observed in the experim
On the other hand, the band calculations that take accou
the deviations from an ideal superlattice result in opti
transition matrix elements that are in better agreement w
experimental results.9,20

Quantitative calculations of optical transition require d
rect information on structural parameters for GeSi MSL
PRB 620163-1829/2000/62~3!/1883~6!/$15.00
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not only in crystallographic~average! but also local struc-
tural viewpoints. However, the local structures around
and Si atoms have not been measured for~Ge4Si4!5 MSLS.
This is partly due to the fact that the MSLS prepared on th
substrates is impossible to be studied by a conventio
transmission experiment, although x-ray absorption fi
structure~XAFS! is an ideal technique for a local structu
study. More recently, the surface sensitivity of XAFS expe
ments has been significantly improved by a grazin
incidence fluorescence excitation and a high-efficiency x-
detector. In fact, submonolayer sensitivity has be
achieved.21,22Using this technique, we have studied the loc
structure of epitaxial Ge overlayers on well-oriented Si~001!,
@Gen /Si~001!, n,7#,11,23 and @Si/Gen /Si~001!, n,12#.24

In this paper, we report the local structure around
atoms in (Ge4Si4!5 /Si(001) MSLS using grazing-incidenc
fluorescence XAFS. The results are discussed in relatio
the strain accommodation and relaxation in the Ge lay
which have been a subject of numerous studies of G
alloys.12–15,25–30Our results on MSLS show that the Ge la
ers are tetragonally deformed and the lattice matching
mostly achieved by bond bending~75%! with a minor con-
tribution of bond compression~25%!. The bond length val-
ues are essentially similar to those in strained GexSi12x thin
films with an average composition ofx;0.5 but slightly
more compressed~0.6%!, indicating a highly compresse
state of the (Ge4) layer. This provides important informatio
on a possible nature of optical transition, in particular, a fu
relaxed Ge layer model proposed by Wonget al.9 Further-
more, the coordination geometry around Ge atoms indica
an appreciable amount of interface mixing. A simple mod
is proposed to take into account both overlayer-subst
site-exchange~during the growth of Ge layer on Si layer! and
surface segregation~during the growth of Si layer on Ge
layer!.

II. EXPERIMENT

(Ge4Si4)5 MSLS was prepared on Si~001! substrate in an
ultrahigh vacuum~UHV! molecular-beam epitaxy~MBE!
1883 ©2000 The American Physical Society
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growth chamber with a base pressure of 2310211Torr. The
detail of MSLS sample preparation is reported elsewher31

The substrate was cleaned by the Shiraki method prior to
deposition. A 1000-Å-thick buffer layer was deposited a
substrate temperature of 600–700 °C. The Ge-Si multilay
were grown at 480–530 °C. The 140 Å-thick Si cap lay
was grown to protect MSLS for XAFS experiments fro
oxidation while the samples for electroreflectance31 were
covered by 1000-Å-thick Si cap layer. The structure of t
GeSi MSLS was analyzedin situ by reflection high-energy
electron diffraction. GexSi12x alloy thin films were prepared
on Si~001! by MBE in another growth chamber. After re
moving protective oxide layers from the Si~001! substrate by
heating at 800 °C, Si buffer layer was grown at 500 °C.32 The
growth of GeSi layers was performed at 400 °C. A typic
growth rate was 0.3 and 0.1 Å/sec for Si and Ge deposit
respectively. The film thickness of Ge0.05Si0.95 and Ge0.5Si0.5
alloys was 1000–2000 Å.

The grazing-incidence fluorescence yield spectra were
corded for (Ge4Si4)5 MSLS and GexSi12x alloys on Si~001!,
while transmission spectra were taken for crystallinec-Ge.
All measurements were performed at the BL-13B at the P
ton Factory, National Laboratory for High Energy Physi
~PF, KEK!. The incidence angle for fluorescence-detec
XAFS measurements was chosen so that the contributio
substrate Si is minimized, i.e., the strong diffraction does
affect the linearity of an x-ray detector. The electron be
energy was 2.5 GeV and the maximum stored current
400 mA. A 27-pole wiggler with the maximum magnet
field B0 of 1.5 T inserted in the straight section of the stora
ring was used. The calculated total power of the wiggler w
5.44 kW atB051.5 T, with which the brilliance greater tha
that of a bending magnet by an order of magnitude can
obtained over a wide energy range~4–30 keV!. XAFS data
were collected using a fixed-exit double-crystal Si~111!
monochromator. The first crystal is a water-cooled fl
Si~111! crystal33 while the second crystal is sagittally bent
focus the horizontal beam over;2 mrad. A seven-elemen
Si~Li ! solid-state detector array was used to collect the fl
rescence signal. The average energy resolution of each S~Li !
element with an active area of 200 mm2 was 240 eV at 5.9
keV, using a shaping time of 6msec. The detector output wa
linear below 2.53104 cps after a simple correction of dea
time. For each data point, the signal was integrated for 10
and ten scans were averaged.

In a grazing-incidence geometry, the background cau
by elastic scattering is significantly suppressed and fur
rejection was done by a combination of an x-ray filter~Ga
oxide! and an energy analysis so that a fluorescence yield
be obtained with a high signal-to-background ratio (;102)
for 1 ML Ge.11 The energy window of the detector electro
ics for each channel was chosen to record only the GeKa
peak. In this experiment, the incidence angle was chose
that the diffractions from substrate do not affect the detec
linearlity above the critical angle~3.5 mrad!.

III. RESULTS

The Ge K-edge x-ray absorption near-edge structu
~XANES! are plotted in Fig. 1 for (Ge4Si4)5 MSLS ~top
column!, Ge0.5Si0.5Si(001) ~middle!, and Ge0.05Si0.95/
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Si(001) ~bottom!. The sharp ‘‘white line’’ peak shows fine
featuresA, B, and C for Si-rich GeSi alloy (Ge0.05Si0.95).
FeatureA is enhanced while the peak is narrowed in wid
making it difficult to resolveB andC on going to higher Ge
concentration. The low-k extended x-ray absorption fin
structure EXAFS region~11140–11160 eV! reflects the pro-
file of back scattering amplitude of coordinated atom. T
white line peak profile and the low-k EXAFS region for
(Ge4Si4)5 MSLS are similar to that of Ge0.5Si0.5, indicating
that the average Ge composition of MSLS is close to tha
Ge0.5Si0.5 although the intensity of featureA is suppressed.

Figure 2 illustrates the normalized GeK-edge EXAFS
oscillationskx(k) as a function of photoelectron wave num
berk, in thek range of 2–18 Å21 for c-Ge ~powder crystal!,
GexSi12x alloys, and (Ge4Si4)5 MSLS. It can be clearly seen
that kx(k) of c-Ge has a maximum in the region ofk
56 Å21 showing a gradual decrease in magnitude, which

FIG. 1. X-ray absorption near-edge structure~XANES! for
(Ge4Si4)5 MSLS ~top!, Ge0.50Si0.50 ~middle!, and Ge0.05Si0.95 ~bot-
tom! alloys,A, B, andC indicate the characteristic features.

FIG. 2. Normalized EXAFS oscillationskx(k) for crystalline
Ge, Ge0.50Si0.50 alloy, (Ge4Si4)5 MSLS, and Ge0.05Si0.95 alloy pre-
pared on Si~001! as a function of photoelectron wave number Å21.
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a common feature of Ge scatterer. In contrast, in Si-rich
loy, i.e., Ge0.05Si0.95/Si(001), the lowk-region aroundk
54 Å21 has a large magnitude that sharply decreases
going to a high-k region. EXAFS spectra for both (Ge4Si4)5
MSLS and Ge0.5Si0.5/Si(001) have an intermediate profi
suggesting that these two samples are characterized b
almost equal amount of Ge and Si scatterers, in agreem
with XANES observations.

The results of Fourier transform~FT! of EXAFS oscilla-
tions x(k) multiplied by k, representing the radial distribu
tion function ~RDF!, are shown in Fig. 3. We note that th
peak positions in the FT results are shifted to a smalleR
because of a phase-shift effect. The FT magnitude forc-Ge
shows a characteristic feature of a diamond-type tetrahe
structureTd up to the third-nearest neighbor. These featu
are essentially the same as those for Ge0.05Si0.95/Si(001)
with a shorter interatomic distance. Compared with the
sults for c-Ge, the magnitude of the prominent peak f
(Ge4Si4)5 MSLS decreased by about 50% shifting toward
smaller distance direction by 0.16 Å. The second- and th
nearest-neighbor peaks in the RDF for (Ge4Si4)5 MSLS are
not well resolved. Upon comparing the RDF’s for (Ge4Si4)5
MSLS and Ge0.5Si0.5/Si(001) as shown in Fig. 3, one ca
notice that smearing is due to the interference betw
Ge-Ge and Ge-Si pairs. In fact, Kajiyamaet al.28 and Ald-
rich, Nemanich, and Sayers12 reported that no eviden
second- and third-nearest-neighbor peaks appear for th

FIG. 3. Fourier transform of EXAFS oscillationskx(k),
uF(R)u, for (Ge4Si4)5 MSLS, crystalline Ge, Ge0.50Si0.50, and
Ge0.05Si0.95 alloys.
l-

n

an
nt

ral
s

-

-

n

re-

laxed crystalline Ge0.61Si0.39 and Ge0.59Si0.61 alloys.
In order to obtain the structural parameters for the nea

neighbor of Ge atoms, the RDF’s for all samples were
versely transformed into ak space to isolate the first she
contribution. The least squares curve fitting based on M
quardt’s scheme for iterative estimation of nonlinear lea
squares parameters via a compromise combination of gr
ent and Taylor series method34 was used to fit the filtered
EXAFS oscillations in ak space. The contribution of the
Ge-Ge and Ge-Si pairs can be separated in ak space because
thek dependencies of the total phase-shift and backscatte
amplitude functions for Ge and Si are quite differen
u f Si(k,p)u peak is located at lowk and falls off sharply with
the increase ofk while u f Ge(k,p)u has a maximum atk
56 – 8 Å21 and extends to a region withk.15 Å21. The
theoretical amplitude functionu f j (k,p)u and phase-shift
functionF i j (k) were obtained by FEFF7.35,36 The fitting re-
sults are summarized in Table I. The first-shell EXAFS o
cillations were calculated for several model structures
(Ge4Si4)5 MSLS with variousNGe/NSi ratio and compared
with the experimental curve in Fig. 4. In this simulation, th
Ge-Ge and Ge-Si distances separately determined by a l
squares fit were used and only the ratio of GeSi coordina
number is varied keeping the total coordination number~4!.

FIG. 4. Experimental first-shell EXAFS oscillationskx(k) for
(Ge4Si4)5 MSLS ~solid line! and simulated curves for model struc
tures with various forNGe/NSi ratio based on a tetrahedral geomet
~dashed line!. Results withNGe51.8, NSi52.2 indicate the best-fit
data allowing all structure parameters for the two shells~Ge-Ge and
Ge-Si! to vary while other data are calculated for intentiona
modified NGe/NSi ratio using the same bond length and MSR
values.
TABLE I. Structural parameters of Ge/Si samples obtained from XAFS data.

Sample Bond pair R~Å! N s ~Å! DE0 ~eV!

~Ge4Si4!5Si~001! Ge-Ge 2.4260.01 1.860.2 0.06260.005 6.561.0
Ge-Si 2.3860.01 2.260.2 0.06860.005 4.561.0

Ge0.5Si0.5 alloy Ge-Ge 2.4360.01 2.060.2 0.05860.005 7.061.0
Ge-Si 2.3860.01 2.060.2 0.05060.005 3.861.0

Ge0.05Si0.95 alloy Ge-Si 2.3560.01 4.060.2 0.04560.005 4.5610
Ge-Ge ;0

c-Ge Ge-Ge 2.4560.01 4.060.2 0.05460.005 8.061.0
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As can be seen, the best agreement is achieved forNGe
51.8 andNSi52.2. These values are close to those de
mined by the least-squares fit for all parameters, i.e.,N, R
and mean-square relative displacement~MSRD!.

Figure 5~a! illustrates the schematic structures f
(Ge4Si4)5 MSLS with an ideal Ge/Si interface~left! and with
an interface mixing~right!. In the latter model, the Ge over
layer is assumed to have 0.5 ML site exchange upon de
sition and 1 ML segregation upon Si overlayer growth. F
ure 5~b! illustrates the schematic presentations of
interface local structure for the first Ge layer deposited
Si~001! with and without a site exchange effect.~a! shows
the ideal interface while~b!–~d! are model interface struc
tures where1

2 ML Ge sites exchange with Si atoms. Note th
the site exchange decreases theNGe/NSi ratio depending on
which sites are involved, although~c! and~d! give the same
value. In Fig. 6, we plot the RDF curves for the Ge-Ge a
Ge-Si pairs for those model structures where 1 ML Ge
assumed to be segregated. The experimentally determ
RGe andRSi values are used in the simulation of RDF.

IV. DISCUSSION

For Ge overlayers grown on Si~001!, a biaxial compres-
sion due to a lattice mismatch~4%! between Ge and S
causes a tetragonal deformation~elongation! of unit cell. Lat-

FIG. 5. ~a! Schematic side views of (Ge4Si4)5 MSLS with an
ideally sharp Ge/Si interface~left! and model structure~right!.
Shaded circles indicate Ge atoms and open circles indicate S
oms. 1–4 layers denote the original Ge overlayers and 0 indic
the top layer of Si substrate~b! schematic plan view of Ge/S
interface of Ge overlayers on Si~001! with no site exchange~a! and
with 1

2 ML Ge-Si site exchange~b!–~d!.
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tice distortion is achieved by both bond bending and bo
shortening for the Ge-Ge and Ge-Si pairs. Previous mo
structures of (Ge4Si4)5 MSLS, however, assumed that th
Ge-Si interface is atomically sharp, and described the tet
onal deformation with a macroscopic elastic theory. This
based on the assumption that only the Ge layers are
formed along thec axis, and ab plane lattice spacings~a
55.43 Å, b55.43 Å! is kept constant. On the other han
the c-axis lattice spacing 2c511.24 Å expands by 0.38 Å
compared with the 2c510.86 Å ofc-Si.3

The fact that band calculations based on this model st
ture could not explain a large oscillator strength observed
MSLS has been a puzzling question for a long time. Hybe
sen and Schluter19 have interpreted the strong optical trans
tion ~0.75 eV! observed in (Ge4Si4)5 MSLS as an indirect
transition based on the local-density-functional and quasip
ticle self-energy approach using an ideal strained-layer
perlattice structure with a sharp interface and strain confi
ment in the Ge layer. Ciraci and Batra,6 have studied the
stability and electronic properties of the strained GenSin
MSLS and GexSi12x alloys using a self-consistent-fiel
pseudopotential approach. Their results showed that GenSin
MSLS (n51,6) are essentially unstable and the energy g
is indirect, although the separation between the direct
indirect gap is only 0.07 eV forn56. People and Jackso
have pointed out that the lowest-lying states~0.75, 1.25, and
2.31 eV! in the conduction band are derived from the~100!
valleys of Si, but the magnitude of the matrix elements
several orders lower than what is observed in experimen

On the contrary, Wonget al.9 have predicted that optica
transitions~0.9, 1.4, 2.3 eV! become direct if a fully relaxed
Ge-Ge distance~2.45 Å! is assumed in their pseudopotenti
calculations of the electronic structure of (Ge4Si4)5 MSLS.
However, since these calculations are based on the m
structures that are not established, and also the natur
transition would be sensitive to symmetry breaking by bo
local distortion and chemcal disorder, it is essential to inv
tigate the local structure of Ge layers to evaluate these
fects.

We have carried out the least-squares curve fit anal

at-
es

FIG. 6. Radial distribution functions for model interface stru
tures. A solid line indicates that of experimental model independ
results, while~a!–~d! correspond to the model structures in Fi
5~b!.
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with structural parameters~N, R, and s! for the two shells
~Ge-Ge and Ge-Si!, with a constraint onN, i.e., a tetrahedra
coordination (NGe1NSi54). Here,N, R, ands are coordi-
nation number, bond length, and square root of MSRD,
spectively. In total, five parameters were varied until the b
fit is obtained. The best-fit combination of coordination nu
bers ~NGe51.8, NSi52.2! is more Si-rich than that of an
ideal interface model, i.e.,NGe53, NSi51. The uniqueness
of structural parameters is guaranteed by the fact that
backscattering amplitude functions for Ge and Si scatte
are quite different, i.e., the low-k region is quite sensitive to
the choice ofNGe/NSi ratio. In Fig. 4, simulated EXAFS
curves for deliberately fixed values ofNGe/NSi ratio are
compared with the results for all parameters least-square
Therefore, we concluded that the average coordination n
bers for Ge atoms in MSLS, which are model independe
are 1.860.2 Ge and 2.260.2 Si.

As can be seen in Table I, we find that the bond leng
RGe-Ge ~2.42 Å! andRGe-Si ~2.38 Å! in (Ge4Si4)5 MSLS are
slightly shorter than those ofc-Ge (RGe-Ge52.45 Å) and the
sum of covalent radii (RGe-Si52.40 Å). Hitchcocket al. and
Aebi et al.37,38 studied the local structures of the straine
layer @~Si!8~Ge!2#100 and @~Si!9~Ge!4#24 superlattices grown
at 385 °C. They reportedRGe-Ge52.413 Å and RGe-Si
52.388 Å for @~Si!8~Ge!2#100 superlattice,RGe-Ge52.403 Å
andRGe-Si52.394 Å for@~Si!9~Ge!4#24 superlattice. The bond
lengths in@~Si!8~Ge!2#100 superlattice are in good agreeme
with that of (Ge4Si4)5 MSLS in Table I. More recently, we
found that the bond lengthRGe-Si is 2.38 Å for the dilute Ge
atoms doped into Si crystal.39 This shows that the bond
length RGe-Si52.38 Å in (Ge4Si4)5 MSLS takes the dilute
limit value, suggesting that the contribution of bond-leng
compression is apparently14 but takes the upper limit of iso
tropic deformation. This is reasonable since above a cer
bond-length compression limit, the strong repulsion is
pected, and the deformation becomes unstable. Mous
and Thorpe have calculated the Ge-Ge and Ge-Si b
lengths in crystalline and amorphous GexSi12x alloys using
Kirkwood potential.29 The Ge-Ge and Ge-Si bond-leng
valuesRGe-Ge52.423 Å andRGe-Si52.392 Å calculated for
Ge0.55Si0.45 are in agreement with the EXAFS results f
Ge0.5Si0.5 alloy within an experimental error. Finally, w
compare the present results with the experimental bo
length values for GexSi12x alloys.12–15,25–30In spite of scat-
ters in the reported bond-length values, the overall behav
indicate a linear dependence on composition with a slop
agreement with elastic theory simulations. The obser
RGe-Ge and RGe-Si values deviate from the exper
mental12–15,25–30or calculated29,30values for GexSi12x alloys
with the corresponding average composition (x50.45). This
suggests that the Ge layers and Ge-Si interface are both
pressed, in agreement with the view that the strain is lo
ized within the Ge layers.3,4 On the other hand, they tak
slightly larger values than the calculated values for mo
Ge4Si4 MSLS.6,10,16,18,19The overestimation of bond-lengt
compression may occur since most of model structures
not take interface mixing and nonuniform longitudinal d
placement into account. Based on these, we may conc
that the lattice matching is achieved by tetragonal deform
tion by bond bending but the Ge layer is highly compress
In an interface region, the magnitude of local lattice dist
-
st
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tion indeed amounts to the same with that of a dilute lim
~under isotropic compression!.39

In summary,14 of the mismatch strain in (Ge4Si4)5 MSLS
is accommodated by the Ge-Ge bond-length variation w
3
4 is compensated by bond bending, in agreement with
bond-length values of GeSi alloys12–15,25–30that are linearly
dependent on composition. Second, the observedRGe-Geand
RGe-Si values of MSLS rule out a possible model structure
which RGe-Ge is fully relaxed. Thus, the energy level lowe
ing due to the relaxed Ge-Ge bond length is not likely t
case. Third, the observed ratio of Ge and Si coordinat
number in (Ge4Si4)5 MSLS reveals that the Ge-Si mixin
occurs at the interface as reported earlier for Ge overlay
on Si~001! ~Ref. 23! although the cross-section transmissi
microscopy shows that the (Ge4) layers are clearly separate
from (Si4) layers.3 There are two factors to be considere
that contribute to the interface mixing: the site exchan
during the Ge layer deposition on Si surface and the surf
segregation during the Si overlayer growth on Ge layers. O
XAFS studies of Ge epitaxial overlayers on well-orient
Si~001! @Gen /Si~001!, n,7# have shown that;1

2 ML of Ge
atoms in the first deposited layer are replaced by the s
strate Si atoms relieving elastic strain in the second la
caused by a large atomic size mismatch between the ada
~Ge! and substrate atoms~Si! and bond bending due to
dimers.23 In the present study, we assume that the Ge
interface mixing during the Ge growth on Si~001! is also
about 1

2 Ge ML. Two models of Ge/Si site-exchange durin
the Ge overlayer growth,~b! and~c! or ~d! are shown in Fig.
5~b!. In this figure, we consider four layers, i.e., the larg
circles~3, 2! indicate the top- and second-layer atoms wh
the small open circles~1, 0! indicate the third- and fourth-
layer atoms. As illustrated in the figure, the average Ge
ordination numberNGe decreases from 3.0 in~a! to 1.5–1.75
in ~b!–~d! as the site exchange occurs.

For the Si growth on the Ge layer, the Ge atoms
pumped up to the top layer~surface segregation! that even-
tually introduces the Ge/Si mixing. Based on the separ
XAFS experiments on the effect of of Si growth on the G
layer,40 we estimate that about 1 ML of Ge atoms migrate
the top layer. Assuming that the segregated atoms are
rounded by Si atoms, we calculated the average RDF cu
for the Ge-Ge and Ge-Si pairs for (Ge4Si4)5 MSLS and com-
pared them with the experimental RDF in Fig. 6. The RD
was generated by Gaussian distribution function using
model-independent bond lengths determined by a curv
analysis of EXAFS data.

As illustrated in Fig. 6, the experimental RDF fits well
model~c! or ~d!. The detail of thein situ XAFS study on Ge
overlayers on Si~001! is reported elsewhere.41 The nominal
composition Ge0.44Si0.56 for model ~c! or ~d! is close to that
of (Ge4Si4)5 MSLS, i.e., Ge0.45Si0.55. Although whether the
interface has an ordered structure or not is not experim
tally established yet, we believe that the interface mixing
roughly explained by the two contributions, i.e., Ge-Si si
exchange and Ge surface segregation. We note that the
exchange is hardly explained in terms of thermally activa
diffusion.

Two factors influencing the optical transition are cons
ered. First, the interface-mixing~chemical and structural dis
order! would relax thek-conservation rule that may increas
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the transition matrix element. Second, the GeSi alloy in
face can be an intermediate ‘‘buffer’’ between Ge and
layers helping the flat layer-by-layer growth. This would d
crease the localized strain contributing to stabilize
MSLS, which may increase the gap energy. As a result n
mally inhibited direct transition might be allowed or th
weak indirect transition might be enhanced on the contra

V. CONCLUSION

Grazing-incidence fluorescence XAFS has been use
study the local structures of (Ge4Si4)5 MSLS. The bond
length values for the Ge-Ge and Ge-Si pairs~RGe-Ge
52.42 Å, RGe-Si52.38 Å! indicate that the proposed mode9

with fully relaxed Ge-Ge bond length is not appropriate. T
determined Ge/Si coordination number ratioNSi /NGe ~1.22!
A

a

.

r-
i
-
e
r-

y.

to

e

is smaller than the ideal value~3!, indicating a significant
degree of interface mixing. A model structure based on
site-selective Ge-Si exchange at the interface and sur
segregation is proposed to explain the EXAFS results. T
realistic band calculation to investigate the origin of an o
tical transition~0.75 eV! should take into account the loca
structure of Ge layers that are not relaxed but strained
disorder effects due to the interface mixing.
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