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Local structure of(Ge,Siy)5s monolayer strained-layer superlattiddSLS) on Si001) has been studied by
grazing-incidence fluorescence x-ray absorption fine structure. The observed Ge-Ge and Ge-Si bond lengths,
Rge.ce(2.42 A andRg..5i(2.38 A), indicate that the mismatch strain (Ge,Siy)s MSLS is accommodated by
both bond compression and bond bending in the,Geyer. The result rules out a possible model structure
featuring fully relaxedRgc.ce l€ading to the directh,—A(X.)) transition as an origin of 0.75-eV optical
transition. The determined Si/Ge coordination numbers@&®;Si,)s MSLS (Ng;:Nge=2.2:1.8) deviate from
that of an ideal interface modeNg;:Nge.=1:3), which indicates a substantial interface mixing. A simple
mechanism of intermixing via site exchange and surface segregation is proposed.

I. INTRODUCTION not only in crystallographidaveragg but also local struc-
tural viewpoints. However, the local structures around Ge
Artificially ordered GeSi superlattices possessing electriand Si atoms have not been measured(@eSi,)s MSLS.
cal and optical properties have opened a doorway to bandChis is partly due to the fact that the MSLS prepared on thick
structure engineering through heterostructures formed by thgHPstrates is impossible to be studied by a conventional
strained-layer coherent epitaxy of Si and Berhe (Ge,Siy) transmission experiment, aIthough x-ray absorption fine
monolayerstrained-layer superlattic(e/ISLSj grown 405n structure(XAFS) is an ideal technique for a local structure

. ) " study. More recently, the surface sensitivity of XAFS experi-
Si(00Y) substrate, has shown strong optical transiti@h85, ,ants has been significantly improved by a grazing-

1.25, 2.31 eV unique to the superlattice period, which are jncigence fluorescence excitation and a high-efficiency x-ray
found neither in constituent crystals nor in the (@85  detector. In fact, submonolayer sensitivity has been
alloy? In order to understand the nature of GeSi MSLSachieved?>?2Using this technique, we have studied the local
quantum wells expected to have significant modifications irstructure of epitaxial Ge overlayers on well-oriente(DS1),
the optical and electrical properties, a number of studies ofGe,/Si(001), n<7],*?*and[Si/Gg,/Si(001), n<12].**
the electronic properties, growth, structure, and stability of In this paper, we report the local structure around Ge
the strained GeSi MSLS and @&, _, alloys have been atoms in (GgSiy)s/Si(001) MSLS using grazing-incidence
performed'~16 fluorescence XAFS. The results are discussed in relation to
In the early stagé?’ optical transitions have been studied the strain accommodation and relaxation in the Ge layers
for Ge,Si, (n=1,6) MSLS and GgSi; _, alloys with elec- wh|chl£1_al\£5_b3een a subject of numerous studies of GeSi
troreflectance spectroscopy. The results demonstrated th@{0ys-~ " “Our results on MSLS show that the Ge lay-

; ; tetragonally deformed and the lattice matching is
both GgSi; and GgSig prepared on $001) substrates show &S aré el , , _
the electroreflectance spectra similar to randorgSigsal- ~ Mostly achieved by bond bendin@s% with a minor con-

loy, whereas those for G8i, and GgSi, show significant tribution of bon.d COWPFGSSiOf‘ZE"V")- The bpnd length \_/al-
difference from that of GgSiys alloy. In particular, for ues are essentially similar to th‘??e n stramedSTleX_thm
(Ge&Siy)s/Si(001), new optical transitions have been re—fIImS with an averagg/ cqrr:jpoa_’uon O?Or‘]‘? but shghtlyd
solved at energies that cannot be explained by a simple co nore c;ohmpressei(do. @’h.m |cat!3g a hignly cprppresge
bination of those for crystalline Ge or Si. People and Jacksofitate Of the (Gg layer. This provides important information
have pointed out that the lowest-lying states in the conducon @ possible nature of optical transition, in par’gcular, a fully
tion band are derived from thel00) valleys of Sil’ This relaxethe Iay(cja.r model proposed by V(\j/oegal. Furthr—(zjr.—
picture has been supported by the band calculations based gipre. the coordination geometry aroun Ge atoms indicates
ideal superlattice modé?#19However, the magnitude of an appreciable amount of interface mixing. A simple model
the calculated matrix elements for the new transitions aré> proposed to take into account both overlayer-substrate

several orders lower than what is observed in the experiment i€ €xchangeduring the growth of Ge layer on Silayend
On the other hand, the band calculations that take account GF'"face segregatiotduring the growth of Si layer on Ge
the deviations from an ideal superlattice result in optical ayes.
transition matrix elements that are in better agreement with
experimental result$?°

Quantitative calculations of optical transition require di- (Ge,Siy)s MSLS was prepared on @01) substrate in an
rect information on structural parameters for GeSi MSLS,ultrahigh vacuum(UHV) molecular-beam epitaxyMBE)

Il. EXPERIMENT
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growth chamber with a base pressure of 0" Torr. The Ge K - edge
detail of MSLS sample preparation is reported elsewfkre. 9
The substrate was cleaned by the Shiraki method prior to the
deposition. A 1000-A-thick buffer layer was deposited at a
substrate temperature of 600—700 °C. The Ge-Si multilayers
were grown at 480-530°C. The 140 A-thick Si cap layer
was grown to protect MSLS for XAFS experiments from
oxidation while the samples for electroreflectaitceere
covered by 1000-A-thick Si cap layer. The structure of the
GeSi MSLS was analyzenh situ by reflection high-energy
electron diffraction. GgSi; _ alloy thin films were prepared

on S(001) by MBE in another growth chamber. After re-
moving protective oxide layers from the(801) substrate by
heating at 800 °C, Si buffer layer was grown at 500*3Che
growth of GeSi layers was performed at 400 °C. A typical
growth rate was 0.3 and 0.1 A/sec for Si and Ge deposition,
respectively. The film thickness of @gSij o5 and G sSij 5
alloys was 1000—2000 A.

The grazing-incidence fluorescence vyield spectra were re-
corded for (GgSiy)5s MSLS and GgSi; _ alloys on S{001), Ly
while transmission spectra were taken for crystalin&e. 11100 11120 11140 11160
All measurements were performed at the BL-13B at the Pho- ENERGY (eV)
ton Factory, National Laboratory for High Energy Physics
(PF, KEK). The incidence angle for fluorescence-detected FIG. 1. X-ray absorption near-edge structupd¢ANES) for
XAFS measurements was chosen so that the contribution d5€,Sis)s MSLS (top), Ge seSips0 (Middle), and Gg gsSip.g5 (bot-
substrate Si is minimized, i.e., the strong diffraction does notom alloys, A, B, andC indicate the characteristic features.
affect the linearity of an x-ray detector. The electron beam
energy was 2.5 GeV and the maximum stored current waSi(001) (bottom). The sharp “white line” peak shows fine
400 mA. A 27-pole wiggler with the maximum magnetic featuresA, B, and C for Si-rich GeSi alloy (GggsSip o) -
field By of 1.5 T inserted in the straight section of the storageFeatureA is enhanced while the peak is narrowed in width
ring was used. The calculated total power of the wiggler wasnaking it difficult to resolveB andC on going to higher Ge
5.44 kW atB,=1.5T, with which the brilliance greater than concentration. The lov- extended x-ray absorption fine
that of a bending magnet by an order of magnitude can betructure EXAFS regiori11140-11160 eYreflects the pro-
obtained over a wide energy ran¢e-30 keVj. XAFS data file of back scattering amplitude of coordinated atom. The
were collected using a fixed-exit double-crystal(13il)  white line peak profile and the low-EXAFS region for
monochromator. The first crystal is a water-cooled flat(GeSis)s MSLS are similar to that of GgSiy s, indicating
Si(111) crystaf® while the second crystal is sagittally bent to that the average Ge composition of MSLS is close to that of
focus the horizontal beam over2 mrad. A seven-element Ge, sSij 5 although the intensity of featu& is suppressed.
Si(Li) solid-state detector array was used to collect the fluo- Figure 2 illustrates the normalized Gé&edge EXAFS
rescence signal. The average energy resolution of edch Si oscillationsky(k) as a function of photoelectron wave num-
element with an active area of 200 rimvas 240 eV at 5.9 berk, in thek range of 2—18 A for c-Ge (powder crystal
keV, using a shaping time of gsec. The detector output was Geg,Si; _, alloys, and (GgSi,)s MSLS. It can be clearly seen
linear below 2.5 10* cps after a simple correction of dead that ky(k) of c-Ge has a maximum in the region &f
time. For each data point, the signal was integrated for 10 see 6 A ! showing a gradual decrease in magnitude, which is
and ten scans were averaged.

(GesSig)s

Geo.5Sio.5

Geo.05Si0.95

F/io (ARBITRARY UNITS)

In a grazing-incidence geometry, the background caused L R B

by elastic scattering is significantly suppressed and further 1 cGe r
rejection was done by a combination of an x-ray fil(&a - WNWM
oxide) and an energy analysis so that a fluorescence yield can £ 1 8y Slog |
be obtained with a high signal-to-background ratie 1(0?) = M\/WMMWWWWW
for 1 ML Ge The energy window of the detector electron- Z (GeSL),
ics for each channel was chosen to record only thek@e = WWMMMW
peak. In this experiment, the incidence angle was chosen so f Go. si
that the diffractions from substrate do not affect the detector N T
linearlity above the critical anglé3.5 mrad.
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The Ge K-edge x-ray absorption near-edge structure FIG. 2. Normalized EXAFS oscillationky(k) for crystalline
(XANES) are plotted in Fig. 1 for (G&Si)s MSLS (top  Ge, Gg sSiy s alloy, (GgSis)s MSLS, and GgosSiy o5 alloy pre-
column, Gg sSipSi(001) (middle), and GgoSipos/  pared on S0D01) as a function of photoelectron wave numberA
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) o (GesSiy)s MSLS (solid line) and simulated curves for model struc-
FIG. 3. Fourier transform of EXAFS oscillationgx(k),  tyres with various foNg./Ns; ratio based on a tetrahedral geometry
[F(R)|, for (GeSi)s MSLS, crystaliine Ge, GgSoso and  (gashed ling Results withNg.=1.8, Ng=2.2 indicate the best-fit
Gey.055i0.95 alloys. data allowing all structure parameters for the two sh@is-Ge and

Ge-S) to vary while other data are calculated for intentionally

a common feature of Ge scatterer. In contrast, in Si-rich alfnodified Ng/Ng; ratio using the same bond length and MSRD
loy, i.e., Gg oSipos/Si(001), the lowk-region aroundk  values.
=4 A~! has a large magnitude that sharply decreases on
going to a highk region. EXAFS spectra for both ((8i;)s  laxed crystalline Ggg;Sip 39 and Gg 5:Sig 61 alloys.
MSLS and GgsSiys/Si(001) have an intermediate profile  In order to obtain the structural parameters for the nearest
suggesting that these two samples are characterized by aeighbor of Ge atoms, the RDF's for all samples were in-
almost equal amount of Ge and Si scatterers, in agreemengrsely transformed into & space to isolate the first shell
with XANES observations. contribution. The least squares curve fitting based on Mar-

The results of Fourier transfori#T) of EXAFS oscilla-  quardt's scheme for iterative estimation of nonlinear least-
tions (k) multiplied by k, representing the radial distribu- squares parameters via a compromise combination of gradi-
tion function (RDF), are shown in Fig. 3. We note that the ent and Taylor series methtfdwas used to fit the filtered
peak positions in the FT results are shifted to a smdfer EXAFS oscillations in ak space. The contribution of the
because of a phase-shift effect. The FT magnitudef@e  Ge-Ge and Ge-Si pairs can be separatedkrspace because
shows a characteristic feature of a diamond-type tetrahedréhe k dependencies of the total phase-shift and backscattering
structureTy4 up to the third-nearest neighbor. These featureamplitude functions for Ge and Si are quite different:
are essentially the same as those for, §8iy05/Si(001)  |fsi(k, )| peak is located at low and falls off sharply with
with a shorter interatomic distance. Compared with the rethe increase ok while |fgJk,7)| has a maximum ak
sults for c-Ge, the magnitude of the prominent peak for=6-8 A~! and extends to a region witk>15A"1. The
(GesSig)s MSLS decreased by about 50% shifting toward atheoretical amplitude functiorifi(k,7)| and phase-shift
smaller distance direction by 0.16 A. The second- and thirdfunction ®;;(k) were obtained by FEFFP:%® The fitting re-
nearest-neighbor peaks in the RDF for (Sig)s MSLS are  sults are summarized in Table I. The first-shell EXAFS os-
not well resolved. Upon comparing the RDF’s for (S@)s  cillations were calculated for several model structures for
MSLS and GgzSiys/Si(001) as shown in Fig. 3, one can (Ge&Siy)s MSLS with variousNge/Ng; ratio and compared
notice that smearing is due to the interference betweewith the experimental curve in Fig. 4. In this simulation, the
Ge-Ge and Ge-Si pairs. In fact, Kajiyaredal?® and Ald-  Ge-Ge and Ge-Si distances separately determined by a least-
rich, Nemanich, and Sayéfsreported that no evident squares fit were used and only the ratio of GeSi coordination
second- and third-nearest-neighbor peaks appear for the raumber is varied keeping the total coordination numder

TABLE I. Structural parameters of Ge/Si samples obtained from XAFS data.

Sample Bond pair RA) N o A) AE, (eV)

(Ge4Siy)5Si(007) Ge-Ge 2.420.01 1.8:0.2 0.062-0.005 6.5-1.0

Ge-Si 2.38:0.01 2.2£0.2 0.068-0.005 45-1.0

Gey Siy 5 alloy Ge-Ge 2.430.01 2.0:0.2 0.058 0.005 7.:1.0

Ge-Si 2.38:0.01 2.0:0.2 0.05G-0.005 3.8:1.0

Gy 0:Siy s alloy Ge-Si 2.350.01 4.0:0.2 0.045-0.005 4510
Ge-Ge ~0

c-Ge Ge-Ge 2.450.01 4.0:0.2 0.054£0.005 8.6:1.0
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N~3.0Ge+1.0Si N~1.5Ge+2.58i
tice distortion is achieved by both bond bending and bond
shortening for the Ge-Ge and Ge-Si pairs. Previous model
structures of (G£Siy)s MSLS, however, assumed that the
Ge-Si interface is atomically sharp, and described the tetrag-

() g g i g (d)
onal deformation with a macroscopic elastic theory. This is

N~1.75Ge+2.25Si N-1.75Ge+2.255i based on the assumption that only the Ge layers are de-
FIG. 5. (a) Schematic side views of (G8i;)s MSLS with an fi)rSmf?fiAal(t))rl_gStZg:Aa).(ls,kand ab planeolattlﬁe Spr?cmr?x d
ideally sharp Ge/Si interfac@eft) and model structurdright). ~ _ 2-+> /™ D=9 ) is ept_constaﬁrjt. n the other ag\’
Shaded circles indicate Ge atoms and open circles indicate Si afl'é C-axis lattice spacing @=11.24 _3expands by 0.38
oms. 1-4 layers denote the original Ge overlayers and 0 indicatesompared with the @= 10.86 A ofc-Si.

i

the top layer of Si substraté) schematic plan view of Ge/Si The fact that banq calculation; based on this model struc-
interface of Ge overlayers on(8D1) with no site exchangés) and  ture could not explain a I_arge osm_llator strength _observed for
with 3 ML Ge-Si site exchangéb)—(d). MSLS has been a puzzling question for a long time. Hybert-

sen and Schlutét have interpreted the strong optical transi-

As can be seen, the best agreement is achievedNfgr tion (0.75 eV} observed in (G£Sis)s MSLS as an indirect
=1.8 andNg=2.2. These values are close to those deteriransition based on the local-density-functional and quasipar-

mined by the least-squares fit for all parameters, Ne.R  ticle self-energy approach using an ideal strained-layer su-
and mean-square relative displacem@isRD). perlattice structure with a sharp interface and strain confine-

Figure 5a) illustrates the schematic structures for ment in the Ge layer. Ciraci and Baftdhave studied the
(GeSiy)s MSLS with an ideal Ge/Si interfaggeft) and with ~ Stability and electronic properties of the strained, &g
an interface mixingright). In the latter model, the Ge over- MSLS and GgSi;_, alloys using a self-consistent-field
layer is assumed to have 0.5 ML site exchange upon depdseudopotential approach. Their results showed thaSige
sition and 1 ML segregation upon Si overlayer growth. Fig-MSLS (n=1,6) are essentially unstable and the energy gap
ure Hb) illustrates the schematic presentations of theis indirect, although the separation between the direct and
interface local structure for the first Ge layer deposited orindirect gap is only 0.07 eV fon=6. People and Jackson
Si(001) with and without a site exchange effe¢t) shows have pointed out that the lowest-lying statesr5, 1.25, and
the ideal interface whiléb)—(d) are model interface struc- 2.31 eV in the conduction band are derived from #i®0)
tures wheré ML Ge sites exchange with Si atoms. Note thatvalleys of Si, but the magnitude of the matrix elements are
the site exchange decreases Mg, /Ng; ratio depending on several orders lower than what is observed in experiment.
which sites are involved, although) and(d) give the same On the contrary, Wongt al? have predicted that optical
value. In Fig. 6, we plot the RDF curves for the Ge-Ge andiransitions(0.9, 1.4, 2.3 ey become direct if a fully relaxed
Ge-Si pairs for those model structures where 1 ML Ge isGe-Ge distanc€2.45 A) is assumed in their pseudopotential
assumed to be segregated. The experimentally determiné@iculations of the electronic structure of (S@)s MSLS.

Rge and Rg; values are used in the simulation of RDF. However, since these calculations are based on the model
structures that are not established, and also the nature of
IV. DISCUSSION transition would be sensitive to symmetry breaking by both

local distortion and chemcal disorder, it is essential to inves-

For Ge overlayers grown on ®D1), a biaxial compres- tigate the local structure of Ge layers to evaluate these ef-
sion due to a lattice mismatctd%) between Ge and Si fects.

causes a tetragonal deformati@hongation of unit cell. Lat- We have carried out the least-squares curve fit analysis
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with structural parameteréN, R and o) for the two shells tion indeed amounts to the same with that of a dilute limit
(Ge-Ge and Ge-$iwith a constraint o, i.e., a tetrahedral (under isotropic compressipf’
coordination Nget+Ng=4). Here,N, R ando are coordi- In summary,; of the mismatch strain in (G8i,)5s MSLS
nation number, bond length, and square root of MSRD, reis accommodated by the Ge-Ge bond-length variation while
spectively. In total, five parameters were varied until the bes is compensated by bond bending, in agreement with the
fit is obtained. The best-fit combination of coordination nuM-pond-length values of GeSi allo’3?§15'25‘3°that are linearly
bers (Nge=1.8, N5;i=2.2) is more Si-rich than that of an dependent on composition. Second, the obseRgds.and
ideal interface model, i.eNge=3, Ns;=1. The uniqueness R . values of MSLS rule out a possible model structure in
of structural parameters is guaranteed by the fact that th@nich Ry, .is fully relaxed. Thus, the energy level lower-
backscattering amplitude functions for Ge and Si scatterergg due to the relaxed Ge-Ge bond length is not likely the
are quite different, i.e., the lowegion is quite sensitive t0 ¢case. Third, the observed ratio of Ge and Si coordination
the choice 0fNge/Ns; ratio. In Fig. 4, simulated EXAFS nymbper in (GgSi,)s MSLS reveals that the Ge-Si mixing
curves for deliberately fixed values ®Mge/Ns; ratio are  occurs at the interface as reported earlier for Ge overlayers
compared with the results for all parameters least-square-figp Si001) (Ref. 23 although the cross-section transmission
Therefore, we concluded that the average coordination NUNMnicroscopy shows that the (@dayers are clearly separated
bers for Ge atoms in MSLS, which are model independentiom (sj,) layers® There are two factors to be considered
are 1.8-0.2Ge and 2.20.2 Si. that contribute to the interface mixing: the site exchange
As can be seen in Table I, we find that the bond lengthgjyring the Ge layer deposition on Si surface and the surface
Roe.ce (242 A) andRges; (2.38 A in (Ge;Si))s MSLS are  gegregation during the Si overlayer growth on Ge layers. Our
slightly shorter than those @*Ge (Rge.ce=2.45A) and the  XAFS studies of Ge epitaxial overlayers on well-oriented
sum of covalent radiiRge.s=2.40 A). Hitchcocket al. and Si(001) [Ge,/Si(001), n<7] have shown that- ML of Ge
Aebi et al*"*® studied the local structures of the strained-atoms in the first deposited layer are replaced by the sub-
layer [(Si)g(G€)2]100 and [(Si)o(Ge)s]24 superlattices grown strate Si atoms relieving elastic strain in the second layer
at 385°C. They reportedRge.ce=2.413A and Ree.si  caused by a large atomic size mismatch between the adatom
=2.388 A for [(Si)g(Ge)s]100 SUperlattice Rge.ce=2.403A  (Ge) and substrate atoméSi) and bond bending due to
andRge.s=2.394 A for[ (Si)o(Ge)a]»4 superlattice. The bond dimers?® In the present study, we assume that the Ge-Si
lengths in[ (Si)g(Ge),]100 SUperlattice are in good agreement interface mixing during the Ge growth on(801) is also
with that of (GgSi,)s MSLS in Table I. More recently, we about3 Ge ML. Two models of Ge/Si site-exchange during
found that the bond lengtRg, siis 2.38 A for the dilute Ge  the Ge overlayer growthb) and(c) or (d) are shown in Fig.
atoms doped into Si crystal. This shows that the bond 5(b). In this figure, we consider four layers, i.e., the larger
length Rge.s=2.38 A in (G@Siy)s MSLS takes the dilute circles(3, 2) indicate the top- and second-layer atoms while
limit value, suggesting that the contribution of bond-lengththe small open circle¢l, 0) indicate the third- and fourth-
compression is apparentfybut takes the upper limit of iso- layer atoms. As illustrated in the figure, the average Ge co-
tropic deformation. This is reasonable since above a certaigrdination numbeNg, decreases from 3.0 if@) to 1.5-1.75
bond-length compression limit, the strong repulsion is ex4in (b)—(d) as the site exchange occurs.
pected, and the deformation becomes unstable. Mousseau For the Si growth on the Ge layer, the Ge atoms are
and Thorpe have calculated the Ge-Ge and Ge-Si bongumped up to the top laydsurface segregatiprihat even-
lengths in crystalline and amorphous,Sg_ alloys using tually introduces the Ge/Si mixing. Based on the separate
Kirkwood potentia® The Ge-Ge and Ge-Si bond-length XAFS experiments on the effect of of Si growth on the Ge
valuesRge.ce=2.423 A andRg..s=2.392 A calculated for layer®® we estimate that about 1 ML of Ge atoms migrate to
Gey 5550045 are in agreement with the EXAFS results for the top layer. Assuming that the segregated atoms are sur-
Ge sSips alloy within an experimental error. Finally, we rounded by Si atoms, we calculated the average RDF curves
compare the present results with the experimental bondkor the Ge-Ge and Ge-Si pairs for (§8)s MSLS and com-
length values for Ggi, , alloys!?™*>%5=3%n spite of scat- pared them with the experimental RDF in Fig. 6. The RDF
ters in the reported bond-length values, the overall behaviorwas generated by Gaussian distribution function using the
indicate a linear dependence on composition with a slope imodel-independent bond lengths determined by a curve-fit
agreement with elastic theory simulations. The observednalysis of EXAFS data.

Rge.ge @nd Rge.si values deviate from the experi- As illustrated in Fig. 6, the experimental RDF fits well to
mentat?~1%25-30r calculate@®*°values for GgSi; _, alloys  model(c) or (d). The detail of then situ XAFS study on Ge

with the corresponding average compositiar=(0.45). This  overlayers on $001) is reported elsewhef&. The nominal
suggests that the Ge layers and Ge-Si interface are both comemposition Gg,.Sij 56 for model (c) or (d) is close to that
pressed, in agreement with the view that the strain is localef (Ge,Siy)s MSLS, i.e., Gg.sSips5 Although whether the
ized within the Ge layer$? On the other hand, they take interface has an ordered structure or not is not experimen-
slightly larger values than the calculated values for modetally established yet, we believe that the interface mixing is
Ge,Si, MSLS8101618.19The gverestimation of bond-length roughly explained by the two contributions, i.e., Ge-Si site-
compression may occur since most of model structures dexchange and Ge surface segregation. We note that the site
not take interface mixing and nonuniform longitudinal dis- exchange is hardly explained in terms of thermally activated
placement into account. Based on these, we may concluddffusion.

that the lattice matching is achieved by tetragonal deforma- Two factors influencing the optical transition are consid-
tion by bond bending but the Ge layer is highly compressedered. First, the interface-mixinghemical and structural dis-

In an interface region, the magnitude of local lattice distor-orden would relax thek-conservation rule that may increase
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the transition matrix element. Second, the GeSi alloy interis smaller than the ideal valu@), indicating a significant
face can be an intermediate “buffer” between Ge and Sidegree of interface mixing. A model structure based on a
layers helping the flat layer-by-layer growth. This would de-site-selective Ge-Si exchange at the interface and surface
crease the localized strain contributing to stabilize thesegregation is proposed to explain the EXAFS results. The
MSLS, which may increase the gap energy. As a result norrealistic band calculation to investigate the origin of an op-
mally inhibited direct transition might be allowed or the tical transition(0.75 eV} should take into account the local
weak indirect transition might be enhanced on the contrarystructure of Ge layers that are not relaxed but strained and

V. CONCLUSION

Grazing-incidence fluorescence XAFS has been used
study the local structures of (&i,)s MSLS. The bond
length values for the Ge-Ge and Ge-Si paiRge.ce
=2.42 A, Rgo.s=2.38 A) indicate that the proposed motiel

disorder effects due to the interface mixing.
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