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Polari zatio n-dep endent X -ray absorption spectroscopy w as used to study
t he local microstructure of Ge layers buried in silic on. T he layers w ith thic k-

ness from 6 to 20 monolayers of Ge w ere grow n by molecular beam epita xy
on Si substrate and w ere covered by Si (20 nm ). To investigate the mor-
phology of grow n structures , X -ray absorption near edge structure and ex-

tended X -ray absorption Ùne structure analysis of the Ge K -edge was done.
T he perf ormed qualitati ve analysis pro ves that X -ray absorption spectra are
very sensitive to the local order in the formed structures and are sources of
unique inf ormation about morphology of the buried Ge layers. U sing these

techniques we w ere able to observe the changes in atomic order around the
Ge atoms in investigated buried layers and compare the formed atomic order
w ith that in crystallin e Ge. A substantial increase in intensity , broadenin g

and chemical shif t of the X -ray absorption near edge structure spectrum for
8 M L w ere observed. I t can b e related to the increase in density of electron
states caused by increase in the localiza tion of the states due to poten-

tial app earing at the Ge island b oundari es and indicated the formation of
quantum dots. T he observed in- plane mo dulation s of radial distribu tion and
out- of-plane for di˜erent layers w ere discussed .
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1. I n t rod uct io n

The physi cal pro perti es of quantum conÙned semiconducto r hetero struct ures
have attra cted wi de attenti on both from the exp erim ental and theo reti cal point of
vi ew because of thei r potenti al appl icati ons in micro electroni cs and developm ent
of Si-based opto electronics. Parti cul arly, there is a considerabl e interest in the
im pro vement of the electro n{ hole recom binati on e£ ci ency of indi rect- gap semi-
conducto rs using quantum low- dimension e˜ects. A m ajor concept of the metho d
leading to self-organi zing quantum dots form atio n consists in the growth of a layer
wi th several m onolayers of one semiconducto r in a m atri x of another semicon-
ducto r wi th hi ghly m ismatched latti ce param eters. The growth m echani sms are
cl osely related to both self -assembly nanocrysta l f orm atio n and band engineering.
D ue to the wel l kno wn growth techno logy of Si and Ge crysta ls and the large lat-
ti ce mismatch (about 4%), the Ge/ Si system s attra ct a great attenti on to day wi th
a conti nuing hope of creati ng high e£ ciency GeSi-based opto electronic devi ces.
Theref ore, the m echanisms ta ki ng pl ace duri ng the Ge quantum dots form ati on
are of parti cular interest. The pro perti es of Si/ Ge/ Si-structures are studi ed most
acti vel y by the metho ds of electron and ato m ic-f orce m icroscopy (A F M) [1{ 5],
photo lum inescence [2{ 8], and Ram an scatteri ng [2, 9{ 11]. Several studi es have
been reported on the interf ace structure and growth morpho logies of Ge on Si
crysta l [12{ 15], but researchers are sti l l far from understa ndi ng and contro l l ing
the m orpho logy of interf ace parti cularl y in the buri ed layers when AFM cannot
be appl ied.

R ecogni zing the adv anta ges of X- ray absorpti on spectro scopy as being a lo-
cal ato m probe and givi ng a Ùngerpri nt of chemical bondi ng, we appl ied thi s spec-
tro scopy to study the local arra ngement and chemical bondi ng of Ge m onolayers
buri ed in Si expl oring also the l inear polarizati on of synchro tro n radi ati on.

2. E x per i m en t a l

The growth of quantum dots conta ini ng hetero structure s (wi th in sit u
R HEED contro l) was done in \ KA T UN- S" MBE insta l lati ons. Each MBE insta l la-
ti on wa s equipped wi th two electro n beam evaporato rs for germ ani um and silicon.
The Si / Ge/ Si structures were grown on (001) Si substra tes. The epi ta xi al Si bu˜er
layer wi th the thi ckness 100 nm was produced at substra te temperature 600£ C.
In order to reduce the size of the quantum dots, the tem perature of Si bu˜er was
decreased to 2 1 0 £ C and a layer of germ ani um wi th thi cknessf rom 6 to 20 m onolay-
ers (ML) was grown. Next the structures were capped by the 20 nm thi ck Si layer
form ed at tem perature 4 3 0 £ C. It has been shown [13] tha t germ ani um quantum
dots start to form when the nom inal thi ckness (N G e) o f the germ ani um layer ex-
ceeds 4 ML. In our exp eriments we investigated undo ped structures wi th N G e = 6,
8, 10, and 20 ML. The planar density of the quantum dots in structures grown in
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sim i lar condi ti ons wa s appro xi ma tel y 1 0 1 1 cm À 2 . From the AFM m easurem ents
[1{ 5], whi ch were perform ed on the sam ples wi tho ut capped layers, i t results tha t
the height of the quantum dots is about 3 nm , whi le the latera l size of thei r basis
increases from 7 to 30 nm on increasing the N G e from 6 to 25 ML. Beginni ng f rom
appro xi m atel y N G e = 12 ML, relaxati on of the elasti c deform ati on ta kes place by
intro duci ng dislocati ons in the structures .

X- ray absorpti on near edge structure (XANES) and extended X- ray absorp-
ti on Ùne structure (EXAFS) spectra were measured at room tem perature at the
A1 stati on in HASYLAB equipped wi th doubl e crysta l Si (111) m onochroma to r.
The exp eriments were done at the K -edge of Ge using Ùve-element Ge Ûuorescence
detecto r. The angles between sampl e surface and X-ray beam were about 2 0 £ and
7 5 £ . Theref ore, ta ki ng into account the polar izat ion e˜e cts one can study bonds
out of sampl e plane (2 0 £ ) and in pl ane (7 5 £ ). The powdered m onocrysta l of Ge
wa s measured in tra nsmission m ode as a reference.

3. R esul t s an d d iscu ssio n

In Fi gs. 1{ 4 the X-ray absorpti on spectra of Ge K -edge from layers wi th
thi ckness of 6{ 20 monolayers buri ed in Si and from the Ge reference crysta l are
col lected. Al l spectra are norm alized to the sam e intensi ty before the edge and at
the end of the spectra .

Co nsiderabl e changes in spectra intensi ty and shape for the layers wi th di f-
ferent thi ckness, measured at two ori entati ons wi th respect to the polarizati on
vecto r of the radiati on, were observed. These changes indi cate the modi Ùcati on of
the m orpho logy of the form ed layers wi th increase in the layer thi ckness in the
considered di recti ons. Co mpari ng spectra f or out- of-plane bonds (col lected un-
der grazing inci dence (2 0 £ ) and m arked in Fi gs. 1{ 4 by open circl es) for sampl es
wi th 6 to 20 ML, one can noti ce at Ùrst the large increase in X- ray absorpti on
spectroscopy (XAS) intensi ty between 6 and 8 ML sam ples and then a conti nu-
ous decrease in XAS intensi ty going from 8 to 20 ML sampl es. Consi dering the
in-plane spectra (col lected under norm al inci dence (7 5 £ ) and m ark ed in Fi gs. 1{ 4
by Â ), one can see tha t the intensi ty of spectra does not change m uch for sam -
pl es wi th 6 and 8 ML and decreases starti ng from the sam ple wi th 10 ML. For
the sam ple wi th 20 ML the intensi ty and shape of the spectrum is very cl ose to
tha t for crysta l l ine Ge. Theref ore, the ato mic arra ngement and resulti ng in-plane
electron states distri buti on for sam ple wi th 20 ML of Ge buri ed in Si is very close
to ato mic arrangement in crysta ll ine Ge. Kno wi ng tha t the latera l size of dots
form ed in thi s ki nd of layer is about 30 nm [13] our m easurem ents indi cate tha t
the in-plane electronic structure for dots of tha t size is very sim i lar to tha t for
crysta l l ine Ge. The latera l size of dots form ed in lay ers wi th 6 and 8 ML has the
sam e order of value. Starti ng f rom 10 ML the size of dots increases leading to
form ati on of electronic-sta tes distri buti on simi lar to crysta l l ine Ge at 20 ML.
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Fig. 1. X A NES of Ge K -edge of the crystalli ne Ge (solid line) and of the sample w ith

Ge 6 ML collected under normal ( Â | 7 5 £ ) and grazing ( £ | 2 0 £ ) incidenc e b eam

angle.

Fig. 2. X A NES of Ge K -edge of the crystalli ne Ge (solid line) and of the sample w ith

Ge 8 ML collected under normal ( Â | 75
£ ) and grazing ( £ | 20

£ ) incidenc e b eam

angle.

Fig. 3. X A NES of Ge K -edge of the crystalli ne Ge (solid line) and of the sample w ith

Ge 10 ML collected under normal ( Â | £ ) and grazing ( | £ ) inciden ce b eam

angle.

Fig. 4. X A NES of Ge K -edge of the crystalli ne Ge (solid line) and of the sample w ith

Ge 20 ML collected under normal ( | £ ) and grazing ( | £ ) inciden ce b eam

angle.
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The substa nti al ra ise of intensi ty and bro adening of the out- of-pl ane spectra
for 8 ML (Fi g. 2) can be related to the ra ise of density of electro n states, whi ch
is caused by increase in the local izati on of the states due to potenti al appearing
at the Ge island bounda ri es. Mi xi ng of the Si atom s and Ge atom s out- of-plane
as well as in-plane of the 8 ML sam ple to ok place. In the out- of-plane spectra
for 8 ML and 10 ML we observed a chemical shift of the absorpti on edge whi ch
can be rel ated to a change of the ionicity of form ed chemical bond and/ or of the
coordi nati on around Ge ato ms (Fi gs. 2, 3).

Based on the above observati ons we suppose tha t, indeed as i t was reported
[1{ 5], the form ati on of hut- l ike smal l quantum dots ta kes pl ace for the layers wi th
thi cknessfrom 6 to 10 m onolayers of Ge buri ed in Si crysta ls. Thi s parti cul ar shape
of quantum dots inÛuencesthe conducti on-band structure. The sampl ewi th 20 ML
Ge has al ready an in-pl ane coordi nati on very sim i lar to crysta l line Ge, but for the
out- of-plane one the di ˜erences are sti l l observed tha t can indi cate form ati on of
the dom e-l ike large quantum dots. These dots have the electro n states in-plane
di stri buti on simi lar to tha t for crysta l l ine Ge but the presence of Si ato ms in the
vi ci ni ty of Ge ato m s m odi Ùesthe out- of -plane electronic structure.

EXAFS spectra were m easured for the sam e geometry as XANES ones. A
standard EXAFS (wi tho ut Ùtti ng) analysis was done. The pre-edge region was
appro xi m ated by the l inear functi on for 8 ML | both angles, 10 ML | angle 2 0 £ ,
20 ML | angle 7 5 £ , vi ctori an functi on for 10 ML | angle 7 5 £ and polyno m ial
functi on for 20 ML | angle 2 0 £ and Ge crysta l . The isolated ato m contri buti on
wa s rem oved usi ng the spline functi on. The obta ined norm al ized EXAFS oscil la-
ti ons, â ( k ) , mul tipl ied by interna l photo electron wa ve vecto r k 1 for al l investigated
sam ples are shown in Fi gs. 5, 7 and 9 (m ark ed by l ines wi th sol id tri angles (ci r-
cl es)). As a next step, Fouri er tra nsform ati on (FT) was done usi ng f or al l sampl es
the Ha mm ing Ùlteri ng functi on. The chosen ranges of k for the FT (dep endent on
a quali ty of the registered spectra) are l isted in T able. The â ( k ) oscillati ons af ter
Ùlteri ng are m arked by a solid l ine in Fi gs. 5, 7 and 9.

The radial distri buti on (R ) of neighbour ato m saround Ge is shown in Fi gs. 6,
8, and 10 (i n-pl ane | 7 5 £ and out- of-plane | 2 0 £ ). Consideri ng the shape of
radi al distri buti on for out- of-pl ane case in al l inv estigated sampl es we can noti ce
tha t Ùrst three coordi nati on shells (up to ¤ 6 ¡A) m atch in positi on wi th the
crysta l l ine Gebut di ˜er consi derabl y in ampl itude indi cati ng the presence of many
defects in occupancy of ato m ic sites. Al l further shells have di ˜erent locati ons and
am pl i tudes wi th respect to Ge-crysta l . For the sam ple wi th 20 ML (Fi g. 10) the Ùrst
coordi nati on sphere is shifted in the di recti on of shorter R (the radial coordi nate)
and is much broader tha n for other sam ples. Thi s indi cates the presence of the two
shells wi th di ˜erent bond length, one Ge{Ge and other Ge{Si , tha t is in agreement
wi th our concl usion dra wn from XANES spectra .
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Fig. 5. W eighted EX A FS oscillati ons k Ââ ( k ) from the sample w ith 8 ML (upp er curves

for normal incidence | 75 £ , bottom curves for grazing inciden ce | 20 £ ). Solid triangles

and circles | oscillati ons as measured, the solid line | after Ùltering.

Fig. 6. The radial distribu tio n function of atoms around Ge in 8 ML sample, af ter

Fourier transf ormation in the k range speciÙed in Table (£ | out of plane and Â | in

plane), the solid line | in crystallin e Ge.

Fig. 7. W eighted EX A FS oscill ati ons k Â â ( k f rom the sample w ith 10 ML (upp er

curves for normal incid ence | £ , bottom curves for grazing incidence | £ ). Solid

triangles and circles | oscillati ons as measured, the solid line | after Ùltering.

Fig. 8. T he radial distributi on function of atoms around Ge in 10 ML sample, af ter

Fourier transf ormation in the k range speciÙed in Table ( | out of plane and | in

plane), the solid line | in crystallin e Ge.
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Fig. 9. W eighted EX A FS oscill ati ons k Â â ( k ) f rom the sample w ith 20 ML (upp er

curves for normal incid ence | 75 £ , bottom curves for grazing incidence | 20 £ ). Solid

triangles and circles | oscillati ons as measured, the solid line | after Ùltering.

Fig. 10. T he radial distributi on function of atoms around Ge in 20 ML sample, af ter

Fourier transf ormation in the k range speciÙed in Table (£ | out of plane and Â | in

plane), the solid line | in crystallin e Ge.

T ABLE

T he range of k vector chosen for Fourier transf ormation.

Sample k m i n [¡A À 1 ] k [ ¡A À ]

8 ML £ ) : :

8 ML £ ) 3.95 13.3

10 ML £ ) 3.85 12.95

10 ML £ ) 4.0 12.7

20 ML £ ) 3.3 13.5

20 ML £ ) 3.7 12.4

Ge crystalli ne 3.5 14.55

Co nsidering the radial in-pl ane di stri buti on we can see tha t for 8 ML and
10 ML the Ùrst shell is shifted in di recti on of lower in com pari son to crysta l l ine
Ge. For 8 ML sampl ethe intensi t y of the Ùrst shell peak is lower tha n for crysta l l ine
Ge, but sim i lar in both considered di recti ons. Thi s is not observed for 10 ML
sam ple, where the Ùrst in-plane shell is lower tha n out- of-plane one, givi ng an
indi cati on of the presence of m uch m ore defects in occupancy of ato m ic sites in
pl ane tha n out of pl ane.
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For 20 ML sam ple the intensi ty of Ùrst- shell peak is sim i lar to tha t of crys-
ta l l ine Ge in both di recti ons. Mo reover, som e simi lari ty for 2 and 3 shells wi th
crysta l l ine Ge can be also noti ced (Fi g. 10) but the second in-plane shell is much
bro ader indi cati ng the presence of two ki nds of ato m s (G e and Si) and two values
of intera to m ic distances. For the out- of-plane di recti on, we do not observe thi s
ki nd of bro adening for the second shell .

Sum mari zing the results of EXAFS analysis one can say tha t the local order
around the Ge atom s in 8 ML and 10 ML sam ples (out- of-pl ane) up to the thi rd
shell ( ¤ 6 ¡A) is sim i lar to the crysta l l ine Ge. The changes in scatteri ng am pl i tude
indi cate the presence of m any defects in occupancy of Ge crysta l l ine sites but the
ato m s are located at the same di stances as in crysta l l ine Ge. The mixi ng of Ge
and Si ato ms ta kes pl ace f or further shells. In pl ane onl y the Ùrst shell has sim i lar
di stance of the neighbour ato m s but a shorter bond length tha n in crysta l l ine Ge.
Theref ore, the size of the f orm ed dots is smal ler in pl ane tha n out of plane, or
the mixing of Ge and Si ato m s al ready appears in the second shell . In the case of
20 ML sam ple, in both considered di recti ons a simi lari ty wi th Ge structure up to
the thi rd coordi nati on sphere was observed. Two shells of ato ms are clearly seen
in the Ùrst coordi nati on sphere out of plane. In pl ane, two subshel ls can be noti ced
in second coordi nati on shell and only a very smal l am ount of Si can be adm ixed
to the Ùrst shell .

4 . Co n cl u si on

Sta ndard XANES and EXAFS qual i ta ti ve analysis of the polari zati on de-
pendent spectra from layers of Ge wi th di ˜erent thi ckness, buri ed in Si , was per-
form ed. Thi s analysis pro ves tha t X- ray absorpti on spectra are very sensiti ve to
the local order in form ed structures and are sources of uni que inf orm atio n about
the m orpho logy of buri ed Ge lay ers. Using these techni ques we were able to ob-
serve the changes in ato mic order around the Ge ato m s in investi gated buri ed
layers and to com pare the form ed order wi th tha t in crysta l l ine Ge. T o dra w out
m ore quanti ta ti ve inform ati on, bui ldi ng of m odels and Ùtti ng to the exp erimenta l
data is necessary. T o reduce the therm al di sorder and to get a better qual i ty of
the experim ental data low tem perature m easurements on the sam e sam ples are
anti cipated.
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