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Local structure of Ge quantum dots self-assembled on Si„100… probed
by x-ray absorption fine-structure spectroscopy
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The local structure of Ge quantum dots~QD’s! self-assembled on Si~100! has been probed by extended x-ray
absorption fine-structure and x-ray absorption near-edge structure spectroscopies. We found that in the un-
capped QD’s, Ge is partially oxidized~;35%! while the other part~;40%! alloys with Si leaving only;25%
as a pure Ge phase. In the Si-capped dots the structure strongly depends on the growth temperature. For QD’s
grown at a rather high temperature of 745 °C, Ge is strongly intermixed with silicon forming a Ge-Si solid
solution. The fraction of Ge atoms existing as a pure Ge phase does not exceed 10%. In the QD’s grown at a
lower temperature~510–550 °C!, on the other hand, the Ge-rich phase clearly exists. The Ge-Ge bond length
in the uncapped dots is close to the bulk value of Ge, indicating elastic relaxation of the misfit strain. The Ge-Si
bond length in the capped QD’s grown at 745 °C approaches the bulk value of Si, revealing compressive strain
in the buried Si/Ge dot structures. In QD’s grown at lower temperatures the Ge-Ge bond length equals 2.42 Å
indicating a small compressive strain. We also found that the structural disorder is higher in the uncapped
samples.

DOI: 10.1103/PhysRevB.66.075319 PACS number~s!: 68.65.2k, 61.10.Ht, 81.05.Cy
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I. INTRODUCTION

Fabrication of self-assembled quantum dots~QD’s! due to
the lattice mismatch of the substrate and the grown overla
has been recently attracting much attention.1 This growth
mechanism, known as the Stranski-Krastanov mode,
been successfully applied to the fabrication of Ge/Si Q
which are of special interest due to the compatibility with
technology.2,3 Various groups reported that, depending on
growth conditions, QD’s of different shape can be forme
such as pyramids, domes, and hut clusters.4–9

While the formation of the nanostructures has been
equivocally detected by scanning force microscopy a
transmission electron microscopy, the local structure of
QD’s is still a matter of controversy. While generally su
QD’s are referred to as Ge QD’s, there has been grow
evidence of intermixing of Ge with Si,10–13as in the case o
Ge-Si superlattices.

Application of Raman scattering which is routinely us
for the structural studies is, in the particular case of Ge
QD’s, not very effective. Due to the presence of the tw
0163-1829/2002/66~7!/075319~6!/$20.00 66 0753
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phonon acoustic peak of silicon at almost exactly the sa
frequency as the main peak of~bulk! germanium, unambigu-
ous determination of the Ge-Ge peak is usually difficult14,15

although a peak due to Ge-Si intermixing is common
observed.16,17

An alternative technique which allows for unambiguo
determination of the local structure around the Ge specie
x-ray absorption fine-structure~XAFS! spectroscopy. An ad-
vantage of this method is that the absorption edge of eac
the constituent species can be probed separately even
out long-range order. This technique has been success
used to study Ge/Si superlattices.18,19 We have now applied
this technique to study the local structure of self-assemb
Ge/Si QD’s. In this paper, we report the microscopic stru
ture and composition of QD’s grown on Si~100! under dif-
ferent growth conditions.

II. EXPERIMENT

The samples were grown by solid source molecular-be
epitaxy ~MBE! on Si~100! substrates under various cond
©2002 The American Physical Society19-1
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tions. The formation of Ge dots is ensured for all stud
samples byin situ reflection high-energy electron diffractio
~RHEED! showing clear spotty patterns due to the dot f
mation. The formation of Ge dots and their structural a
optical properties for all growth conditions used were a
studied by atomic-force microscopy~AFM!, low-
temperature photoluminescence~PL!,20 and, in part, by trans-
mission electron microscopy~TEM!. A typical AFM image is
shown in Fig. 1.

Two samples for this work were grown at a temperat
of 745 °C. On a 150-nm Si buffer, 6 monolayers~ML’s ! of
Ge were deposited at a rate of 0.2 Å/s. On a Ge wetting la
of about 5-monolayer nominal thickness, Ge islands form
the Stranski-Krastanov growth mode. The islands are ab
180 nm in diameter, about 12 nm in height, and with an ar
density of 13109 cm22. One sample with uncapped island
was cooled down immediately, the other sample was cap
by 90-nm Si deposited at a rate linearly increasing from 0
to 0.5 Å/s. The capped sample reveals island-related ph
luminescence at low temperature at an energy of 0.89
which indicates a Ge content of aboutx50.5 in the center of
islands.20

In order to investigate the role of the growth condition
we have also studied the structure of the samples grow
lower temperatures. One sample was grown at 510 °C
had a nominal thickness of 7-ML Ge, the dots have the
shape and are;20 nm in diameter and 2 nm in height wit
631010 cm22 density. The other sample with a nomin
thickness of 8.5-ML Ge was grown at 550 °C. The islan
are larger~70 nm in diameter and 6 nm in height! and have a
density of 53109 cm22.

All samples with capped Ge islands reveal photolumin
cence~PL! at low temperature with energies in the range
0.79–0.89 eV. It is attributed to an indirect recombination
electrons within Si and holes in the ground state within
islands. Si alloying, strain relaxation, and/or quantum c
finement of heavy hole states in growth direction result
transition energy much higher than the energy of about
eV estimated from the strained Si/Ge band offset values.
to the similar influence of these effects, however, PL off
little information on the actual Ge content within the diffe
ent types of Ge islands. A discrete level scheme of hole st
localized in three dimensions and a level separation of ab
37 meV was observed by admittance measurements f
structures with small Si/Ge islands deposited at 510 °C.21 In
larger islands, the much lower energy separation of disc

FIG. 1. A typical AFM image of a Ge/Si~100! QD’s ~the sample
grown at 510 °C!.
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levels was not resolved so far.
As references, we have used a 300-nm-thick Ge fi

MBE grown on Si~100!, a 6-nm-thick Si0.7Ge0.3 quantum
well ~QW! capped by 480-nm Si, and a dilute solid solutio
of Ge0.006Si0.994.

X-ray absorption measurements@EXAFS and x-ray ab-
sorption near-edge structure~XANES!# have been performed
at beamline 13B of the Photon Factory at room tempera
in a fluorescence mode.~The samples were exposed to a
prior to EXAFS measurements.! For the fluorescence x-ra
detection, we have used a 19-element pure Ge detector.22 In
order to increase the surface sensitivity, a grazing-incide
geometry has been used. More details on the experime
equipment can be found in Ref. 23. The data analysis
performed usingFEFFIT of the UWXAFS3 ~Ref. 24! and
USTCXAFS2.0 ~Ref. 25! codes. Theoretical amplitudes an
phase shifts have been calculated usingFEFF8.26

III. RESULTS

Figure 2 shows raw EXAFS oscillations for the uncapp
and Si-capped QD’s grown at 745 °C. Also shown at t
bottom of the same figure for comparison are EXAFS os
lations for bulk Ge and for a very dilute solid solution of G
in silicon (Ge0.006Si0.994).

One can immediately see that both measured spectra
very little in common with the bulk Ge EXAFS spectrum
which has a maximum amplitude around 8 Å21. Much higher
amplitude of the EXAFS oscillations in our QD’s samples
lower k and rapid damping of the amplitude at higherk is a
manifestation of high concentration of light elements as
first-nearest neighbors of Ge. One can also see a stri
similarity between the spectra of the Si-capped Ge QD’s
that of the dilute Ge solid solution which suggests that v
strong Ge/Si intermixing occurs.

In order to analyze the data quantitatively, thek-weighted

FIG. 2. Raw EXAFS oscillations of the uncapped and Si-capp
Ge QD’s compared with those for bulk Ge and dilute solid solut
of Ge in Si.
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LOCAL STRUCTURE OF Ge QUANTUM DOTS SELF- . . . PHYSICAL REVIEW B 66, 075319 ~2002!
EXAFS oscillations@kx(k)# were Fourier transformed~FT!
into R space using a Hanning window and thek range from
3 to 12 Å21. The FT spectra are shown in Fig. 3. The tw
curves differ in several aspects. The uncapped sample~left!
has a three-peak feature in the first shell contribution indic
ing that at least three different kinds of atoms are loca
around Ge atoms. The Si-capped sample~right!, on the other
hand, shows a characteristic FT pattern of a tetrahedral
mond structure. The positions of second- and third-nea
neighbors match with the simulated FT results as will
discussed later.

We first describe briefly the fitting results for the u
capped sample. The three features in the 1.5–2.5-Å ra
have been fitted using three shells or three phases, i.e.,
Ge, Ge-O, and Ge-Si first-neighbor correlations. The res
of the fitting are also shown in Fig. 3. The obtained valu
for the average partial coordination number of Ge a
NGe-Ge51.460.9, NGe-O51.560.9, and NGe-Si51.860.8.
The disorder parameters~mean-square relative displaceme
MSRD! are, MSRDGeGe;0.005 Å2, MSRDGeO;0.009 Å2,
and MSRDGeSi;0.002 Å2, respectively. The bond length
are BLGeGe52.4660.02 Å, BLGeO51.7060.04 Å, and
BLGeSi52.4460.06 Å, respectively. The large number of p
rameters in the fitting results in rather large uncertainties

For the Si-capped samples, the strong similarity of
EXAFS oscillations for the capped sample and that of dil
Ge-Si solid solution suggests strong intermixing. Fitting
the first peak with both Ge-Ge and Ge-Si correlations yield
the Ge-Si fractional coordination number of 3.960.3 and the
Ge-Si bond length BLGeSi52.3760.01 Å.

We have also performed a curve fitting for shells high
than the first-nearest neighbors and obtained the follow
values for the bond lengths: Ge-Si(1)52.3760.02 Å,
Ge-Si(2)53.8360.02 Å, and Ge-Si(3)54.5060.02 Å.
These values agree very well with the interatomic distan
in the silicon crystal which are equal to: 2.35, 3.84, and 4
Å, respectively.

We now proceed to the dots grown at lower temperatu
Figure 4 ~top! shows raw EXAFS oscillations for the tw
samples grown at lower temperature and their compar
with the spectrum for the reference QW. Figure 4~bottom!
shows the Fourier transforms of those spectra. The ampli
of the first oscillation~at k;4 Å21! and the amplitude of the
first-neighbor peak decrease in the following sequence: Q
QD550 °C, QD510 °C indicating a decrease in the fraction of
surrounding the Ge atoms. The first shell~both Ge-Ge and
Ge-Si correlations included! has been analyzed usin

FIG. 3. Fourier transformed spectra for the uncapped QD’s~left!
and Si-capped QD’s~right!.
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USTCXAFS2.0code and fitting was performed ink space~Fig.
5!. The numerical results are summarized in Table I.

For the samples grown at lower temperatures, where
Ge-rich phase clearly exists, we have also performed po
ized EXAFS measurements with the electric vector of
x-ray beam being either parallel or perpendicular to
growth direction.~This experiment was performed at BL12
at the Photon Factory27!. The obtained values for the Ge-G
bond lengths were identical within the experimental unc
tainties.

FIG. 4. Raw EXAFS oscillations for Ge QD’s grown at 510 an
550 °C compared with those for the Si0.7Ge0.3 QW ~top! and Fourier
transforms of the EXAFS spectra~bottom!.

FIG. 5. The fitting results for Ge QD’s grown at 510 and 550
compared with those for the Si0.7Ge0.3 quantum well~QW!.
9-3
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TABLE I. Fitting results for the Si-capped Ge QD’s.

Growth T NGeSi BLGeGeÅ BLGeSi Å MSRDGeGeÅ2 MSRDGeSi Å
2

510 °C 2.760.1 2.4260.01 2.3760.01 0.0030 0.0025
550 °C 2.960.1 2.4160.01 2.3860.01 0.0032 0.0022
745 °C 3.960.3 2.3760.01 0.0021
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In addition to EXAFS we have also analyzed XANE
spectra of both uncapped and Si-capped samples. The
sured spectra are shown in Fig. 6. We have fitted the m
sured spectra with the simulated spectra formed a
weighted sum of the reference samples: bulk Ge, Ge-ox
and a dilute solid solution Ge0.006Si0.994. The spectrum for
the uncapped QD’s was fitted by a linear combination of
three references with the partial weight of each compon
being as follows: bulk Ge, 25%; Ge-oxide, 30%
Ge0.006Si0.994, 45%~Fig. 3 of Ref. 28!. The fit reproduces al
the features of the experimental spectrum quite well and
obtained numerical values agree with the results of
EXAFS data analysis.

The spectra for the capped QD’s are quite similar amo
themselves and also similar to that of the Si0.7Ge0.3 quantum
well and of the dilute Ge-Si solid solution. We obtained re
sonably good fits for the average Ge concentration bein
the range of 5–30%.

IV. DISCUSSION

We start the discussion with the local structure of
QD’s in the uncapped sample. Although the large numbe
the fitting parameters used to fit the three features in
experimentally observed sample leads to rather large un
tainties, their number is smaller than the number of indep
dent points in the data and several definite conclusions
be made. First of all, the result clearly shows that the
capped QD’s are partially oxidized. The remaining Ge
partially intermixed with silicon but a part of it~about
;25%! remains as a pure Ge phase. This corresponds t
average Ge content of about 40% in the crystalline S
alloy.

The obtained Ge-Ge bond length in the uncapped QD’
2.4660.02 Å is close to the value for bulk Ge which mea

FIG. 6. XANES spectra for Si-capped Ge QD samples grown
different temperatures together with those for the references.
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that the dots are essentially relaxed. Interestingly, the G
bond length 2.4460.06 Å is also very close to this value
The result suggests that the QD’s are relaxed as a resu
intermixing and/or oxidation which are conducive to th
more flexible network formation while most of the misfi
strain is accommodated by the alloyed region. Most like
this fact accounts for why the remaining Ge is stable with
the Ge phase.

It is interesting to note that, while in the capped QD
higher shells can be seen up to 6 Å, in the uncapped Q
only the first shell~consisting of Ge-O, Ge-Ge, and Ge-
correlations! is observed. Higher shells have the amplitude
the peaks at least twice lower than in the capped sample
believe that suppression of higher-shell intensities is cau
by the fact that intermixing and oxidation induce extra d
order in the second- and higher nearest-neighbor correlat
which results in smearing out of the higher shells. Interf
ence among the higher shells of three phases could also
parently reduce the amplitude of FT peaks.

The numerical values for the partial fraction of Ge-G
Ge-O, and Ge-Si bonds estimated independently fr
XANES agree very well with the values obtained from t
EXAFS analysis.

We now proceed to the local structure of the Si-capp
QD’s. For the sample grown at 745 °C, both the similar
between the raw EXAFS oscillations of the capped QD’s a
those for dilute Ge solid solution and the fitting resu
(NGe-Si53.960.3) demonstrate that Ge strongly dissolves
Si. The Ge atoms are located at the Si sites, replacing sil
atoms, and are subject to compressive local strain. The G
bond length in the capped sample is obtained to be 2
60.01 Å. This value is in an agreement with the Ge-Si bo
length obtained for Ge0.006Si0.994, namely, 2.3860.01 Å.23

The uncertainty in the obtained Ge-Si coordination nu
ber NGe-Si does not allow us to completely exclude the pre
ence of the Ge phase in the Si-capped dots. However, we
definitely claim that the fraction of Ge existing as the G
phase is less than 10% of the total amount.

For the samples grown at lower temperatures the situa
is different. The Ge phase clearly exists. A somewhat lar
fractional Ge-Ge coordination number observed for sm
dots grown at the lowest studied temperature of 510 °C
easy to understand since intermixing at lower temperatur
much slower.

It should be kept in mind that EXAFS, being a specie
sensitive tool, is not site sensitive. In EXAFS experime
we probeall Ge atoms, including those in the wetting laye
in the QD’s, and in the segregated layer and the obtai
values are the average. The Ge atoms at the interface
t

9-4
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LOCAL STRUCTURE OF Ge QUANTUM DOTS SELF- . . . PHYSICAL REVIEW B 66, 075319 ~2002!
the substrate, with the Si cap, and the surface-segregate
atoms necessarily have Si neighbors while Si neighb
around the Ge atoms in the QD’s result from intermixin
Estimation of the fraction of each group of Ge atoms and
Ge concentration in the QD’sper seis, for this reason, no
straightforward.

For the case of the sample grown at the higher temp
ture ~745 °C! where experimentally we only detect Ge-
bonds the conclusion is the simplest: Ge strongly intermi
with Si. The fraction of Ge in Ge-rich phase is determin
entirely by the experimental uncertainties and is not m
than 10%. Since intermixing is more likely to occur in a th
wetting layer~the typical thickness of the wetting layer bein
around 4 monolayers6,29,30 and the intermixing taking place
on a 2–3-monolayer scale on each side of the interfac31!
than in large dots, we believe we can ascribe the Ge-
region ~if it exists in this case! to the QD’s. Taking into
account the relative fraction of Ge atoms in the wetting la
and in the QD’s we can estimate the average Ge conce
tion in the QD’s not to exceed 30%. This result agrees w
the conclusion drawn previously from optical studies
similar samples.20

For the samples grown at lower temperatures where
phase is clearly detected this estimate is more difficult. T
ing the QD’s size and density into account, we can estim
that the amount of Ge~and intermixed Si! in the QD’s is
about 40% of the total amount of deposited Ge atoms. Ag
assuming that most of Ge-Si bonding is due to interfaces,
suggest that the Ge-rich phase exists as a core of the Q
Taking the observed average coordination number into
count we can estimate the average Ge concentration in
QD’s grown within the 510–550 °C range to be;70%.

Using this value for the average Ge-Si coordination in
QD’s region and the size of the QD’s obtained from the AF
measurements, we can roughly estimate, using the appr
suggested in Ref. 31, the thickness of the intermixed reg
The obtained values are;5 and;15 Å for the QD’s fabri-
cated at 510 and 550 °C, respectively. Such a big differe
in the thickness of the intermixed region cannot be explai
simply by thermal activation of the diffusion between t
QD’s and the cap. We believe that it results from intermixi
occurring during the QD’s growth stage. Assuming that
larger dots are formed at the expense of smaller ones, w
are already intermixed, this possibility is not unreasona
Alternatively, one can imagine that Ge adatoms arriving
the wetting layer do not diffuse to the QD’s surface inrea
tively, but interact and site exchange with the intermix
wetting layer. Yet another alternative is lateral site excha
with Si during the overgrowth of Ge~Si! islands with Si. Si
fills up the valleys between islands. Lateral diffusion of
and Ge within the surface layer during the overgrowth res
then in intermixed edges of islands. ForDT of 40 K, we
estimate an increase of lateral diffusion constantD of Si to
be about a factor of 3@based on an activation energy of 1
eV ~Ref. 32!#. Finally, since the intermixing is driven b
strain, it should increase at larger strain values and the l
strain at the edges of larger islands should be stronger
that at smaller islands. All mentioned growth mechanis
result in the formation and growth of the intermixed regi
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surrounding the Ge-rich ‘‘core’’ of the QD’s.
The fact that the Ge-Ge bondlength for the Ge-rich ph

is isotropic suggests that the mismatch strain is accom
dated by the bond angles rather than by the bond length

A similarity of the XANES spectra for the Si-capped G
QD’s with those for Si0.7Ge0.3 QW and Ge0.006Si0.994provides
an independent evidence that the capped Ge QD’s stro
intermix with silicon. The surface segregation of Ge and s
exchange at the Ge-Si interface are the major source
Ge-Si intermixing.33 Both may be affected by local strai
surrounding the partially relaxed Ge dots. Since XANE
spectra of GeSi alloys are quite similar in the Ge concen
tion range from 0.6 to 30%, the estimate of the Ge cont
from XANES is not accurate. Their similarity, on the oth
hand, provides very significant information. Since XANE
being dependent on the local structure, primarily conta
information on the local density of unoccupied states,
similarity of the spectra for the Ge content in the 0.6–30
range demonstrates that the density of states depends o
total amountof Ge atoms in the alloy rather than on the
concentration.

The results for the uncapped Ge QD’s demonstrate
formation of the Ge oxide together with intermixing with S
The existence of the relaxed Ge core suggests that the
mation of an oxide layer on top of the QD’s is a self-limitin
process.

Our results on Ge/Si intermixing in the Si capped QD
agree well with recent x-ray photoemission studies12 and also
with XAFS experiments by other groups.11 While AFM,
TEM, and PL studies clearly demonstrate the formation
dots and quantum confinement in the samples studied in
work and in similarly prepared structures, the generally u
term ‘‘Ge QD’s’’ can be misleading: the QD’s in most cas
do not consist of a pure Ge phase and when the growt
performed at higher temperatures the concentration of G
the QD’s may actually be very low.

V. CONCLUSIONS

We have probed the local structure of Ge QD’s se
assembled on Si~100! by EXAFS and XANES. Independen
analysis of both kinds of measurements yields very sim
results.

We have found that in the uncapped Ge QD’s, about 3
of Ge is oxidized while the rest partly intermixes with sil
con. The fraction of Ge remaining in the Ge phase is on
order of 25%. The Ge-Ge bond length in the remaining pa
of the QD’s is BLGeGe52.4660.02 Å, i.e., very close to the
value for the bulk Ge. The Ge-Si bond length in the int
mixed region has a similar value, BLGeSi52.4460.06 Å.

In the case of Si-capping at high temperatures~about
745 °C!, Ge QD’s dissolve in silicon. The Ge-Si bond leng
equals BLGeSi52.3760.1 Å and the distances to the seco
and third-nearest neighbors are, 3.8360.02 Å and 4.50
60.02 Å, respectively, all these values being, within the e
perimental accuracy, identical to the Si-Si distances in the
crystal. The partial coordination numbers obtained from
9-5
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curve-fitting indicate that Ge is almost completely dissolv
in silicon. The uncertainties of the fitting cannot complete
rule out the existence of the Ge phase. Nevertheless,
results allow us to claim that the fraction of Ge atoms wh
may exist as pure Ge does not exceed 10%. In the Q
grown at lower temperature~510 and 550 °C! Ge atoms
have, on the average, 1.2-Ge neighbors. We estimate
fraction of Ge in the QD’s to be about, 30 and;70% for
the cases of higher- and low-temperature growth, resp
tively. We suggest that the Ge/Si intermixing primarily tak
place during the QD’s formation rather than being the res
of interdiffusion after the Si capping.
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