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Ge-Si intermixing in Ge quantum dots on Si  (001) and Si(111)
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Exploiting Ge K-edge x-ray absorption spectroscopy we provide direct evidence of Si-Ge
intermixing in self-organized strained and unstrained Ge quantum dots on Si, and provide a
guantitative measurement of the average composition. For @84%idots with equivalent
thickness in the range 5.8—38 nm and morphology ranging from that typical of coherently strained
to that associated with relaxed dots we find that the average Si composition is approximately 30%.
For Ge/S[111), we find that the wetting layer has a Si composition near 50%. We discuss these
results in terms of the energetics of dot formation and argue that strain-enhanced diffusion of Si into
Ge should be considered as an important factor in minimizing the strain energy of the system.
© 2000 American Institute of Physidss0003-695(00)00706-3

There recently has been considerable interest in the iming in Ge quantum dots. The purpose of the present contri-
provement of the electron-hole recombination efficiency ofbution is to demonstrate, with the use of Ge K-edge XAFS in
indirect gap semiconductors by quantum confinementhe fluorescence mode, the presence of Si—Ge intermixing
effects? as this could lead to the development of Si-basedand to provide a quantitative measurement of the Si concen-
optoelectronics. Semiconductor quantum dots can be realizecation.
making use of the self-organization process arising in the  Two series of samples have been investigated, both con-
Stranski—Krastanov(SK) growth mode for lattice mis- sisting of a SK growth of Ge quantum dots. Ge dots on
matched heteroepitaxy. In this type of growth the strain enSi(001) were deposited by low pressure chemical vapor
ergy due to the lattice mismatch is reduced by islanding; theleposition. High purity germane with no carrier gas at a
decrease in energy due to islanding is partially compensategressure of 0.5 mTorr was used; the substrate temperature
by an increase of surface energy due to the greater surfaceks 600 °C and the growth rate 4 nm/min. The samples were
bulk ratio of an ensemble of dots with respect to a two-characterized byn situ photoelectron spectroscopy and re-
dimensional(2D) layer. The particular strain distribution in flection high energy electron diffractiotRHEED) and ex
the dots is responsible for the rather narrow size distributiorsitu (AFM).%’ Six samples were studied, with an equivalent
which can be obtained in this type of growth. thickness(i.e., the thickness which would result if the Ge

In the recent literature there have been indications that atoms formed a homogeneous 2D lgyemnging from 5.8 to
significant degree of Si—Ge intermixing might exist for Ge 38 nm. The maximum height of the dots obtained in these
dots deposited on Si substrates. For example, a recent atongonditions is~60 nm while the distribution of base widths
force microscopy(AFM) study* of annealed Ge dots has ranges between 50 and 500 nm. AFM allowed to identify
suggested that Si—Ge intermixing might exist, based on theots with pointed and truncated pyramid morphol&gk.
measurement of their volume; a micro-Raman investigationclear correspondence between these morphological differ-
of large (~2 um), relaxed, dots provided evidence for the ences and the strain state exists, with pointedncated
presence of Si inside these dots. Intermixing in thinner epilpyramids being associated with coherently straifrethxed
ayers has been detected by surface x-ray absorption firgots. Recent electron microscopy stullidsave clearly
structur@ (XAFS). However, no direct proof of the existence shown the presence of misfit dislocations in truncated pyra-
of intermixing in small, strained dots has been provided; inmids. By counting the number of each type of dot the rela-
fact, there is little information altogether on the local bond-tive volume of truncated pyramids was obtained and is plot-
ted in Fig. 1; it ranges from 10% to 90% thus providing the
aE|ectronic mail: BOSCHERINI@DF.UNIBO.IT full range. We point out that in coherently strained dots the
Y0n leave from Dipartimento di Fisica, UniversilaRoma “La Sapienza.”  distribution of strain is not homogeneous as in a 2D epilayer
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FIG. 1. The relative volume of truncated pyramids for G&I81) samples, FIG. 3. Coordination numbers for Ge(801).

as determined from AFM. The line is a guide to the eye.

with the angle between the electric vector of the photon
qbeam and the normal to the surface either 15° or 75°, re-
ctively.

XAFS data were analyzed using standard procedtires.
Selected background-subtracted raw data are shown in Fig.
2; also shown are the spectra of two model samples: bulk Ge

below the critical thickness and that the ordinate of Fig.
cannot be simply be taken to be proportional to any elementP®
of the strain tensor.

Ge dots on S1L11) were deposited by molecular beam
epitaxy. Then-type Si substrates used for the growth were ) - . . .
flashed at 1250 °C to prepare the& 7 reconstructed surface. @nd @ Ge impurity in a crystalline Si matrix. In the ldw
Ge was evaporated at 0.5 A/min from a Knudsen cell on th&egion there are significant dlfferen(_:es between Ehe spectra of
substrate kept at 500 °C. The samples were characterized j¢ Samples and that of Ge. In particulakat4 A ~ Gehas
RHEED and scanning tunneling microscopy. Two sampleé" nggapve (_)scnlanon, \_/vh!le all the_samples exhibit a positive
were deposited, with equivalent thicknesses of 1.0 and 1.9Scillation, in good coincidence with the spectrum for a Ge
nm. The surface reconstruction wax 5 in the case of the Impurity in Si. This feature is highlighted with the ellipse.
1.0 nm sample, and a mixture of& and 7X 7 in the case This observation clearly suggests that a sign_ificant number of
of 1.7 nm sample. The 1.0 nm sample is thus essentially’ &0MS bound to the average Ge atom exist. _
constituted by the wetting layer only, while the 1.7 nm . This qqahtatwe 'observgtlon was gonflrmed by qgantlta—
sample contains Ge islands exhibiing a X7 tive analysis. The filtered first shell signal was obtained by

reconstructior’. performing a Fourier transform in the range 2.8—15.3A

XAFS experiments at the Ge K edge were performed a nd subsequently an inverse transform in the range 1.5-2.9
the “GILDA” CRG beamline of the European Synchrotron “* The resulting first shell signal ik space was fitted with a
Radiation Facility. A Si113 dynamically sagitally focusing In€ar combination of signals relative to Ge-Ge and Ge-Si
monochromator was us&dand harmonics were eliminated Ponds using the quoted experimental standards. The total co-

with a pair of Pd-coated grazing incidence mirrors. The GePrdination numberCN) was fixed to 4, with the ratio of

K., fluorescence intensity was monitored using a seven eld>€—Ge to Ge-Si CN a free parameter; the other free param-

ment hyper-pure Ge detector; digital amplifiers with ag ~ ©ters were the Ge-Ge and Ge-Si bond lengths, a common
peaking time were used. Care was taken to have equal tot§€'9y shift ~and ~mean-square-relative displacements
count rates for all samples<20 000 c/s) in order to avoid (MSRD) for the two bonds. Excellent fits were always ob-
systematic errors due to amplifier deadtime. In order to preft@ined, as shown in Fig. 2. _
erentially probe the structure either perpendicular or paralle] ' Fig. 3 we show the values of the Ge—Ge and Ge-Si
to the growth plane spectra were acquired in two geometrie&sN'S for Ge/S{001) as a function of the equivalent cover-
age. Likewise, in Fig. 4 we show the values of the bond

lengths. We note that there are no trends of both local struc-

tural parameters with equivalent thickness; we do not believe
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FIG. 2. Selected XAFS spectra. Dots: raw data; continuous line: first shell
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FIG. 4. Bond lengths for Ge/&@01).
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the slight deviation of the CN’'s at 15 nm equivalent thick- internal energy per atom which determines the state of the
ness to be significant. For both samples deposited dii$i  system.
a Ge-Si CN of 2-0.3 was found, and values for the bond As already remarked the important energy terms are the
lengths similar to those reported in Fig. 4. No differencestrain energy, the surface energy of epilayer and substrate
between the values of bond lengths or CN’s measured in thand, in the case of relaxed or partially relaxed layers, the
parallel and perpendicular geometry was detected. dislocation formation energy. Intermixing can have an im-

The reported CN’s measure the average coordination gbortant role in decreasing the strain energy. The total strain
Ge atoms in the dots. There is ample evidence that Ge—Sinergy of an ensemble of dots is given by a volume integral
alloys are random alloy¥,i.e., there is no preference for or in which the elements of the strain tensor appear quadrati-
against heteroatomic bonding; this is also compatible withcally. The magnitude of the strain tensor elements depend
the very similar electronegativities and the limited differencelinearly on the difference between the local free lattice pa-
in covalent radius of the constituent atoms. We are thereforeameter (in each direction and that imposed by the SK
justified in using the CN'’s as a measurement of compositiongrowth on the substrate. Since the free lattice parameter can
Thus for Ge/Si001) the average composition is close to be reduced by intermixing it follows that diffusion of Si into
Ge, /Sig3 while for the Ge/Sil1l) samples it is close to the Ge dots will reduce the strain energy per atom. We point
Geg) sSip5. The compositions are average values and negleaiut that strain-enhanced diffusion has been previously found
any gradients to which the XAFS technique is insensitivefor other system&’ Finally, we note that also in kinetic mod-
The differences between the samples deposite@@®f) and  els of dot formatiofithe strain energy has an important role,
(11D might be related both to the different thicknessessince it determines the atomic flux on the surface of the
and/or to the different diffusion coefficients perpendicular toforming SK layer and hence, ultimately, the size distribution.
the growth plane.
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