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Abstract

A discussion of the limitations of Raman scattering as applied to Ge/Si nanostructures is followed by a summary of

our recent efforts to investigate the local structure of various Ge nanostructures, namely, Ge quantum dots MBE grown

on bare Si(1 0 0), on Si(1 1 1) with a 0.3 nm SiO2 coverage, and nanocrystals embedded in SiO2, by X-ray absorption fine

structure spectroscopy. For the latter case, combined DAFS–EXAFS analysis has been applied to determine separately,

for the first time, the structural parameters for intermixed nanocrystalline and amorphous phases.
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1. Introduction

Recent years have witnessed growing interest

in nanometer-scale semiconductor structures. A

technique to fabricate such nanostructures is epit-

axial growth when the lattice mismatch between

the substrate and the overgrown layer allows the

formation of self-assembled quantum dots (QDs)

through the Stranski–Krastanov mechanism [1].
Another method consists in the formation of

semiconductor nanocrystals embedded in an in-

sulating matrix [2]. Interest in Si and Ge nano-

structures is additionally driven by the conjecture

that in small-size particles the efficiency of optical
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transitions may be increased by orders of magni-

tude [3].

Atomic force microscopy (AFM) or transmis-

sion electron microscopy (TEM) are often used to
characterize the grown samples. These techniques

allow one to determine the size and shape of the

nanostructures but not their local structure. For

the latter purpose, Raman scattering is often used.

In the particular case of Ge/Si nanostructures,

however, it often fails to provide unambiguous

information because the Raman signal is domi-

nated by replicas of the photon density of states of
the Si substrate [4].

An alternative technique for determination of

the local structure is X-ray absorption fine struc-

ture (XAFS) spectroscopy. In this paper we dem-

onstrate its successful application to different Ge

nanostructures, namely, Ge QDs grown on Si(1 0 0)

by molecular beam epitaxy (MBE), Ge nanocrys-

tals embedded in SiO2, and Ge nanoislands formed
on Si(1 1 1) with a thin SiO2 coverage.

For the case of embedded nanocrystals, we

found that Ge co-exists in two phases – nano-

crystalline and amorphous – and we have applied

diffraction anomalous fine structure (DAFS) in

order to characterize separately the structure of

each phase. To the best of our knowledge this is

the first direct determination of the local structure
of the amorphous phase in presence of the crys-

talline phase of the same material.

2. Experimental details

XAFS measurements have been performed at

BL13B of the Photon Factory. The measurements
were done at room temperature using a grazing-

incidence geometry in fluorescence mode. See [5]

for more details. For the data analysis, we have

performed the curve-fitting for a region typically

extending from 3 to 16 �AA�1 using the FEFFIT

code of UWXAFS3.0 [6]. Theoretical backscat-

tering amplitudes and phase shifts were calculated

using FEFF8 [7].

The DAFS experiment was performed at room

temperature using a custom-designed 4-circle

Kappa diffractometer at the National Synchrotron

Light Source at Brookhaven National Laboratory,

beamline X16C. The (1 1 1) reflection has been

used for the experiment. More details on the

equipment can be found in [8].

3. Results and discussion

3.1. Ge/Si self-assembled quantum dots

The samples were grown by MBE on Si(1 0 0)

substrates at three different temperatures of 510,

550 and 745 �C and were capped by �50 nm Si [1].
Fig. 1 shows raw EXAFS oscillations for QDs

grown at 745 �C. Shown for comparison are EX-

AFS oscillations for bulk Ge and for a solid so-

lution of Ge in Si (Ge0:006Si0:994). The very strong

resemblance of the raw EXAFS oscillations of the

Fig. 1. Raw EXAFS oscillations for Ge/Si(1 0 0) QDs grown at

745 �C together with EXAS spectra for bulk c-Ge and a dilute

solid solution Ge0:006Si0:994.
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QDs with those of the solid solution, provides by

itself sufficient grounds to claim that Ge is strongly

intermixed with silicon. To get quantitative results,

we have fitted the first peak with both Ge–Ge and

Ge–Si correlations. The obtained Ge–Si partial

coordination number is 3:9� 0:3. The uncertainty
does not allow us to completely exclude the pres-

ence of the Ge phase. However, the obtained val-

ues do allow us to claim that the fraction of Ge

existing as pure Ge phase is less that 10% of the

total amount.

A summary of the results is given in Table 1.

One can see that the fraction of the Ge phase in-

creases when the growth temperature decreases.
Taking into account the fact that about 60% of Ge

is within the wetting layer and assuming that the

wetting layer intermixes with Si more efficiently

that the dots, we can conclude that the QDs grown

at lower temperature consist of Ge-rich phase.

This result agrees with the results of independent

XANES analysis [9] and recent findings of other

authors [10].
For the sample which do possess the Ge phase

(510 and 550 �C) we have also performed polarised

XAFS studies (measured at BL12C at the Photon

Factory [11]). We found that their structural pa-

rameters were identical for the two polarisations

(within the error bars of �0.02 �AA). From this result

we conclude that the strain in the Ge-rich phase is

accommodated by the bond angles rather than by
the bond lengths.

In the case of uncapped Ge QDs we have found

that Ge is partly oxidized and partly alloyed with

Si. For the growth temperature of 745 �C the

fraction of each phase is about 30% each [9].

3.2. Embedded Ge nanocrystals

The samples were prepared by co-deposition of

Ge- and Si-oxides by radio-frequency (rf) magne-

tron sputtering. The Ge concentration varied from

25 to 60 mol.%. After the deposition, the samples

were annealed for 1 h at 800 �C in an argon at-

mosphere which produced nanocrystals with a
typical size of 5–20 nm [2].

We found that in as-made samples with low and

intermediate Ge content, Ge was predominantly

coordinated by oxygen atoms while in the sample

with 60 mol.% Ge, Ge–Ge correlations are also

present. Upon annealing, a peak corresponding to

the second-nearest Ge–Ge correlations appears

(Fig. 2), which demonstrates the formation of the
Ge crystalline phase. For the nanocrystals formed

in the 60 mol.% Ge sample we obtained the Ge–Ge

bond length of 2:45� 0:02 �AA. From an analysis of

the second Ge–Ge peak we found that the fraction

of Ge atoms in the nc-Ge phase is found to be

�50%. Full details of the EXAFS data analysis

will be published elsewhere [12].

In order to separate the contribution from
the nanocrystalline and amorphous phases, we

have carried out DAFS measurements (Fig. 3).

The f 00ðEÞ, which is related to the absorption

cross-section rðEÞ by the optical theorem, was

isolated using the iterative dispersion integral al-

gorithm [13] and is shown in the insert. The EX-

Table 1

Fitting results for Si-capped Ge/Si(1 0 0) QDs

Growth T NGeSi BLGeGe
�AA BLGeSi

�AA

510 �C 2.7� 0.1 2.42� 0.01 2.37� 0.01

550 �C 2.9� 0.1 2.41� 0.01 2.38� 0.01

745 �C 3.9� 0.3 2.37� 0.01

Fig. 2. Magnitudes of Fourier transforms for the as-grown and

annealed samples with 60 mol.% Ge (quartz–glass substrate).

Appearance of higher shell upon annealing evidences the for-

mation of the crystalline phase.
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AFS signal vðkÞ obtained from f 00 originates from

the nanocrystalline Ge phase (nc-Ge) only. The

nc-Ge–Ge distance obtained was 2:44� 0:02 �AA. By
combining the DAFS-extracted EXAFS signal of

the nc-Ge phase and the cumulative signal con-

taining a mixture of GeO, a-Ge and nc-Ge, we

could reliably deconvolute the structural contri-

butions of all three phases by repeating the fitting

procedure to fit the total Ge EXAFS signal with

the Ge–O, a-Ge–Ge distances, their disorders and

coordination numbers being independently varied,
while the distances and their disorders in the nc-

Ge–Ge phase were fixed to be the same as obtained

in the previous DAFS analysis. The Ge–Ge bond

length in a-Ge was found to be 2:50� 0:03 �AA. This

value is in agreement with the result obtained for

disordered Ge nanoislands [14].

Whilst discrimination between structural con-

tributions to the EXAFS signal in the mixture of
crystalline and amorphous phases of the same el-

ement have been attempted in the past [15] it is

only with DAFS–EXAFS combination used in

this work that we were able, for the first time, to

measure the structural contribution of the nano-

crystalline and amorphous states of the same ele-

ment directly.

3.3. Ge nanoislands on oxidized Si(111)

Recently, it was reported [16] that growth of Ge

islands on a Si(1 1 1) surface with a thin SiO2

coverage resulted in the formation of ultra-small

islands with a hemispherical shape, typically less
than 7 nm in base diameter and 2.5 nm in height.

Depending on the growth temperature, the nano-

islands can be either epitaxial or non-epitaxial with

respect to the substrate.

Fig. 4 shows XANES spectra for the non-

epitaxial Ge islands (the grown samples were kept

in atmosphere for three months prior to the mea-

surements). One can see from the figure that the
non-epitaxial islands (1) preserve the structure of

bulk Ge without intermixing with Si and (2) they

are very stable against oxidation at room temper-

ature. We have additionally found [17] that the

non-epitaxial islands exhibit a broad photolumi-

nescence peak located at �2.3 eV. The epitaxial

islands were found to be partially oxidized and

partially alloyed with Si.

4. Conclusions

Our results demonstrate that Raman scattering

should be applied to Ge/Si nanostructures with

extreme care. The technique of choice for this

system is XAFS. Our results obtained on differ-
ently grown nanostructure show that the local

structure of Ge varies, depending on the prepara-

tion technique, from the bulk Ge structure to a

very dilute solid solution in Si. Application of

Fig. 3. A DAFS spectrum [(1 1 1) reflection] for a sample

containing a mixture of nanocrystalline and amorphous Ge.

Fig. 4. A XANES spectrum for the non-epitaxial Ge islands.
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combined DAFS–EXAFS analysis allowed us to

separate the structural parameters of the inter-

mixed nanocrystalline and amorphous phases.
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