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Report on the beam time use at ESRF

"Quantum dots structural properties by the surface sensitive EXAFS method'.

The goal of project is a determination of microstructure parameters of quantum dots and heterostructures
appearing during their formation by molecular beam epitaxy (MBE) depend on substrate pretreatment,
temperature conditions and composition variations. For the heteroepitaxial systems having a mismatch of
lattice constants the initial growth may occur by layers. Formation of thicker layers leads to a tendency
towards the elastic strain relaxation and elastic energy decrease due to disturbing the two-dimensional growth
and forming isolated islands, the so-called Stranski-Krastanov growth. In present work the Ge/Si- and
InAs/GaAs- sandwich heterostructures formed from components with the lattice constants mismatch have
been studied.

EXAFS and XANES spectra at the GeK and InK edges have been measured using a surface sensitive
fluorescent yield detection mode at about 2° incidence angle [1].

At the first step the microstructure of Ge/Si sandwich heterostructures has been studied depend on effective
thickness of Ge thin films deposited on Si(001) at 300°C and separated by Si spacer layers deposited at
500°C.

It has been detected a monotonic growth of the Ge - Ge effective coordination number at the same time with
an increase of the effective thickness of germanium film from 4 to 10 monolayers. These data indicate of the
monotonic size evolution of germanium nanoclusters.

At the next step the Ge/Si heterostructures were prepared with the spacers and surface protected by Si
layers. The deposition temperature has been lowered to 300°C in this case.

It has been found that Ge-Ge and Ge-Si interatomic distances are equal to 2.41A and 2.37A respectively.
These results are in accordance with [1] and not changing within £0.01A error bar for the deposition
temperature of spacer’s layers are varied from 500°C to 300°C. It should be emphasized that the determined
Ge-Ge distances are less by 0.04 A than it is for Ge bulk. At the same time, the effective coordination
numbers of the Ge-Ge and Ge-Si are changing radically in parallel with the same temperature variation. It has
been shown for the samples with equivalent thickness of Ge films in 4 monolyers (ML) the effective
coordination numbers of Ge-Ge and Ge-Si are equivalent to 1.7 and 2.3 respectively if the Si spacer are
deposited at 500°C. The coordination numbers are changed on the contrary to 2.7 and 1.3 if the spacer
deposition temperature is changed to 300°C. This fact gives evidence that such lowering of the Si spacer
deposition temperature leads to a substantial decrease of the diffusion between the phases Ge/Si and the
formation of sharp phase boundaries between Si and Ge layers.

Using the different experimental methods it was shown in series of relatively recent studies [2-3] that the
features associated with the zero-dimensional density of the states can be observed in electronic spectra of
heterostructures for certain thickness of theGe film epitaxially grown on Si(001). These features appear due
to the dimensional quantization of the hole spectrum in the Ge islands appearing during disturbed two-
dimensional growth.

The attempt to obtain some information concerning of the energy structure of quantum dots free states by
XANES data analysis for samples doped with boron has been made in the context of realization of the present
project. The doping was taken by a special procedure causing a substantial electron deficit in the Ge bulk and
Ge nanoclusters. The samples under study revealed discrete energy spectra peculiarities by preliminary
optical measurements.

For the sample 1 covered by Si layers at 300°C the equivalent thickness of Ge layers equals SML while
for the sample 2 covered at 500°C this thickness equals 8ML. The boron doping has been performed strictly
into Ge layers for the sample 1 while the electrons deficit in the QD for the sample 2 has been caused by
boron doping into Si layers adjacent to Ge layers. For the sample 1 no any atomic mixture between Si and Ge
phases has been found while for the sample 2 it is valuable.



A comparative analysis of these obtained spectra has shown a presence of absorption maximum at the
distance about 0.95¢V for the sample 1 (Fig.1) and 1.2 eV for the sample 2 from the inflection point of the
GeK absorption edge which is located close to the conduction zone bottom.
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Fig. 1. Relative difference of absorption Fig. 2. GeK k*-weighted normalized oscillating
intensity in the XANES spectra of part of the X-ray absorption coefficient
sample 1 containing Ge nanoclusters measured on geterosystems synthesized with
with and without boron dopant. (1, 3) and without (2, 4) of Ge cations.

It has to be mentioned that this maximum is not revealed for all samples without dopant. It was
established the maximum is appeared due to the free levels formation at the top of the Ge bulk valence band
and at a depth of 0.25-0.4 eV from the top of valence band for the samples with quantum dots. The interphase
Si-Ge diffusion causes an increase of the forbidden zone width by 0.7 eV for the Ge nanoclusters and an
increase of the absorption maximum distance for the sample 2 up to 1.2 eV. These data are in accordance
with previous theoretical and experimental results obtained by other methods [4].

A number of samples with various equivalent thicknesses of Ge layers (SML - for 1, 2; 7ML - for 3, 4)
have been synthesized with MBE procedure at 350°C accompanied by simultaneous irradiation of the
substrate by Ge cations with energy about 100eV by special procedure. In comparison with ordinary MBE
without the irradiation we have found in this case some increase of the effective Ge-Ge coordination number
(particularly for 1 compared to 2) which can be explained by the “three-dimensional” Ge islands formation
even at the first stages of the epitaxial procedure (Fig.2).

Preliminary results of InAs/GaAs- system microstructure have been also obtained.
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