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(km 139,7), 2695-066 Bobadela LRS, Portugal
8 Universidade de Lisboa, Instituto de Plasmas e Fusão Nuclear, Instituto Superior Técnico, Av. Rovisco Pais,
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11 FST Tanger, Physics Department, BP 416 Tanger, Morocco

E-mail: eliana vieira@fisica.uminho.pt and mjesus@fisica.uminho.pt

Received 3 May 2013, in final form 22 July 2013
Published 4 September 2013
Online at stacks.iop.org/JPhysD/46/385301

Abstract
In this work, we investigate the structural and photoluminescence (PL) properties of
(SiGe+Al2O3)/Al2O3 multi-layer films with layer thicknesses in the range of a few nanometres.
The films were prepared by magnetron sputtering deposition at room temperature followed by an
annealing process to promote the formation of small SiGe nanocrystals (NCs) (∼3 to 5 nm)
embedded between ultra-thin (∼6 nm thickness) Al2O3 layers. Our results show that the structural
and compositional properties of the films can be tuned by changing the RF-power. It is found that
nearly spherical and well confined isolated SiGe NCs (∼5 nm) are obtained for an RF-power value
of 80 W. The PL properties of the films were studied and optical emission in the blue visible
wavelength region was observed.

(Some figures may appear in colour only in the online journal)

1. Introduction

The fabrication of nanostructures with dimensions below
100 nm and organized within large macroscopic areas

12 Present address: Johannes Kepler University, Institute of Semiconductor
and Solid State Physics, Altenbergerstrasse 69, 4040 Linz, Austria.

is a prerequisite for many applications in the field of
nanotechnology. In recent years, growing attention has
been paid to semiconductor nanocrystals (NCs)/dielectric
multi-layered systems because of their interesting size-tunable
properties. This makes them suitable for applications in
electronics, optoelectronics and solar cells [1–8]. For these
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applications, the morphological and structural properties of the
NCs need to be precisely controlled in order to obtain high-
quality multi-layers. For optimal performance, it is highly
desirable to develop a fabrication method that allows one
to obtain stable layers with low interfacial roughness, low
inter-diffusion between layers and a high spatial density of
NCs with homogeneous sizes in a very thin and well-defined
two-dimensional layer, where the distance between adjacent
NC layers can be maintained constant over large areas are also
required.

A significant amount of research has been done on the
preparation of high-quality multi-layer semiconductor films by
different techniques, such as molecular beam epitaxy (MBE)
[9], low-pressure chemical vapour deposition (LPCVD) [3],
magnetron sputtering [2, 5, 6, 10] and magnetron sputtering
combined with ion beam irradiation [11]. In particular,
magnetron sputtering has been proved to be a useful,
cheap and easy technique with less energy consumption
for the fabrication of semiconductor NCs embedded in the
dielectric oxide matrices of multi-functional films, where
NCs show very strong confinement, electroluminescence,
PL, non-linear refraction index and excellent charge trapping
capabilities, among other functionalities [5, 12–14]. In thick
semiconductor-material-rich oxide layers, the NC nucleation
process takes place by means of a bulk diffusion mechanism
where semiconductor atoms are supplied from all directions in
the film during annealing. However, in thin nanometre-thick
layers, a constrained two-dimensional diffusion process occurs
and the size of semiconductor NCs is mainly conditioned
by the layer thickness. In such cases it is expected that
the resulting structures will be homogeneously distributed
within a dielectric matrix. In fact, we have recently reported
a stable multi-layer structure with the formation of well-
organized SiGe NCs confined between 5 nm thick SiO2

layers [10].
Alumina-based materials are very suitable for use in

nanotechnology applications, due to their hardness, good
mechanical strength, high stiffness and high dielectric
constant, which provide much better gate properties in memory
applications than more commonly used SiO2 [15]. Although
there are many studies about semiconductor NCs (Ge, Si or
SiGe) embedded in SiO2 multi-layer films, there are fewer
reports about films where the embedding oxide matrix is
Al2O3 [4, 16]. The light emission mechanism from Si/Ge
NCs has been discussed extensively and attributed either
to radiative recombination of quantum-confined states [17–
20] or to defects at the NC/matrix interface or in the
matrix itself [18, 20–22]. However, the mechanism of
luminescence from Si/Ge NCs in the visible region is still
unclear.

In the present work, (SiGe+Al2O3)/Al2O3 multi-layer
structures with ultra-thin Al2O3 barrier layers (∼6 nm)
prepared by RF-sputtering at room-temperature (RT) were
investigated. The effect of the RF-power used in the deposition
process on their structural, compositional and PL properties is
discussed.

2. Experimental

2.1. Sample fabrication

(SiGe+Al2O3)/Al2O3 multi-layered stacks of 20 periods
were fabricated at RT on p-type Si (1 0 0) substrates using
a commercial RF-magnetron sputtering system (Alcatel
SCM650 machine). The structures were grown by depositing
alternating SiGe+Al2O3 and Al2O3 thin layers using a
composite target consisting of an Al2O3 (99.999% purity) plate
with several polycrystalline Si and Ge pieces resting on its
surface and a pure Al2O3 target, respectively. The surface
area ratio of the Si and Ge pieces on the Al2O3 target was
1 : 2. The sputtering system allowed automatic control of the
movement of the sample-holder disc, the time it was in position
for each sputtering (or pre-sputtering) treatment, as well as
the sputtering working gas (4 × 10−3 mbar of Ar pressure).
The residual pressure was 1 × 10−6 mbar. Two kinds of
samples were fabricated by using different values of RF-power:
60 W (hereafter, film A) and 80 W (hereafter, film B). The
deposition rates for film A were found to be 4.4 nm min−1 and
1.3 nm min−1, for SiGe+Al2O3 and Al2O3 layers, respectively.
For film B, the deposition rates were 5.4 nm min−1 and
1.8 nm min−1 approximately for SiGe+Al2O3 and Al2O3

layers, respectively. The nominal thicknesses of the layers
were kept constant (4 nm of SiGe+Al2O3 and 6 nm of Al2O3).
A top 6 nm thick Al2O3 capping layer was deposited in order
to prevent Si and Ge atoms diffusing out from the top layer as
much as possible. In order to obtain self-assembled SiGe NCs,
the films were subjected to a two-step thermal treatment by
combining conventional furnace and rapid thermal annealing
(RTA) in a nitrogen atmosphere (6 mbar): (i) pre-annealing,
using a conventional furnace at 800 ◦C for 10 min, to promote
slow diffusion of the Si and Ge species within and along
the SiGe rich-layers and to facilitate the self-assembly of
SiGe clusters; (ii) RTA at 900 ◦C for 30 s for crystallization
of SiGe clusters. In order to study the influence of the
annealing temperature on the PL properties, one additional
annealed sample was also prepared at 700 ◦C for 10 min (in a
conventional furnace) followed by the RTA treatment at 900 ◦C
for 30 s.

2.2. Experimental characterization

High-angle annular dark field (HAADF) images were recorded
using an aberration corrected NION UltraSTEM200 scanning
transmission electron microscope (STEM), operating at
200 kV, equipped with a Gatan Enfinium electron energy loss
spectrometer (EELS). Cross-sectional samples were prepared
using conventional methods: grinding and ion milling.
Grazing incidence small angle x-ray scattering (GISAXS)
measurements were performed at the SAXS beamline of
the Elettra Synchrotron using a photon energy of 8 keV
and several grazing incidence angles slightly above the
critical angle of total external reflection. Low angle x-ray
reflectometry (XRR) experiments were done using the Bruker-
AXS D8 Discover diffractometer in symmetric geometry
(Bragg–Brentano), using the Cu Kα1 1.54 Å line collimated
with a Göbel mirror, a two-bounce Ge(2 2 0) monochromator
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and a 0.2 × 10 mm2 primary slit. The investigated area on
the sample was ∼10 × 10 mm2. Rutherford backscattering
spectroscopy (RBS) measurements were done using a 2.0 MeV
4He+ ion beam impinging on the target at tilt angles up to 82◦

in order to obtain sufficient resolution to resolve the depth
profile of the multi-layer structure at the nanometre scale. The
scattering angle was 160◦, with the detector located under the
beam, in order to maximize the depth resolution at high tilt
angles. Raman spectra were obtained at RT in a backscattering
configuration with a Horiba Jobin Yvon LabRam HR800 UV
spectrometer equipped with a CCD detector using the 325 nm
excitation wavelength of the He–Cd laser line. The laser beam
was focused on the surface of the sample with a beam spot size
of about 0.8 µm. The PL spectra were recorded at RT using
an UV laser (325 nm) for the PL excitations.

3. Results and discussion

3.1. Structural properties of the films: arrangement and size
of NCs

Raman spectra for as-grown and annealed films A and B
are shown in figure 1. Peaks at 521 cm−1 and 325 cm−1

arise from the crystalline Si substrate and the experimental
setup, respectively. Only broad features corresponding to an
amorphous phase are observed for as-grown films (figure 1(a)).
After annealing (figure 1(b)) only film A exhibits three
Raman peaks around 300, 400 and 500 cm−1 corresponding
to Ge–Ge, Si–Ge and Si–Si vibrational modes of a crystalline
SiGe alloy. The peaks have asymmetrical shapes and the
Ge–Ge vibrational mode is blue-shifted with respect to the
bulk material value (300.4 cm−1). The observed shifts can
be explained by the stress applied to the SiGe NCs by the
Al2O3 matrix and/or the stress caused by the incorporation
of Si. The absence of Raman features for the annealed film
B can be explained by low Ge and Si concentrations in the
film. This was confirmed by RBS analysis as shown below.
Raman spectroscopy is a very useful technique for quantitative
evaluation of the Ge content (x) and strain (ε) in SiGe alloy
[23–25]. A Ge content (x) value of 0.60±0.05 in the Si1−xGex

alloy and a strain value of −0.025 ± 0.004 were calculated
from the Raman spectrum for film A after annealing using the
equations described in detail in [25].

Figure 2 shows HAADF-STEM images of films A
and B after annealing. Intensities in HAADF images are
approximately proportional to the square of the atomic number
Z and hence, the distribution of NCs along the SiGe+Al2O3

film in a multi-layer structure can be well resolved. Atomic
resolution images of crystalline Si1−xGex NCs are presented
for each film at the bottom of the figure where lattice
fringes corresponding to {1 1 1} planes are observed. The
corresponding lattice plane spacings for films A and B are
0.322 ± 0.003 nm (Ge (x) = 0.7) and 0.323 ± 0.003 nm
(Ge (x) = 0.8), respectively. These values are between
those corresponding to pure Si (0.314 nm) and Ge (0.327 nm)
for the {1 1 1} family crystal planes, which indicates that
the NCs formed are Ge-rich in good agreement with Raman
observations within the experimental error. Averaged intensity

Figure 1. Raman spectra of as-grown (a) and annealed (b) films A
and B. The peak at 325 cm−1 (*) comes from the UV experimental
setup. A cross-polarized Raman spectrum for annealed film B has
been obtained.

line profiles centred on the green arrow marked on these images
were obtained after the application of a low-pass filter in
Fourier space. Since Ge and Si have different Z numbers,
the constituent atoms can be clearly identified.

We observe that after the annealing process, the layered
structure remains with well-defined interfaces. The average
period of these multi-layers is around 10 nm (thickness of
Al2O3 is 6 nm) and the thickness of the whole structures is
around 220 nm. For both samples, SiGe+Al2O3 and Al2O3

layers are well correlated to each other, but towards the
surface the multi-layer starts to have a lateral oscillation.
Positional degradation in the structural quality of multi-layer
structures fabricated by magnetron sputtering deposition is
well known [26]. A small intrinsic roughness in individual
layers at the bottom of a multi-layer system leads to a large
cumulative roughness towards the top of the multi-layer with
the consequent degradation of the structure, as we have
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Figure 2. Low magnification cross-sectional HAADF-STEM images of the whole ML structure for annealed films A (a) and B (b).
High-resolution HAADF-STEM images from films A (c) and B (d) of Si1−xGex NCs, both taken from the bottom of the {1 1 1} SiGe lattice,
where fringes are clearly visible. The dumbbells-type structure of the Si1−xGex NCs is shown. Intensity trace along the green arrow drawn
is reported, red dashed line points at the less bright atoms (Si), blue dashed line points at the brightest atoms (Ge).

recently demonstrated with SiGe/SiO2 multi-layer structures
[10]. However, it is interesting to note that this effect does
not influence the confinement of the SiGe+Al2O3 layers. In
particular, for film A, the HAADF image (figure 2(a)) reveals
more continuous SiGe-rich layers with small clusters formed
much closer to each other than in the case of film B (figure 2(b)).
Nearly spherical confined NCs in the Al2O3 layers with a
broader size distribution are observed in film A. The NCs are
smaller (around 3.5 nm) in the top layers with respect to the
bottom layers close to the substrate (around 5 nm). On the other
hand, film B shows the formation of nearly spherical confined
NCs, with a size of approximately 5 nm averaged throughout
the whole structure. The arrangement and size distribution of
the NCs formed in the annealed films can be explained in terms
of the RF-power used in the deposition process, the substrate
and film being subjected to a flux of energetic atoms originated
in the sputtering event. This flux includes both sputtered
atoms and energetic Ar neutrals that are reflected from the
sputtering target in charge-exchange collisions. When an RF-

power value of 60 W is used (film A), the as-grown films have
been subjected to sputtered species of relatively low kinetic
energy, which leads to a low surface mobility of adatoms and
also a random size distribution of atoms and a weak propensity
for atomic rearrangement. However, in films grown at an
RF-power value of 80 W (film B), the sputtered species have
a higher kinetic energy when arriving at the substrate, thus
their mobilities are high enough to lead to a more uniform
spatial distribution of the clusters within the layers. The results
obtained show that after the annealing treatment, spherical NC
formation is favoured for film B (80 W RF power) with a more
uniform size distribution.

GISAXS was used to further investigate the structural
properties of the films. This technique allows in-plane
investigation of the layered film structure with depth resolution
over large areas [16]. GISAXS maps of as-grown and annealed
films for a grazing incidence beam angle greater than the
critical angle (α > αcr) are shown in figure 3. In the
case of the as-grown films, Bragg sheets are resolved and
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Figure 3. GISAXS intensity distributions of the as-grown (a), (b) and annealed (c), (d) films A and B for a grazing incidence angle of 0.35◦.

they correspond to the multi-layer structure. A characteristic
feature from the sample surface dominates in the central part
of the GISAXS maps (Qy ∼ 0), whereas no GISAXS intensity
is observed at larger Qy-values indicating the absence of
cluster formation during deposition (i.e. a nearly homogeneous
mixture of alumina, Ge and Si atoms occurs). On the other
hand, GISAXS images of the annealed films show strong
lateral correlation maxima in addition to Bragg sheets. The
semi-circular feature in the background shows the formation
of nearly spherical clusters in the films after annealing. The
lateral maxima show the existence of nano-objects that have
strong correlation in their in-plane positions.

In order to investigate the cause of these lateral maxima,
GISAXS maps from the as-grown and annealed film B were
obtained at an incidence angle equal (figure 4(a)) and slightly
greater than the critical angle (figure 4(b)), so that the whole
depth of the films was probed. In particular, the GISAXS map
obtained at an incidence angle equal to (or slightly less than)
the critical angle indicates nicely ordered surface morphology
features. These features are visible in the cross-sections of the
films (see figure 2(b)). The period of the surface features is
found to be 28 nm from the analysis of GISAXS maps [16].
The calculated period is significantly larger than the average
separation of NCs measured by HAADF-STEM analysis (see
figure 2). An absence of vertical sheets (which are usually a

consequence of the multi-layer structure) in this GISAXS map
proves that the probing depth is indeed very shallow (i.e. only
the surface layer is observed). An increase of the incidence
angle and slightly greater than the critical angle (figure 4(b))
causes the appearance of vertical sheets, while maintaining the
lateral features with approximately the same or lower intensity
compared with the case of a shallow measurement. This fact
shows that the lateral ordering that is visible in the GISAXS
maps actually comes from the surface of the film. Stress in
the film might have some influence and a more detailed study
about this surface effect on the organization of these structures
is needed and will be done in a further work. The contribution
from the surface region is very high and it is superimposed on
the NCs’ contribution; therefore, it is impossible to determine
precisely the sizes of the NCs and their arrangements within
the films. However, the strong semi-circular background in the
GISAXS maps measured with higher incidence angle clearly
shows the presence of approximately spherical nanoclusters
in the films. Additionally, the GISAXS maps do not display
lateral features that would indicate correlation in lateral (within
the layer) nanocluster positions. The multi-layer period is
determined to be 10.0 ± 0.5 nm.

The internal properties of as-grown and annealed films
were studied by XRR (figure 5) in order to find out about
layer thickness and interface roughness [27]. Furthermore, the
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Figure 4. GISAXS maps of annealed film B for incidence angles equal to and slightly greater than the critical angle, respectively:
(a) αcr = 0.30◦ and (b) α = 0.35◦ (> αcr).

Figure 5. XRR curves of as-grown and annealed film A (a) and B (b). The corresponding fits are shown as red solid lines. Curves have
been vertically shifted for clarity. Distinct differences in the multi-layer peaks are caused by variations in layer properties.

XRR technique can provide statistical information averaged
over a large sample area. Satellite maxima corresponding to
the multi-layer periodicity can be observed for the samples at
θ = θm (m = 1, 2, 3, etc) showing that the samples consist
of alternating Al2O3 and SiGe/Al2O3 layers with a vertical
period �XRR. From figures 5(a) and (b), it can be seen that the
reflectivity of the as-grown films differs significantly from that
of the annealed films. In general, film A presents well defined
XRR peaks due to a better interface quality between SiGe NCs
and Al2O3 layers, in agreement with STEM measurements.
Interestingly, the annealing process improves the resolution
of the observed peaks indicating a lower structural disorder
at the interfaces. The annealed sample B exhibits higher
interfacial roughness compared to the annealed sample A.
The as-grown and annealed films A exhibit a �XRR value of
9.3 nm (SiGe+Al2O3 = 3.3 nm, Al2O3 = 6 nm) and 10 nm
(SiGe+Al2O3 = 3.5 nm, Al2O3 = 6.5 nm), respectively.
The as-grown and annealed films B present �XRR values of
9.5 nm (SiGe+Al2O3 = 4.0 nm, Al2O3 = 5.5 nm) and 10 nm
(SiGe+Al2O3 = 4.1 nm, Al2O3 = 5.9 nm), respectively.

These results are in agreement with STEM observations. The
best fits to the experimental data were obtained using the
Parratt’s formalism [28]. The theoretical curves were adjusted
using a generic algorithm and the Levenberg–Marquardt
methods. The observed discrepancies between theoretical and
experimental curves (peaks positions) are mainly due to small
variations in the layer thickness and roughness along the multi-
layer. A rough estimation of the interface roughness from
about 0.5 nm to 1.5 nm is obtained for both films A and B,
being the lower limit corresponding to as-grown films.

3.2. Structural properties of the films: Layer composition

The composition of the multi-layer structure was studied
by EELS. Al-L2,3 and O-K edges in the EELS spectra
are associated with Al2O3 regions, which appear darker in
HAADF images. By removing the background under the
EELS spectra using a power law fit and integrating the
remaining intensity under the different edges, we obtain
element sensitive maps associated with the area indicated in
figures 6(a) and (d). The Al and O maps are shown in greyscale
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Figure 6. HAADF-STEM images of the films A (a) and B (d). The
green rectangle shows the specific region where an EEL spectrum
image was acquired. Greyscale Al-L2,3 map (b) from (a), (e) from
(d) and O-K map (c) from (a), (f ) from (d). All maps were
produced after background subtraction using a power law fit.

in figures 6(b),(c) and (e),(f ) for annealed films A and B,
respectively. For the two annealed films, we can see clearly
that the contents of oxygen and aluminum are lower inside
the SiGe NC layers than in the Al2O3 layers. Thus, ultra-thin
Al2O3 separation layers act as efficient barriers to confine the
SiGe NCs within their lateral formations. Interestingly, SiGe
NCs touching each other in the layers (film A) and isolated
SiGe NCs (film B) are well resolved in the images.

Figure 7 shows RBS spectra obtained for as-grown film B.
At a 70◦ tilt angle (20◦ incidence of the beam with the surface of
the sample, and 18.7◦ exit angle), the entire stack is probed so
the total thickness can be determined, as well as the amounts of
Ge, Al, and O. The data was analysed with the code NDF [29].
The model used in the fits [30] assumes SiGe spherical NCs
distributed in layers in the Al2O3 matrix, where the average size
and the Ge fraction x in the NCs was estimated from STEM
measurements, and the amount of Si is indirectly inferred from
the amount of Ge present. At an 82◦ tilt angle (8◦ incidence
and 7.5◦ exit), the depth resolution at the surface is around
3 nm for the Ge signal, and given that the period is around
10 nm, separate Ge peaks should be possible to observe. The
main difficulty is the very small total amount of Ge in each
layer containing NCs, leading to poor statistics in the RBS

data. Nevertheless, as can be seen in the inset of figure 7(b),
indeed the first few Ge peaks are observed. At greater depths,
the depth resolution degrades due to energy straggling of the
beam, and the fits were done simply assuming that there is
no strong degradation of the multi-layer quality deeper in the
sample. The slightly larger size of the NCs observed with
STEM close to the Si substrate was introduced in the fitting
model.

Figure 8 shows depth concentration profiles of as-grown
and annealed films obtained from the fits to the experimental
RBS intensity distributions. The profiles show the existence of
Si, Ge, Al and O. In addition, a low concentration of residual
Ar atoms (not shown) from the sputtering process was also
detected in both as-grown and annealed films. Si and Ge
atoms are localized within the layers before and after the
annealing process, in agreement with STEM, GISAXS and
XRR measurements, thus indicating a well-organized multi-
layer structure. The estimated average bi-layer thicknesses
were found from RBS fittings to be �RBS = 9 ± 1 nm and
�RBS = 8 ± 1 nm for as-grown films A and B, respectively.
Similar values were obtained for the annealed films. These
values are in relatively good agreement with the STEM results.
The Si : Ge ratios found in films A and B before annealing are
1 : 2. Surprisingly, a significant loss (but less than half) of the
amount of Ge is evidenced in the film B after the annealing.
This suggests some Ge out-diffusion from the film possibly
due to formation of volatile GeOx species for the annealing
procedure used. This has already been observed for Ge+Al2O3

films [31]. We attribute the enhanced diffusion process in
film B after annealing to a possible fluctuation in the in-plane
morphology of the layer where some degree of clustering could
have occurred during the first stages of the deposition of the Si
and Ge atoms, due to their relative large mobility in comparison
with these species in film A. Hence, a less compact layer is
formed increasing the contact area of the rough SiGe layer to
oxygen from the surrounding Al2O3 matrix layer.

3.3. PL properties

Figure 9(a) shows room-temperature PL spectra of as-grown
and annealed (at 700 and 800 ◦C) film A in the photon energy
range 1.8–3.2 eV. All films show broad PL in the whole region
of measurement. For a better understanding of the PL data,
the spectra have been normalized and deconvoluted using
Gaussian functions as shown in figure 9(b). Specifically,
the PL spectra for film A have been decomposed into
two peaks centred at: 2.50 eV (full-width at half-maximum
(FWHM) = 0.63 eV) and 2.86 eV (FWHM = 0.43 eV) for
the as-grown film; 2.60 eV (FWHM = 0.63 eV) and 3.10 eV
(FWHM = 0.43) for the annealed (at 700 ◦C) film; 2.72 eV
(FWHM = 0.67 eV) and 2.96 eV (FWHM = 0.37 eV) for
the annealed (at 800 ◦C) film. Hence, no appreciable shift in
the PL energy peak is observed as a function of the annealing
temperature. Furthermore, a similar PL response is measured
for film B (see inset to figure 9). Considering the NCs size
range of 3–5 nm in annealed films A and B, and taking into
account that NCs are Ge-rich, theoretical calculation assuming
confined exciton recombination in the NCs predicts a variation
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Figure 7. RBS spectra obtained for the as-grown films B, at (a) 20◦ and (b) 8◦ angle of incidence with respect to the surface of the sample.
The inset in (b) shows the Ge signal. The fitted partial signals of each element are also shown.

Figure 8. Concentration depth profiles (derived from RBS measurements) for different elements (Si, Ge, Al, O and Ar) present in the
as-grown ((a) and (b)) and annealed ((c) and (d)) films A and B, respectively.

of the exciton energy in the range from 0.75 to 1.60 eV [32].
However, the energy position of the PL peaks obtained for
films A and B is clearly larger than that expected assuming
radiative recombination of quantum-confined excitons in the
Si1−xGex NCs. Size-independent PL of Ge NCs in the energy
range of 2.5 to 3.2 eV has been attributed to oxygen vacancies,
oxygen–germanium vacancy pairs, and related defect centres
[20–22]. The reference annealed Al2O3 matrix at 800 ◦C does
not present PL emission in this wavelength range (not shown

here). Hence, we suggest that the origin of the blue-PL band
is not due to radiative recombination of quantum-confined
excitons in NCs or defect centres in the Al2O3 matrix, but
are more likely to be due to Si1−xGex /O defects that could
be related with the interface between the NCs and the matrix
material. Moreover, it is observed that the PL intensity for
film A increases significantly after performing an annealing
at 700 ◦C due to NCs formation in the matrix (i.e. formation
of interface related defects). However, this PL decreases with
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Figure 9. RT PL spectra of as-grown and annealed (at 700 and
800 ◦C) films produced at 60 W RF-power (film A) in the photon
energy range 1.8–3.2 eV (a) and normalized PL curves (b). The inset
shows the PL spectrum of the films A and B annealed at 800 ◦C.

the annealing temperature (from 700 to 800 ◦C). We attribute
it to the partial removal of defects in the NCs interface with
the matrix. The low intensity PL observed for the as-grown
film is attributed to interfacial defects of the amorphous layers
with the surrounding matrix.

4. Conclusions

The structural and compositional properties of SiGe/Al2O3

multi-layer structures grown at RT are investigated for 60 W
and 80 W RF-power. Annealed multi-layer films produced
at relatively high RF-power (film B) show nearly spherical
NCs with better discrete and uniform sizes than for annealed
films produced at the lower RF-power (film A). Raman and
high-resolution STEM measurements confirm the formation
of SiGe NCs in well confined 2D layers in annealed films,
in agreement with GISAXS measurements. The interface
roughness of the layers was studied by XRR and STEM, and
showed a larger roughness for film B. PL properties have been
investigated and optical emission in the blue energy range
2.0–3.0 eV was measured on both films A and B.
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