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Abstract:

We report on the growth and structural and morphologic characterization of stacked
layers of self-assembled GeSn dots grown on Si (100) substrates by molecular beam
epitaxy at low substrate temperature T = 350 °C. Samples consist of layers (from 1 up to
10) of Gep 96Sno 04 Self-assembled dots separated by Si spacer layers, 10 nm thick. Their
structural analysis was performed based on transmission electron microscopy, atomic
force microscopy and Raman scattering. We found that up to 4 stacks of dots could be
grown with good dot layer homogeneity, making the GeSn dots interesting candidates

for optoelectronic device applications.
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Introduction

The epitaxial growth of self-assembled Ge dots on Si has been studied for several
decades [1, 2]. When depositing a few monolayers (ML) of Ge on a Si substrate, the
lattice mismatch between Ge and Si results in the growth of Ge dots by the well-known
Stranski-Krastanov mechanism [3]. The size and distribution of the Ge dots are strongly
influenced by the growth parameters used. When multiple layers of Ge dots are grown,
each Ge dot layer is capped by Si that forms a spacer between adjacent Ge dot layers.
This Si cap also modifies dot properties such as material composition, dot geometry and
strain [4, 5]. The carrier confinement inside the Ge dots embedded in a Si matrix
influences optical properties [6]. This confinement effect makes Ge dots particularly
interesting for optoelectronic device applications such as photodetectors.

Recent years have seen increased efforts in the search for all-group-I1V light emitters.
While progress on solely Ge-based light emitters has been made [7], a large amount of
research has been devoted to investigating Ge;.xSny alloys as a candidate for a group-1V
direct band gap material [8-15]. Lasing was observed in the partially relaxed direct-
bandgap alloy Gegg74Sng.126 on Si [16]. Ge itself is an indirect band gap material whose
conduction band minimum is located at the L-point. However, Ge also has a local
conduction band minimum at the I'-point whose value can be lowered by tensile strain
or by introducing Sn to form Ge;.xSny alloys. The crossover of Ge;.xSny from an indirect
to a direct band gap material as a function of Sn content has been predicted to occur for
a value of x between 0.06 and 0.1 for the unstrained material [8, 17-19]. For
pseudomorphic Ge;«Snhy the crossover from an indirect to a direct bandgap has been
predicted to occur at x = 0.17 [20] or x = 0.19 [21].

The growth of GeSn alloys by molecular beam epitaxy remains challenging because of

the large (17 %) lattice mismatch between the end member crystals and the instability of



the diamond-cubic structure of a-Sn above 13.2 °C [22, 23]. Recently, a lot of
experimental progress [10-13] has been made towards producing GeSn alloys with Sn
concentrations above the thermodynamic solubility of Sn in Ge, which is less than 0.5
at. % [22, 23].

While the above approaches were concerned with growth of bulk GeSn, several
approaches have been tried to produce Sn or Ge;«Snx nanostructures, namely: Sn dots
were grown on Ge [24], Ge;«Sny dots were grown on thin SiO; layers on top of Si (111)
substrates [25] and Sn nanostructures were also embedded into a Si or Ge matrix by
annealing of SiSn or GeSn films [26]. So far, none of these approaches have lead to
direct bandgap nanostructures that were embedded within Si or Ge devices. The growth
of a few monolayers of Ge;.xSny, in conditions to reach to the formation of self-
assembled Ge;.4Sny dots, could potentially be a means to realize direct-bandgap
nanostructures embedded in Si. The present study is focused on the growth and study of
multiple stacks of GeSn self assembled dots that form directly on Si (100) by depositing
few monolayers of GeogsSnpos. Adjacent dot layers are separated by Si spacer layers.
The motivation for this is twofold: on the one hand, many optoelectronic device
applications need the dots fully embedded in a Si device structure such as a pin-diode;
on the other hand, the optoelectronic response is, generally, enhanced using multilayer
dot structures. Finally, exploring the self-assembled formation of GeSn dots with a
comparatively low percentage of Sn in this study enables us to interpret many of our
results in the context of previous research on Ge dots, and allows the design of new

structures, with higher Sn amount.



Experimental details

The samples were grown by molecular beam epitaxy (MBE) using an electron beam
evaporator for Si and Knudsen cells for Ge and Sn with pyrolytic BN crucibles and a
base pressure inferior than 10™° mbar [27-29]. Si and Ge flux are monitored by a
quadruple mass spectrometer that is used as a feedback to maintain the Si and Ge flux
stable while the Sn flux is controlled by the cell temperature. The Si flux was calibrated
by growing Si films on Si (100) wafers with a growth rate of 1 A/s. The wafer support
inside the chamber creates a hard edge between the wafer and the epitaxially grown Si
film that is used to determine the thickness of the Si film with a profilometer. The Ge
flux was calibrated by growing a relaxed epitaxial Ge film on a c-Si (100) wafer with a
slow growing rate of =~ 0.1 A/s. The thickness of the film was determined by
ellipsometric spectroscopy. The flux of Sn was calibrated by growing thin epitaxial
films of Ge;.xSny on Ge buffer-layers on c-Si (100) wafers. The absolute concentration
of Sn was determined by Rutherford backscattering spectroscopy [29].

Two series with periodic multi layers samples were grown, one containing multiple
layers of GeSn self-assembled dots (from now on referred to as GeSn/Si series) and the
other containing multiple layers of Ge (Ge/Si series) used as a reference. Both series of
samples were grown using similar conditions in order to compare/investigate the
influence of Sn on the structural properties of the samples. Si (100) wafers of 100 mm
diameter were used as substrate for all samples. The substrates were placed inside the
MBE chamber and heated in situ to 900 °C for 5 minutes to remove the native SiO,
layer on its surface by thermal desorption [30]. This treatment was followed by the
growth of 50 nm of Si (buffer layer), at 500 °C and with a growth rate of 1 A/s, to cover

remaining surface contaminants and to smoothen the surface.



The GeSn/Si series comprises stacks of one, two, three, four and ten sheets of 5.5 ML of
Gep.9sSnoos Separated by a 10 nm thick Si spacer layer (5 samples). In order to
avoid/prevent the precipitation of Sn we kept a low and constant temperature of 350 °C,
for all the layers and samples of the GeSn/Si series. According to literature [5], Si
spacer layers grown at such a low temperature, when used as cap layers for Ge dots,
preserve the dot geometry and reduce intermixing. The GeSn layers had a growth rate of
0.097 A/s, while the Si spacer layers had a growth rate of 1 A/s. The composition of the
5.5 ML of Geg96Sho 04 Was achieved by a precise control of the Ge and Sn fluxes.

The reference samples of the Ge/Si series are composed of stacks of one, two, four and
ten sheets of 5.5 ML of Ge separated by a 10 nm thick Si spacer layer (4 samples),
grown also at a constant temperature of 350 °C. The Ge was grown with a growth rate
of 0.087 A/s. The = 10 % difference in growth rate between both series is not expected
to have an influence on the morphology of the layers. Figure 1 provides a schematic

representation of the samples and fabrication steps.
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Figure 1: lllustration of the samples and respective growing steps.

The structural characterization of the samples was performed using a JEOL 2010F field

emission gun Transmission Electron Microscope (TEM), working in both High



Resolution TEM (HR-TEM), and Scanning TEM (STEM) modes. This study was
complemented by atomic force microscopy (AFM) analyses and micro-Raman
spectroscopy. AFM measurements were carried out with a Veeco Dimension Icon in
tapping mode, in air, using Si cantilevers NT-MDT CSG10 with a cone angle lower
than 22°. The typical curvature radius of the tip is less than 10 nm and a constant force
of 0.1 N/m was used. The measurements were performed for all samples of the GeSn
series to obtain information about the density, shape, and size of the dots and covered
area.

Raman scattering experiments were performed at room temperature in a back scattering
geometry on an alpha300 R confocal Raman microscope (WITec), using a diode-
pumped solid state laser with a wavelength of 532 nm as excitation. The spot size of the

excitation was ~ 1 um? with a laser power of ~ 4 mW on the sample.

Results and discussion

Figure 2a (left hand side) shows a TEM cross-sectional image of the sample of the
GeSn/Si series with the largest number of dot layers (10 x GeSn). A TEM cross-
sectional image of the sample of the reference Ge/Si series with 10 Ge layers (10 x Ge)
is also shown for comparison (right hand side of Figure 2a). Similar images were
obtained for the samples with 4 and 2 layers of GeSn or Ge. Figure 2a clearly shows
some qualitative differences between the 2 samples as far as dot formation is concerned.
The brighter Si spacer layers which separate the GeSn and Ge layers (darker layers) can
clearly be seen in both samples, whereas dots are only observed in the GeSn/Si samples.
The critical wetting layer (WL) thickness at which dot nucleation occurs is influenced
by strain and substrate temperature. Since the addition of Sn atoms induces a larger

lattice mismatch with respect to Si in the GeSn/Si samples compared to the Ge/Si ones,



the strain in the GeSn/Si system is higher than in the Ge/Si system. This results in a
decrease of the critical wetting layer (WL) thickness for dot formation at a given growth
temperature, when Sn is present in the lattice. It is also known that the critical thickness
of the wetting layer at which the onset of dot formation can be observed increases when
the growth temperature is decreased [31]. We can conclude that the growth parameters
(mainly substrate temperature) used were appropriate for the dot formation in the
GeSn/Si system but not for the Ge/Si reference sample, in which the critical WL

thickness was not reached for a growth temperature of 350 °C.
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Figure 2: a) Cross-sectional TEM images of the GeSn and reference Ge samples with 10-
stacks. For the GeSn sample the formation of several self-assembled dots can be observed,
whereas the Ge sample does not show any dots; b) Cross-sectional HR-TEM images of 4-stacks

samples (GeSn and corresponding Ge reference sample), the inserts are the Fourier transform of



the images; ¢) Cross-sectional STEM image of the 10-stacks GeSn ; z contrast in the image
implies that darker regions correspond to lighter Si and brighter to heavier Ge and Sn. All

Figures are aligned vertically from bottom to top according to the growth direction.

It is seen from Figure 2a (left hand side) that the GeSn dots show vertical correlation
between the 2" and the 4™ layer. Indeed, this vertical correlation of dot positions was
also observed in multilayered Ge dot samples when the Si spacer layer thickness is
below a critical value [32]. This correlation is attributed to the inhomogeneous strain
field induced by buried dots, which will define preferential positions for dot nucleation
[33]. After the 4™ layer, it is seen that the layer structure changes, namely the wetting
layer is no longer planar and the dot morphology becomes different. These differences
are mainly due to the occurrence of local material accumulation. Since e.g. optical
characteristics are influenced by the homogeneity of the layers, such a morphological
change could be detrimental to device operation.

Both the TEM (Figure 2a) and the STEM (Figure 2c) images show that all our
multilayer samples (n x GeSn/Si) have a wetting layer (WL) between dots. Based on
that observation we propose that the dots are formed according to the Stranski-
Krastanow mechanism as is the case for pure Ge self-assembled dots.

Figure 2b shows the HR-TEM images obtained for the 4-stacks GeSn/Si sample and
corresponding Ge/Si reference sample. By analysing the HR-TEM images we were able
to estimate the WL thickness. For the GeSn/Si series we obtain a WL thickness of ~ 8
ML (measured in the vicinity of a dot in the lowest layer of the stack). It is interesting
that, despite using the same growth conditions for both series, a higher WL thickness of
~ 10 ML was measured for the Ge/Si reference series. In both cases, the measured WL
is thicker than the 5.5 ML of material initially deposited, indicating that intermixing

with Si occurred. The difference in WL thickness between the GeSn/Si and the Ge/Si
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samples can be explained by examining the case of self-assembled Ge dots grown on Si,
where dot nucleation is accompanied by the transfer of about 1 ML of Ge from the WL
to the dots [34]. One can expect a similar material transfer to take place during dot
nucleation in our GeSn/Si system, which leads to a reduction in WL thickness as
compared to the Ge/Si reference system, where no such dot nucleation has occurred.

The TEM and HR-TEM images do not reveal any segregation or precipitation of Sn.
The Fourier Transform for the HR-TEM contains similar information to a X-ray
diffractogram. The inset in Figure 2b shows the Fourier Transform of the HR-TEM
image for the GeSn/Si and Ge/Si layers showing a diamond structure for both samples,
as well as good crystallinity. The addition of Sn can be expected to influence surface
processes and, therefore, the composition of the dots. Brehm et al [35] have shown that
the composition of Ge dots strongly vary along the growth direction. In particular, even
for low growth temperatures, some intermixing between Ge and Si is always present.
The STEM analysis of the GeSn/Si sample (Figure 2c) reveals that a higher
concentration of GeSn is present in the dots than in the WL, and that the centre of the
dot also has a higher concentration of GeSn than the border. From Raman
measurements that will be discussed below we can infer that intermixing with Si also
takes place in our samples. A particularly interesting question is if and how Sn-rich
regions within the dots are formed. Because of the low concentration of Sn per stack it
is not possible to obtain that information from the HR-TEM and STEM images. A
composition analysis with sub-nanometre resolution would, however, be useful to

investigate this position-dependent intermixing.

The AFM images (250 x 250 nm?) of all the GeSn/Si samples reveal that the topmost

layer of each sample contains dots, as seen in Figure 3a. However, both the density and
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the shape of the dots change with the number of sample stacks. For the 1-stack sample
all the dots have a nearly spherical shape, changing to a truncated quadrangular pyramid
with the base aligned along the (110) direction as the number of stacks increases (see
Figure 3a and 3b). In the uppermost layer of the 2-stack sample, the dots’ shape
becomes less spherical (compared to the 1-stack sample) and in the 3-stack sample dots
with round and quadrangular pyramid shapes can be seen to coexist in their uppermost
layer. The 4-stack sample has only quadrangular pyramid shaped dots in the uppermost
layer, and the 10-stack sample contains in addition fewer large dots. A more detailed
analysis of the dots with truncated quadrangular pyramid shape observed in the
uppermost layer of the 4-stacks GeSn/Si sample shows than the dots have a sidewalls
with angles in the range 17 - 19° corresponding to (130) crystal planes (see Figure 3b).
We note that this differs from the 11° slope of the {105} side facets that are observed in
pyramidal “hut cluster” Ge islands on Si [36-38]. However, in our system the result of
the shape of the dots on the surface is not only a consequence of the top most layer but
also the accumulation of material below, as evidenced by the change in shape of the

dots in the topmost layer as a function of the total number of dot layers below.
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Figure 3: a) AFM images with 250 x 250 nm’ of the surface of the GeSn samples (1- to 10-
stacks) and the Ge reference sample with 4-stacks. A transition from round dots to square
pyramid like dots with the top truncated is seen with the increase of the number of stacks in the
GeSn samples. Domes are visible only in the 10-stacks GeSn sample. The Ge reference sample
shows a much lower density and smaller size of dots than the ones present in the GeSn samples.
The height (provided by the colour) is not normalized between images; b) Dot height as a
function of length (cross-section) of 4-stacks GeSn sample and correspondent linear fit which
give an angle coincident to (130) Miller planes; ¢) Variation, with respect to the number of

stacks, of the density, average size and height of dots, “pre-dots” and large dots.
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The AFM image of the 10-stack sample shows the presence of few large dots (see
Figure 3a) with a height of = 15 nm. As can be inferred from the STEM image of the
10-stack sample (Figure 2c), the larger dots seen by AFM on the top most layer do not
form as GeSn-rich dots within one layer, but are the result of local material
accumulation in the layers below. Excluding these large dots, the rest of the dots in the
layers can be classified according to their height (and irrespective of their shape) in two
categories: (i) “pre-dots”, with a height between one and three lattice constants (in our
case, 4 to 12 ML for diamond lattice) and (ii) “dots”, which are higher than three lattice
constants. The “pre-dots” observed in our samples do not necessarily have a square
base, differing therefore from the reported “pre-pyramids” observed as the first stage of
morphological evolution of Ge dots identified in refs. [38, 39]. This difference can
either be attributed to the very low growth temperature (350 °C compared to a minimum
growth temperature of 550 °C used in [38]) or to the presence of Sn.

The dot density and size was estimated from the AFM measurements. Figure 3c shows,
for all GeSn samples, the average size (diameter for round dots and side length for
pyramid-like ones), height and the density of pre-dots and dots per um? with the
respective standard deviations, as a function of the stacks number in the sample. It can
be seen from Figure 3c that the number of pre-dots (black squares) decreases as the
number of stacks increases, reaching a minimum density for the 3-stack sample. For a
higher number of stacks their density slightly increases and seems to stabilize (the 4-
and 10-stack samples have similar dot densities). The size first increases with the
number of stacks, reaching a maximum at 2- and 3- stacks, then decreases slightly and
stabilizes for larger numbers of stacks (Figure 3c). Concerning the dots (red circles) it
is seen that their density increases as the number of stacks increases (n > 2), and that

from layer 2 onward, the dot height increases with the number of stacks, while the
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height of the pre-dots remains almost constant (consequence of definition of pre-dot).
This behaviour of the dot height is consistent with the observation from the TEM study
(Figure 2a), where we observe vertical dot alignment between the 2" to 4" layer,
which can cause a progressive height increase for the dots as observed by the AFM
measurement analysis. Again, we observe first an increase in dot size with increasing
number of stacks and then a stabilization of the size for 2 or more layers.

It is reported that Ge dots of multi-layers of Ge in Si can acquire a lateral ordering of Ge
islands [40]. We performed an analysis of the nearest-neighbor angular distribution
function by computing the angles obtained from the lines connecting the center of each
island its nearest neighbors with respect to (110) direction, for several hundred islands
in each sample of the GeSn/Si series and found a homogeneous distribution of angles,
which means lateral ordering does not take place in any of our samples.

Figure 4a shows the Raman spectra for all GeSn/Si samples and a c-Si reference
spectrum for comparison. All the samples exhibit the prominent Si-Si (I') mode at 520.8
cm™ as well as Si related two-phonon modes, namely: 2TA () at 433 cm™ and 2TA (X)
at 302.5 cm™. In addition to the Si related modes, the Raman spectra of the GeSn/Si
samples show the characteristic Ge-Ge band at 300.7 cm™ and also a mode at ~ 418 cm’
! which is the signature of mixed Ge-Si bonds [41-43]. The presence of Sn was not seen
in our samples, since no Sn-related modes were detected (Ge-Sn, Si-Sn or Sn-Sn modes
[44-46]). The absence of Sn related modes can be attributed to the low amount of Sn
(less than 0.3 at. % in volume) corresponding to a low overall number of Ge-Sn, Sn-Sn

and Si-Sn bonds in our samples.
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Figure 4: a) Raman spectra of the GeSn samples and c-Si (100) for comparison; b) Peak
frequency position as a function of the number of periods/stacks of Ge-Ge and Ge-Si Raman
peaks for the GeSn self-assembled dots samples and corresponding Ge references samples after
Si Raman spectrum subtraction; c) Peak area and linear fit variation as a function of the number

of periods/stacks for the Ge-Ge and Ge-Si Raman peaks of the GeSn self-assembled dots
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samples and Ge samples after the Si Raman spectrum subtraction. The results were obtain with

532 nm excitation and normalized by the Si-Si mode peak intensity.

The peak position (frequency shift) and the integrated intensity/area of the Raman band
are parameters that allow to compare the different samples, since changes in the peak
position are related to strain and alloy composition, while the peak area is related to the
composition and short-range order of the alloy [42, 43]. The observed peak position of
the Si-Si (Ge-Ge) mode in the studied samples is shifted relatively to the position of the
corresponding mode in the Si (Ge) bulk sample. For this kind of materials, a shift in the
peak position is usually related with composition and strain as follows: tensile strain or
the influence of heavier atoms in the lattice shifts the peak position to lower frequencies
(red shift); while lighter atoms or compressive strain shifts the peak to higher
frequencies (blue shift).

Concerning the Si-Si (LO-TO) mode in the Raman spectra of our samples, it is not
possible to distinguish the contributions from the Si substrate, the buffer layer and the
spacers (Figure 4a), implying that the Si is crystalline everywhere in our samples.

The Ge-Ge and the Si-Si 2TA modes are both present in our samples at spectral
positions that nearly coincide. In order to extract information concerning the Ge-Ge
mode we subtracted the Si reference spectrum from the analysed spectra [41] removing
the contribution of the Si-Si (2TA(X)) mode. By fitting the Raman spectra it is possible
to obtain the peak position of the Si-Si, Ge-Ge and Ge-Si modes. Figures 4b and 4c
show the dependence of the peak positions and the band areas of these modes upon the
number of GeSn/Si and Ge/Si stacks.

The peak positions of the Ge-Si mode for the samples (GeSn/Si and Ge/Si series) lie
between 416 and 419 cm™, higher than the 410 cm™ value reported for unstrained Ge-Si

alloys for any Ge content [42]. Such a high blue shift of the Si-Ge mode peak in Ge/Si
17



quantum dot samples has been observed before [41, 47] and is attributed to strain [41].
Note that the effect of the number of stacks and the presence of Sn on the position of
this Ge-Si mode is small (= 1 cm™ for GeSn samples and ~ 2 cm™ for the Ge reference
samples).

From Figure 4b it is seen that the Ge-Ge peak position for all samples is also shifted to
higher frequencies as compared to that in bulk Ge. Furthermore, it shifts with the
number of stacks, which is not the case for the Ge-Si mode. Indeed, in the system
studied here a shift in the peak position is expected because the Ge-Ge mode peak
position is affected by the presence, in the lattice, of heavier atoms (Sn, which causes a
red shift) and lighter atoms (Si, which causes a blue shift) and also by tensile strain
along the axis normal to the surface (causing a blue shift as well). However, the shift
observed for this mode in the GeSn/Si samples is quite large, in comparison with the
bulk material (= 5 cm™ for 1-stack sample and ~ 8 cm™, for the 10-stack sample) and
with the Ge/Si reference samples (= 3 cm™ for 1 stack sample and = 2.5 cm™, for the 10-
stack sample). A possible explanation is that Sn preferably intermixes with Ge rather

than with Si and the strain is introduced mostly in the Ge-rich regions.

Finally, the peak area increases proportionally to the number of stacks for both Ge-Ge
and Ge-Si modes as shown in Figure 4c, which indicates that the layers contribute
almost evenly to the scattering by these phonons involving vibrations of Ge atoms. The
Raman spectra of the GeSn/Si samples with 2-, 3-, 4- and 10-layers of GeSn dots, thus,
include contributions from all layers. We nonetheless find that the number of stacks has
a marked influence on the position of the Ge-Ge peak in the GeSn/Si samples. It seems
reasonable to assume that there is not only a morphological evolution of the dot shape

with the increase of the number of layers, as evidenced by AFM and TEM
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measurements, but also a variation of composition and strain between the different dot

layers, which could explain this shift in Ge-Ge peak.

Conclusions

In summary, we grew samples with 1 to 10 stacks, each consisting of 5.5 ML of
Gep.96Snoos followed by 10 nm of Si, in order to obtain self-assembled GeSn dots
embedded in Si and analysed their structure. We showed that it is possible not only to
produce self-assembled GeSn dots in this way but, even more importantly from the
technological point of view, to overgrow the GeSn dots using Si substrates making their
incorporation into Si-based devices possible. The structural characterization revealed
that in some aspects, such as the dot shape, GeSn/Si samples seem to differ from their
Ge counterparts. Future studies will be focused on understanding in more detail the
effect of Sn on the growth kinetics of GeSn dots.

Fabricating self-assembled GeSn dots on Si could be a way towards producing direct-
bandgap nanostructures that can be embedded in Si. To be able to do that, however,
GeSn dots with higher Sn content are needed and will be investigated in order to
explore the potential of such GeSn nanostructures for optoelectronic devices

applications.
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