Project Evaluation Report (1st Year)
Long term goal of the SiLAS project (copy from proposal)
The semiconductor industry, via its information and communication technologies, is a major driver of world
economic growth. Currently the semiconductor industry is divided into (i) electronics, based on Si, and (ii)
telecommunication, based on III-V semiconductors. Merging of these fields would yield a powerful combination, but
the fundamental bottleneck is that (cubic) Si and Ge are not capable of emitting light efficiently, due to their indirect
bandgap. Achieving lasing from group IV elements has thus been a holy grail in silicon technology for decades, but
despite tremendous efforts, efficient light emission from Si has not been achieved.
SiGe with the hexagonal crystal structure (Hex-SiGe) provides an opportunity for a tunable direct bandgap
between 1.38-1.8μm, as predicted by the Jena group, along with two other theoretical groups/techniques predicting
similar results. Hex-SiGe is thus expected to become a new light emitter in the important window for optical
telecommunication (1.55μm). Hex-SiGe would be an ideal material system to unite electronic and opto-electronic
functionalities on chip thereby opening a plethora of new device concepts. We have recently demonstrated a generic
route to grow defect-free Hex-SixGe1-x with tunable composition. It is a totally new material system with unexplored
optical, electrical (mobility, spin-orbit, superconducting), thermal and mechanical properties. The SiLAS project will
lay the foundations to the development of direct bandgap Hex-SiGe for silicon-based LEDs and lasers as well as for
Hex-SiGe quantum dots for single photon emitters.
Our long-term vision is to transform electronics into a new era where thousands of light sources are seamlessly
integrated with electronics for intra-chip and chip-to-chip communication at an attoJoule/bit energy consumption. A
Hex-SiGe technology platform on conventional cubic Si substrates will allow large scale opto-electronic devices,
which are capable to transmit, route and receive optical data streams. IBM with its extremely advanced 7 nm SiGe
CMOS technology is the ideal partner to facilitate such a paradigm change in the CMOS industry.
Targeted breakthroughs:
 Demonstration of direct bandgap light emission from Hex-SiGe. Hex-SixGe1-x is predicted to become a direct
band gap semiconductor with a bandgap in the telecommunication range 1.38-1.80μm (for 0<x<0.25)..


Demonstration of electrically pumped Lasing from Hex-SiGe at telecommunication wavelengths. A recent
bandstructure calculation from the Jena group predicts a large transition matrix element for a digital Si1Ge3 alloy.

Objectives (copy from proposal):
Our main objective is to establish a new technology platform in the electronics industry based on hexagonal Si, which
allows for the monolithic integration of optical functionality on conventional cubic Si substrates. In this ambitious
project, we have defined the following objectives:
 Synthesis of high quality Hex-SixGe1-x, with 0<x<1. With this material we can experimentally determine the
lattice parameters for the pure materials and alloys as basis to calculate the electronic band structure.
 Establish the direct nature of the band gap of Hex-SixGe1-x, which is a major scientific breakthrough.
 Demonstrate an electrically pumped Hex-SiGe nanolaser. Lasing substantiates the strong optical processes
in Hex-SixGe1-x and is technologically of paramount importance.
 Create a path for CMOS-compatible monolithic integration of Hex-SiGe light emitters. Demonstration of a
robust platform will trigger industrial interest and acceptance of this groundbreaking technology.
Executive summary of the 1st year progress:
Before the start of the SiLAS project, TU/e was capable to grow Hex-SiGe, but the material was not able to emit any
photoluminescence due to contamination with phosphorous and gold. During the first year, TU/e has taken various
steps to reduce the amount of contamination. TU/e has also increased the thickness of the Hex-SiGe nanowire shells
to be able to perform optical measurements. These samples have been distributed to the other partners as 1st generation
samples. For Hex-SiGe sample with >70% Ge, TU/e observes strongly increasing photoluminescence with Gecomposition, which is a first indication for a transition from an indirect to a direct bandgap around 60% Ge. UOXF
observed conductivity lifetimes around 1 ns, which is very comparable with the conductivity lifetime in a direct
bandgap III/V semiconductor. Care should however be taken since nonradiative recombination is still dominating.
TUM observed light amplification via stimulated emission in a few selected Hex-Ge nanowires. Subsequently, TUM
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performed pump-probe measurements indicating stimulated emission and coherent light emission for one single
nanowire. These measurements all suggest direct bandgap emission, but we still do not like to call it a proof for direct
bandgap emission. We stress that we need to reproduce these results in 2nd generation nanowires!
TU/e is improving the sample quality by starting to use tetrasilane precursor to further reduce the optimum growth
temperature, and thus to reduce phosphorous diffusion into the Hex-SiGe shell. The other major step is to shift from
GaP nanowire core towards GaAs or GaAsP lattice matched nanowire cores. These efforts are expected to result in
2nd generation samples which are expected in spring 2018. IBM succeeded to grow a wurtzite InP template on cubic
Si without using a gold catalyst. This might be an important step towards the CMOS compatible fabrication of HexSiGe.
It should be mentioned that the lowest Γ8c conduction band is predicted by Jena to have a very low dipole matrix
element, while the second Γ7c conduction band is predicted to feature an allowed optical transition. The theoretical
work of Jena is also showing that the strain within the Hex-SiGe nanowire shell is strongly influencing the position
of the different conduction bands, which might even result in band inversion. The strain measurements by JKU Linz
in combination with the theoretical bandstructure calculations by Jena will guide us to correctly engineer the strain
in the Hex-SiGe nanowire shell for achieving the highest optical gain.
All deliverables and milestones are “on-time” until now.

Project overview (copy proposal)
Gantt Chart illustrating the project planning
Task Description
1-6
7-12
1.1
Synthesis of Hex-SiGe
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Workpackage 1
Synthesis, structural properties and theory [Months 1-48]
Deliverables
D1.1 Synthesis of Hex-SixGe1-x including structural and chemical analyses. [M12]
D1.2 Measured lattice parameters, including lattice strain as a function of Hex-SiGe composition. [M18]
D1.3 Calculation of the band gap energy and optical transition matrix elements as a function of Hex-SiGe
composition. [M24]
D1.4 Continued optimization of synthesis and analysis for WP2,3,4,5. [M48]
Description of work
Task 1.1. (TU/e, JKU) “Synthesis of Hex-SixGe1-x NW shells and branches”. NW branches and shells will be
grown for 0≤x≤1 by MOVPE and will be characterized by electron microscopy (TEM) and Atom Probe
Tomography (APT) with the aim to achieving defect free and pure Hex-SixGe1-x. The details of the growth
mechanism of the branches will be investigated. Obtaining high-quality Hex-SiGe is milestone 1 (M12).
Task 1.2. (JKU)“Measurements of the Hex-SixGe1-x lattice parameters and strain distribution for 0≤x≤1”. The
lattice parameters and strain state of ensembles of NWs will be measured by advanced X-ray diffraction
techniques in the lab and at synchrotrons and will be used as input for the DFT band structure calculations.
Task 1.3. (Jena, JKU, TU/e) “Theoretical calculation of the basic and optical properties of Hex-SixGe1-x.”
Calculation of the transition matrix elements for different SiGe compositions, polarization selection rules, and the
k-dependence of the transition matrix elements using DFT. For an optimal design of a Hex-SixGe1-x nanolaser, the
bandoffsets between Hex-SiGe and Hex-Si and Hex-SiGe and cubic-SiGe will be calculated. Information about
the strain dependence of these parameters is essential to optimize a SiGe nanolaser.
MS#

Milestone name

WP(s)

Est. date

Means of verification

1

Synthesis of high quality
Hex-SiGe NWs

WP1

M12

Stacking fault density <1 μm-1, and impurity levels
< 1ppm. Large enough volume for optical
measurements. At least a 50 nm thick SiGe shells,
or 2 μm long SiGe branches
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Project Evaluation Report (1st Year)
Workpackage 1 : Synthesis, structural properties and theory (Months 1-48)
Task 1.1. (TU/e, JKU) “Synthesis of Hex-SixGe1-x NW shells and branches”. NW branches and shells will be grown
for 0≤x≤1 by MOVPE and will be characterized by electron microscopy (TEM) and Atom Probe Tomography (APT)
with the aim to achieving defect free and pure Hex-SixGe1-x. The details of the growth mechanism of the branches
will be investigated. Obtaining high-quality Hex-SiGe is milestone 1 (M12).
D1.1 Synthesis of Hex-SixGe1-x including structural and chemical analyses. [M12]
1.1:
Synthesis, structural properties and theory
This workpackage shows the progress on the growth of Hex-SiGe nanowire shells by TU/e in Section 1.1. We started
with first generation Hex-SiGe using wurtzite GaP nanowire cores. These samples have been optically investigated
by TUM, UOXF and TU/e in workpackage 2. TU/e subsequently started to develop second generation Hex-SiGe,
which is targeted to use more closely lattice matched wurtzite GaAs nanowire cores. We like to emphasize that the
growth procedure is expected to strongly influence the strain distribution in the nanowire shell, which is studied in
Section 1.2 by JKU Linz. In turn, the strain distribution is expected to determine the band ordering in the Hex-SiGe
conduction band, which is theoretically investigated by FSU Jena in Section 1.3.
1.1.1: Growth of 1st generation SiGe nanowire shells using a GaP core (TU/e)

Figure 1.1: (left) Overview transmission electron microscopy (TEM) image of a hexagonal GaP/Si/SiGe
core/shell/shell wire show the uniformity and defect-free nature of the wire. (Middle) Elemental map (EDX) of the
wire showing the composition of the structure. (right) High-resolution TEM (HRTEM) image of the wire
demonstrating the hexagonal crystal structure. We note that a thin wire with a thin shell has been used for imaging,
since it is very difficult (impossible) to obtain high resolution images from thicker samples.
Wurtzite GaP core wires with a diameter of 200 nm have been grown using an Au-catalyst as an epitaxial template
for the growth of hexagonal SiGe shells. We have shown that we can grow single crystalline uniform layers of
hexagonal SiGe layers up to 80% Ge at a temperature of 600 ⁰C with a thickness of > 50 nm. The stacking fault
density in the GaP and therefore also in the SiGe shell is less than <1 μm-1. These wires have been studied with XRD
by JKU. There are however some remaining challenges, which have to be addressed:
A) Impurities from the substrate (Ga and P) and from the Au catalyst may affect the optical properties of the HexSiGe. Atom Probe Tomography (APT) has been used to study the presence of these impurities.
B) The Ge-rich shells are heavily strained due to the ~4% lattice mismatch with the GaP core. Strain and straininduced defects will deteriorate the optical properties of the Hex-SiGe shells. We therefore investigate the possibility
to use WZ GaAs as a lattice-matched core for growing a Hex-Ge shell.
These issues have been addressed during the first year and will be discussed below.

735008-SiLAS: Annual Report year 1

4

Figure
1.2:
Atom
Probe
Tomography (APT) line scan of a
hexagonal GaP/Si core/shell
nanowire. Au and Ga are below
the detection limit (1 ppm) of the
APT. The P concentration in the Si
shell is the highest (1%) when an
uncapped GaP substrate is used.
The P concentration decreases
with the level of capping of the
GaP substrate.
Possible sources of P and Ga are 1) diffusion from the GaP cores at the high temperatures (900 ⁰C) used during
growth of the Si shells, 2) evaporation from the GaP substrate, 3) background pressure in the MOVPE chamber.
Atom Probe Tomography (APT) has been used to chemically analyse the samples. In Figure 1.2 an APT linescan is
shown. From this analysis, we find a concentration of 1% P in the Si shell, while Ga is below the detection limit of
the APT. In order to reduce this concentration, we have capped the GaP substrate with a SiNx capping layer. This
reduces the P concentration by a factor of 10 when the SiN is only on the top side of the substrate and by a factor of
100 when both sides of the substrate are covered. This shows that P evaporates from the substrate during the growth
of the SiGe shell.
Au atoms can diffuse from the Au catalyst through the Si shell. This has been observed before for pure Si wires and
for Ge/Si core/shell nanowires. From SEM and TEM images, we know that there are Au-clusters present on the
surface of the Si-shells. Since Au will form deep traps in Si, killing the optical properties, we have developed a route
to remove the Au particle after the GaP growth and before the Si shell growth. We use an aqueous solution containing
I3-, which etches Au. It is very important to rinse the sample with deionized water afterwards to remove any Au
residuals. After this etch, a GaP inner shell is first grown around the GaP core resulting in a well-defined flat facet.
TEM studies have shown defect-free growth of the GaP shell with a smooth surface. Directly after this, the Si shell
has been grown. APT studies do not reveal any Au atoms above the detection limit. These 1st generation wires have
been studied optically by different partners (WP2).
We have also grown pure Ge branches from WZ GaP cores. The GaP substrate and GaP have not been capped with
a protective layer. In Figure 1.3 an APT line scan of the full branch is shown. Ga, and Au are below the detection
limit, but the P concentration is about 0.01%. These branches have been grown at low temperatures (300 ⁰C), but the
substrate was not capped with a protective layer and probably there was still a background P pressure in the reactor
chamber. We have seen for cubic Ge/Si core/shell wires grown in the same reactor that the incorporated P in the
wires can be significantly reduced by flushing the reactor for longer periods (up to 3 days). In this way, we reduced
the incorporated P concentrations down to the 1-2 ppm level. We believe we can reach these levels also for the
hexagonal core/shell and branch wires by combining all the steps presented above (substrate capping, low growth
temperature, and reactor flushing).

Figure 1.3: APT line scan of a hexagonal Ge branch grown from a WZ GaP stem wire. The reconstructed image
shows Au atoms at the top of the wire (catalyst particle), and Ge atoms in the wire.
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1.1.2: Towards growth of 2nd generation SiGe nanowire shells using tetrasilane precursor (TU/e)
In order to further reduce the P concentration in the Si shells, we have investigated alternative precursors which
enable growth at lower temperatures. We have obtained tetrasilane (Si4H10) from Air Liquide, a precursor which can
be cracked at lower temperatures than disilane (Si2H6), the precursor which we have used till now. In Figure 1.4 the
growth rate versus temperature have been shown for the two different precursors. From HRTEM imaging, the growth
rate has been obtained and the hexagonal crystal structure has been confirmed. It is clear that the cracking efficiency
is about an order of magnitude higher for tetrasilane compared to disilane in the temperature range between 500 and
700 ⁰C.

Figure 1.4: Growth of the hexagonal Si shell on WZ GaP core wires for two different precursors. Below 700 ⁰C the
growth rate with tetrasilane is 3-10 higher than with disilane due to the lower cracking temperature. We note that
the real substrate temperature is 80-100 ⁰C lower than the thermocouple set point temperature (T on x-axis) due to
the thermal contact.
1.1.3: Towards growth of 2nd generation Ge nanowire shells using a wurtzite GaAs nanowire core (TU/e).
Ge-rich alloys are most interesting for these studies, since these are expected to show a direct band gap. Since Ge has
a lattice mismatch of about 4% with GaP, we have decided to explore another core material. GaAs has a very small
mismatch with Ge and has also been reported in the wurtzite crystal structure. We have developed the growth of WZ
GaAs wires using a SiN mask to cap the substrate and avoid outgassing of As. The scanning electron microscopy
(SEM) image in Figure 1.5a shows an array of GaAs wires with a length of a few micrometre and a diameter of 150
nm. We can tune the GaAs wire diameter by the size of the hole opening in the SiN mask and the deposited Au
thickness. Smallest diameters are around 30 nm. A small diameter will be relevant for minimizing the strain in the
shell. A TEM analysis, as shown in Figure 1.5, shows the WZ crystal structure. From overview images, we find a
stacking fault density ranging from 2 to 80 μm-1, depending on the growth conditions. We have found that the
parameter window in which pure WZ GaAs wires can be grown is much smaller than that of WZ GaP. Ge shells have
been grown around the WZ GaAs wires using GeH4 as a precursor and high-quality epitaxial growth has been
observed at 400 ⁰C. In Figure 1.5b a high resolution scanning transmission electron microscopy (HRSTEM) image
is shown illustrating the perfect epitaxy of Ge on GaAs. The advantage of using Ge-rich shells is, besides the
expectation of a direct band gap, that the growth temperature is significantly lower than for the Si-rich shells reducing
the outgassing of group V elements from the substrate and reactor walls. We expect that by using all the steps as
given above that we can reach acceptable impurity levels. We should note that As has a much lower vapour pressure
than P, which will already lead to lower group V levels in the SiGe structures.
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Figure 1.5: SEM image of WZ GaAs wires. E-beam lithography has been used to define the position of the Au
catalysts in a SiN capping layer on a GaAs(111)B substrate. HR STEM image of the interface between the WZ GaAs
core and the hexagonal Ge shell. From this image the epitaxial relation is clearly visible.
Outlook
- We will employ all steps in order to reach low impurity levels in the SiGe (substrate capping, low growth
temperature, and reactor flushing)
- We aim to grow WZ GaAsP, which can be lattice matched to SiGe shells. Since the growth conditions of WZ GaP
and WZ GaAs wires are comparable, we expect that we can grow high quality cores. Aim is to grow strain free SiGe
shells with Ge concentrations >60%. The strain level will be determined together with JKU.
- A master student, Wouter Kaman, has started in October 2017 and will enhance the work on the growth of Hex
SiGe branches from GaP and/or GaAs core wires. This geometry has the advantage that it is a simpler system
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Progress in WP1
Task 1.2. (JKU)“Measurements of the Hex-SixGe1-x lattice parameters and strain distribution for 0≤x≤1”. The lattice
parameters and strain state of ensembles of NWs will be measured by advanced X-ray diffraction techniques in the
lab and at synchrotrons and will be used as input for the DFT band structure calculations.
D1.2 Measured lattice parameters, including lattice strain as a function of Hex-SiGe composition. [M18]
1.2.1: General Overview of the Progress (JKU)
Hexagonally grown core-shell-shell nanowire-assembles have been investigated
using X-ray diffraction in combination with numerical simulations on the strain
distributions within the nanowires. Methods to determine the relationship between
the hexagonal SixGe1-x lattice parameter and the amount of Ge present in the alloy
are successfully established. The measurements of a first systematic series of
nanowire samples are mostly completed. The data analysis scheme has been
established, and analysis is in progress. It turned out that the exact geometrical
parameters (core diameter, shell thicknesses) of the wires have a crucial influence
on the results, and further investigations with better TEM statistics are mandatory.
In addition, a systematic study of the “error propagation” from geometry data to
lattice parameters as function of the Ge content of the outermost shell has been
started. A second sample series dedicated to these issues will be investigated in
the near future.

Figure 1.6: Cross section of the
NW. The inner most shell is
hexagonal GaP followed by a
thin Si shell and the outer most
hexagonal SiGe alloy.

1.2.2: Samples
The investigated samples are core-shell-shell nanowires (NWs) which
have in common a hexagonally grown GaP core followed by a first
shell of hexagonal Si. The outer most and last shell is an alloy of
hexagonal SixGe1-x. The cross-section of one wire is schematically
depicted in Fig 1.6. In total 5 different samples with different Ge
contents (16%, 30%, 46%, 51%, 77%) and shell thicknesses will be in
total simulated and evaluated, to find the lattice parameter of the alloy
of a function of the germanium content. The shell thicknesses for each
sample are provided by the TU Eindhoven and are measured by
transmission electron microscopy (TEM) from a set of individual wires
out of the assemble.
1.2.3: X-ray diffraction measurements (JKU)
X-ray diffraction (XRD) measurements, for all listed samples have
been performed at the Deutsches Elektronen Synchrotron (DESY) in
Hamburg, at the high-resolution diffraction beamline P08. The
diffraction experiments allow to directly access the different crystalline
phases (cubic and wurtzite) and lattice parameters (materials) present
in the NW assemble.
Each crystalline phase and each material (wurtzite or cubic / GaP, Si,
Si-Ge) can be directly accessed via specific Bragg reflections. The
measured NWs are composed from three different materials (GaP, Si,
and the SixGe1-x alloy) which induces a certain strain distribution across
the different shells/materials due to fact that these materials have
different native lattice constants (in- and out-of-plane). When the
materials are grown on top of each other they tend to mimic the inplane lattice parameter of the material below, but can expand or
compress in the direction, perpendicular to the growth direction. One
results of the inhomogeneous strain-field across the NW is that the
measured Bragg reflection from each part of the NW are smeared out
and overlap on-top of each other. As a consequence, a precise
separation of the different Bragg peaks, dedicated to the different shells
of the NW, is not possible anymore. Each single-measured Bragg
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Figure 1.7: a) shows the measured reciprocal
space map around the (000.6) Bragg refelction.
The bright spot that appears at higher Qz values is
the GaP substrate and the area with the broad
intensity districbution, that can be seen at lower Qz
vlaues (higher out of plane lattice paramter),
comes from the NWs. In b) a reciprocal space map
around the (10-1.8) reflection is shown, this
specific refection is only allowed for nanowires
,hence no substrate refetion can be meaured at this
position in reciprocal space.
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reflection contains the whole information of all hexagonal shell-materials and the corresponding strain distribution
within the NW. From each sample at least 2 refection have been measured. The first reflection is always a hexagonal
symmetric (000.6) reflection and the second reflection is the hexagonal asymmetric (10-1.8) reflection. The
symmetric reflections are needed to compensate for unwanted sample tilts and alignment errors, since the bright GaPsubstrate reflection in the symmetric reciprocal space maps is used an “anchor”. The position of the substrate
reflection in reciprocal space is well known and can hence be used as a reference. Reciprocal space maps around a
symmetric and an asymmetric Bragg reflection for the NW sample with a Ge content, of x=29% can be seen in
Figure 1.7. The positions size and shapes of the measured Bragg peaks (see Fig. 1.7) are on the one hand defined by
the different materials but on the other hand also on the complicated mutual strain distributions within each
shell/material.
1.2.4: Simulations (JKU)
The simulations are needed to decompose the measurements diffraction patterns and to extract information about the
Si-Ge lattice constant. Basis for the simulations are a FORTRAN XRD code-package written by Václav Holý that
allows to simulate diffraction patterns for given materials in combination with the
finite element modelling (FEM) software COMSOL. The FEM software is used to
create a wire-model that considers the mutual strain-distribution of within the different
wire-materials.
In the first step a model of the NW is created, taking the geometry parameters (length
and thicknesses of the different shells) provided by the TU Eindhoven. The geometry,
shown as a wire-frame model used for the simulations is depicted in Figure 1.8. In
the second step the different materials are defined for the model, using the known
hexagonal lattice parameters for the GaP-core and the Si-shell. The corresponding
hexagonal elastic constants for GaP, Si and Si-Ge are calculated form the cubic
polytypes according to (Martin 19721). For
the outer most hexagonal Si-Ge shell the Ge
content is determined by TEM/EDX
measurements which are provided by the TU Figure 1.8: Wire-frame model
Eindhoven. The exact content is needed for of one individual NW as
calculating a linear interpolation of the simulated.
The
different
elastic constants between pure Silicon on the materials are colour-coded
one side and pure germanium on the other identical to Fig. 1. The upper
side. The calculation for the individual elastic picture shows the full wire and
constants of the elasticity tensor, Cij, is done the picture on the bottom shows
according to (XGe indicates the Germanium the wire cross-section.
content):
(1 -

Figure 1.9: Colour coded image of
the magnitude of the in-plane strain
component along the c-plane (zdirection) in a) and along the wire
cross-section in b).

)*

*

The lattice parameters a (in-plane) and c (out-of-plane) for the hexagonal
SixGe1-x shell are varied and for each combination of a and c, an individual
FEM model of the wire is computed. The FEM model accounts for the wire
geometry as well as for the changes in the native lattice parameters due to
the inhomogeneous strain files along the cross-section of the wire.
Along the growth direction or c-plane the strain, within each shell, is
homogenously distributed except of the edge regions where the wire is
clamped to the substrate or at the top-region where the wire can freely
expand. The in-plane strain distribution is a consequence of compressive or
tensile lattice deformations. Figure 1.9 shows the spatial variation of the inplane strain tensor components (for symmetry reasons ∥
is
plotted). The simulations show that GaP core is nearly unstrained whereas the
inner Si-shell shows compressive in-plane strain and the out Si-Ge shell shows
tensile in-plane strain. The GaP core is mostly un-affected by the lattice
parameter of the Si-shell because much more GaP is available compared to the

1

Martin, Richard M. (1972): Relation between Elastic Tensors of Wurtzite and Zinc-Blende Structure Materials. In
Phys. Rev. B 6 (12), pp. 4546–4553. DOI: 10.1103/PhysRevB.6.4546.
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thin Si-shell. On the other hand, the inner Si shell is highly
affected by the GaP core and the Si-Ge alloy, both having a
higher in- and out-of-plane lattice parameter than native
hexagonal Si.
The FEM simulations of the NWs are used as a basis for the
FORTRAN program to calculate diffraction patterns that can be
compared to the measured Bragg reflection. The native in- and
out-of-plane SixGe1-x lattice constants are varied until the
simulated diffraction pattern coincides with the measured
diffraction pattern. This procedure finally allows to determine
the native lattices parameters of unstrained, hexagonal SixGe1-x.
In Fig. 1.10 a comparison between the simulated Bragg peak
(indicated by black contour-lines) and the measured (1-108)
Bragg peak is shown. The simulation and the measurements
perfectly match each other.
The simulations sensitively depend on the accurate knowledge of
the individual shell-thicknesses as well as on the Ge content
which influences the strain distribution. Therefore, a further
optimization (reducing the error bars) for the finally calculated
lattice parameters can be achieved by providing better statistics
and less deviations for these values.

Figure 1.10: Measured and simulated [1-108]
Bragg peaks are plotted on-top of each other. The
simulated Bragg peak, indicated by the black
contour
lines
exactly
reproduces
the
measurements for a certain combination of lattice
parameter a and c.

1.2.5:
Results and Outlook (JKU)
First samples with different Ge contents have been successfully
investigated, results are shown in Fig 1.11. Further
measurements using samples with different Ge concentrations
are at the moment in progress and will allow to establish a
correlation between the Germanium content and the lattice
parameters of the hexagonal Si-Ge alloy. In addition,
investigations on the influences of the geometrical parameters
on-to the strain distribution within the wires are planned to be
carried out which also offers the opportunity to efficiently use
the geometry (different shell-thicknesses) as an additional
tuning-knob for the strain distribution and hence the bandordering.
Figure 1.11: a) shows the lattice parameter a of hexagonal SiGe as a function of the Ge content for two measured samples.
The orange line indicates the native lattice parameter of
hexagonal Ge and the grey line of hexagonal Si. In b) the lattice
parameter c is shown as a function of the germanium content.
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Progress in WP1
Task 1.3. (Jena, JKU, TU/e) “Theoretical calculation of the basic and optical properties of Hex-SixGe1-x.”
Calculation of the transition matrix elements for different SiGe compositions, polarization selection rules, and the
k-dependence of the transition matrix elements using DFT. For an optimal design of a Hex-SixGe1-x nanolaser, the
bandoffsets between Hex-SiGe and Hex-Si and Hex-SiGe and cubic-SiGe will be calculated. Information about the
strain dependence of these parameters is essential to optimize a SiGe nanolaser.
D1.3 Calculation of the band gap energy and optical transition matrix elements as a function of Hex-SiGe
composition. [M24]
1.3.1: Calculation of the bandstructure of Hex-Si (Jena)
During the first year we performed and compared accurate calculations of structural and electronic properties of
hexagonal silicon (Hex-Si) and hexagonal germanium (Hex-Ge). We also tested the performance of several methods
and approximations in the framework of ab initio density functional theory (DFT) and Green’s function approaches
(GW theory and Bethe-Salpeter equation). This work is extremely important to prepare the calculations of hexagonal
SiGe alloys, which are associated to the deliverable D1.3 and will be therefore our main focus during the second
year. Some of the results obtained up to now for Hex-Si and Hex-Ge (optical transition matrix elements, behavior of
band edges under strain, effective masses) have also been employed to help the interpretation of the first experimental
findings in other work packages (see Tasks 2.1, 2.2 and 3.1).
Our starting point was the work already done by Claudia Rödl, a post-doc who joined the team in Jena in 2016. In
fact, in a recent publication C. Rödl et al.2 reported accurate DFT calculations on the electronic structure and optical
properties of hexagonal silicon. As we show in Figure 1.12, these band structure calculations confirm that the band
gap of Hex-Si is indirect (Γ5→M1) and it is smaller (0.95 eV) than the indirect band gap of diamond Si (1.17 eV).
The direct band gap of Hex-Si (Γ5→Γ10) measures 1.63 eV and the conduction minimum Γ10 is originated by the
back-folding of the L1 state of diamond Si.

Fig. 1.12: Quasiparticle band structure and density of states per atom for Hex-Si.
Relevant high-symmetry states in the vicinity of the band gap are labelled following
the nomenclature of Ref. [2].

2

C. Rödl et al. Phys. Rev. B 92, 045907 (2015)
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Optical absorption spectra including excitonic effects were also calculated for Hex-Si. Further, we have a clear picture
of the effects of hydrostatic pressure, uniaxial strain, and biaxial strain on the band gap and on the absorption spectra.
Very interestingly, the calculations indicate that a biaxial tensile strain of more than 4% turns Hex-Si into a direct
band gap material. This happens as the M1 and Γ10 minima have very different slopes when they vary under strain
(see Figure1.13).
This result is particularly important in view of the measurements and simulations performed by JKU Linz (Task
1.2). Figure 1.11 clearly shows that the Hex-SiGe shell undergoes an in-plane tensile strain of about 2-3%. If the
behavior of Hex-Ge under strain is similar, as we are now verifying by performing extensive calculations along the
line of those already performed for Hex-Si, we can expect a significant reduction on the Ge content necessary for the
indirect-direct band gap transition and even a possible inversion of the order of the two lowest conduction bands
induced by strain (see discussion below).

Fig. 1.13: Evolution of selected high-symmetry states of Hex-Si with
hydrostatic pressure, uniaxial, and biaxial strain. The nomenclature follows
Ref.[2]. The corresponding states are marked in the band structure in Figure
1.12. The variation of all states is plotted with respect to the Γ5 state whose
energy is set to zero for all strains.
1.3.2: Details on the ab initio calculations (Jena).
Our first-principles calculations are performed using DFT3,4 as implemented in the Vienna Ab Initio Simulation
Package (VASP5) with several exchange-correlation (xc) functionals. In VASP electron-ion interaction are described
within the projector augmented wave (PAW) method. We considered different PAW pseudopotentials for Ge,
including Ge 3d electrons either explicitly in the calculations or in the atomic core. We concluded that it is essential
to maintain Ge 3d electrons in the valence. Outside the core regions, the wave functions are expanded onto a
planewave basis set with an energy cutoff of 500 eV. Brillouin zone integrations are computed using a 12 x 12 x 12
k point mesh for diamond Ge and a 12 x 12 x 6 mesh for hexagonal, yielding a total energy convergence of
1 meV/atom. We included spin-obit coupling in all calculations. In fact spin-orbit coupling is a relativistic effects
and it scales with the atomic numbers. For a relatively heavy element as Ge, it gives a sizable contribution by splitting
degenerate bands at high symmetry points. All atomic structures were relaxed until the Hellmann-Feynman forces
dropped below 1 meV/ Å.

3
4
5

P. Hohenberg and W. Kohn, Phys. Rev., 136, B864 (1964)
W. Kohn and L. J. Sham, Phys. Rev., 140, A1133 (1965)
G. Kresse and J. Furthmüller, Comput. Mat. Sci. 6 , 15 (1996); G. Kresse and J. Furthmüller Phys. Rev. B 54 , 11 169 (1996).
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1.3.3: Calculation of the bandstructure of Hex-Ge (Jena).
Concerning pure Ge, the accurate calculations that we performed this year confirmed the preliminary results already
mentioned in the proposal and previous literature6,7,8. We have now reliable reference values and a clear picture of
which approximations should be used in the future for SiGe alloys.
We consider first structural parameters. We compared the errors in the lattice constants of diamond and Hex-Ge
calculated for several xc functionals: the local density approximation (LDA)4, the PBE9 functional, PBEsol10, the
version of PBE revised for solids, and another GGA potential, called AM0511 12, designed to include surface effects
and known to yield good lattice parameters. The results are summarized in Tables I and II.
DFT functional

a0 (Å)

B0 (GPa)

Bo’

Ecoh(eV/atom)

LDA

5.622

72.03

4.81

4.94

PBE

5.759

58.77

4.78

4.26

PBEsol

5.670

67.48

4.79

4.10

AM05

5.679

65.56

4.63

4.43

5.658
73.6 – 74.9, 77.2
3.80 – 4.24
3.85
Exp.13,14
Table I: Theoretical and experimental structural parameters for Ge in the diamond phase: cubic lattice constant a0,
bulk modulus B0, its pressure derivate B0’, and cohesive energy Ecoh. The data are computed using different xc
functionals and compared to experimental values.

We note that we did not consider for structural relaxation hybrid functionals, even if they are known to yield excellent
structural properties. In fact, we already know that we cannot afford to use them to perform geometry relaxations for
large unit cells of alloys. We concluded that PBEsol offers the required accuracy.
DFT functional

a0 (Å)

c0 (Å)

B0 (Gpa)

B0’

LDA

3.98

6.48

70.92

4.78

PBE

4.08

6.69

59.37

4.11

PBEsol

3.99

6.59

66.57

4.36

AM05

4.00

6.60

64.69

4.29

3.96
6.57
Exp.15
Table II: Theoretical and experimental structural parameters for Hex Ge: lattice constant a0 and c0, bulk modulus
B0, its pressure derivate B0’ . The data are computed using different xc functionals and compared with available
experimental values.

After fixing the PBEsol lattice constants, the electronic band structures were further investigated using PBEsol, the
hybrid functional HSE0616, which uses a fraction α = 0.25 for the short-range Fock exchange and a screening constant
ω = 0.3 Å-1, and the modified Becke-Johnson LDA (MBJLDA)17,18 meta-GGA functional. Both HSE06 and
MBJLDA are known to give excellent band structures for diamond Si and diamond Ge, while the PBEsol (and any
other GGA functional) underestimates significantly their gap and interband transition energies19. It is interesting to
remark here that calculations using HSE06 are computationally much more expensive than calculations using
MBJLDA.

6
7
8
9
10
11
12
13
14
15
16
17
18
19

C.Raffy et al., PRB, 66, 075201 (2002)
Pin-Shiang Chen et al. J. Phys. D: Appl. Phys. 50, 015107 (2017)
T. Kaewmaraya, L. Vincent, and M. Amato, J. Phys. Chem., 121 C, 10, 5820-5828 (2017);
J. P. Perdew et al., Phys. Rev. Lett., 77, 3865 (1998)
J. P. Perdew et al., Phys. Rev. Lett., 100, 136406 (2008)
R. Armiento and A. E. Mattsson, Phys Rev. B, 72, 085108 (2005)
A. E. Mattsson et al., J. Chem. Phys., 128, 084714 (2008)
C. Kittel, Introduction to Solid State Physics, (John Wiley, New York, 2005)
O. Madelung, U. Rossler, and M. Schulz (Eds.), Landolt-Burnstein, Semiconductors, Vol. 41 (springer, Berlin, 2002)
S.-Q. Xiao and P. Pirouz, J. Matter. Res., 7, 1406 (1992);
J. Heyd et al., J. Chem. Phys., 124, 219906 (2006);
F. Tran, P. Blaha, and K. Schwarz, J. Phys.: Cond. Matt., 19, 196208 (2007);
F. Tran and P. Blaha, PRL, 102, 226401 (2009);
F. Bechstedt, Many-body approaches to electronic excitations (Springer, Berlin, 2015);

735008-SiLAS: Annual Report year 1

13

The band gap of Hex-Ge is confirmed to be direct, independently of the approximation chosen for the xc functional.
As we can see in Figure 1.14, the band gap of Hex-Ge is direct and its value of 0.2-0.3 eV is significantly smaller
than the indirect band gap of diamond Ge (about 0.7 eV)20. The minimum at L of diamond Ge, folded onto the Γ
point of the hexagonal Brillouin zone, gives origin to the conduction band minimum Γ8c, which lies slightly below
the second conduction band minimum Γ7c, which originates from the folding of the minimum at Γ of diamond Ge.

Fig. 1.14. Band structures along two high-symmetry lines in the hexagonal Brillouin zone
together with the corresponding density of states computed for Hex-Ge within (a) PBEsol, (b)
MBJLDA and (c) HSE06 XC approaches. The double-group notation of the wurtzite structure is
used to characterize the symmetry of the states at Γ.

From a theoretical point of view, the choice of the xc potential, i.e. how the electron-electron interaction is accounted
for, affects the size of the band gaps. Around the fundamental gap region, HSE06 and MBJLDA give very similar
band dispersions, with similar gap values and spin-orbit splitting.
Note that we selected the most accurate approximations (HSE and MBJLDA) also after comparing with calculations
using the GW approximation of many-body perturbation theory. We must however keep, that GW is not a viable
option for future calculations, as we need to preserve a reasonable computational cost to simulate Hex-SiGe alloys,
instead of bulk crystals. In that respect, we consider that the use of either HSE or, even better, MBJLDA will allow
us to meet the deadline of M24 for deliverable D1.3.
The band energies are further listed in Table. II. Calculations of the variation of the energy levels under strain,
along the lines of the calculations shown in Figure 1.13, are currently in progress.

20

P. Y. Yu and M. Cardona, Fundamentals of Semiconductors, (Springer, Berlin, 1996)
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Energy level

MBJLDA

HSE06

Γ7c

0.44 eV

0.62 eV

Γ8c

0.24 eV

0.31 eV

Γ9v

0.00 eV

0.00 eV

Γ7v+

-0.13 eV

-0.14 eV

Γ7v-

-0.45 eV

-0.50 eV

0.30 eV
0.32 eV
Δso
Table III: Conduction and valence band energies at Γ for Hex-Ge calculated using the MBJLDA and the HSE06
xc potential.

The p-like L-derived minimum Γ8c lays below the s-like Γ-derived Γ7c minimum at the relaxed geometry. Simply
considering a folding of the bands of diamond Ge one would expect a gap of about 0.6-0.8 eV, with a second
conduction band very close in energy. This is what happens for GaAs21, whose electronic structure should be similar
to the one of Ge because of the fact Ge is between Ga and As in the periodic table. The closing of the band gap in
Hex-Ge is not trivial to explain. This behavior is however in agreement with what happens for Si when the crystal
structure changes from diamond to hexagonal. This is instead in contrast with the slight band gap opening of III-V
compounds when the structure changes from zinc-blend to wurtzite. MBJLDA, HSE, and also GW calculations
confirm that the sizable band gap closing is not an artifact of the calculations. All calculations also agree on the fact
that the second conduction band is only about 0.2 eV higher. We are now performing accurate calculations (as the
energy differences involved are small) under strain, as we expect that the ordering of the two lowest conduction band
could be inverted at moderate strain.
The ordering of the two lowest conduction band is particularly important in view of the associated dipole matrix
elements, i.e. the probabilities of optical transitions. These quantities are particularly relevant to interpret
photoluminescence measurements as well as measurements of the stimulated emission (see Tasks 2.1 and 2.2).
In Table IV, we summarize the matrix elements for transition between the three uppermost valence bands, Γ9v, Γ7v+
and Γ7v-, and the two lowest conduction bands, Γ8c and Γ7c . The lowest energy transitions to or from Γ8c are forbidden,
while the transitions to or from Γ7c minimum are allowed. This is analogous to the case of wurtzite GaP. However,
the second conduction band is much closer in Ge than in GaP, and if Hex-Ge behaves similarly to Hex-Si, it is likely
that there exist a condition at small strain to exchange the order of the Γ8c and Γ7c minima.
Transition

Strength (ћ/aB)2

Energy (eV)
MBJLDA/HSE06

(p║)2
MBJLDA/HSE06

(p┴)2
MBJLDA/HSE06

Γ8c → Γ9v

0.24 / 0.31

0/0

0/0

Γ8c → Γ7v+

0.37/ 0.45

0/0

0/0

Γ8c → Γ7v-

0.69 / 0.81

0/0

0/0

Γ7c → Γ9v

0.44 / 0.62

0.308 / 0.396

0/0

Γ7c → Γ7v+

0.57 / 0.76

0.238 / 0.300

0.198 / 0.278

Γ7c → Γ7v-

0.99 / 1.12

0.057 / 0.082

0.753 / 0.910

Table IV: Optical transition between conduction and valence bands characterized by the transition energy and
transition strength. All momentum matrix elements with numerical values lesser than 10-2 ћ/aB have been set to
zero. Results are shown for calculations using MBJLDA or HSE06 as xc functional.

21

F. Bechstedt and A. Belabbes, J. Phys.: Condens. Matter, 25, 273201 (2013);
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Workpackage 2:
Optical properties of Hex-SiGe [Months 1-36]
Deliverables
D2.1 Verification direct bandgap of Hex-SiGe [M18]
D2.2 Strain dependent PL, TeraHertz [M24]
D2.3 Measurements of the spontaneous emission dynamics in Hex-SiGe NWs. [M30]
D2.4 Observation of optically pumped lasing in Hex-SiGe as a function of temperature. [M36]
Description of work
Task 2.1. (TU/e, UOXF, Jena, TUM) “Experimental verification of the direct bandgap by various optical
techniques”. Temperature dependent absorption/transmission and PL spectroscopy will be used to assess the
band gap of Hex-SixGe1-x. Experimental verification of a direct bandgap is milestone 2 (M18).
Task 2.2. (UOXF, TU/e, TUM) “Optimisation of the optical quality by elimination of defects and nonradiative
recombination centres”. Optical Pump Terahertz Probe Spectroscopy is the ideal technique for extracting
recombination rates and charge carrier densities in this new material.
Task 2.3. (IBM, Jena, JKU) “PL experiments as a function of strain to reveal the fundamental electronic band
structure of Hex-SixGe1-x”. The change in band gap energy and resistivity will be studied in addition using a
specialized combined Raman/µ-PL/electrical characterization setup.
Task 2.4. (TUM, TU/e) “Optical pumped nanolaser based on Hex-SixGe1-x”. We will probe the gain and
spontaneous emission dynamics in Hex-SixGe1-x NW-lasers using femtosecond pump-probe spectroscopy. We
evaluate the threshold and spectral characteristics. Optically pumped lasing is milestone 3 (M36).
MS#

Milestone name

WP(s)

Est. date

Means of verification

2

Direct bandgap Hex-SiGe

WP2

M18

3

Optically pumped Hex-SiGe
laser

WP2

M36

Observation of efficient PL emission with an
IQE>1%, short PL lifetime (<10 ns).
Observation of laser gain. Obtain typical Scurve as a function of excitation power
density. Narrow laser emission line.
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Project Evaluation Report (1st Year)
Workpackage 2 : Optical properties of Hex-SiGe (Months 1-36)
Task 2.1. (TU/e, UOXF, Jena, TUM) “Experimental verification of the direct bandgap by various optical
techniques”. Temperature dependent absorption/transmission and PL spectroscopy will be used to assess the
band gap of Hex-SixGe1-x. Experimental verification of a direct bandgap is milestone 2 (M18).
D2.1 Verification direct bandgap of Hex-SiGe [M18]
2.1: Optical characterization and experimental verification of the direct bandgap,
Workpackage 2.1 aims to show the direct bandgap nature of the hexagonal silicon-germanium alloys with high
germanium content and demonstrate efficient light emission. As an initial probe, photoluminescence (PL)
measurements are used to look for emission of 1st generation core/shell GaP/Si1-xGex nanowires with different Ge
compositions. TU/e is focusing at photoluminescence measurements at low excitation density in Sec. 2.1.1, aiming
to provide feedback to the growth on e.g. impurity incorporation, nonradiative defect recombination, alloy
broadening and surface recombination losses. On the other hand in Sec 2.1.3, TUM is focusing towards the high
excitation regime where bandfilling and optical gain can be studied. While the photoluminescence characterization
by TU/e provides qualitative data on the nonradiative recombination losses for feedback to the growth, terahertz
pump-probe characterization by UOXF in Sec. 2.1.2 will provide more quantitative data on the nonradiative
recombination lifetime.
2.1.1: Photoluminescence measurement on Hex-SiGe (TU/e)
Photoluminescence measurements are carried out using low magnification Fourier transform infrared spectroscopy
(FTIR) with all-mirror optics under a nitrogen purged environment to get the highest sensitivity and avoid aberrations
and absorption from moisture in the air. In combination with lock-in technique this also allows to cancel out thermal
background radiation required to measure in the infrared.
Initial measurements were performed on samples with varying germanium concentrations. Note that the percentages
of germanium noted here are the atomic input percentages during growth in the reactor and not the actual percentages
of incorporation into the shells of the wires. In Figure 2.1 the PL spectra of 5 samples are plotted. The samples were
excited with a 976nm laser with an excitation density of about 1.0 kW/cm2 at a temperature of 4K. The PL of all the
samples was measured using the same MCT detector, therefore intensities are comparable.
Typically the spectra exist of a broad emission peak that do not allow for accurate deconvolution. This broad emission
is probably due to a combination of alloy broadening, germanium content fluctuations and defects induced by the
lattice mismatch between GaP and a germanium rich silicon-germanium alloy. However, these first results show the
trend that for increasing germanium content the emission shifts to the red and that the total intensity increases. This
indicates that the emission wavelength can be tuned by controlling the germanium content in the material.

Figure 2.1: Photoluminescence spectra of core-shell
GaP-Si1-xGex nanowires taken at a temperature of 4K
and excited of about 1.0 kW/cm2 with different
compositions. We show the input percentage of
germanium atoms into the reactor for growing the
wires.
It is important to note that we were not able to measure
any PL from the 60% Ge sample (input concentration),
indicating, but certainly not proving, that the samples
with >80% Ge are probably direct bandgap, while the
70% sample probably has both direct and indirect
bandgap regions.

(a)
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Two samples grown with an input percentage of 81% show different emission peaks as depicted in Figure 2.1. This
illustrates one of our current challenges with the first generation wires, which is the homogeneity of the shell of the
wires. To show the difference between these samples Energy dispersive X-ray diffraction (EDX) measurements were
done on a cross-sectional lamella on several nanowires of both samples. In Figure 2.2 the both the TEM and EDX
data of a wire of either of the samples are shown. For both samples a gradient of germanium concentration has formed
during growth. This gradient explains the discrepancy in emission between the two samples, because the germanium
concentrations fluctuate we cannot say that the emitting material is comparable therefore it is very well possible that
one sample emits different from the other one. This also means that it is impossible to map germanium content against
emission energy, which would be desirable for probing the bandgap.
Figure 2.2: HRTEM images are shown in
(a) and (d) of a cross-sectional cut of a wire
taken from the two samples grown with an
81% germanium input. The PL spectra of
these two samples are shown in Figure 2.1
in which (a) corresponds to the higher
energy emission and (d) to the lower energy
emission. (b) and (e) shown EDX mappings
of silicon where (c) and (f) show the EDX
mappings of germanium. Both samples
shown a clear inhomogeneity of germanium
content in the shell.
Recently the problem of the inhomogeneous shells was solved by growing a very thin silicon shell after the growth
of the silicon germanium shell. The TEM data of this sample is shown in Figure 2.3 where the EDX mappings in
Figure 2.3a,b specifically verify the homogeneous incorporation. The small contrast difference between the top right
and bottom left part of this image is due to reabsorption of the X-rays inside the sample. This sample was also grown
with an atomic input percentage of 81% germanium into the reactor but from an averaging of the EDX data as done
in Figure 2.3d an actual germanium concentration of about 60% was found.
When comparing the homogeneous result of Figure 2.3 with the inhomogeneous results of Figure 2.2 it seems that
by including an additional silicon shell at the end of the growth the germanium enrichment at the outside of the shell
is avoided.

Figure 2.3 In (c) a HRTEM of a cross-sectional cut of a nanowire is shown. In (a) and (b) the EDX mappings for
silicon and germanium are shown respectively. A homogeneous incorporation of germanium was accomplished. In
(d) a line cut of (c) was analyzed using EDX, a homogeneous germanium content of about 60% was found.
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Figure 2.4 Temperature dependent photoluminescence spectra collected with an excitation density of 1kW/cm2 for
core-shell GaP-SiGe wires with a shell of pure silicon (a), 60% germanium (b) and pure germanium (c). The
germanium content of 60% was determined from EDX measurements as shown in Figure 2.3. For the spectra of the
pure silicon wires (a) the peak 0.7eV for 4K is attributed to hexagonal silicon.
The growth of a homogeneous SiGe alloy allows to interpret PL data as function of the germanium incorporation in
the shell. In Figure 2.4 the temperature dependent PL spectra of pure Hex-Si shells (a), a homogeneous Si0.4Ge0.6
alloy (b) and pure Hex-Ge shells (c) are shown. In a first glance it is clear that the previously observed trend of a red
shift for increasing germanium content persists. Because an extended InGaAs detector was used for measuring the
spectra in Figure 2.4a and a MCT detector was used for (b) and (c) the intensities could not be compared in a trivial
way. However it was observed that the PL of pure germanium shells in (c) is an order of magnitude higher that the
PL of the Hex-SiGe alloy shown in (b).
When looking at the temperature dependence of the spectra we see that for the pure Hex-Si shells depicted in (a) two
peaks are present at low temperature of which the peak, lowest in energy, quickly quenches around 40 K. Of these
two peaks the highest energy peak around 0.75 eV is attributed to the Hex-Si shells where the lower energy peak is
probably due to parasitic deposition of amorphous silicon onto the substrate. This is further discussed in Sec. 2.2.1.
The peak attributed to the Hex-Si shells is measurable up to about 180 K while showing a slight Varshni like red shift
indicating bandgap related recombination.
The temperature dependent PL of the homogeneous Si0.4Ge0.6 shells is shown in Figure 2.4b. A well pronounced
emission peak is present around 0.63 eV at 4 K with a low energy shoulder. The peak around 0.63 eV, which we
attribute to the Hex-SiGe alloy, quickly quenches when increasing the temperature, already at 60 K it is not
identifiable anymore. This quick quenching compared to the silicon shells is probably due to defects induced by the
strain between the GaP core and the SiGe shell while the germanium content is probably still just too low to induce
a direct bandgap. The low energy shoulder is again probably due to parasitic deposition on the substrate.
The temperature dependent PL of pure germanium shells shown in Figure 2.4c shows first indications of efficient
light emission. Although the PL does quench in intensity when increasing the temperature it is still well measurable
at room temperature, which is a good sign considering that these are our first Hex-Ge samples. At low temperatures
the spectrum consists of a peak at 0.35 eV with a high energy shoulder which disappears around 105 K. When
increasing the temperature, the energy of the low energy peak can be flawlessly fitted with a Varshni relation all the
way up to room temperature. This shows that the recombination is bandgap related. The fact that the intensity of the
pure germanium wires is an order of magnitude higher than that of the Si0.4Ge0.6 alloy also suggests that the material
has become a direct bandgap semiconductor.
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Figure 2.5: PL spectra for as-grown SiGe core shell nanowire samples. A homogeneous incorporation of germanium
was measured using TEM.
The peak energy of the measured PL spectra are plotted as function of the germanium content of the shell of the
nanowires. The error bars reflect the FWHM of the measured peaks.
To further illustrate the current results, the bandgap related PL emission at 4 K of all three samples with homogeneous
shells are plotted in Figure 2.5a. Here a tunability of emission from about 0.3 eV up to at least 0.7 eV is demonstrated.
In Figure 2.5b the center of the emission peak of the three samples is plotted as a function of composition. What is
striking is that these three points do not lie on a straight line, indicating (but not yet proving!) that the emission of
the hexagonal silicon and the hexagonal germanium are due to recombination from the indirect M-band for Hex-Si
and the direct Γ-band for Hex-Ge.
2.1.2: Optical-Pump THz-probe spectroscopy on 1st generation Hex-SiGe (UOXF)
UOXF received a series of 1st generation Hex-SiGe nanowires with Ge contents of 90%, 81%, 70%, 60%, 50% and
40% from TU/e in June 2017 as their initial study. The SiGe nanowires are with an average length of 6-8 µm and a
core-shell structure (where it consists of a GaP core, a 12-nm Si0.86Ge0.14 layer and a SiGe shell with thickness of T).
The total diameter of the nanowire samples varied from 1900 nm, 1900 nm, 1000 nm, 450 nm, 390 nm and 355 nm
for Ge content of 90%, 81%, 70%, 60%, 50% and 40%, respectively, while T was 855 nm, 855nm, 405 nm, 130 nm,
100 nm and 82 nm. Details of nanowire growth can be found in Workpackage 1. Optical-Pump THz-Probe (OPTP)
spectroscopy was performed on the SiGe nanowires in Oxford. Both pump and spectral scans were carried out for
the OPTP measurements at room temperature, through which the Oxford Group expected to extract carrier lifetimes,
mobilities, densities and surface recombination rates in nanowires.
Since the OPTP spectroscopy is based on measuring assembly of materials, the SiGe nanowires were transferred onto
the z-cut quartz by mechanical rubbing of as-grown nanowire samples. This process was used to achieve a high
density of nanowires on the substrate enabling THz measurements in transmission mode. The samples were excited
with a 5 kHz, near-infrared regenerative ampliﬁer laser with a wavelength of 800 nm and a photon energy of 1.55
eV, respectively. The pulse duration was 35 fs and the ﬂuence of the excitation pulses was varied between 6.7 and
507 µJ/cm2. Photoconductivity decay scans were performed by measuring the temporal changes of transmitted THz
signal as a function of time after photo-excitation of the sample. This allowed the evolution of conductivity and
mobility at certain point after excitation to be monitored. AC conductivity spectra were obtained by measuring the
frequency-dependent photoconductivity of the sample at a particular time after photo-excitation. In these type of
measurements the frequency-dependent real and imaginary parts of conductivity and mobility can be extracted.
Figure 2.6a shows the photoconductivity lifetimes for samples for a range of different Ge alloy fractions. Nanowires
with a high Ge content had three times longer lifetime than the ones with lower Ge content. This result suggests that
the monomolecular recombination is dominating in these nanowires. If the decay was dominated by bimolecular
radiative recombination, the inverse trend of the lifetimes would have been observed because the hexagonal structure
of the nanowires causes a direct bandgap at the SiGe nanowires with higher Ge content. In addition, it is worth
mentioning that the SiGe nanowires were grown on e-beam lithography patterned substrates. This method can form
well-aligned arrays of nanowires, however UOXF encountered some difficulties in reliably transferring the
nanowires to quartz substrates. The high noise level for the measured photoinduced conductivity decay in 40% Ge
content nanowires is a direct result of low nanowire density on quartz (see Figure 2.6b). UOXF have been improving
their nanowire transfer skills to achieve a high density of nanowires for measuring. In the future, a larger patterned
region of nanowire arrays would be preferable to guarantee a high-quality THz measurement result.
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Figure 2.6: a) Conductivity lifetime as function of Ge content and b) Photoinduced conductivity decays in
nanowires with Ge content varying from 90% to 40% at 338 µJ cm2.
2.1.3 Nanowire Photoluminescence for different material compositions (TUM)
As a first step, few (1-5) wire ensembles were studied in micro-photoluminescence (µ-PL) at cryogenic temperatures
of 7K. These measurements are summarized in Figure 2.7. They were performed for a total number of 4 samples

Figure 2.7: Nanowire photoluminescence data for different Germanium contents.
with Germanium (Ge) contents of 70% (dark yellow), 80% (turquoise), 90% (black) and 100% (red). The growth
parameters and wire geometries are summarized in section 2.2.1. Unless stated otherwise, all our optical
measurements were performed for above bandgap excitation with an excitation laser energy of 1.27eV.
We could obtain the following information from these measurements:





Broad PL emission from 0.3 eV up to 0.6 eV is observed for all studied samples
PL for Silicon contents of 70% and 80% is almost an order of magnitude weaker than PL from the 90% sample for the same excitation power density
PL emission from pure Ge wires is by far the strongest considering the 10x smaller excitation power density
For Ge contents larger than 80%, the form of the spectrum changes from one broad emission feature to a
case where two peaks are observed, a weaker one at 0.39eV and a stronger one at 0.49eV

The observations made here suggest the formation of a direct, optically active band gap for Ge contents of 90% and
higher. In our following experiments we focussed on experiments on single pure Ge nanowires.
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Progress in WP2
Task 2.2. (UOXF, TU/e, TUM) “Optimisation of the optical quality by elimination of defects and nonradiative
recombination centres”. Optical Pump Terahertz Probe Spectroscopy is the ideal technique for extracting
recombination rates and charge carrier densities in this new material.
D2.2 Strain dependent PL, TeraHertz spectroscopy [M24]
2.1: Optimization of the optical quality.
In Sec. 2.2.1, excitation dependent photoluminescence by TUM will show that the 1st generation Hex-Ge nanowire
shells are already showing optical gain. These measurements provide an indication that the most optimistic scenario
might become a reality. In Sec. 2.2.2, we show the first measurement of UOXF to distinguish between radiative,
nonradiative and Auger recombination. Finally, in Sec. 2.2.3, we show initial photoluminescence data from TU/e on
the first 2nd generation Hex-Si nanowire shells.
2.2.1 Hex-Ge PL of single nanowires of different morphologies (TUM)
After having studied PL emission form nanowires of different material compositions, we continued by analysing
optical properties of single Hex-Ge nanowires at high excitation density.

Figure 2.8: PL spectra of single hex-Ge
nanowires showing three classes labelled
NW0,1,2

Figure 2.9: Excitation power dependence of
the three different nanowire classes

As presented in Figure 2.8, we observed three different classes of nanowires that are identified by different
luminescence features. Corresponding to different shapes we identified different excitation power dependences, as
shown in Figure 2.9. The results are summarized as follows:




The majority of nanowires, as labelled NW0 in green, show weak photoluminescence with a main emission
feature at 0.39eV and a sub-linear power-dependence with an exponent of 0.830.02.
Few nanowires, as labelled NW1 in red, exhibit a much larger signal and a second PL peak at 0.49eV. The
power dependence of those wires shows a strong super-linearity with an exponent of 8.170.74.
A single nanowire, as labelled NW2 in blue, exhibiting a very strong PL signal was observed. This wire
shows PL emission at 0.42eV and a slightly super-linear power dependence of 2.390.38 that decreases to
1.350.04 at 0.1kW/cm2.

The recorded data suggests a classification of the nanowires in three morphology classes:
 NW0: Those nanowires contain lots of crystal defects and, therefore, have only weak optical emission form
the fundamental band-transition at 0.39eV. Due to non-radiative charge carrier recombination via defect
channels, the excitation power dependence of the detected PL signal is sub-linear.
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NW1: Wires of this kind have less crystal defects and better optical quality than NW0. Our working
hypothesis for those wires is as follows: Due to the lower defect density, charge carrier recombination
channels related to crystal defects can be saturated with optically excited carriers. Therefore, in addition to
the comparably weak luminescence from the fundamental band-transition at 0.39eV, a strong PL signal at
0.49eV is observed. This higher energetic luminescence is attributed to a transition from the second
conduction band to the valence band. As described in the band structure calculations presented in Sec. 1.3.1,
the second conduction band transition has a much larger transition matrix moment. Therefore, this higher
conduction band transition is optically much more active than the fundamental one. Since optically excited
charge carriers recombine much slower via the fundamental transition, the wire is in population inversion.
Light amplification via stimulated emission is possible and we observe a super linear slope in the excitation
power dependent measurements. However, as the end- and side-facets of the NW1-nanowires are not smooth
enough to enable efficient waveguiding (see Sec. 4.1), the wire cannot be pushed into the lasing regime when
exciting it below its destruction threshold of 10kW/cm2.
NW2: As a working hypothesis we expect this nanowire to exhibit very good crystal quality with almost no
defects. Therefore, as shown in Figure 2.9 in blue, we observe PL signal for very low excitation power
densities of 40W/cm2. Furthermore, a change in the slope of the excitation power dependence from
2.390.38 to 1.350.04 corresponds to a transition from a super linear regime to an almost linear one. In
addition to the light amplification via stimulated in nanowires of type NW1, this observation indicates the
presence of an optical feedback in NW2. This optical feedback in nanowires is typically provided via
waveguiding and reflection from the end-facets. For this hypothesis to be correct we expect to see a rise in
coherence time of the light detected from NW2 as compared to that detected from a wire of type NW1 or
NW0. Therefore, we performed Michelson interference measurements as presented in the discussion related
to task 2.4.

2.2.2: Study of the carrier recombination mechanism in 1st generation Hex-SiGe (UOXF)
Large ensembles of Hex-SiGe nanowire shells were studied by Optical-Pump THz-Probe spectroscopy in order
obtain a first idea of the carrier recombination mechanism. Pump scans with different fluences were also taken for
each “input” germanium composition (see Figure 2.10) and then globally plotted by

where n(t) is the variable for the charge carrier function in dependence on time t after photoexcitation. The first term
on the right side describes monomolecular, the second bimolecular and the third Auger processes. The fitting results
confirm that the recombination is dominated by monomolecular processes for all samples, indicating a high density
of defects in the nanowires. The lifetimes for each sample vary for different excitation powers and become saturated
at higher fluences again confirming a high trap density. Furthermore, a higher defect density is present for nanowires
with a higher Ge content.

Figure 2.10:
Mono-exponential fitted photoconductivity
lifetime at three diﬀerent fluences (338 µJ
cm2, 168 µJ cm2 and 68 µJ cm2) of
a) Si0.1Ge0.9,
b) Si0.19 Ge0.81,
c) Si0.4 Ge0.6 and
d) Si0.6 Ge0.4 nanowires
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2.2.3: Optimization of the Hex-Si nanowire shell by using photoluminescence (TU/e)
In this section, we investigate the photoluminescence (PL) spectrum of hexagonal Si. This section serves two goals.
Firstly, we like to measure the PL-spectrum of Hex-Si for the very first time for a sample where the hexagonal crystal
structure was clearly established by transmission electron microscopy (TEM) images. Previous reports [Nano Lett.
2013, 13, 5900−5906] claimed hexagonal Si without convincing TEM data and with completely different PL results
than ours. Secondly, we like to investigate the optimum growth temperature for efficient PL-emission. We believe
that we can learn a lot by first optimizing Hex-Si and Hex-Ge with respect to impurity incorporation, optical quality
and carrier mobility, since it allows to circumvent alloy scattering and alloy broadening.
It is worth mentioning that original growth approaches including the use of disilane (Si2H6) as a precursor and with
a gold droplet intact on the top of the nanowire during silicon growth did not result in any measurable light emission.
So our switch from 1st generation samples grown by disilane to 2nd generation samples grown by tetrasilane (Si4H10)
and the etching of gold has allowed us to measure PL from Hex-Si. Using an extended InGaAs detector in an FTIR
setup as described in task 2.1.1 a detectable amount of PL was collected from hexagonal silicon.
Figure 2.11 Photoluminescence spectra collected at a temperature of 4K with an
excitation density of about 1.0 kW/cm2 for core-shell GaP-Si nanowires for different
growth temperatures of the silicon shell.
Typically in semiconductor growth, higher growth temperatures facilitate higher
quality material with low amounts of interstitials, vacancies and impurities. In the
case of silicon growth on GaP however diffusion of gallium and phosphorous into the
silicon shell should be avoided which might lower the optimal growth temperature.
In Figure 2.11 normalized photoluminescence spectra of as-grown GaP-Si core-shell
wires grown at different temperatures are shown. It is obvious that the growth
temperature has a major influence on the PL of the wires. For the lowest growth
temperature of 500⁰C, no emission was found. Starting from 600⁰C a first very broad
feature was found. Starting from 650⁰C two emission contributions can be
distinguished, around 0.58eV and a small peak around 0.75eV. For 750⁰C a major
increase in the contribution of the 0.75eV peak is observed and at 850⁰C all the
contributions are quenched again. Suggesting an optimum growth temperature near
750⁰C.
Figure 2.12a Color plot of position
dependent macro PL spectra of GaP-Si
core-shell nanowires as-grown on a
substrate, grown at 750⁰C. (b) shows a
microscope image of the interface
between the nanowire array (bottom)
and a bare GaP substrate (top). The yaxis in (a) corresponds to vertical
translation in (b).

The origin of the PL contributions is found when scanning over the sample grown at 750⁰C from an area on the
substrate with nanowires to an area on the substrate without nanowires corresponding to going from bottom to top in
Figure 2.12. In Figure 2.12a a color plot of the PL is shown as function of position where it can be seen that the
peak around 0.75eV disappears when moving away from the nanowires but the peak around 0.58eV remains. This
leads us to believe that the low energy peak is due to deposition of (probably amorphous) silicon on the substrate
where the peak around 0.75eV is attributed to the wires themselves. Additionally the peak at 0.75eV is consistent for
both the sample grown at 650⁰C and 750⁰C. Further optimization of the PL will be aimed at further reducing
impurities and defects.
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Progress in WP2
Task 2.3. (IBM, Jena, JKU) “PL experiments as a function of strain to reveal the fundamental electronic band
structure of Hex-SixGe1-x”. The change in band gap energy and resistivity will be studied in addition using a
specialized combined Raman/µ-PL/electrical characterization setup.
D2.2 Strain dependent PL, TeraHertz spectroscopy [M24]
Note to Task 2.3 for the reviewers: This task is planned to start in M13. As discussed in the meeting in Jena, the
required measurement wavelength is not accessible in the strain setup at IBM. In the Jena meeting, we agreed that
IBM will redirect its resources to an earlier start of task 5.2. TU/e plans to systematically vary the strain by
changing the composition of the GaAsP core with respect to the lattice constant of the Hex-SiGe shell.
Task 2.4. (TUM, TU/e) “Optical pumped nanolaser based on Hex-SixGe1-x”. We will probe the gain and spontaneous
emission dynamics in Hex-SixGe1-x NW-lasers using femtosecond pump-probe spectroscopy. We evaluate the
threshold and spectral characteristics. Optically pumped lasing is milestone 3 (M36).
D2.3 Measurements of the spontaneous emission dynamics in Hex-SiGe NWs. [M30]
D2.4 Observation of optically pumped lasing in Hex-SiGe as a function of temperature. [M36]
2.4.1 Probing charge carrier dynamics in Hex-Ge nanowires with non-resonant pump-probe spectroscopy
(TUM)
Having presented photoluminescence spectra and excitation power dependent data of single Hex-Ge nanowires of
different morphologies in Sec. 2.2.1, we continue by investigating carrier relaxation dynamics and, later in Sec. 2.4.2,
the coherence properties of those wires. The emission of coherent laser light (already from a 1st generation) Hex-Ge
nanowire constitutes a significant milestone on the road towards a Hex-SixGe1-x nanowire laser.

t1 = 0.23  0.06 ns

Figure 2.4.1: PL emission intensity as a function of excitation power density for a “NW 1” - type nanowire
on the left. The data is shown for excitation with probe only (red), with pump only (green) and both pump
and probe (black) for zero time delay T. The right side shows the normalised PL intensity as a function of
pump-probe delay T for a “NW 1” - nanowire in red and a “NW 2” - nanowire in blue.
The pump-probe PL data is summarized in Figure 2.4.1. The data was obtained at 7K for a “NW 1”-type wire and a
“NW 2”-type wire, following the nomenclature introduced in Sec. 2.2.1. The experiment was performed with both
pump and probe photon energy being above the bandgap with a probe energy of 1.3eV and a pump energy of 1.6eV,
respectively. The pulse width was 60ps and the time delay T was tuned between 0.000.06ns and 180.06ns using
varying coaxial cable lengths at the trigger-inputs of pulsed laser diodes. The timing resolution is limited to
0.250.06ns, as given by the smallest coaxial connector. In the data shown on the left side of Figure 2.4.1 the time
delay T was fixed to 0.000.06ns. When focussing the excitation beams onto a nanowire of type “NW 1”, we can
distinguish three different excitation scenarios:
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1. Excitation with the probe-beam only, as shown in red: Here we see only lock-in noise and no PL signal, since
the optically generated charge carriers are not sufficient to fill all the defects and generate luminescence, as
described in section 2.2.1.
2. Excitation with pump only, as shown in green: Here we see a super-linear rise of PL emission, as expected
from the measurements shown in section 2.2.1.
3. Excitation with pump and probe, as depicted in black: In this case we can see a clear enhancement of PL
intensity by a factor of 1.7, despite the fact that no PL is detected from probe alone.
The super-linear enhancement by the weak probe beam, as observed above, is now studied for different pump-probe
time delays T and for a “NW 1” - nanowire as well as for “NW 2”. The corresponding data is shown on the right
side of Figure 2.4.1 and was obtained for a fixed pump/probe excitation power density of Ppump,NW1=5.6 kW/cm2,
Pprobe,NW1=2.8 kW/cm2, Ppump,NW2=0.74 kW/cm2 and Pprobe,NW2=0.64 kW/cm2, respectively. While increasing T from
0.000.06ns to 180.06ns, no significant change in the normalized PL intensity could be observed in case of “NW
1”. However, for “NW 2”, a clear decrease from 1.0 to 0.925 was found with a decay constant of 0.230.06ns,
thereby indicating a much faster charge carrier relaxation in case of “NW 2” compared to “NW 1”. Therefore, we
came to the working hypothesis that temporal dynamics of charge carriers in case of “NW 2” are dominated by
stimulated emission rather than spontaneous emission or non-radiative recombination. We will continue by
investigating the coherence properties of the light emitted by “NW 2” in a Michelson experiment in order to further
verify this assumption.
2.4.2 Coherence enhancement for “NW 2” compared to “NW 0” (TUM)
As described in the pump-probe measurements in Sec. 2.4.1, we tentatively attribute the emission from Hex-Ge
nanowires to originate from stimulated emission for wires of type “NW 2” compared to wires of type “NW 1” and
“NW 0” where light stems from spontaneous emission. In order to verify this working hypothesis, we performed
Michelson interference measurements on both “NW 2” and “NW 0” types.

Figure 2.4.2: Michelson interference measurement of a “NW 2”-type nanowire on the left in
blue and of a “NW 0”-type wire on the right in green, respectively.
The measurements presented in Figure 2.4.2 were performed at 7K on a single, standing Hex-Ge nanowire of type
“NW 2”, as shown on the left in blue and one of type “NW 1”, as shown on the right in green, respectively. After
focussing the excitation laser on that specific nanowire using a spatially resolved PL map, the light emitted by the
nanowire is guided through a Michelson interferometer and detected by an InSb detector. The corresponding
interferograms in Figure 2.4.2 show clear interference fringes for both nanowires studied here. In case of “NW 2”,
as depicted on the left in blue, a coherence time of 124  18fs can be measured. In contrast, the coherence time of
“NW 0”, as shown on the right in green, is only 27  8fs, which is 4.6x smaller.
The clear coherence-enhancement of “NW 2” compared to “NW 1” constitutes a clear indication, that the light
emitted from “NW 2” stems from amplified spontaneous emission rather than pure PL emission as in case of “NW
1”.
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Workpackage 3
Electrical properties of Hex-SiGe [Months 7-36]
Deliverables
D3.1 Terahertz conductivity measurements on doped Hex-SiGe NWs. [M18]
D3.2 Development of surface passivation. [M24]
D3.3 Ohmic contact formation on p and n-type Hex SiGe. [M30]
D3.4 Radial/axial impurity p and n-type doping and demonstration of a p-n junction. [M36]
Description of work
Task 3.1. (UOXF, TU/e, Jena) “Non-contact electrical terahertz measurements” will reveal the extrinsic carrier
concentrations and mobilities as well as the surface recombination velocity in passivated NWs. This work includes
theoretical support.
Task 3.2. (IBM, TU/e) “Develop efficient passivation for Hex-SiGe”. Three different approaches will be explored
to find an optimum surface passivation; 1) epitaxial growth of a wider band gap shell, 2) thermal oxidation of the
shell, 3) deposition of a passivation layer, such as Al2O3.
Task 3.3. (IBM, TU/e, TUM) “Electric contact formation to Hex-SiGe”. Different contact schemes will be explored
using well-known approaches developed in CMOS industry.
Task 3.4. (IBM, TU/e). “Study on the incorporation of dopants in Hex-SiGe”. The incorporation of p-type and ntype dopants in Hex-SiGe will be explored. Effectiveness and the mechanism (via VLS or gas phase) of incorporation
will be investigated with atom probe tomography and field-effect-transistor devices.
The demonstration of a p-n diode is milestone 4 (M36).
MS#

Milestone name

WP(s)

Est. date

Means of verification

4

Demonstration of p-n
junction in Hex SiGe

WP3

M36

Diode characteristic with forward/reverse current
ratio >3, and an ideality factor <2.
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Project Evaluation Report (1st Year)
Workpackage 3 : Electrical properties of Hex-SiGe [Months 7-36]
Task 3.1. (UOXF, TU/e, Jena) “Non-contact electrical terahertz measurements” will reveal the extrinsic carrier
concentrations and mobilities as well as the surface recombination velocity in passivated NWs. This work includes
theoretical support.
D3.1 Terahertz conductivity measurements on doped Hex-SiGe NWs. [M18]
3.1: Electrical properties of Hex-SiGe
Figure 3.1: Example of misfit dislocations in cubic SiGe on
a cubic Si substrate. Due to the different lattice constant of
SiGe with respect to Si, the two lattices cannot fit and misfit
dislocations appear. Misfit dislocations are also observed
for a 1st generation Hex-SiGe nanowire shell grown around
a WZ GaP nanowire core. We envisage that these misfit
dislocations can be eliminated in 2nd generation samples.
Picture from Prof Douglas Paul, University of Glasgow.

While the progress in workpackage 2 was much faster than anticipated, the progress in workpackage 3 is delayed due
to our decision to shift from 1st generation samples towards 2nd generation samples. The reason is that 1st generation
samples show many stacking faults due to the lattice mismatch between GaP and SiGe with >70% Ge composition.
These stacking faults (see Figure 3.1) are expected to strongly degrade the carrier mobility which will result in a low
conductivity. In 2nd generation samples, we use a GaAs nanowire core allowing to reduce the lattice mismatch
towards zero for Hex-Ge. For Hex-SiGe, we intend to grow lattice matched WZ GaAsP nanowire cores. We expect
to be able to reach the promised results during the first half of 2018.
3.1.1: Towards Terahertz conductivity measurements in Hex-SiGe nanowires (UOXF)
Conductivity and mobility can be extracted by spectral scans of sample at different ﬂuences in OPTP measurements
using the surface plasmon model for extraction. Spectral THz scans were taken for each sample. The
photoconductivity spectrum of nanowire sample with 90% Ge content (30ps after photo-excitation at a fluence of
338 µJ/cm2) is plotted in Figure 3.2. The form of the real and imaginary part of photoconductivity indicates strong
doping of the nanowires because a higher carrier density, free carriers and dopants causes a higher plasma frequency.
However, due to the limited THz source range (1- 4 THz in current OPTP system), global ﬁtting cannot be applied
to the spectral scans, and thus mobility, scattering time and carrier density cannot be extracted. To solve this issue,
the UOXF have undertaken a programme to improve the spectra bandwidth of their OPTP system. In a first step, the
THz emission system was altered by replacing a GaP-based optical rectification emitter with a newly developed
spintronic THz emitter. In the current realisation the system has been improved from a 4THz bandwidth up to 6 THz.
In addition a new data-acquisition system has been updated which is leading to improvements in the signal-to-noise
ratio of the measurement system. These improvements will be ideal for measuring the next set of SiGe nanowire
samples.

Figure 3.2: Time-resolved real (blue) and imaginary (red) photoconductivity as a function of frequency in Si0.1Ge0.9
nanowires
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Progress in WP3
Task 3.2. (IBM, TU/e) “Develop efficient passivation for Hex-SiGe”. Three different approaches will be explored
to find an optimum surface passivation; 1) epitaxial growth of a wider band gap shell, 2) thermal oxidation of the
shell, 3) deposition of a passivation layer, such as Al2O3.
D3.2 Development of surface passivation. [M24]
3.2.1: Development of surface passivation (TU/e)
Our general approach for surface passivation of Hex-SiGe is to first to try to separately passivate Hex-Si and HexGe nanowire shells. Our first effort was to passivate a Hex-Si shell with a 30 nm amorphous silicon (a-Si:H) shell
which is believed to result in the passivation of Si dangling bonds by hydrogen at the c-Si/a-Si:H interface. It is
necessary to perform a rapid thermal anneal (RTA) to aid hydrogen diffusion towards the c-Si/a-Si:H interface. This
shell was deposited by PECVD, which is available in the TU/e
cleanroom. For cubic Si, this procedure has resulted in a three
orders of magnitude reduction of the surface recombination
velocity, resulting in a minority carrier lifetime as long as 4 ms
[Journal of Applied Physics, 122, 035302, (2017)]. The results of
our first passivation attempt are shown in Fig. 3.3. Unfortunately,
we only observed a very minor relative increase of the peak at
0.71/0.74 eV as compared to the impurity related peak at 0.59/0.6
eV, which might have been due to an improper surface cleaning
procedure of our Hex-Si nanowire shells. We will repeat this
passivation procedure in the near future with a better cleaned
nanowire surface. Alternatively, we will passivate hexagonal Si
with e.g. Al2O3 using Atomic Layer Deposition (ALD) for which
established recipes are available at both IBM and TU/e for the
passivation of cubic Si.
Figure 3.3: Initial results on the photoluminescence spectra of hexagonal Si shells grown at 750 ⁰C with and without
an amorphous silicon (a-Si:H) passivation layer.
We discussed the passivation of Hex-SiGe in the Jena meeting and we concluded to try to avoid the passivation of
pure Hex-Ge. The reason is that while SiO2 is known to be thermally stable and provide excellent surface passivation,
GeO2 is water soluble and is unstable at elevated temperature. Shu Hu et al. [Nano Lett. 12, 1385 (2012)] succeeded
in passivating Ge nanowires by growing a 2 nm SiGe shell with 55% Si composition, attempting for a highly stable
Si/SiO2 passivation layer. Unfortunately, Ge/Si is expected to provide type II band alignment, in which the electrons
are transferred into the Si surface layer, thus quenching the light emission from the Hex-SiGe inner shell. By growing
a very thin (2 nm) SiGe shell, the type II band alignment could be avoided and a >10X enhancement of the
photoluminescence intensity was observed by these authors as shown in Fig. 3.4.
Figure 3.4: Comparison of the photoluminescence from 40 nm cubic Ge-core/2 nm
Si0.55Ge0.45 shell nanowire with an unpassivated 40 nm diameter cubic Ge nanowire,
by Shu Hu [Nano Lett. 12, 1385 (2012)], not part of the project.
Our approach will be to cover our Hex-SiGe shells with a thin Si shell (see Fig. 2.3)
and to subsequently passivate the Si shell with an Al2O3 or a-Si:H passivation layer,
as developed above. We will try to avoid thermal oxidation of Si into SiO2 since a
high temperature anneal will also induce unwanted dopant diffusion.
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Progress in WP3
Task 3.3. (IBM, TU/e, TUM) “Electric contact formation to Hex-SiGe”. Different contact schemes will be explored
using well-known approaches developed in CMOS industry.
D3.3 Ohmic contact formation on p and n-type Hex SiGe. [M30]
Start in Month 19

Task 3.4. (IBM, TU/e). “Study on the incorporation of dopants in Hex-SiGe”. The incorporation of p-type and ntype dopants in Hex-SiGe will be explored. Effectiveness and the mechanism (via VLS or gas phase) of incorporation
will be investigated with atom probe tomography and field-effect-transistor devices.
The demonstration of a p-n diode is milestone 4 (M36).
D3.4 Radial/axial impurity p and n-type doping and demonstration of a p-n junction. [M36]
Start in Month 19
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Workpackage 4
Demonstration of an electrically pumped Silicon nanolaser [Months 25-48]
D4.1. Nanolaser modelling: calculation of the gain spectrum [M42]
D4.2. Demonstration of an electrically pumped Hex-SiGe nanoLED. [M42]
D4.3. Performance characteristics of an electrically pumped Hex-SiGe nanolaser. [M48]

Description of work
Task 4.1. (TUM, Jena) “Design optimum cavity structure and determine gain spectrum”. We will perform TCAD
simulations to predict the spatial distribution of the current density in the active NW core. Subsequently we will
optimize the mode confinement factor combining electrical simulation with optical 3D finite element time domain
(FDTD) simulations.
Task 4.2.(TUM, IBM, TU/e) “Fabrication of an electrically pumped Hex-SixGe1-x NW-LED”. We will use the
knowledge on the growth, dopant profiles, and contacting schemes developed in WP1-3 here to fabricate an
electrically pumped nanowire LED based on Hex-SixGe1-x. This is milestone 5 (M42).
Task 4.3. (TUM, TU/e) “Demonstration of an electrically pumped Hex-SiGe nanowire laser“. In this task all
developed technologies in the project come together to demonstrate an electrically pumped laser based on HexSiGe. This is milestone 6 (M48).

MS#

Milestone name

WP(s)

Est. date

Means of verification

5

NW LED based on Hex-SiGe

WP4

M42

6

Electrically pumped HexSiGe nanolaser

WP4

M48

Observation of electroluminescence in the range
1.5 – 2.0 μm.
Measurements of the emission characteristics
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Progress in WP4
Task 4.1. (TUM, Jena) “Design optimum cavity structure and determine gain spectrum”. We will perform TCAD
simulations to predict the spatial distribution of the current density in the active NW core. Subsequently we will
optimize the mode confinement factor combining electrical simulation with optical 3D finite element time domain
(FDTD) simulations.
D4.1. Nanolaser modelling: calculation of the gain spectrum [M42]
4.1:
Nanolaser cavity design and nanolaser modelling (TUM)
As a first step to optimize the cavity structure, we aim to improve optical feedback by enhancing the reflectivity of
the nanowire end-facets. Therefore, we performed finite difference time-domain (FDTD) simulations of a typical
core-shell nanowire on a sapphire substrate with and without Au/Pd mirrors.
(a)

GaAs
core

(b)

(c)

Al2O3

hex-Ge
shell
air

250 nm
Figure 4.1: FDTD simulations of the electric field distribution of a Hex-Ge nanowire on Sapphire substrate with
(4.1a) and without (4.1b) a Au/Pd mirror on the bottom. (c) Reflectivity as a function of nanowire radius for five
different wavelengths. The data is shown for a nanowire with Au/Pd on the end-facets (solid lines) and with no
Au/Pd as dashed lines.
Figure 4.1 summarizes the first results we obtained from such simulations. Figure 4.1(a) shows the electric field
distribution along the nanowire directly after a light pulse with 31µm wavelength was reflected on the end-facet. In
contrast to Figure 4.1(b), only very little intensity is reflected and most is lost into air or the sapphire substrate.
Figure 4.1(c) quantitatively shows the reflected light intensity as a function of radius for different wavelengths. For
nanowire radii of more than 1.6µm we can clearly see an enhancement of reflectivity to more than 90% in case of
gold on the end-facets. In contrast, bare facets without gold only exhibit a reflectivity of less than 40%. Furthermore,
a clear onset of reflectivity can be determined corresponding to a nanowire radius of 0.5µm.
As depicted in Figure 4.2, first steps towards the nano-lithographic realization of such a structure have been
performed, already showing promising structures that will be analysed optically shortly.

600nm
Figure 4.2: Scanning electron microscopy (SEM) image of Hex-Ge nanowire
after nano-lithographic deposition of Au/Pd mirrors on the end-facets.
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Task 4.2.(TUM, IBM, TU/e) “Fabrication of an electrically pumped Hex-SixGe1-x NW-LED”. We will use the
knowledge on the growth, dopant profiles, and contacting schemes developed in WP1-3 here to fabricate an
electrically pumped nanowire LED based on Hex-SixGe1-x. This is milestone 5 (M42).
The demonstration of a p-n diode is milestone 4 (M36).
D4.2. Demonstration of an electrically pumped Hex-SiGe nanoLED. [M42]
Start in Month 25
Task 4.3. (TUM, TU/e) “Demonstration of an electrically pumped Hex-SiGe nanowire laser“. In this task all
developed technologies in the project come together to demonstrate an electrically pumped laser based on HexSiGe. This is milestone 6 (M48).
D4.3. Performance characteristics of an electrically pumped Hex-SiGe nanolaser. [M48]
Start in Month 25
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Workpackage 5
Towards integration with CMOS [Months 7-48]
Deliverables
D5.1 Progress on CMOS compatibility. [M18]
D5.2 Growth of catalyst-free Hex-SiGe substrate. [M24]
D5.3 Report on CMOS compatible Hex-SiGe layers. [M48]
Description of work
Task 5.1. (TU/e, JKU) “Fabrication of a Hex-SiGe substrate”. We will develop a scheme to grow a (Au-free) HexSiGe layer on a conventional silicon substrate. We will use selective area growth of WZ GaP, which will
be used to grow Hex-Si shell. Removal of the GaP by selective etching and further Si growth will result in a dense
Hex-Si layer. Strain and defect density will be studied by XRD techniques. This is milestone 7 (M24).
Task 5.2. (IBM, JKU) “Wurtzite virtual substrates as templates for Hex-Si(Ge)”. Templates for micron-sized
virtual substrates will be developed and growth conditions for pure wurtzite GaP using TASE will be determined
based on learnings from Task 4.1. Both vertical and horizontal structures will be explored.
MS#

Milestone name

WP(s)

Est. date

Means of verification

7

Hex-Si substrate
demonstrated

WP5

M24

We aim for a defect density <106 cm-2 and substrate
sizes > 1cm2
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Project Evaluation Report (1st Year)
Workpackage 5 : Towards integration with CMOS [Months 7-48]
Task 5.1. (TU/e, JKU) “Fabrication of a Hex-SiGe substrate”. We will develop a scheme to grow a (Au-free) HexSiGe layer on a conventional silicon substrate. We will use selective area growth of WZ GaP, which will
be used to grow Hex-Si shell. Removal of the GaP by selective etching and further Si growth will result in a dense
Hex-Si layer. Strain and defect density will be studied by XRD techniques. This is milestone 7 (M24).
D5.1 Progress on CMOS compatibility. [M18]
D5.2 Growth of catalyst-free Hex-SiGe substrate. [M24]
5.1
Towards CMOS compatibility (TU/e)
The aim of Task 5.1 is to use self-catalysed nanowire growth for the epitaxy of WZ GaP nanowires, around which
Hex-Si shells can be grown. In a self-catalysed growth, the nanowire is grown using a catalyst droplet composed of
the pure group III metal which constitutes the semiconductor, in our case Gallium (Ga). The conventional VaporLiquid-Solid (VLS) method we currently use to grow WZ GaP nanowires, employs Au droplets as catalyst. Selfcatalysed growth therefore allows us to completely eliminate Au from our fabrication process, as illustrated in Figure
5.1. Currently, we are performing the growth process on zincblende (ZB) (111)B GaP substrates, as we are already
familiar with nanowire growth on this surface. The ZB GaP substrate is covered by a thin (50nm) Silicon Nitride
(SiNx) layer, which is in turn nanopatterned with nanoimprint lithography or electron beam lithography (EBL).

Figure 5.1: Schematic of the growth protocol of self-catalysed WZ GaP nanowires. (a) Nanoholes are patterned in
the SiNx layer. (b) In the epitaxy reactor, we heat up the substrate around 600⁰C and provide TMGa to nucleate Ga
droplets. (c) After the nucleation of the droplets, we provide also PH3 to nucleate WZ GaP nanowires (red). (d) We
keep providing TMGa and PH3 in order to grow the full nanowires.
In the Metalorganic Vapor Phase Epitaxy (MOVPE) reactor we heat up the substrate around 550⁰C and provide
trimethylgallium (TMGa). The Ga adatoms migrate on the substrate and end up trapped in the nanoholes, where the
Ga droplets are nucleated (Figure 5.1b). We then provide also phosphine (PH3) to nucleate the WZ GaP nanowires
(Figure 5.1c), which can then be grown for an arbitrary length (Figure 1d) by maintaining the precursor flows.
We have started working on this growth scheme and achieved the nucleation of nanowires (up to Figure 5.1c), as
shown in Figure 5.2.
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Figure 5.2: SEM images of GaP nanowire stems, obtained following the procedure in Figure 5.1 (up to Figure 5.1c).
The nanowires are formed inside the nanoholes, where the Ga droplets nucleate. (a) Overall view of the nucleated
GaP nanowires, showing high nucleation yield. (b) Close-up SEM image of the GaP nanowires, which show a
geometric pedestal due to radial overgrowth.
The challenge is now to maintain the Ga droplet in a stable condition throughout the entire growth, in order to form
several micron-long nanowires. This should be obtained by tuning the precursor flows, balancing the Ga consumed
in the nanowire growth with additional Ga coming from the gas phase (see Figure 5.1d). Another challenge is to
avoid radial overgrowth (see Figure 5.2b), for example with the introduction of HCl in the gas phase, as in Auassisted VLS growth. In our case this is a very delicate operation, as the HCl will not only hinder the radial growth
around the nanowires, but also tend to consume the Ga droplet, therefore careful precursor optimization will be
needed to achieve high aspect ratio untapered nanowires.
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Progress in WP5
Task 5.2. (IBM, JKU) “Wurtzite virtual substrates as templates for Hex-Si(Ge)”. Templates for micron-sized
virtual substrates will be developed and growth conditions for pure wurtzite GaP using TASE will be determined
based on learnings from Task 4.1. Both vertical and horizontal structures will be explored.
D5.3 Report on CMOS compatible Hex-SiGe layers. [M48]
5.2:

Template Assisted Selective Epitaxy (IBM)

The aim of Task 5.2 is to use Template-Assisted Selective Epitaxy (TASE) for the synthesis of WZ phase III-V
virtual substrates, on which hex-SiGe can then be grown (see Figure 5.3). In TASE, a crystal is epitaxially nucleated
from a single point on a small Si seed area inside a pre-defined hollow oxide cavity, which is an Au-free, CMOS
compatible process. By expanding the crystal to fill up the template entirely, high quality material can be integrated
with very well-defined geometry. So far, this technique has been developed for the growth of III-V materials such as
GaAs, InP, InAs, InSb and GaSb with crystallographic quality depending on growth and material. While pure and
stacking fault incorporated ZB material has been demonstrated already, the transition to pure WZ phase has not been
observed so far and is the main goal of this work task.

(a)

(b)

(c)

(d)

Figure 5.3: Schematic of hex-SiGe integration using TASE. (a) Pre-defined oxide template with Si seed. (b)
Epitaxial growth of WZ III-V material to fill up the template. (c) Removal of the oxide template. (d) Epitaxial
growth of hex-SiGe using the WZ III-V layer as virtual substrate.
As a first step, Selective Area Growth (SAG) is explored to find materials and growth conditions favourable for WZ
integration directly on Si. Several steps and challenges have been identified towards this goal and will be addressed
separately in the following:
1.
2.
3.
4.

Choosing the material
Epitaxy on Si
Growth optimization
Characterization

5.2.1. Choosing the material
To perform a large area crystal structure transfer to SiGe, a lattice matched material is needed for the virtual
substrates. Thus III-N compounds, which are the only III-Vs naturally crystallizing in WZ phase are not suited for
this task. Fortunately, other III-Vs exist which are known to be stable as nanostructures also in WZ phase. While
these materials include GaAs, GaP, InP, and GaSb, most of them require the growth using a metallic catalyst. On the
other hand, SAG of WZ InP nanowires (NWs) has been demonstrated already1,2. Although InP is not lattice matched
to the desired SiGe composition (see Fig. 5.4), two InP-based ternaries (AlInP, GaInP) exist which composition can
be tuned accordingly. Thus, InP is used as a starting point for developing the catalyst- free growth of WZ materials.
Figure 5.4: Bandgap energy vs. lattice constant for
non-nitride III-V semiconductors as well as Si and
Ge assuming a temperature of 300 °C and a cubic
crystalline structure. Red shaded area marks the
desired lattice constant for the SiGe composition
with highest direct bandgap according to findings
from work package 1.
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5.2.2. Epitaxy on Si (IBM)
The heteroepitaxy of III-Vs on Si creates a range of challenges related to the lattice mismatch and polar/non-polar
nature of the involved materials. A well-controlled nucleation layer is therefore crucial to prevent antiphase
boundaries (APBs) and ensure good crystalline quality. For this purpose, a low temperature nucleation process has
been developed as schematically shown in Fig. 5.5a. After a thermal cleaning at 780 °C, a polycrystalline layer of
InP is selectively deposited in openings on a SiO2 masked Si(111) wafer at 360 °C using an MOCVD reactor.
Nominal V/III ratios above 1500 are required since the decomposition of TBP is inefficient at such low temperatures,
the effective V/III ratio however is expected to be much lower. A reflow step at 550 °C under TBP atmosphere
provokes the formation of a homogenous InP layer featuring a dense network of misfit dislocations directly at the
interface. This is favourable for eliminating defects in the first few tens of nanometers and allows for subsequent
growth of high quality InP crystals as can be seen in Fig. 5.5b. An STEM image showing the nucleation of InP on Si
is depicted in Fig. 5.5c. Planar defects are visible within the first 30 nm after which defect free ZB material is
obtained.

Figure 5.5: Low temperature nucleation of InP on Si. (a) Schematic of the process flow. (b) SEM images of a 300
nm opening on a Si(111) wafer (1) before growth, (2) after low-T nucleation, (3) after reflow and (4) after growth
at 550 °C. (c) STEM image of the interface. Planar defects are visible within the first 30 nm (marked by black
arrows) after which defect free ZB material is obtained.
Si is a non-polar material, meaning that the (111) direction is equivalent to its opposite (-1-1-1) direction. The
heteroepitaxy of a polar material therefore allows for the nucleation in two different directions, referred to as (111)A
if the group III material is on top or (111)B otherwise. In practise however, usually (111)B nucleation is observed
from MOVPE resulting from the incorporation of group V materials in the uppermost Si layer prior the start of the
growth3. Since SAG InP NWs grow along (111)A4, vertical wire growth cannot be facilitated on Si, instead typically
crystals with inclined (111)A facets are obtained (see Fig. 5.5b-4).
5.2.3. Growth optimization (IBM)
To optimize growth conditions for WZ phase formation, crystals were grown according to Fig. 5.5a as a nucleation
seed on Si. Three equivalent (111)A facets are obtained for each crystal allowing for the subsequent growth of tilted
InP NWs. For this follow up growth, a study was carried out with temperatures ranging from 600 to 650 °C and V/III
ratios between 25 and 200. The crystal morphology in terms of NW growth was optimal at 625 °C and a V/III ratio
of 50. Figure 5.6 depicts SEM images of typical crystals grown under these conditions. In some cases NWs grow
from the (111)A facets in a typically symmetrical manner. In other cases the growth stops after the nucleation step at
the 6 equivalent (110) facets perpendicular to the (111)B top facet. Crystals obtained from this growth were
investigated in more detail to determine the crystal structure and quality.
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Figure 5.6: SEM images of typical crystals grown at 625 °C and a V/III ratio of 50. Scale bar is valid for all
images.
5.2.4. Characterization (IBM)
To characterize the grown crystals, µ-PL measurements were carried out and correlated to crystal morphology. Two
typical measurements are depicted in Figure 5.7, showing the luminescence obtained from a crystal with and without
NW growth, respectively. Two main differences are observed in general when comparing these two types of crystals.
First, the signal amplitude increases by usually more than a factor of ten, which can be partly explained by the
increasing material volume. Second and more important, the emission peak shifts towards higher energy values in
structures with NWs, in great accordance with literature values for room temperature bandgap energies of bulk ZB
and WZ InP, respectively.
Figure 5.7: Room temperature µPL characteristics of two typical
crystals under 633 nm laser
excitation. The bandgap energy of
ZB and WZ InP is indicated at the
top.

From these data we assume that during the first growth step at 550 °C (V/III 100) the ZB phase and during the second
growth step at 625 °C (V/III 50) the WZ phase is energetically more favourable, respectively. This is in qualitative
accordance with previous reports where at higher temperatures and lower V/III ratios the crystal phase changes from
stacking fault incorporated ZB to WZ.
To further investigate this phase transition, structural characterization was carried out using state-of-the-art
aberration-corrected scanning transmission electron microscopy (STEM). A lamella was prepared such that a crosssection is obtained showing both the seed area as well as one of the three NW branches (see Fig. 5.8a). High
resolution images where taken both near the seed (Fig. 5.8b) and at the tip of the NW (Fig. 5.8c). While the seed
area shows exclusively ZB crystal structure, WZ phase is obtained throughout the whole NW branch.
Our observations demonstrate that pure WZ phase InP can be grown directly on Si holding great promise for our next
steps, the integration of WZ InP on Si with TASE. First template structures towards this goal have been fabricated
and are being tested.
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Figure 5.8: STEM images of a crystal showing ZB-WZ phase transition. (a) Cross-sectional overview of the
investigated crystal. Inset shows SEM image with the placement of the lamella. (b) HR-STEM image in the seed area
showing the typical ZB stacking along the vertical direction. (c) HR-STEM image from the NW tip. WZ ABAB…
stacking is obtained along the growth direction.
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Workpackage 6
Project Management, Dissemination & Exploitation [Months 1-48]
Description of work
Task 6.1. We will set up an internal and a public project web site.
Task 6.2. Gather best-practise examples across the participating institutions for attracting female researchers and
implement the best ones. Milestone 8 is the recruitment of researchers (aim for >30% female, if possible)
(M6).
Task 6.3. Information exchange will be maintained through a confidential digital data sharing in a datacentre as
well as by electronic communications (emails and video conferencing).
Task 6.4. Organization of yearly project meetings. Meetings of the project Steering Committee consisting of the
coordinator and all group leaders will be organized to oversee the progress. Progress will be benchmarked when
appropriate, but before M28. If necessary decisions will be taken to amend the project, see Sec. 3.2.
Task 6.5. Monitor the project results and pinpoint the inventions to be patented. All partners will ensure good
scientific and technological visibility, in particular towards the CMOS community. Publications, especially the
envisioned milestones of the project, are targeted in high impact scientific journals. All publications will be made
available in public repositories.
Task 6.6. The coordinator will be responsible for the day-to-day coordination ensuring progress towards the
achievement of the project objectives, and amend a WP if necessary.

Deliverables
D6.1 Kick-off meeting [M1]
D6.1 Set up web page. [M2]
D6.3 Data management plan [M6]
D6.4 Recruitment of researchers (Aim to hire >30% female, if possible). [M6]
D6.5 Project meeting 2. [M9]
D6.6 Annual technical report. [M13]
D6.7 Technical action check meeting. [M14]
D6.8 Dissemination and Exploitation plan. [M18]
D6.9 Project meeting 3. [M21]
D6.10 Scientific action check meeting 1. [M26]
D6.11 Benchmarking of the project, decision point on the most promising route towards CMOS integration and on
whether to include SiGeSn (see Section 3.2). Milestone 9 is a decision point (M28).
D6.12 Project meeting 4. [M38]
D6.13 Organize entrepreneurial course for students. [M42]
D6.14 Data management plan report [M48]
D6.15 Scientific action check meeting 2. [M48]

MS#

Milestone name

WP(s)

Est. date

Means of verification

8
9

All PhD students hired
Decision point

WP6
WP6

M6
M28

Aim to hire at least 30% female, if possible.
If Hex-SiGe does not emit detectable light: continue
with SiGeSn (see table 3.2b)
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Progress in WP6
Task 6.1. We will set up an internal and a public project web site.
We have set up a public project website as well as a SiLAS teamsite, as shown in Figure 6.1.

Figure 6.1: SiLASs project website (left) and internal OS365 team site (right image).

Task 6.2. Gather best-practise examples across the participating institutions for attracting female researchers and
implement the best ones. Milestone 8 is the recruitment of researchers (aim for >30% female, if possible)
(M6).
Our milestone was to hire all PhD students and postdocs before 1-7-2017. This milestone was met, although not all
postdocs actually started before 1-7-2017. The names of all hired PhD students are listed in Deliverable 6.4.
Looking at the male/female ratio, the total number of temporary staff has a male/female ratio of 8/6, or >42%
female. Unfortunately, the male/female ratio of temporary staff actually hired on SiLAS is 6/2, or 25% female.

Task 6.3. Information exchange will be maintained through a confidential digital data sharing in a datacentre as
well as by electronic communications (emails and video conferencing).
We share confidential digital data through the SiLAS OS365 teamsite.
The coordinator organized/attended several Skype meetings as well as other ad hoc meetings:
14 February: Coordinators day Brussel
31 May 2017: Meeting Oxford, Eindhoven in Lund
7 June 2017: Skype meeting: TUM, Jena, Eindhoven
13 july 2017: Skype meeting: TUM, Jena, Oxford, Eindhoven
5 December 2017: Skype meeting: TUM, Jena, Oxford, Eindhoven
7 December 2017: Short meeting TUM, Eindhoven
10-11 December 2017: Short meeting between PhD students from UOXF and TU/e in Eindhoven
15 December 2017: Skype meeting: Linz, Eindhoven

Task 6.4. Organization of yearly project meetings. Meetings of the project Steering Committee consisting of the
coordinator and all group leaders will be organized to oversee the progress. Progress will be benchmarked when
appropriate, but before M28. If necessary decisions will be taken to amend the project, see Sec. 3.2.
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15 January 2017: Kick-off Eindhoven
14-15 September 2017: Jena meeting
14 February 2018: Brussels meeting

Task 6.5. Monitor the project results and pinpoint the inventions to be patented. All partners will ensure good
scientific and technological visibility, in particular towards the CMOS community. Publications, especially the
envisioned milestones of the project, are targeted in high impact scientific journals. All publications will be made
available in public repositories.
We like to focus on a Nature/Science type of publication:
• Motivation for direct bandgap SiGe
• Band structure calculations
• Growth of the SiGe shell (with strain analysis)
• Bandgap tunability (1.7-4.0 µm)
• First demonstration of optical gain
We try to remain in “silent mode” before submitting the Nature/Science type of manuscript.
Initial small publications will make it harder to get the main results published at high impact. This project needs a
high impact publication to generate “free publicity” within the broader silicon IC community
We are working on an Impact publication to give our project more visibility outside the nanowire community.
In 2018, we will start to approach the Silicon Photonics community, which is lacking a silicon based light source.
Silicon Photonics is a key technology for present day Data Centers in which communication is nowadays performed
by optical links. It is well established that long distance communication is using glass fibre optical links. Presently,
these optical links are also used for communication within Data Centers for replacing copper wiring at smaller and
smaller distances. It is expected that photonic communication will soon be used to communicate data from chip to
chip, e.g. from the microprocessor to the memory chips. Photonic communications is not only much faster than
electrical communication but optical communication is key to reduce the energy consumption of present day Data
Centers. As an example, the energy required to switch 1 bit with a CMOS gate is only 1 femtoJoule, while transferring
1 bit of chip requires ≈2picoJoule/bit due to the capacitance of the wire. According to David Miller (Stanford
University), photonic communication can in principle be performed at < 1 femtoJoule/bit and is thus capable to
outperform copper wiring already for on-chip communication.
The main bottleneck for Silicon Photonics is however the lack of an efficient CMOS compatible light emitter. As a
consequence, industry (e.g. Intel) is using a hybrid integration scheme in which InP based lasers are bonded to a
silicon photonic chip by wafer level bonding. Wafer level bonding is however lacking alignment tolerances as well
as strongly increasing packaging costs. Provided that we can develop a cheap fabrication route, hexagonal SiGe might
become the preferred light source for Silicon Photonics.
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In high performance computing [S. Rumley, Optical interconnects for extreme scale computing systems, Parallel
Computing 64, 65-80 (2017)], a single chip multiprocessor needs to be surrounded by memory chips through high
bandwidth connections to be able to synchronize and exchange data with other cores or nodes. Electrical connections
suffer from limited bandwidth and require too many pins on such a processor chip. Optical interconnects based on
Silicon Photonics clearly are “the way to go”. In this case, the lack of a CMOS compatible light source for Silicon
Photonics is again the bottleneck, which is increasing the cost. Moreover, the energy per bit is expected to become a
problem. For both issues, the intimate integration of a hexagonal SiGe light source within the Silicon Photonics chip
would be the preferred solution.
Another application area of our hexagonal SiGe material would be for disposable lab on chip applications requiring
an infrared light source between ≈1.8 µm and ≈4µm, which is the preliminary tuning range for hexagonal SiGe at
room temperature. Lab on chip applications include gas sensing, bio-sensing and biomedical diagnostics. As an
example, a continuous monitoring glucose sensor operating at 2.12 µm would be very helpful for diabetes patients.
By using mass production within a silicon foundry, a silicon photonics glucose monitoring sensor can be fabricated
at low cost, provided that the expensive III/V laser diode can be replaced by a cheap alternative. When it would be
possible to replace the III/V laser diode with a cheap hexagonal SiGe alternative, a cheap disposable glucose
monitoring sensor would become a reality.
Task 6.6. The coordinator will be responsible for the day-to-day coordination ensuring progress towards the
achievement of the project objectives, and amend a WP if necessary.
We decided during the Jena meeting (15-9-2017) to transfer the strain dependent measurements from IBM to TU/e.
Due to the illness of dr. Julian Stangl (Linz), we decided during the Eindhoven meeting (15-1-2017) to transfer the
leadership of workpackage 1 towards Prof. Erik Bakkers (TU/e).
A final deviation from the original proposal is to shift from first generation hexagonal SiGe nanowire shells using a
wurtzite GaP core, towards second generation SiGe nanowire shells using a lattice matched wurtzite GaAsP core.
This decision has slightly delayed the supply of hexagonal SiGe in the 2nd half of 2017, but it is anticipated that these
second generation SiGe nanowire shells will eventually lead to superior material and device performance.
Task 6.7. Stimulate the entrepreneurial mindset of the young scientists (TU/e course available).
This will be done in year 4.
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