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1
Introduction

1.1 The bottleneck is in the communication

The semiconductor technology has brought us an incredible new step in our
quality of life. An integrated circuit (IC), also know as a computer chip,
can now not only be found in your desktop computer, laptop or phone
but also in your fridge, washing machine, car and many other day to day
products. The ever increasing performance of these chips is driven by the
scaling down of their component sizes and the increase of their clock-speed.
Sadly, both these strategies are running into their fundamental limitations
because component sizes are approaching the dimension of single atoms
and even faster operation of the chips is limited by the heat generated by
the electrical currents to communicate within the chip.

In fact, the energetic inefficiency of electrical communication is already
overcome on long distances by using light particles (photons) to communi-
cate instead of electrons. For example, in 1997 the first part of the 28 000 km
long network (known as FLAG) was put in use, now connecting America
to Europe and Asia all the way to Japan for all sorts of telecommunication
purposes. Photons have the great advantage that they have almost no en-
ergetic loss to their medium and do not interact with one another which
means that many different wavelengths of light can be sent through a single
channel. Therefore, optical communication through an optical fiber has a
much larger information throughput and is much more energy efficient than
electrical communication through a copper wire.

Although there are good optical solutions available for long distance
communication, the use of electrical communication instead of optical com-
munication starts to be a bottle-neck at ever smaller scales. As of now, not
only continents are connected optically, we already have optical fibers ar-
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Chapter 1 - Introduction

riving at our doorstep to connect us to the internet, and even within data-
centers different computers are being connected to one another through
optical fibers, often only a few tens of centimeters apart. A true next revo-
lution in computing would be to also start communicating optically within
a computer chip. This would not only allow to greatly enhance the perfor-
mance of a chip but also lower its energy consumption by a factor of ∼1000.
Especially in data-centers, which today already consume about 5 % of the
total electricity usage in the Netherlands, this would make a major differ-
ence in environmental footprint. Thus, the time is ripe for silicon based
photonic integrated circuits (PICs) instead of ICs.

1.1.1 The handicap of silicon

So why are there no full fledged silicon based PICs yet, including a laser that
is compatible with silicon technology? Well, the true champion-material of
the semiconductor industry, silicon, is a champion with a handicap. Silicon
has excellent electrical properties, is extremely cheap and abundant (about
28 % of the earths crust by mass) and naturally passivates its own surfaces
with silicon oxide. And although silicon is also very capable in guiding,
manipulating and detecting light, it just cannot emit light efficiently. This
limitation of silicon is the main and only reason why PICs have not been
realised yet on a large scale. Silicon’s handicap is due to its so called indirect
band gap, this means that in order for silicon to emit light it also needs to
produce heat. At this moment all semiconductor based light sources such as
light emitting diodes (LEDs) and semiconductor lasers are based on other,
more expensive, semiconductor materials which have a direct band gap.

In figure 1.1a the band structure with a direct band gap of the optically
active material indium phosphide (InP) is shown, next to the indirect band
gap of silicon in figure 1.1b. The main difference between the two images
is that the electrons in the upper band (or conduction band) of InP first
relax to the minimum in the conduction band (CB) and at this point already
have the same wave vector as the holes in the maximum of the lower band
(valence band). Therefore the electrons can easily recombine with the holes
while the excess energy is directly released as light. The wavelength of the
emitted light is determined by the energy gap (band gap) between the
minimum in the CB and the maximum of the VB. For the indirect case of
silicon, the electrons in the CB do not have the same wavevector as the holes
in the maximum of the VB. Therefore in addition, a phonon (also known as
a lattice-vibration or heat particle) is required to let the electron recombine.
This process is about 1000 times less likely to occur as light emission in a
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Figure 1.1: Schematic representation of the direct band gap bandstructure of indium
phosphide (InP) in (a) which can efficiently emit light (direct recombination). In (b) a
schematic representation of the indirect band gap bandstructure of silicon (Si) is shown
where only inefficient light emission can take place with the help of a lattice vibration.
Figure is adapted from reference [1].

direct band gap semiconductor, therefore the electrons are more likely to
be lost in non-light-emitting processes such as Auger recombination (shown
in figure 1.1b), thus light emission from silicon is highly inefficient.

Silicon’s handicap has not stayed unnoticed in the semiconductor com-
munity and more than one attempt has been undertaken to get silicon to
glow2. Among the candidates is the idea to dope silicon with rare-earth
impurities (Erbium for instance), these impurities form strongly localized
states where electrons and holes can recombine and therefore enhance the
optical properties of the material. Although this strategy works well to cre-
ate optically pumped lasers, electrical injection to induce lasing has proven
to be very hard3. A second approach has been to enhance the lumines-
cent qualities of silicon by confining charge carriers spatially using porous
silicon4 or silicon nanocrystals5,6. Despite the greatly improved photolu-
minescence and electroluminescence in these materials, a large fraction of
their indirect character is maintained and the overall performance remains
low while no laser action has been demonstrated. So far it seems that using
only silicon as a building block for PICs will just not do the job.
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Chapter 1 - Introduction

1.1.2 Bridging the opto-electronic gap

A natural solution to circumvent the inability of silicon to glow would
simply be to use other semiconductors for light emission. Therefore, state-
of-the-art commercial optical transceivers (devices that can both receive
optically encoded information and transmit them) are indeed based on di-
rect band gap semiconductors such as indium phosphide (InP) or gallium
arsenide (GaAs) which form lasers that transmit information at tens of
Gbit/s rates. These semiconductors are built up out of two elements com-
ing from the third and the fifth group in the periodic table (see figure 1.2a)
and are therefore called III-V semiconductors. Although III-V materials
are optically highly performing, they are also expensive and rare, especially
with respect to silicon. On top of these shortcomings, the largest problem
is that III-V materials have proven to be very hard to be integrated onto
the group-IV single element silicon which is the cheap champion of the elec-
tronics industry. Because of this integration limitation optical transceivers
exist only separate from the silicon based IC’s and have to be connected
electrically using metal electrical leads. We are thus left with a technolog-
ical gap between optical elements and electronic components.

Obviously there have been (and still are) many attempts of bridging
this opto-electronic gap by integrating an optically active III-V semicon-
ductor onto a silicon chip. A first strategy is to bond a III-V wafer directly
onto a silicon chip. This results in coarse alignment due to a polymer as
bonding layer10. Alternatively a transfer printing method was proposed to
place smaller fractions of material11 on silicon. Both these methods however
still need to find practical solutions for inter-material communication, ther-
mal expansion mismatch and the lower manufacturing temperatures that
III-V materials require. Another method to bridge the gap is to directly
grow III-Vs onto silicon with several buffer layers in between in an attempt
to mitigate the defects that are inevitable to exist in the optical layers.
Especially threading dislocations12 due to thermal and lattice mismatch
are a real issue13, not to mention anti-phase issues that arise when grow-
ing binary semiconductors on a mono-atomic one. Therefore, this forceful
opto-electronic integration approach by sticking III-Vs onto silicon seems
limited. A material that could truly bridge the gap would be a direct band
gap semiconductor based on group-IV materials, such as silicon, preferably
with a matching lattice parameter.
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Figure 1.2: In (a) a fraction of the periodic table of the elements is shown, containing
groups III, IV and V. In (b) an overview plot is shown of common III-V semiconductors
in the zinc blende structure, group IV semiconductors in the diamond-cubic structure
and silicon and germanium in the hexagonal structure. The lines between datapoints
represent the band gap of the respective alloys, solid lines represent a direct band gap
and a dashed line an indirect band gap. The data of III-V semiconductors is based on
reference [7], the data of hexagonal-SiGe on reference [8] and the GeSn data on reference
[9].

1.2 Direct band gap Group-IV candidates

Within the group-IV elements of the periodic table (see figure 1.2) no direct
band gap semiconductor is available as a single-element material. Carbon
(C) better known as diamond is an insulator and indirect. The next element
in the group is silicon (Si) itself, which has an indirect band gap as we have
already seen in figure 1.1b. The same is true for germanium (Ge) which
is also an indirect band gap semiconductor. Then there are tin (Sn) and
lead (Pb) left, which are a semi-metal and metal respectively, meaning that
they have no band gap at all. A creative solution is thus required to tackle
this problem.

An often proposed candidate to be turned into an efficient emitter is ger-
manium, which is chemically well matched to silicon and already a standard
material in the IC industry14. Although germanium is an indirect band gap
semiconductor by nature it has a local minimum in the CB aligned with
the maximum in the VB that is only a fraction higher than the global
minimum in the CB. Due to this small energy difference the idea has been
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Figure 1.3: In (a) and (b) the zinc blende (cubic) and wurtzite (hexagonal) crystal
structures are shown respectively for III-V materials (group IV materials), each colour
corresponds to an element (all colours are the same element). The <111> zinc blende
crystal orientation corresponds to the <0001> hexagonal orientation; under these orien-
tations the crystals consist out of identical layers which are stacked in a different way.
The cubic structure is characterised by an ABCABC stacking where the hexagonal crys-
tal is characterised by an ABABAB stacking. In the inset of each panel the unit cell
of the corresponding crystal structure is shown highlighting the cubic and hexagonal
symmetries. Note that the <111> direction in (a) is the diagonal of the block and the
<0001> direct in (b) is in the vertical direction.

proposed to fill up the CB with electrons such that they spill over to the
local minimum and can recombine with holes efficiently. This band filling
can be achieved by using high concentrations of impurities (doping) called
donors, which each add an electron to the CB. There have been two reports
of electrically pumped Ge-lasers based on this principle15,16, but these re-
sults lack reproducibility and were shown to be doubtful17. On the other
hand, lasing from germanium has recently been successfully demonstrated
in highly strained Ge layers18 grown on top of silicon. The trick here is
that due to the mono-axial strain the correct minimum in the CB comes
down slightly therefore providing germanium with a direct band gap. The
drawback of this method is that the authors found that an immense 6 % of
strain is required to obtained the desired properties which makes a practical
implementation challenging.

However, there are two more approaches to tune germanium into a di-
rect band gap semiconductor, which will be the subjects of this thesis. The
first option is to slightly change the natural crystal structure of germanium.
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The second method, which has received a lot of attention in recent years
and is proven to work, is to alloy germanium with tin.

1.2.1 Hexagonal (silicon)-germanium

Both silicon as well as germanium naturally crystallize in the cubic crystal
structure. However, already in 1973 it was proposed by Joannopoulos et
al. that germanium in a different crystal structure, so called hexagonal
germanium, would exhibit a direct band gap19 and therefore could be an
efficient light emitter. This claim has been reproduced theoretically several
times20–23, but so far the optical properties have not been experimentally
verified, simply because this material could not be synthesized until re-
cently.

a b c d

Figure 1.4: In (a) a schematic illustration of a hexagonal GaAs/Ge core/shell nanowire
is drawn in blue/red, respectively. In (b), a 30° tilted scanning electron micrograph of
an array of epitaxial GaAs/Ge core/shell NWs is shown. In (c) the overlapped images of
HAADF-STEM and EDX mapping are plotted of a cross-sectional lamella of a GaAs/Ge
core/shell nanowire. Last, in (d) an aberration-corrected high-angle annular dark-field
(HAADF) high resolution scanning transmission electron microscope (HRTEM) image
of the interface of GaAs/Ge structure obtained in the [1120] zone axis, displaying the
ABAB stacking along [0001] direction of the hexagonal crystal structure. Figure adapted
from [8].

The difference in crystal structure that is required is only subtle, the
natural cubic crystal structure of silicon is shown in 1.3a and the desired
hexagonal crystal structure is shown in 1.3b. Along the <111> direction
in cubic and the <0001> direction in hexagonal the crystals consist out of
identical layers (in figure 1.3 a layer consists out of one row of red and one
row of blue atoms), the only difference being in how the layers are stacked.
For the cubic crystal the layers are stacked in three different translation
positions A,B and C resulting in a repetitive ABCABC stacking sequence.

7
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The hexagonal crystal on the other hand only consists out of two transla-
tion positions resulting in an ABABAB stacking sequence. In the insets
of figure 1.3 the unit cells of the respective crystals are shown, highlight-
ing the cubic and hexagonal symmetry respectively. Another aspect that
figure 1.3 also demonstrates is that the cubic and hexagonal crystal-phase
can be seamlessly put together without any defects, as long as the cubic
<111> direction is matched to the hexagonal <0001> direction. A perfect
integration between hexagonal and cubic is therefore possible. The reason
why germanium will exhibit a direct band gap in the hexagonal crystal
structure can be understood from the band structure of cubic germanium
and symmetry arguments of the crystal which will be discussed in detail in
section 2.2.2.

In 2015 Hauge et al. demonstrated for the first time the growth of
hexagonal silicon24 using the crystal transfer method25. With this method
the crystal structure of an array of gallium-phosphide (GaP) nanowires was
transferred to a silicon shell, which perfectly copied the hexagonal crystal
structure of the core. GaP NWs are an ideal template for hexagonal-silicon
(Hex-Si) not only because the lattice parameter of GaP closely matches that
of Si but also because bottom-up grown NWs provide a unique control over
the obtained crystal structure26,27 by tuning the growth parameters, either
zinc blende (cubic) or wurtzite (hexagonal). Unfortunately, Hex-Si itself
does not exhibit a direct band gap and this method needs to be extended to
the growth of Hex-Ge. The growth of SiGe alloys with a high germanium
content onto GaP wires was also demonstrated28 by Hauge et al.. However,
increasing the germanium content beyond 80 % was at the expense of defect
formation due to the 4 % larger lattice constant of Ge with respect to GaP.
Therefore, to obtain Hex-Ge for the work in this thesis, gallium arsenide
(GaAs) NWs, which are lattice matched to Ge, have been used as a template
to demonstrate the growth of defect-free Hex-Ge shells8 for the first time
(see figure 1.4).

A schematic outline of a single hexagonal GaAs/Ge core/shell nanowire
is schematically depicted in 1.4a, with a representative SEM image of the
full core/shell structure in figure 1.4b. In figure 1.4c an interface between
the GaAs core and a Ge shell is imaged using aberration-corrected HAADF-
STEM imaging, illustrating how the crystal structure of the Ge-shell per-
fectly copies from the GaAs-core. The crystal has been imaged along the
[11-20] zone axis, which is the only axis allowing to unambiguously de-
termine that the obtained crystal structure is indeed hexagonal29,30. The
optical characterization of this material, will be one of the main topics of
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this thesis.
The full potential of this material system lies in the tunable band gap

when Hex-Ge is alloyed with silicon (see figure 1.2b). The tuning range
is predicted8 to extend from ∼0.3 eV (4.1 µm) to ∼0.7 eV (1.8 µm), cover-
ing a substantial part of the near-infrared (NIR) and mid-infrared (MIR)
spectrum and reaches close to the communication wavelength of 1550 nm
(0.8 eV). Indeed, the predicted tuning range should be experimentally ver-
ified which will be the second topic of this thesis.

1.2.2 Germanium-tin alloys

The idea to alloy germanium with tin to obtain a direct band gap group-IV
semiconductor has already been proposed in 1983 by Goodman31. However,
the growth of this alloy is challenging because the equilibrium solubility of
Sn in Ge is around ∼1 % but at least ∼9 % of Sn is required to tune into
the direct band gap regime. Thus, to realize this material, low-temperature
non-equilibrium growth techniques should be employed. It is therefore not
surprising that, despite significant experimental effort, it took until 2015
for the first report on the experimental demonstration of direct band gap
GeSn32. The pioneering work of Wirths et al. not only demonstrated the
growth of this new material but also demonstrated a GeSn-based optically
pumped laser (see figure 1.5), unequivocally showing the potential of the
material system. Moreover, they performed their growth of GeSn directly
on top of a silicon wafer with a Ge-buffer interlayer, highlighting the silicon-
integration potential. An additional growth-challenge next to the limited
solubility is the enormous lattice mismatch between Ge and the ∼15 %
larger Sn. Despite these challenges the field of GeSn has taken an enormous
leap forward in the past five years with the demonstration of waveguide
lasers32–34, micro-disk lasers35–37, LEDs38–40 and IR-detectors41,42.

The GeSn platform is a proven technique that has already demonstrated
lasing among other optical functionalities. However, some challenges still
require more attention, the main one being to demonstrate lasing at room-
temperature, where the current record34 lies at 270 K. Additionally, the
luminescent properties of GeSn are not only highly dependent on the com-
position but also on the strain in the material, as GeSn is often grown in
a Si/Ge/GeSn stack, strain is an inevitable consequence (see figure 1.2b).
One of the topics addressed in this thesis is understanding the effect that
strain has on luminescent properties of GeSn.

The large lattice mismatch between GeSn and silicon will hold addi-
tional challenges, as it might hinder the integration of high performance

9
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a b

Figure 1.5: Demonstration of the first GeSn laser. In (a) the luminescence intensity
of GeSn optical cavities is plotted as function of the optical excitation density. The
complete S-curve in combination with the linewidth narrowing that is shown in the inset
are key indications43 of lasing. In (b) the spectra of two cavities are plotted in which clear
Farby-Perot modes can be observed. The inset shows a schematic of the GeSn cavities
etched from a complete GeSn layer. Figure is adapted from reference [32].

lasers directly onto standard silicon wafers without making use of buffer
layers. On the other hand, the Si/Ge/GeSn platform in its current form is
already an ideal and affordable candidate for infrared optics where laser and
detector performances are less stringent than in the top-notch IC industry.
Applications such as gas-sensing, lab-on-a-chip, night-vision and biological
and chemical sensing are all viable and affordable. The strength of GeSn in
this aspect is that its band gap can be tuned through zero when a sufficient
amount of Sn can be incorporated (see figure 1.2b), thus its sensitivity for
infrared light can be extended to arbitrarily long wavelengths. Currently
atomic Sn percentages of around ∼20 % are achieved, but this boundary
is still being pushed. In fact, GeSn based photodetectors with a spectral
sensitivity of over 4 µm have already been demonstrated41. In conclusion,
GeSn on silicon has the potential to open up a new field of on-chip infrared
applications.

1.3 Scope of this thesis

This thesis describes the very first study of light emission from the novel ma-
terials, hexagonal germanium and hexagonal silicon-germanium. It shows
that they exhibit a direct band gap and can emit light efficiently. Addi-
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tionally new insights are discussed concerning the optics of GeSn, both in
a thin-film structure as well as in a nanowire morphology.

This initial chapter serves to validate the work and put the results into
context.

In chapter 2 a full and solid derivation of the Lasher-Stern-Würfel
(LSW) model is given which describes the luminescence line-shape. Addi-
tionally the behaviour of carrier recombination in semiconductors is treated
and the predicted optical properties for hexagonal silicon-germanium based
on density-functional theory (DFT) are presented.

In chapter 3 the optical measurement techniques and setups are intro-
duced that will be used throughout the thesis. These include spectral-
photoluminescence, time-resolved photoluminescence and absorption mea-
surements.

In chapter 4, a hexagonal germanium and a hexagonal silicon-germanium
sample are introduced and structurally characterised. Then, in depth
spectral photoluminescence experiments are presented in which the LSW-
model is employed to investigate every aspect of the spectrum, demonstrat-
ing (among other physical properties) the direct band gap of hexagonal-
germanium and its short 1.4 ns radiative lifetime.

In chapter 5 the optical analysis of both Hex-Ge and Hex-SiGe is con-
tinued by investigating the non-radiative channels using Arrhenius anal-
ysis. This results in an assessment of the internal quantum efficiency
which compares very favorably to III-V semiconductors. Furthermore the
temperature-independent lifetime of Hex-Si0.2Ge0.8 is directly measured
and interpreted providing evidence for efficient light emission. Last, the
optical tuning range of the photoluminescence emission is determined to be
from 1.9 µm (0.67 eV) up to 3.5 µm (0.35 eV) as function of composition of
Hex-Si1-xGex for 0.65 ≤ x ≤ 1.0, while maintaining a direct band gap.

In chapter 6 our attention is shifted to GeSn alloys where the lumi-
nescence and absorption properties of thin-films directly grown on silicon
are probed. By under-etching the GeSn layer into disks and fully detaching
them from the substrate the compressive strain in the GeSn layer is released
and the optical properties are determined both before and after relaxation.
We observe a clear red shift of the band gap after relaxation and indications
that relaxation improves the quantum efficiency of the material.

In chapter 7 GeSn is investigated when grown in a nanowire morphology
using optical methods. Both nanowire arrays with a Ge/GeSn core/shell
structure as well as Sn-catalysed epitaxially grown GeSn wires are inves-
tigated. The great strain accommodation properties of nanowires results
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in low defect levels and complete lattice relaxation. The strain relaxation
is being evidenced by photoluminescence extending up to a wavelength of
4.3 µm. Additionally we find and discuss sub-band gap non-radiative cen-
ters that appear in bulk and are generic to GeSn alloys.

In chapter 8, the last chapter of this thesis, an outlook is presented for
future work on Hex-SiGe alloys with a photonic integrated circuit in mind as
a final goal. A direct comparison of room temperature photoluminescence
spectra is made of almost all the measured samples throughout this thesis
and potential applications of both the Hex-SiGe and the GeSn material
system are discussed.

12



2
Theory of emission properties
of group-IV semiconductors

This chapter discusses optical processes in semiconductors with
the electronic band structure as a starting point. From this per-
spective the spectral behaviour of both absorption as well as emis-
sion are derived and additionally the time-correlated behaviour
is discussed with special attention to highly doped semiconduc-
tors. Then the scope is shifted to the fundamental perspective
by looking at ab-initio band structure calculations. Here, Hex-Si,
Hex-Ge and Hex-Si1-xGex-alloys are highlighted.

2.1 Recombination processes in semiconductors

The light matter interaction of semiconductors has led to the invention of
many opto-electronic devices such as light emitting diodes, light detectors
and solar cells. These functionalities are feasible due to the emission and
absorption properties of semiconductors. Starting from the band structure
of a semiconductor we will derive both the shape of the absorption and
emission spectra.

2.1.1 Absorption and Emission

The interaction of light with matter consists out of three main processes;
absorption, spontaneous emission and stimulated emission44. These three
processes are schematically depicted in figure 2.1 for a direct band gap
semiconductor in which all transitions are vertical (i.e. no phonons are
involved). In the case of an absorption event a photon with energy ~ω

13
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(which should be larger than the band gap energy EG) excites an electron
from the valence band (VB) with energy εl to the conduction band (CB)
with energy εu (see figure 2.1a). Recombination of an excited electron in
the CB with a hole in the VB can then take place either spontaneous (figure
2.1b) under emission of a photon or can occur stimulated, in which case a
recombination event takes place because of the interaction with a photon
while producing an additional, identical photon (figure 2.1c).

k

E

εu

εl

EG

0

ħω

a b cCB

VB

Figure 2.1: Schematic representation of the three fundamental optical processes taking
place in a direct band gap semiconductor, with in (a) absorption, in (b) spontaneous
emission and in (c) stimulated emission.

These three processes occur in the material at rates Rabs, Rspon and
Rstim for absorption, spontaneous emission and stimulated emission re-
spectively. Based on these three processes the behaviour of observable
optical processes in a semiconductor can be described. For instance, Rabs
and Rstim together determine the effective absorption coefficient α(~ω) in a
semiconductor. Considering a photon flux jγ(~ω) travelling in z-direction
through a semiconductor, the change of the flux depends on the absorption
coefficient as djγ

dz = Rabs−Rstim = α(~ω) · jγ . In which the photon flux can
be written as the photon density nγ(~ω) multiplied with the speed of the
photons in the medium, which gives equation (2.1) in which c is the speed
of light in vacuum and n the refractive index of the medium.

α(~ω) = Rabs −Rstim
nγ · c

· n (2.1)

This model for the absorption coefficient will be worked out in more
detail in the next section 2.1.1 to find the spectral dependence of the ab-
sorption coefficient. Alternatively it is the spontaneous recombination rate
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Rspon that determines the shape of a photoluminescence (PL) spectrum,
therefore a detailed model will be derived in section 2.1.2 to relate the
shape of a PL spectrum to physical parameters such as the band gap and
the temperature of the charge carriers. Lastly the rate of stimulated emis-
sion Rstim is the dominant process in a laser where a parallel and coherent
beam is formed due to the perfect copying of photons.

Absorption Coefficient

To find a general expression for the absorption coefficient we start from
equation (2.1) where the rates of Rabs and Rstim can be calculated using
Fermi’s Golden-rule45,46 resulting in equation (2.2) which is the most gen-
eral form of the absorption coefficient. In this equation, Λ = πe2~/ncm2

0ε0
is a material specific constant with e the elementary charge, n the refractive
index of the material, c the speed of light, and m0 the rest mass of an elec-
tron. Furthermore |â · ~plu| is the matrix element describing the probability
of a transition from state |l〉 to |u〉, in which â represents the polarization
unit vector and ~plu the momentum matrix element. To find all the possible
transitions a summation over all ~k-values in the Brillouin zone is carried out
in which the Kronecker delta function δ (εu − εl − ~ω) makes sure that only
the transitions that produce a photon with energy ~ω are counted. Lastly
the probability that the initial state is occupied with an electron and that
the final state is unoccupied is taken into account using Fermi-Dirac statis-
tics, both for absorption and stimulated emission processes, resulting in the
term fl [1− fu]− fu [1− fl] = fl − fu. Here f is the Fermi-Dirac distribu-
tion given by f(ε, µ) =

[
exp

(
ε−µ
kBT

)
+ 1

]−1
in which ε is the energy and µ

the Fermi-level of the charge carrier described by the function.

α(~ω) = Λ
~ω

∑
~k

|â · ~plu|2δ
(
εu(~k)− εl(~k)− ~ω

)
× [fl(εl, µh)− fu(εu, µe)]

(2.2)
In equation (2.2) it is already implicitly assumed that the transitions

are ~k-conserving under which condition it is safe to assume that the matrix
element |â· ~plu| is independent of ~k and can be moved out of the summation.
Additionally we will assume that both the conduction and the valence band
are both isotropic and parabolic with their own respective effective masses,
i.e. they are given by equations (2.3) and (2.4).
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εl(~k) = Ev −
~2|~k|2

2mv
(2.3)

εu(~k) = Ec + ~2|~k|2

2mc
(2.4)

The energy of an absorbed photon ~ω must match the energy difference
between the valence and conduction band for a given value of ~k, i.e. εu(~k)−
εl(~k) = ~ω. By making this subtraction with equations (2.4) and (2.3) a
one-to-one correlation is found between the photon energy ~ω and |~k| given
in equation (2.5).

~ω = Eg −
~2|~k|2

2mr
(2.5)

Here the reduced mass mr is introduced which is given by 1/mr =
1/mc + 1/mv. The parabolic band assumption greatly simplifies equation
(2.2) because now any value of ~ω uniquely determines εl, εu and |~k| (see
equation (A.4) and (A.5) in section A.1). Primarily, εl and εu can be
expressed in terms of ~ω, which means that the Fermi-Dirac distributions
are independent of ~k and can be moved out of the summation. Moreover,
the resulting summation can be simply evaluated and is better known as the
joint density of states ρJDOS(~ω), which is the density of pairs of states
which are separated by ~ω (see appendix A.1 for a derivation). Which
simplifies equation (2.2) to (2.6).

α(~ω) = Λ
~ω
|â · ~pif |2 [fl(εl(~ω), µh)− fu(εu(~ω), µe)] · ρJDOS(~ω) (2.6)

In an experiment where the excitation of the semiconductor is very low,
nearly all electrons will remain in the valence band and nearly all holes will
remain in the conduction band. In this case the occupation correction term
fl − fu will reduce to 1 in equation (2.6) and the well known textbook47,48
expression for the absorption coefficient is found for a direct band gap
semiconductor given by equation (2.7).

α(~ω) ∝ 1
~ω
· ρJDOS(~ω) ∝ 1

~ω
·
√
~ω − EG ≈∝

√
~ω − EG (2.7)

A similar derivation can be made for the absorption coefficient of indi-
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rect band gap semiconductors49 in which non-vertical transitions have to
be taken into account (i.e. phonons contribute to the absorption process).
In this case an absorption coefficient scaling as equation (2.8) is found.

α(~ω) ∝ (~ω − EG)2 (2.8)

Almost all group-IV materials are examples of indirect band gap semi-
conductors, including cubic-carbon, cubic-silicon and cubic-germanium. A
special type of absorption coefficient that can be characterised, relevant to
this thesis, is that of a quasi-direct semiconductor. In this case the mini-
mum in the conduction band is aligned with the maximum of the valence
band in ~k-space identical to a direct band gap semiconductor but the matrix
element at this point is zero. When assuming a linearly increasing matrix
element for ~k-values moving away from the direct band gap, an absorption
coefficient scaling as equation (2.9) is found47,49.

α(~ω) ∝ (~ω − EG)
3
2 (2.9)

Examples of materials which such a band arrangement are ZnO, SnO
and Wurtzite GaP. Equations (2.7), (2.8) and (2.9) show the fundamental
shape of the absorption edges of these different classes of semiconductors.
Therefore, a careful investigation of the absorption edge is a tool to verify
the direct or indirect origin of a band gap.

Band tailing

The models for the absorption coefficient of a semiconductor, derived in the
previous section, are in reality often insufficient to accurately describe the
onset of absorption near the band gap. This is caused by imperfections in
the crystal such as dopants or defects which lead to states inside the band
gap, contributing to the joint density of states ρJDOS(~ω), and therefore
smearing out the onset of the absorption coefficient. The first to report on
this exponential tail of the absorption coefficient near the band gap was
Urbach50, hence this part of the absorption spectrum is referred to as the
Urbach-tail.

To incorporate an Urbach-tail in our model of the absorption spectrum
we choose to convolute the ideal direct band gap absorption coefficient
αideal(~ω) with a peak function T (ε) resulting in equation (2.11).

α0(~ω) =
∫ ∞
−∞

T (ε′) · αideal(~ω − ε′)dε′ (2.10)
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Figure 2.2: In (a) two example broadening (peak) functions T (ε) are plotted with a
value of θ = 1.0 but for different values of the broadening parameter γ. The resulting
broadened absorption coefficient α0(~ω) calculated using equation (2.11) are plotted in
(b) where also the unbroadened αideal(~ω) is shown.

For the peak function we will make use of the generalised model sug-
gested by Katahara51 et al. given by T (~ω) = N(γ, θ) exp

(
−
∣∣∣~ωγ ∣∣∣θ) in

which γ is a broadening parameter and θ a parameter with a value in
between 0.5 and 2 depending on the theory describing the broadening
mechanism. Additionally N(γ, θ) is a normalisation constant, given by
[2γ · Γ(1 + 1/θ)]−1 in which Γ is the gamma function, and serves to keep
the integral of the peak function equal to unity. Combining this peak func-
tion with expression (2.10) and equation (2.7) we find a complete model
for the tailed absorption coefficient given by equation (2.11).

α0(~ω) =
∫ ∞
−∞

N(γ, θ) exp
(
−
∣∣∣∣ε′γ
∣∣∣∣θ
)
·
√

(~ω − ε′)− EG dε′ (2.11)

In literature there is no consensus on the most appropriate choice for
θ, a clear discussion on this problem was published by Katahara51 et al.
For instance the original empirical study of Urbach50 showed very close
agreement with the data for a value of θ = 1, where values of θ = 1.25
up to θ = 2.0 are found in different theoretical studies taking into account
different physical origins of broadening and utilizing different analytical
tools52–54. It is important to note that the γ parameter in all cases scales
with the width of the broadening but has very different physical interpre-
tations for each model and can therefore not be compared.
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As an example, Urbach broadening functions (i.e. θ = 1) have been
plotted in figure 2.2a for two different values of γ and the resulting broad-
ened absorption coefficients based on equation (2.11) have been plotted in
2.2b.

2.1.2 The Lasher-Stern-Würfel model of radiation

Deriving a general law that describes the radiation spectrum of a black
body (i.e. a body that absorbs all light independent of wavelength and
intensity) has required the contributions of several pioneering physicists
such as Kirchhoff55 and Wien56. But it was Planck57 who derived the cor-
rect spectral shape by elaborating on Wien’s approach of using Boltzmann
statistics but additionally assumed that electromagnetic radiation is quan-
tised. The result is an elegant and simple expression, given in equation
(2.12), that depends only on the temperature T of the black body.

Bν(ν, T ) = ~ω3

4πc2 ·
1

exp
(

~ω
kBT

)
− 1

(2.12)

Less well known is that following a similar approach a more general
expression can be found that is also applicable to the emission spectrum
of a semiconductor58,59. When considering a semiconductor in an optical
cavity with perfectly reflecting walls, an equilibrium between the photons
and the semiconductor will form. It was pointed out by Würfel59 that the
chemical potential of photons does not need to vanish because they do not
interact among each other, therefore also the semiconductor will show a
finite chemical potential.

To understand the emission spectrum of a semiconductor we start by
considering the interaction between the photons and the semiconductor
which consists out of absorption, spontaneous emission and stimulated
emission described by the Einstein relations44. The rate of absorption Rabs
and the rate of stimulated emission Rstim in the semiconductor, for a given
photon energy ~ω, depend directly on the density of photons nγ(~ω) in
the cavity. For the semiconductor only k-conserving interband transitions
are taken into account which makes that the rate of an event depends on
the electron population of the conduction band and the population of the
valence band separately58 and its corresponding Matrix element M(ε, ~ω)
describing the probability of a transition. Therefore Rabs and Rstim can be
written as equations (2.13) and (2.14).
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Rabs(~ω) = nγ(~ω)
∫ ∞

0
M(ε, ~ω) · nve(ε) · nch(ε+ ~ω)dε (2.13)

Rstim(~ω) = nγ(~ω)
∫ ∞

0
M(ε, ~ω) · nvh(ε) · nce(ε+ ~ω)dε (2.14)

In equation (2.13) the rate of absorption Rabs is proportional to the
density of electrons in the valence band nve and the density of unoccupied
states (holes) in the conduction band nch shifted by the energy of a photon.
In complete analogy the rate of stimulated emission is proportional to the
density of holes nve in the valence band and the density of electrons in the
conduction band nve . The rate of spontaneous emissionRspon is proportional
to the same electron densities as stimulated emission however instead of the
photon density nγ(~ω) it is proportional to the photon density of states
Dγ(~ω) which gives expression (2.15).

Rspon(~ω) = Dγ(~ω)
∫ ∞

0
M(ε, ~ω) · nvh(ε) · nce(ε+ ~ω)dε (2.15)

In this expression the density of states of free photons is given by Dγ =
n3(~ω)2

π2~3c3 which follows from the number of photons in a cavity with perfectly
reflecting walls60. To find the densities of electrons and holes in both the
conduction and the valence band Fermi-Dirac statistics are employed which
yield equations (2.16), (2.17) (2.18), (2.19). Note that this is under the
assumption that the electrons have established a thermal equilibrium both
among each other as well as across the valence and the conduction band
such that they can be described with a single temperature T .

nce(ε) = D(ε) · f(ε, µe) = D(ε) ·
(

exp
[
ε− µe
kBT

]
+ 1

)−1
(2.16)

nvh(ε) = D(ε) · [1− f(ε, µh)] = D(ε) ·
[
1−

(
exp

[
ε− µh
kBT

]
+ 1

)−1
]

(2.17)

nve(ε) = D(ε) · f(ε, µh) = D(ε) ·
(

exp
[
ε− µh
kBT

]
+ 1

)−1
(2.18)

nch(ε) = D(ε) · [1− f(ε, µe)] = D(ε) ·
[
1−

(
exp

[
ε− µe
kBT

]
+ 1

)−1
]

(2.19)

Our goal is to find a relation between the spectrum, emitted from a
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sample and its absorption coefficient. The starting point will be a relation
between the spontaneous emission rate Rspon and the absorption coefficient
α. The total absorption of a flux of photons jγ depends on the absorption
coefficient as Rabs − Rstim = α(~ω) · jγ . In which the photon flux can be
written as the photon density multiplied with the speed of the photons in
the medium, yielding; Rabs − Rstim = α(~ω) · nγ(~ω) · c/n, in which c is
the speed of light in vacuum and n the refractive index of the medium.
Combining this expression with equations (2.13) and (2.14) that describe
the rate of absorption and stimulated emission we find equation (2.20).

α(~ω) = n

c

∫ ∞
0

M(ε, ~ω)nvh(ε)nce(ε+ ~ω)
[
nve(ε)nch(ε+ ~ω)
nvh(ε)nce(ε+ ~ω) − 1

]
dε (2.20)

When the part of expression (2.20) in brackets is expanded and sim-
plified using equations (2.16), (2.17) (2.18) and (2.19) we find that, without
making any approximations or assumptions, it equals

[
exp

(
~ω−(µe−µh)

kBT

)
− 1

]
and does not depend on the energy ε anymore. Therefore equation (2.20)
can be rewritten to equation (2.21).

α(~ω) = n

c

[
exp

(~ω −∆µ
kBT

)
− 1

] ∫ ∞
0

M(ε, ~ω)nvh(ε)nce(ε+ ~ω)dε (2.21)

The integral in equation (2.21) equals the integral for the expression of
the rate of spontaneous recombination Rspon in equation (2.15). Combining
these two equations (2.22) is found. This formula directly relates the rate
of spontaneous recombination to the absorption coefficient.

Rspon = n2(~ω)2

π2~3c2
α(~ω)

exp
(
~ω−∆µ
kBT

)
− 1

(2.22)

As a last step, expression (2.22) should be related to an actual emission
spectrum of a semiconductor in a photoluminescence experiment. Because
this model is based on thermal equilibrium a distribution of excitation den-
sities (when exciting with a laser for instance) over a sample cannot be
taken into account. Therefore a slab of homogeneously excited material
is considered (this could be interpreted for instance as the top layer of
a sample in an experiment) as was proposed by Würfel59. In figure 2.3
a schematic drawing of the slab with thickness d is shown. Spontaneous
recombination events will take place homogeneously distributed over this
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d
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Figure 2.3: A schematic representation of a homogeneously excited slab of semiconduc-
tor material. Spontaneous emission Rspon occurs homogeneously over the slab where a
factor 1/4 contributes to a flux parallel to the surface normal (indicated by red arrows).
Throughout the slab Rstim and Rabs also take place as described by equation (2.23)
which results in a z-dependent photon flux in the z-direction jγ,z inside the slab. The
photon flux in the z-direction outside of the slab jγ,d stays constant and is determined
by the thickness of the slab d.

slab. The contribution to the photon flux density in the direction of the
surface normal of the sample (here defined as the z-direction), due to spon-
taneous recombination is (1/4)Rspon per unit volume where the factor 1/4
is introduced using Lambert’s cosine law61. By also taking into account
the rate of absorption and stimulated emission the central expression for
the total photon flux density in the z-direction is found, given in equation
(2.23).

∂jγ,z
∂z

= 1
4Rspon − (Rabs −Rstim) (2.23)

This differential equation can be rewritten in a more suggestive form
by noting that Rabs − Rstim = α(~ω)jγ,z already given by equation (2.1).
Solving this differential equation while assuming no light impinging from
the outside, i.e. jγ,z=0 = 0, it follows that the photon flux as function
of z equals jγ,z = Rspon(~ω)

4α · (1− exp(−αz)). Not all light will exit the
layer because a fraction will be reflected at the surface back into the slab,
therefore an additional factor (1 − R)/(n2) is taken into account. Here
R is the reflection from the outside onto the sample surface. If we do not
account for multiple reflections inside the slab, as is the custom in literature
using this model51,62,63, the photon flux coming from the slab is given by
equation (2.24).

jγ = a(~ω) ·Rspon/(4αn2) (2.24)

In which a(~ω) is the absorptivity defined as expression (2.25).
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a(~ω) = (1−R) · [1− exp(−αd)] (2.25)

With d being the thickness of the slab. When equation (2.22) and (2.25)
are combined the goal is reached and a general radiation law is found in
which the absorption coefficient is directly coupled to the luminescence
intensity embodied in equation (2.26).

jγ = (~ω)2

4π2~3c2
a(~ω)

exp
(
~ω−∆µ
kBT

)
− 1

(2.26)

In the full derivation of this Lasher-Stern-Würfel (LSW) model, no as-
sumptions have been made on the density of states of either band or the
matrix elements which makes this model generally valid, additionally no re-
strictions have been put on the levels of the Fermi-level splitting ∆µ which
makes this model applicable in both low- and high-excitation experiments.

LSW-based fitting model

In order to use equation (2.26) to directly describe the emission spectrum
of a semiconductor, the absorption coefficient α(~ω) needs to be expressed
in terms of ~ω and ∆µ. Finding a suitable expression is not trivial and goes
paired with several assumptions especially in relation with doping. Also in
literature there is no consensus on the most suitable strategy to take doping
into account as will be discussed below.

In analogy with Chen et al. and Katahara et al. we start from equation
(2.11) as expression for α(~ω) which is based on the parabolic bands ap-
proximation with an added Urbach tail, by additionally taking into account
the occupation correction factor [fl − fu] we arrive at equation (2.27). In
which A is a scaling parameter and ∗ represents a convolution.

α(~ω) = A

[
N(γ, θ) exp

(
−
∣∣∣∣~ωγ

∣∣∣∣θ
)
∗
√
~ω − EG

]
× [fl(εl, µh)− fu(εu, µe)] (2.27)

Where the first factor of equation (2.27) is trivially given in terms of
~ω and ∆µ, the occupation correction term [fl − fu] is more challenging
as it depends on the quasi Fermi-levels of the electrons µe and the holes
µh and energies εl and εu. The parabolic bands approximation provides an
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easy solution for εl and εu which can be expressed in terms of ~ω and EG
using equations (A.4) and (A.5).
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Figure 2.4: In the left panel of (a) the Fermi-Dirac distributions are plotted for the
electrons (green) and for the holes (red) at a temperature of 0 K. The corresponding
excited electron and hole distributions are shown in the right panel in red and green
respectively where the blue lines show the density of states of the valence and conduction
band. The Fermi-Dirac distributions are given by the two terms in equation (2.30) with
r = mc

mr
which guarantees that the density of excited electrons equals the density of

excited holes despite the difference in the density of states of the two bands. In the two
panels of (b) the case for symmetric quasi Fermi-level splitting (i.e. r = 0.5) is illustrated
for an intrinsic semiconductor with similar effective masses in the valence and conduction
band. The panels in (c) depict the situation for a highly n-doped semiconductor at low
temperature. The density of free electrons is determined due to the doping and the
density of free holes due to excitation. Therefore µh ≈ 0 and µe ≈ ∆µ.

The challenge lies in expressing µe and µh in terms of ∆µ while it is
only given that ∆µ = µe − µh should hold. Therefore µe and µh can still
be freely shifted in energy as long as their difference remains constant. An
additional restriction is that for an intrinsic material µe and µh should
be chosen such that the density of excited electrons n equals the density
of excited holes p. Although this gives sufficient information to find µe
and µh, no analytical expression exists (see appendix A.2). This problem
becomes unsolvable when a semiconductor is doped without knowledge of
the doping density.

To make this problem more insightful we propose to introduce a pa-
rameter r that tunes how the excess energy ∆µ−EG is distributed over µe
and µh, given by expressions (2.28) and (2.29).
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µe = EG + r(∆µ− EG) (2.28)
µh = −(1− r)(∆µ− EG) (2.29)

The parameter r is defined such that a value of r = 0.5 gives a sym-
metric quasi-Fermi-level splitting between the CB and VB while at a value
of r = 1.0, µh is at the valence band edge and µe = ∆µ. Combining ex-
pressions (2.28) and (2.29) with equations (A.4) and (A.5) together with
the definition of the Fermi-Dirac distribution ,f(ε, µ) =

[
exp

(
ε−µ
kBT

)
+ 1

]−1
,

yields equation (2.30) for the full occupation correction term.

[fl − fu] =
1

exp
(
−mr
mv

(~ω−EG)+(1−r)(∆µ−EG)
kBT

)
+ 1
− 1

exp
(
mr
mc

(~ω−EG)−r(∆µ−EG)
kBT

)
+ 1

(2.30)

Although equation (2.30) is generally valid, a strategy to appropriately
tune r should still be found. For intrinsic materials this problem has been
approached in several ways, for instance Chen64 et al. used an expression
based on the idea that r can be calculated exactly for an intrinsic material
at 0 K (see appendix A.2). An example of such a carrier distribution is
shown in figure 2.4a. The resulting value of r = mr

mc
can then be extrapo-

lated to higher temperatures but will be subject to an error. Alternatively,
Katahara51 et al. argued that with a similar density of states in the conduc-
tion and valence band, the Fermi-level-splitting is symmetric with respect
to the middle of the band gap, yielding a value of r = 0.5. An example of
a carrier distribution implied by this model is plotted in figure 2.4b for a
temperature of 50 K. This leads to a large simplification∗of equation (2.30)
to (A.13) (see appendix A.2). However both approaches do not take into
account doping effects. In fact, for a doped semiconductor, no satisfactory
solution for the value of r is proposed yet.

An appropriate guess for r in (highly) doped materials is discussed next.

∗This simplification was also used for the temperature series published in reference [8].
However, the occupation correction term used for the power series in [8] (given by equa-
tion (5) in the publication) is incorrect. Although, this error only changes the determined
electron temperature by a factor ≤2 while the other parameters stay unaffected.
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In the case of low-excitation, the free carrier concentration due to doping
(n-type will be assumed) is larger than the concentration of excited carrier
density. Therefore µe will be determined only by the doping concentration
n0 and is independent of the carriers induced due to excitation ∆n (i.e.
n = n0 + ∆n >> ∆n). On the other hand, µh will be determined by the
number of minority carriers and is therefore dependent on the excitation
density. Nonetheless, at low temperatures it can be assumed that µh will
lie very close to the valence band edge because of the step-like nature of
the Fermi–Dirac distributions. This situation is illustrated in figure 2.4c.
Therefore r = 1 is an appropriate guess for a highly doped material at low
temperatures.

An additional important observation concerning the occupation correc-
tion term is that the value of r becomes insignificant as soon as kBT >
∆µ−EBG. This happens because at elevated temperatures the two Fermi-
Dirac distributions of equation (2.30) broaden and yield a similar distribu-
tion for the excited electrons and holes. This behaviour is demonstrated
in figures 2.5a and 2.5d, where the occupation correction term has been
plotted for both r = 0.5 and r = 1.0 at a temperature of 50 K in 2.5a where
a significant difference is found between the two curves. On the other
hand, for the curves at 150 K in 2.5d the difference has become negligible.
Therefore an accurate choice of r is only important for low temperatures.

The full LSW-based fitting function (given in equation (2.31)) can now
be acquired by starting from the general expression of the LSW-model
given in equation (2.26), and combine it with the general expression for the
absorption coefficient in equation (2.27) and using equation (2.30) for the
occupation correction term [fl − fu].

To reduce the number of fitting parameters, one last assumption has
been made for the final model which concerns the absorbance term a = (1−
R)[1− exp(−αd)] which entered through equation (2.26). In the literature
about the LSW-model the parameter d (the thickness of the conceptual
slab as shown in figure 2.3) is considered as a typical length scale over
which carriers are generated, travel and recombine51,64. An insight that
has so far been overlooked is that the absorption coefficient α(~ω) and the
parameter d are related, because the depth over which the semiconductor is
excited (i.e. the thickness of the conceptual slab) is inversely proportional
to the absorption coefficient at the excitation wavelength i.e. d ≈ α−1

laser.
However, the photoluminescence spectrum will mostly be centered around
the band gap where the absorption coefficient is at least one or two orders
of magnitude smaller than αlaser, in the case of non-resonant excitation.
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Figure 2.5: In (a) and (d) example calculations of the occupation correction factor
[fl−fu] are shown using equation (2.30) assuming mc = mv with values of r = 0.5 (solid
lines) and r = 1.0 (dashed lines) performed for values of ∆µ = 0.38 (red) and ∆µ = 0.42
(blue) with a band gap of 0.4 eV (dashed green lines) at a temperature of 50 K for (a) and
150 K for (d). Additionally the resulting absorption coefficients are plotted in panels (b)
and (e) based on equation (2.27) where a broadening parameter of γ = 15 meV is chosen.
In (c) and (f) the PL spectra as follow from the full LSW-model, given in equation
(2.26) are plotted when using the absorption coefficients as shown in panels (b) and (e)
respectively. The spectra associated with ∆µ = 0.38 (red) are multiplied by 15 and 6 for
(c) and (f) respectively, showing that the PL intensities for ∆µ = 0.38 are much smaller
than the PL intensities at ∆µ = 0.42.
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Therefore αd ≈ αPL/αlaser << 1 and the absorbance can be simplified†by
expanding the exponent with a Taylor series such that a = (1 − R)[1 −
exp(−αd)] ≈ αA where all constants are absorbed into A.

jγ(~ω, γ,EG,∆µ, T,A) =
(~ω)2A

exp
(
~ω−∆µ
kBT

)
− 1
×
[
N(γ, θ) exp

(
−
∣∣∣∣~ωγ

∣∣∣∣θ
)
∗
√
~ω − EG

]

×

 1

exp
(
−mr
mv

(~ω−EG)−(1−r)(∆µ−EG)
kBT

)
+ 1
− 1

exp
(
mr
mc

(~ω−EG)−r(∆µ−EG))
kBT

)
+ 1


(2.31)

This LSW-model can be used as a fitting model in which the spectrum is
directly correlated to physical quantities such that jγ = jγ(~ω, γ,EG,∆µ, T,A),
in which γ is a parameter scaling the Urbach tail, EG is the band gap, ∆µ
is the quasi-Fermi-level-splitting, T is the temperature and A is a fitting
parameter scaling the intensity. Two parameters that should be separately
chosen is the shape of the Urbach tail defined by θ (see section 2.1.1 for more
information) and the r parameter that should be tuned at low excitations
and high doping levels.

An example of the complete model and its factors is plotted in figure
2.5. In 2.5a plots of the occupation correction term [fl − fu] using both a
value of r = 0.5 and r = 1.0 are shown for values of ∆µ > EG and ∆µ <
EG at a temperature of 50 K. Additionally in figure 2.5b the occupation
corrected absorption coefficients α are plotted with corresponding colors
and styles. Furthermore, in figure 2.5c, the full calculated emission spectra
of a semiconductor are plotted for the four different corrected absorption
coefficients. In figures 2.5c, 2.5d, and 2.5e the same functions are shown as
in 2.5a, 2.5b, and 2.5c but for a temperature of 150 K, illustrating that the
shape of the spectrum becomes insensitive to the r parameter at elevated
temperatures.

†This simplification has not been taken into account for the fits performed in reference
[8] where the full [1− exp(−αd)] term was taken into account.
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2.1.3 Lifetime model for radiation

In section 2.1.1 it was already introduced that spontaneous recombination
is the main contribution to a luminescence spectrum. So far the spectral
shape of the spontaneous emission has been discussed in section 2.1.2, in
addition to that the rate of the spontaneous emission per unit volume Rsp
will be derived here. The rate of spontaneous recombination is determined
by the experimentally accessible radiative lifetime τrad of the carriers and
the density of photo-excited carriers ∆n which gives equation65 (2.32).

Rsp = ∆n
τrad

(2.32)

The rate of spontaneous recombination however does depend on the
doping density and density of photo-excited carriers. Therefore the effi-
ciency of the material is better characterized by a variable called the ra-
diative recombination coefficient B which is corrected for the doping and
excitation and is defined66 by equation (2.33).

B ≡ Rsp
np

= Rsp
(n0 + ∆n)(p0 + ∆p) (2.33)

In equation (2.33), n and p are the free electron and hole densities re-
spectively which are split into a photo-excited part ∆n = ∆p and equilib-
rium parts n0 and p0 which are determined by the respective doping levels.
For an intrinsic semiconductor (or a highly excited doped semiconductor)
the doping densities will be much smaller than the injected carrier density
∆n and it can be assumed that ∆n >> n0 and ∆p >> p0 (these condi-
tions are known as the high injection regime).Thus it follows from equation
(2.32) and (2.33) that the B-coefficient for an intrinsic semiconductor is
given by equation (2.34).

Bint = 1
∆nτrad

(2.34)

On the other hand, if a semiconductor with a high doping is assumed,
n-type for example such that n0 >> p0, in the low injection regime (i.e.
n0 >> ∆n) the spontaneous recombination rate simplifies toRsp ≈ Bn0∆n.
By combining this result with equation (2.32) the radiative coefficient B is
given in terms of the lifetime τrad and the doping density n0 by equation
(2.35).

Bdop = 1
n0τrad

(2.35)
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Temperature dependence of the radiative lifetime

The temperature dependence of the lifetime can be determined by starting
from the definition of the radiative B coefficient given in equation (2.33)
for which the T -dependence of n, p and Rsp will be considered separately.

The excited electron n and hole p concentrations are given by equations
(2.36) and (2.37) respectively.

n =
∫ ∞
EG

ρcb(ε)f(µe, ε)dε (2.36)

p =
∫ 0

−∞
ρvb(ε)[1− f(µh, ε)]dε (2.37)

In which ρxb(ε) is the density of states of the respective band and f(µ, ε)
the Fermi-Dirac distribution of the respective charge carrier. For the intrin-
sic case the Fermi-Dirac distributions can be approximated as Boltzmann
distributions with which the integrals in equations (2.36) and (2.37) can be
evaluated analytically. In appendix A.3.2 this calculation is given in detail,
the result is that the temperature dependencies for the free electrons and
holes are n ∝ exp

[
µe−Eg
kBT

]
T 3/2 and p ∝ exp

[
−µh
kBT

]
T 3/2.

However, in the case of degenerate doping, n-type for example, the
Fermi-level has shifted into the CB which means that the Boltzmann ap-
proximation does not hold anymore and the situation needs reevaluation.
In this case the electron concentration n shows a temperature independent
behaviour (i.e. n ∝ T 0) when kBT < µe − Eg and a ∝ T 3/2 behaviour
for higher temperatures. For p the Boltzmann approximation still holds
and therefore the p ∝ exp

[
−µh
kBT

]
T 3/2 behaviour is maintained. Also this

degenerate situation is worked out in detail in appendix A.3.2.
The rate of spontaneous emission is given by a standard quantum me-

chanical calculation67 given by equation (2.38).

Rs(~ω) = 2Ne2|M |2

m2
0c

3~2

∫ ∞
Eg

~ω ·ρJDOS(~ω)·f(µe, εu)[1−f(µh, εl)]d~ω (2.38)

When the Boltzmann approximations are applied to equation (A.21)
and ρJDOS(~ω) is substituted by the general expression given by equa-
tion (A.9), this integral can be solved analytically. The result of this ex-
ercise (see equation (A.23) in appendix A.3.2) shows that Rs scales as
∝ exp

[
∆µ−Eg
kBT

]
T 3/2 with temperature when 3kBT

2Eg < 1, which is typically
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the case up to hundreds of Kelvin.
Unfortunately, equation (2.38) cannot be analytically evaluated when

the actual Fermi-Dirac equations are considered, which is required to extend
this analysis to degenerately doped semiconductors. To verify the temper-
ature dependence of equation (2.38), for the case of n-type degeneracy, the
Fermi-Dirac equation should be used for the description of the electrons
where the holes can still be described using the Boltzmann approximation.
A numerical study of this approach is shown and discussed in appendix
A.3.2 from which it becomes clear that a Rsp ∝ exp

[
−µh
kBT

]
T 3/2 behaviour

with temperature is found for a sufficient degeneracy (i.e sufficiently high
value of µe − Eg).

The temperature related results for n, p and Rs can now be combined
in equation (2.33) to find the temperature dependencies of the radiative
coefficient for an intrinsically doped semiconductor Bint and a degenerately
doped semiconductor Bdeg. This results in equations (2.39) and (2.40)
which show that all Boltzmann exponents cancel out and that the intrinsic
radiative coefficient scales as Bint ∝ T−3/2 and that the degenerately doped
radiative coefficient scales as Bdop ∝ T 0.

Bint ∝
exp

[
∆µ−Eg
kBT

]
T 3/2

exp
[
µe−Eg
kBT

]
T 3/2 · exp

[
−µh
kBT

]
T 3/2

∝ T−3/2 (2.39)

Bdeg ∝
exp

[
−µh
kBT

]
T 3/2

T 0 · exp
[
−µh
kBT

]
T 3/2

∝ T 0 (2.40)

From these dependencies for B, naturally, based on equations (2.34) and
(2.35) the radiative lifetimes have a temperature dependence of τrad,int ∝
T 3/2 and τrad,dop ∝ T 0. These behaviours are a key property of the radiative
lifetime and provide a powerful tool to distinguish the observation of a
radiative lifetime from a non-radiative dominated lifetime as will become
clear in the next section.

Radiative processes

So far the spontaneous recombination rate (and therefore also the lifetime)
associated to radiative recombination has been discussed. With radiative
recombination is referred to all processes that produce a photon, this can be
a band-to-band process but can also be another process in which a photon is
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emitted. Especially in intrinsic semiconductors at low temperatures many
different radiative processes can take place often associated to excitons
and/or impurities. Examples68 are free exciton (FE) recombination, donor
(D0X) or acceptor (A0X) bound exciton recombination, free-to-donor (hD0)
or free-to-acceptor (eA0) or donor-acceptor-pair recombination (DAP).

On the other hand, these additional radiative recombination mecha-
nisms usually have small ionization energies, therefore both excitons (typ-
ical binding energies ranging from 0 to 10 meV for III-V materials48 with
a band gap up to 2 eV) as well as shallow impurities (typical ionization
energies ranging from 0 to 30 meV ) are completely ionized at room tem-
perature.

Moreover, for a degenerately doped semiconductor solely band-to-band
recombination is expected at all temperatures. If we consider degenerate
n-type doping as example, the Fermi-level has shifted into the conduction
band‡and all donors are ionized at any temperature. This means that any
donor related transition such as DAP, D0X or hD0 cannot take place any-
more. Additionally, the large amount of free carriers that are introduced
due to the degenerate doping imply that excitons also cannot exist any-
more due to screening effects69,70. In summary, band-to-band emission will
dominate the spectrum of a degenerately doped semiconductor and we can
limit ourselves to only this type of recombination in our understanding.

Non-radiative processes

Additional to the description of radiative processes in the previous section,
in a semiconductor excited electrons and holes can also recombine without
emitting a photon, referred to as non-radiative recombination. This means
that the experimentally observed lifetime τ is determined by both the rate
of radiative recombination Rrad and the rate of non-radiative recombination
Rn,rad which is summarized in equation (2.41).

∆n ·R = ∆n · (Rrad +Rn,rad) = 1
τ

= 1
τrad

+ 1
τn,rad

(2.41)

Many different mechanisms are known for non-radiative recombination
processes but they can broadly be classified as 1) Auger processes, and 2)
Shockley-Read-Hall (SRH) processes. Auger non-radiative recombination
is a three-particle process in which the energy released in a recombination
event is transferred to a third particle which then loses this energy by

‡This understanding is simplified, a detailed discussing of high doping effects can be
found in reference [71].
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Figure 2.6: In (a) a schematic description is shown of radiative recombination. In (b)
Shockley-Read-Hall recombination in which an electron gets captured by a mid gap state
and recombines with a hole in the valence band and the trapping and de-trapping of
carriers in shallow states. In (c) an electron-electron-hole Auger process and an electron-
hole-hole Auger process are depicted.

emitting a series of phonons. This process is schematically illustrated in
figure 2.6c. SRH recombination is a single particle process, show in figure
2.6b, in which a minority carrier recombines non-radiatively, assisted by a
defect such as an impurity or a surface. The rate of all these processes is
often described by the so-called ABC-model72, given by equation (2.42).

R = n

τ
= An+Bn2 + Cnn

3 (2.42)

Here, A is the coefficient describing the rate of SRH-recombination, B
represents the radiative coefficient already introduced in equation (2.33)
and C is the Auger coefficient. This model is valid for intrinsic semicon-
ductors (such that n = p) in the high injection regime and will therefore
be revisited in equation (2.46) for a low injection, highly doped case.

Shockley-Read-Hall recombination

SRH recombination is a process in which minority carriers are captured
by states inside the band gap that have been formed by defects in the
semiconductor73,74. These defects could be of any sort such as impurities,
lattice imperfections, interstitials or vacancies. Additionally SRH-theory is
used to both describe the non-radiative recombination within bulk material
as well as surfaces. In general SRH-recombination is described by equation
(2.43) which is derived in several text books47,75,76.
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RSRH = ∆n
τSRH

= σpσnνth,nνth,pNt[pn− n2
i ]

νth,nσn
[
n+ ni exp

(
Et−Ei
kBT

)]
+ νth,pσp

[
p+ ni exp

(
Ei−Et
kBT

)]
(2.43)

Here σn and σp are the electron and hole capture cross sections respec-
tively, νth,i is the thermal velocity of the respective carrier, Nt is the volume
density of deep trap levels, ni is the equilibrium electron density for an in-
trinsic semiconductor, Et the energy level of the non-radiative channel in
the band and Ei is the intrinsic Fermi-level. From equation (2.43) it fol-
lows that defect states with an energy near the center of the band gap (so
called deep-level states or mid gap states) are most efficient in capturing
free charge carriers. Under the assumption that only these states contribute
to the non-radiative recombination, we can set Et = Ei. Furthermore this
equation can be further simplified by assuming a doped material, n-type
for example, and thus that n0 >> p0 and that ∆p = ∆n >> p0. Addi-
tionally it can be assumed that n0 >> ni for materials with a band gap
larger than ∼0.3 eV. Last, the SRH lifetimes given by τp = (σpNtvth,p)−1

and τn = (σnNtvth,n)−1 are introduced which simplifies equation (2.43) to
equation (2.44).

RSRH = ∆n[n0 + ∆n]
τp[n0 + ∆n] + τn∆n (2.44)

For the low injection regime, which means that the injected carrier
density is much smaller than the doping density (i.e. ∆n << n0) equation
(2.44) can be further simplified to RSRH = ∆n/τp. The recombination
rate is thus only determined by the minority carrier lifetime. This also
yields that under these conditions τSRH = τp = (σpNtvth,p)−1 in which
the thermal velocity is given by vth =

√
kBT/m∗p , with m∗p the effective

mass of the holes, and that therefore the temperature dependence of the
SRH-lifetime is τSRH ∝ 1/

√
T .

The original SRH-theory is derived for the condition that all dopants
and impurities have been ionized, i.e. derived for room temperature. What
it therefore neglects is that non-radiative processes are generally ther-
mally activated77–79 and that the rate of SRH recombination only scales
as RSRH ∝ 1/

√
T as soon as the process has been fully activated. In some
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works the activation of a SRH-process is introduced through the capture
cross section80 σi, although this contradicts the general understanding of
the activation process. The physical origin of the activation is often under-
stood in the schemes of the multi-center recombination mechanism or the
single-center mechanism81.

The multi-center model applies to lightly doped materials where ra-
diative recombination also takes place in shallow defect states. When a
minority carrier is captured by a shallow defect it can be thermally de-
trapped and therefore become subject to so called killer-centers82. This
de-trapping is associated with a Boltzmann factor and therefore, at low
temperatures, τ−1

nr = τ−1
nr,mc,0 exp(Ea,mc/kBT ) in which τnr,mc,0 is the life-

time of a charge carrier trapped in the shallow defect at room temperature83
and Ea,mc matches the ionization energy of the defect.

The single center model is valid for all doping levels and considers a local
lattice deformation when a defect captures a charge carrier characterized
by a configuration coordinate Q. A schematic illustration of this process
is shown in figure 2.7b. When a free carrier is captured by the defect, the
defect is excited and has Qe,0 as a new equilibrium value. Through thermal
excitation characterized by an activation energy Ea (not equal to Ec−Ee,0),
the charge carrier can reach the crossing point between the two parabolas
and relax down to the ground state of the defect under the emission of
phonons. This process is also illustrate in figure 2.7a in an energy-position
plot.

In conclusion, both classes of non-radiative processes have a thermal
activation component and which implies that the rate of non-radiative re-
combination approaches zero when the temperature approaches 0 K.

Auger recombination

Auger recombination is a three particle process in which the energy that
is dissipated by the recombination of a free electron and a hole is used
to excited an already free electron higher into the conduction band or an
already free hole lower into the valence band, also illustrate in figure 2.6c.
These highly excited charge carriers then quickly relax under the emission
of phonons. The full Auger recombination rate is therefore given by an
electron-electron-hole process and a hole-hole-electron process, embodied
in equation (2.45).

RAug = ∆n
τAug

= Ceeh · nnp+ Cehh · ppn (2.45)
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Figure 2.7: A schematic representation of an SRH-recombination process in the con-
figuration coordinate scheme is shown with in (a) the equilibrium energy states of an
excited and ground state of a defect. In (b) the same process is depicted in which a
charge carrier can be trapped from the CB by an excited defect an relax to the energy
minimum Ee,0 at Qe,0. The excited trap can then release the carrier to the VB by getting
thermally excited with activation energy Ea to the crossing of the parabolas, from where
the trap can relax to its ground state again under emission of phonons.

Here Ceeh is the Auger coefficient associated to an electron-electron-hole
process and Cehh the coefficient associated to an electron-hole-hole process.
Because Auger recombination is a three particle process it is especially
severe when carriers concentrations are high such as in highly doped, highly
excited or small band gap materials. This is easily illustrated by considering
a n-type doped material. In the low excitation regime (i.e. n0 >> ∆n >>
p0), equation (2.45) reduces to RAug = Ceeh · n2

0∆n and we note that
the Auger recombination scales linear with the injection ∆n but can peak
for highly doped materials. For a semiconductor in the high excitation
regime (i.e. ∆n >> n0 >> p0) equation (2.45) reduces to RAug = Ceeh ·
∆n3 with which the original n3 behaviour of equation (2.42) is retrieved,
especially severe at high excitation. Auger processes exist both in direct
band gap as well as indirect band gap semiconductors, because the radiative
recombination is low in indirect semiconductors Auger is often a dominant
process for instance in silicon84.

Time dependence of injected carrier density

In summary, the rate equation given in equation (2.42) can be updated
to describe a degenerate semiconductor in the low injection regime which
yields equation (2.46).
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R = ∆n
τ

= A∆n+Bn0∆n+ Ceeh · n2
0∆n (2.46)

From which it is easily deduced that τ−1 = A+Bn0 +Ceeh · n2
0, which

is independent of the injected carrier density ∆n. Therefore the actual
time-correlated decay of the injected carriers in an instantaneously excited
semiconductor can be calculated by solving the differential equation given
by (2.47).

d∆n
dt

= −R = −∆n
τ

(2.47)

The solution to expression (2.47) is given in equation (2.48), in which
∆n0 is the initial injected carrier density, and predicts a perfect exponen-
tial decay of ∆n as function of time. The acquired lifetime τ might thus
contain information about the SRH-coefficient A, the radiative coefficient
B and the Auger coefficient Ceeh. Consequently, temperature dependent
and excitation dependent information is required to reliably decouple these
different contributions.

∆n(t) = ∆n0 · exp
(−t
τ

)
(2.48)

Additionally, when the excitation is increased to the high injection
regime the lifetime τ becomes a function of ∆n and therefore equation
(2.48) is not a proper solution anymore of equation (2.47). A non-exponential
initial decay is therefore a fingerprint of the high excitation regime.

2.2 Bandstructures of group-IV semiconductors

The electronic band structure of a crystal is determined by, in principle,
only two variables, first, which elements are used to construct the crystal
and second, in which lattice the atoms are arranged. To understand and
predict the electronic and optical properties of such a crystal a model that
describes the wave functions of all the particles in the system should be
derived. The actual calculation of the available states however is not a
trivial task. The wave function of this system obeys the time-independent
Schrödinger equation Ĥ |Ψ〉 = E |Ψ〉. In which E is the energy of the crystal
and Ĥ the Hamiltonian, which depends on all interactions between all
particles that are in the crystal. The overall non-relativistic Hamiltonian49
is given by equation (2.49).
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∑
i

p2
i

2mi
+
∑
j

P 2
j

2Mj
+ 1

4πε0
1
2
∑
i,i′

i 6=i′

e2

|ri − r′i|

+ 1
2

1
4πε0

M∑
j,j′

j 6=j′

e2ZjZj′

|Rj −Rj′ |
+ 1

4πε0
∑
j,i

e2Zj
|ri −Rj |

(2.49)

Here pi and Pj are the momentum operators of the ith and jth electron
and nucleus respectively, mi and Mj are the respective masses and ri and
Rj the respective positions. Zj gives the atomic number of the addressed
nucleus and e is the elementary charge. The first two terms in this Hamil-
tonian are kinetic terms that describe the kinetic energy of the electrons
and the nuclei, the second two terms are the Coulomb interactions between
all the electrons, and the Coulomb interaction between all the nuclei, where
the last term is the cross term describing the interaction between electrons
and the nuclei. It is clear that the Schrödinger equation with this Hamil-
tonian cannot be solved for a full system where the number of atoms M is
in the order of 1× 1023 and the number of electrons is (depending on Z)
typically an order of magnitude more, without making simplifications.

2.2.1 Bandstructure Calculations

The first approximation made is known as the Born-Oppenheimer approx-
imation85,86, based on the realization that the masses of nuclei are much
larger than those of electrons and that therefore the timescales in which
they move are much longer. The nuclei are viewed as having fixed Rj when
considering the electrons. It is therefore reasonable that the wave function
is separated in an electron and nucleus part Ψ = ψeψN . This way also
the Hamiltonian of equation (2.49) can be separated in an electronic part
and a nuclear part Ĥ = Ĥe + ĤN where ĤN contains only the kinetic
energy term for the nuclei (the second term of equation (2.49), printed in
blue) and Ĥe contains all the other terms. Now the electronic part can
be solved separately Ĥe(R0, ...,RM ) |ψe〉 = Ee(R0, ...,RM ) |ψe〉 in which
all Rj terms are considered as input parameters, this effectively means
that only the electron-electron interactions are taken into account in a dy-
namic way and the nuclei give a stationary potential landscape. By varying
the Rj terms a potential energy surface for the electrons Ee(R0, ...,RM )
can be constructed. For the nuclei the electrons move so fast that they
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form an almost instantaneous effective potential landscape dependent on
all Rj which means that the calculated potential energy surface can be
used as an input parameter in the Schrödinger equation for the nuclei(
ĤN (R0, ...,RM ) + Ee(R0, ...,RM )

)
|ψN 〉 = EN (R0, ...,RM ) |ψN 〉 with which

ψN can be calculated and therefore the complete wave function Ψ. As a
second approximation only the valence-electrons i.e. electrons in the high-
est energy orbital of an atom, are taken into account, which has as a result
that the summations in equation (2.49) running over i will only run over
ivalence. The other, so called core-electrons, do not contribute to the chem-
ical bonding of the atom. Of course the core-electrons do screen the charge
of the nucleus partially and the atomic number Z in equation (2.49) should
be adapted accordingly to an effective value. From this point on two cal-
culation schemes are used to find the solutions to the resulting Schrödinger
equation which are the empirical pseudo potential method and the Density
functional theory method.

Density Functional Theory

At the basis of the Density Functional Theory (DFT) lie the Hohenberg-
Kohn theorems87, which show that for a many electron problem in a given
external potential Vext(r) there is a one-to-one correlation between the
electron wave function ψe and the electron density function n(r). If there is
a unique solution of the Schrödinger equation for the ground state Ψ0 with
a corresponding energy E0, the ground density function n0 is also uniquely
defined and vice versa. Hence, the ground state is a unique functional of the
ground state density88. This means that finding n0(r), which only consists
out of 3 dimensions is sufficient to derive all properties of the system where
the full wave equation is 3N dimensional. Although the dimensionality of
n0(r) is significantly lower, this theorem gives no information about what
this functional should look like.

To actually make practical use of the Hohenberg-Kohn theorems the
Kohn-Sham scheme is applied. In their Nobel-prize winning work89 they
showed that the many body Schrödinger equation can be rewritten to N
single-particle Schrödinger-like equations90 in which the effective potential
terms themselves are functionals of the electron density, also known as the
Kohn-Sham equations. The effective potential in these equations consists
out of three terms VKS(r) = Vext(r) + VH [n](r) + Vxc[n](r) in which the
second term is the Hartree potential, describing the Coulomb repulsion
between electrons, and the last term is the exchange-correlation potential
whose exact form is simply unknown. The exchange-correlation term is
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typically modelled within the local density approximation (LDA) where
it only depends on the electron density at the point that is considered.
However many other approximations91 such as the generalized gradient
approximation (GGA) are also used. Now in order to calculate the electron
density of the ground state an iterative scheme is used in which first an
initial ansatz-electron density n(1)(r) is chosen as a starting point. This
term is used in the single-particle Kohn-Sham equation to calculate the
potentials, the equation is solved and a wave-equation is found. From this
wave-equation the total energy E

(1)
KS and a new electron density n(2)(r)

are calculated. The new (and improved) electron density is then fed back
to the initial Kohn-Sham equation, this process is then repeated until the
system reaches a self-consistent solution. The Kohn-sham scheme is setup
such that it minimizes energy85, which means that the converged solution
is the ground state.

In practice the here presented scheme with an LDA or GGA exchange-
correlation is known to underestimate the bandgap85, which for some semi-
conductors leads to being calculated as metals. An often used correction
is the LDA+U method, that adds an additional parameter that suppresses
self-interaction90, or the superior Green’s function (GW) method but that
comes at the price of being computationally expensive. The choice of an
appropriate exchange-correlation functional is material dependent and can
be chosen different for optimizing the lattice parameters and the electronic
properties.

2.2.2 Bandstructure of Hex-Ge and Hex-SiGe

Using DFT calculations the well known bandstructures of cubic-silicon92
and cubic-germanium93 have been determined and are plotted in figure
2.8a and 2.8c. The reproduction of these known results are important to
verify if suitable choices for the exchange-correlation potential have been
made in the calculation before shifting to other crystal structures. Based on
these results the bandstructures of hexagonal-Si (Hex-Si) and hexagonal-Ge
(Hex-Ge) have also been calculated using the PBEsol94 correlation poten-
tial for the structural calculations and the MBJLDA95 functional for the
electronical an optical part and are shown in figures 2.8b and 2.8d.

Bandstructure and bandfolding

The minimum in the conduction band in cubic-silicon is found at a k-value
near the X high symmetry point and is thus not aligned with the maximum
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Figure 2.8: Calculated band structures based on ab initio DFT-calculations using the
MBJLDA functional8 are plotted for (a) cubic-silicon, (b) hexagonal-silicon, (c) cubic-
germanium and (d) hexagonal-germanium. The color gradients have been added to
highlight the indirect band gaps for the cubic material and hexagonal-silicon and the
direct band gap for hexagonal-germanium.

in the conduction-band which is found at the Γ-point, as is the case for
almost every semiconductor. This results in an indirect band gap of 1.1 eV,
note that cubic silicon even has a local maximum in its conduction band at
the Γ-point which means that there is not even local stability for electrons
at this point. The band structure of cubic-germanium (figure 2.8c) shows
a local minimum for the conduction band at the Γ-point resulting in a
direct gap of 0.8 eV. However this is not the global minimum because the
conduction band at the L-point is yet lower. This makes cubic-germanium
and indirect semiconductor with a L to Γ band gap of 0.66 eV.

The change in bandstructure by changing the crystal structure can be
understood from band folding arguments96,97. With band folding the simi-
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larity in crystal structure when comparing the (111) cubic direction with the
(0001) hexagonal can be exploited. When considering both crystals under
these respective directions each plane of atoms is arranged in a hexagonal
pattern and the subtle difference lies in the stacking of these layers98. Be-
cause the unit cell of the hexagonal structure consists out of 4 atoms and
the unit cell of the cubic structure out of 2 the resulting Brillouin zone
of the hexagonal structure (figure 2.9b) is smaller than the Brillouin zone
of the cubic structure (figure 2.9a, drawn at a different scale). So under
the assumption that bond lengths and angles stay the same for both crys-
tals, more than one hexagonal Brillouin zone can be mapped onto a single
cubic Brillouin zone which leads to several high symmetry points of the
cubic structure being projected onto the same high symmetry points of the
hexagonal structure. For instance, the Γ − A line (see figure 2.9b) in the
hexagonal Brillouin zone has half the length of the Γ−L line for the cubic
structure (see figure 2.9a). This results in both the bands at the L-point
and Γ-point in the cubic case appearing at the Γ point for the hexagonal
case. The L-point is therefore back folded onto the Γ-point

2

a b

Figure 2.9: The first Brillouin zone of a cubic lattice (a) and a hexagonal lattice (b). In
both drawings high-symmetry points have been labelled where Γ is always at the center
of the Brillouin zone. Figure adapted from reference [98].

When considering the calculated band structures of Hex-Si (figure 2.8b)
and Hex-Ge (figure 2.8d) we see that the minima in the conduction band
at the L-point have indeed folded onto the Γ-point. For Hex-Si this results
in a local minimum at the Γ-point in the conduction band which gives a
predicted direct gap of 1.72 eV and an indirect band gap from M in the
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conduction band to Γ in the valence band of 1.09 eV, very close to the cu-
bic value. On the contrary, changing the crystal structure from cubic to
hexagonal for germanium has turned it into a direct band gap semiconduc-
tor by the folding of the L-minimum in the cubic conduction band onto the
Γ-point in the hexagonal case with a predicted direct band gap of 0.30 eV.

Transitions and selection rules

In order to calculate the probability that a recombination event takes place
from initial state i to final state f , Fermi’s Golden rule47 is employed which
quantifies the emission rate Wfi given by equation (2.50).

Wfi(~ω) = 2π
~
|H ′fi|2δ(εf − εi − ~ω) (2.50)

In this expression εf and εi are the energies of the final an initial
state respectively and |H ′fi|2 is the matrix element. Note that integrat-
ing Wfi(~ω)/~ω over all k-values and taking into account Fermi-Dirac-
statistics gives the general expression for the absorption coefficient already
introduced in equation (2.2).

k

E

Γ7C
-

Γ8C
-

Γ9V
+

Γ7V+
+

⊥
⊥

Figure 2.10: On the left hand side a schematic drawing of the different bands around
the Γ point for Hex-Ge is shown. The labels of the different bands at Γ are indicated
on the right hand side and the strengths of the transitions between the different bands
is indicated with red arrows. A dashed arrow represents a forbidden transition, a thin
arrow a weakly allow transition and a thick arrow an allowed transition. Additionally
the polarization of the emitted light is indicated per transition with respect to the (0001)
axis where no sign indicates unpolarized light.

From equation (2.50) it is clear that the matrix element H ′fi is the
main parameter that describes the probability of the transition, this value
is determined by equation (2.51).

H
′
fi = 〈Ψf | Ĥ

′ |Ψi〉 (2.51)
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In this equation Ψf and Ψi are the wave-functions of the initial an
final state. The Hamiltonian of a particle with charge −e in an exter-
nal electromagnetic field, characterised by vector potential A is given by
Ĥ = 1

2m [p + (eA/c)]2 + V (r). By neglecting the A2 term and choosing
the Coulomb gauge to make p and A commute49, the electron-radiation
interaction Hamiltonian ĤeR becomes e

mcA · p. In the dipole approxima-
tion, which assumes that the wave vector k of the light is small and can
therefore be neglected, the Hamiltonian can be written as equation (2.52).

ĤeR = e

mc
A · p ≈ (−e)r ·E (2.52)

In which er is the dipole moment and E the electric field. Whether the
matrix element H ′fi will be non-zero can already be deduced from group-
theory arguments, based on the symmetries of the initial and final states, so
called selection rules99,100. For instance, the Hamiltonian found in equation
(2.52) has an odd parity (due to the even nature of E and odd nature of
er), meaning that the parity of ψi and ψf must be opposite in order for
H
′
fi to be non-zero. Or in other words, one of the wave functions should

be s-type and one should be p-type.

Transition Transition Energy (eV) Transition matrix element
p⊥(~/aB) p‖(~/aB)

Γ−7c → Γ+
9v 0.632 0.394 -

Γ−7c → Γ+
7v+ 0.752 0.343 0.330

Γ−8c → Γ+
9v 0.298 5.92× 10−3 -

Γ−8c → Γ+
7v+ 0.418 - -

Table 2.1: Lists the calculated energies and transition matrix elements for different
transitions in Hex-Ge. Adapted from the MBJLDA functional based calculations of
reference [93].

To show what this means in practice for a transition in Hex-Ge, in figure
2.10 a schematic image is shown in which the different bands are labelled
with their irreducible representation at the Γ-point and in which the tran-
sition strengths are indicated with arrows. The data is also summarized in
table 2.1 in which can be found that the direct transition (Γ−8c → Γ+

9v) is
predicted to be only weakly allowed.

An empirical way to identify the radially symmetric s-orbital or the
radially asymmetric p-orbital nature of a band is through its shape in k-
space. The curvature of a band from Γ towards another high symmetry
point in the Brioullin zone is given by the effective masses which are defined
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Band Direction Mass Band Direction Mass

Γ−7c
Γ→M 0.038 Γ+

9v
Γ→M 0.055

Γ→ A 0.033 Γ→ A 0.463

Γ−8c
Γ→M 0.076 Γ+

7v
Γ→M 0.079

Γ→ A 0.997 Γ→ A 0.085

Table 2.2: Predicted effective masses for different bands of Hex-Ge adapted from the
DFT-calculations using the HSE06 functional of reference [93]. Note that the effective
masses for the Γ→M and Γ→ K are identical.

in expression (2.53).

1
m∗Γ→Y

= 1
~2

∂2ε

∂k2
Γ→Y

(2.53)

Here m∗Γ→Y is the effective mass for an electron moving from Γ in a
direction of Y and kΓ→Y is k, parameterized in the same direction. The
calculated effective masses for the different bands in Hex-Ge are given in
table 2.2. For example, the Γ−7c-band has almost identical effective masses
for m∗Γ→M and m∗Γ→A which then also mainly consists of an s-orbital be-
haviour101, and both Γ−8c and Γ+

9v have very different effective masses for
m∗Γ→M and m∗Γ→A showing its p-orbital nature21,102. Hence the small ma-
trix element for the Γ−8c to Γ+

9v transition and the large matrix element for
the Γ−7c to Γ+

9v transition.

Alloying of Hex-SiGe

Additional to the mono-atomic Hex-Si and Hex-Ge also a spectrum of dif-
ferent binary materials can be imagined as an alloy between these two
endpoints.

From a theoretical point of view these different alloys can be studied by
using a cluster expansion method8,103. By dividing the alloy into clusters
of 8 atoms obtained from the primitive hexagonal unit cell alloys with a
step wise atomic 12.5 % increase can be studied. For each composition the
band structure of all configurations of the specific alloy in the 8-atomic cell
are calculated and averaged. The resulting data is plotted in figure 2.11a
where the minima in the conduction band for each k high symmetry point
(as also labelled in figure 2.8) are plotted as function of the composition in
x in Si1-xGex.

Experimentally, the behaviour of a band as function of composition is
often approximated using Vegard’s law104, which in practice is just a linear
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Figure 2.11: In (a) the minimum conduction-band energies for the selected high-
symmetry points Γ, M , L and U on the M–L line, fitted with parabolas as a function of
the Ge content in the Hex-Si1-xGex alloy. In (b) the radiative lifetime is plotted as func-
tion of temperature for different Hex-Si1-xGex compositions for recombination events,
with an n-doping of 1× 1019 cm−3 (in order to match later experimental results), as
compared to the radiative lifetime of cubic GaAs. Data is adapted from reference [8].

interpolation between the binary end points. A common enhancement is
introducing a second order correction in the form of a bowing parameter
by which is defined as in equation (2.54).

Ey,SiGe = xEy,Ge + (1− x)Ey,Si − byx(1− x) (2.54)

In which Ey,Ge (Ey,Si) is the minimum conduction band energy at high
symmetry point y for pure germanium (silicon). As such, for practical
experimental use, the data in figure 2.11 have been fit with equation (2.54)
of which the obtained parameters are given in table 2.3.

Excitingly, the direct band gap is predicted to be maintained for alloys
Hex-Si1-xGex with x > 0.65 resulting in a tunable band gap from 0.3 to
0.7 eV. Simultaneous with tuning towards a higher band gap starting from
Hex-Ge, the direct optical Γ transition becomes more efficient. This effect
is illustrated in figure 2.11b where the radiative lifetime has been plotted
as function of temperature for different compositions. Remarkably, the
lifetime in Hex-SiGe alloys is about 3 orders of magnitude reduced with
respect to the mono-atomic direct band gap semiconductor Hex-Ge. The
reason for this extraordinary decrease in lifetime is best explained by the
reduced symmetry in the random Hex-SiGe alloy which leads to mixing

46



2.2 - Bandstructures of group-IV semiconductors

C
ha

pt
er

2

of Ge s-states into the lowest conduction-band wavefunctions8. Moreover,
the lifetime of Hex-SiGe alloys approaches the lifetime of a state of the art
optically active III-V semiconductors such as GaAs.

Γ M U L

Ex,Ge(eV ) 0.30 0.78 0.62 0.83
Ex,Si(eV ) 1.73 1.08 1.40 1.53
bx(eV ) 0.22 0.54 0.75 1.08

Table 2.3: Lists the minimum energies at high symmetry point x for pure germanium
Ex,Ge, pure silicon Ex,Si and their corresponding bowing parameter bx to describe the
alloying dependence of the band gap.
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3
Optical Measurement Methods

This chapter provides an overview of the different optical char-
acterisation techniques that are used throughout this thesis. Al-
though this thesis also contains many non-optical characterisation
techniques which will not be discussed here, the optical methods
will form its backbone. This chapter will cover Fourier trans-
form Infrared (FTIR) based spectral photoluminescence measure-
ments, time-resolved photoluminescence (TRPL) measurements
and lastly FTIR based integrating sphere absorption measure-
ments.

3.1 FTIR based photoluminescence

Spectral photoluminescence (PL) is a very rich technique that is, however,
not always easy to interpret. In PL experiments, a light source (typically a
laser) is used to bring a sample into an excited state. As the sample relaxes
from its excited state it emits light of which the wavelength gives specific
information on the electronic band structure of the sample. Advantages of
PL are that it is non-destructive, only needs small sample sizes and is very
sensitive to measure impurities even at very low densities. PL is a versatile
technique as it mostly probes minority-carrier behaviour when using small
injection densities but majority carrier information is also accessible when
using excitation densities above the doping density105.

Although PL experiments performed in the visible part of the spec-
trum are considered straightforward105, infrared measurements come with
an additional set of problems. Apart from the strong increase in thermal
background radiation and absorption lines in air, the strongly reduced sen-
sitivity of detectors in the infrared is a real challenge.
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Figure 3.1: Shows a schematic illustration of the used FTIR-based photoluminescence
setup.

Our choice of measurement technique is Fourier Transform infrared
(FTIR) spectroscopy, which makes use of a Michelson interferometer106
to spectrally resolve an optical signal. FTIR has several advantages over
more traditional, dispersive methods. Two signal-to-noise enhancing ad-
vantages are the higher throughput of light due to the absence of slits
(known as Jacquinot’s advantage) and the fact that the detector collects
contributions of all wavelengths at all time instead of just a small wave-
length interval as is the case in dispersive techniques (known as Fellgett’s
advantage). Additionally the calibration of an FTIR is directly linked with
the wavelength of a helium-neon laser, and therefore impeccable and stable
over time (known as Connes’ advantage).

A schematic representation of the used setup is shown in figure 3.1.
Samples are mounted in a vertically oriented Oxford Instruments HiRes-2
helium flow cryostat with accurate temperature control that is mounted on
a XY-stage. Two CW excitation lasers are available, at 405 nm (3.06 eV)
and at 976 nm (1.27 eV) wavelength (photon energy). They are conditioned
using laser-line filters and their power is tuned using a variable neutral
density filter. The lasers can be focused onto the sample using either one
of two paths. The first path focuses the laser under an angle of 45° with
respect to the sample normal using a 10 cm focal length lens which results
in a circular ∼360 µm diameter spot on the sample. The second path lets
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the collimated excitation laser enter the beam path through a 4 mm hole
in a 2” mirror and focuses the laser using a 20.3 mm focal length off-axis
parabolic mirror (OAPM) resulting in an elliptical spot with a short and
long axis of 40 µm and 67 µm respectively. Using large spotsizes allows
to average over a large fraction of the sample and therefore enhances the
signal-to-noise ratio, opening up lower excitation density regimes.

The same 20.3 mm OAPM is used to collect the PL signal which is cou-
pled into a Thermo Scientific Nicolet IS-50 FTIR system using a single 2”
Au-mirror. The PL signal is then coupled through the interferometer of
the FTIR system, equipped with a calcium-fluoride (CaF) or pottassium-
bromide (KBr) beamsplitter and focused onto a 1× 1 mm, liquid nitrogen
cooled mercury-cadmium-telluride (MCT) detector (sensitive up to 16 µm
wavelength) or a 1× 1 mm electrically cooled indium-gallium-arsenide (In-
GaAs) detector (sensitive up to 2.6 µm wavelength). This results in an
image of the samples onto the detector which is magnified 1.13×. This al-
most one-to-one imaging, makes this setup very robust against bad focusing
or slight alignment errors of the excitation laser. It is noteworthy that the
imaging qualities of OAPMs are rather poor107,108 and that therefore the
effective image will be significantly larger. To filter out the laser from the
PL signal a germanium window was used as a long-pass filter, which cuts-on
at 1.8 µm or dedicated long-pass filters cutting on at 1350 nm or 1150 nm.

Typical measurements were performed at a resolution of 32 cm−1 (∼4 meV)
or 64 cm−1 (∼8 meV). This corresponds to asymmetric interferograms with
1056+512 or 544+256 datapoints, respectively (left of center burst + right
of center burst) with a total mirror translation of 0.25 mm or 13 mm respec-
tively. A spectrum was then calculated using the Happ-Genzel apodization
function and the Mertz phase correction algorithm.

In order to remove the thermal background from the PL signal and to
further enhance the signal-to-noise ratio, the used laser was modulated at a
frequency of 35 kHz with a 50/50 duty-cycle to allow for lock-in technique.
To use this technique the FTIR was operated in its step-scan function,
which overall allowed for signals as low as 20 µV to be resolved. Additionally
absorption due to water and CO2 in the air was almost completely removed
by purging the FTIR and the full optical path that the PL signal passes
with nitrogen (N2) gas.
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3.2 Time resolved photoluminescence

Important complementary information to the spectrum of the emitted pho-
toluminescence spectrum is the lifetime of the charge carriers that recom-
bine. Indeed there is a rich variety of techniques to measure the lifetime,
using both electrical methods as well as optical methods109. Our choice
goes to the direct optical method of time-correlated photon counting.

Cryostat

Objective

BS2

BS1

Pulsed Excitation laser

lens

Camera

BS3

Long-pass
filter

ND-filter wheel

1030 nm

Single Mode
fiber

Figure 3.2: A schematic overview of the used micro-photoluminescence setup with
time-correlated photon counting functionality.

For this time-resolved photoluminescence (TRPL) method we used a
micro-PL setup in backscattering-geometry as schematically depicted in
figure 3.2. Samples are mounted in the same design helium-flow cryostat
as already described in section 3.1, which is mounted on a XY-stage with
accurate piezo-electric actuators to allow for a focus on single nanowires.
A pulsed 1310 nm, NKT ONEFIVE Origami laser operating at 40 MHz,
producing <200 fs pulses, was used to excite the sample and was focused
using a 36× Au-coated cassegrain objective to a spot of∼3 µm. The emitted
PL-signal was collimated using the same objective, passed through a long-
pass filter to remove the laser contribution and focused with an achromatic
lens onto a SM2000 single mode fiber leading to a superconducting nanowire
single photon detector (SNSPD). The used SNSPD is a Single Quantum
closed-helium system that was optimized for >35 % quantum efficiency at
1800 nm and >15 % quantum efficiency at 2000 nm with a 30 ns dead-time
and a 22 ps jitter. The long-pass filter in combination with the SM2000
fibre defined a spectral window of 1350 nm to about 2300 nm over which
photoluminescence was integrated.

In order to measure the lifetime of the observed recombination process
the time delay between a laser pulse being sent from the laser and the first
detection of a photon at the detector is measured. This measurement is
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repeated billions of times at the frequency of the laser, all the measured
time-delays can then be visualized in a histogram. All these time correla-
tions between a laser pulse and a detection event were measured, binned
and counted using a PicoQuant PicoHarp 300 module with a resolution
of 4 ps. The overall instrumental response function shows a full-width at
half-maximum (FWHM) of 96 ps with a decay time of τIRF = 21 ps, which
is the minimum observable decay time of the system. This limited reso-
lution is mostly caused by dispersion effects in the electrical wiring of the
measurement, however it was easily sufficient for the measured lifetimes of
∼1 ns in this thesis. All lifetime measurements performed in this thesis were
baseline corrected and fitted using a single exponential decay transient.

3.3 Integrating sphere absorption spectroscopy

The last optical measurement technique that will be used throughout this
thesis is absorption spectroscopy. In this method the absorption coefficient
of a material is determined as function of photon energy.

An absorption spectrum allows to directly determine the band gap of
a material while being less sensitive to localized states. This makes it
a powerful complementary technique to photoluminescence spectroscopy
which is mostly sensitive to the lowest energy states (impurities or defect
states). In addition to determining the energy of the band gap the shape
of the spectrum also allows to verify the directness of the band gap as
the shape should follow one of the expressions given by equations (2.7),
(2.8) and (2.9) in section 2.1.1. Additionally, an absorption spectrum also
allows to distinguish higher energy bands which cannot be probed using
photoluminescence methods.

In this work, the absorption coefficient is determined from transmission
and reflection measurements. Alternatives, such as photoluminescence ex-
citation (PLE)110,111 measurements or photo-current112,113 measurements
are challenging due to the limited availability of powerful light sources in
the infrared and the drawback of requiring electrical contacts to the sample
respectively.

In figure 3.3 a schematic representation of the absorption setup is shown.
As a light source either the internal tungsten glowbar of our Thermo Scien-
tific Nicolet IS-50 FTIR is used or a LEUKOS ELECTRO MIR 4.1 super-
continuum laser. The great advantage of using the supercontinuum laser
is the possibility to focus the light down to a diffraction limited spot and
therefore probe very small structures. The wavelength however is limited
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Figure 3.3: Shows a schematic drawing of the used setup to determine absorption
spectra using transmission/reflection measurements. The depicted configuration lets p-
polarized light fall onto the sample at the center of the integrating sphere (IS) under a
variable angle.

to ∼4.1 µm, which means that for measurements deeper into the infrared
the tungsten glowbar is required.

The light of one of the sources is first passed through the interferometer
of the FTIR system and then guided out of the system and focused onto
the sample situated at (or inside) a 6” gold coated Labsphere integrating
sphere (IS). The integrating sphere is a tool to collect and average the
reflected/transmitted light coming from the sample over all angles. The
averaged light is then collected from a baffled port on the IS and measured
using a liquid nitrogen cooled HgCdTe-detector.

Different configurations of the IS can be considered, determining how
the light will interact with the sample. In the configuration shown in figure
3.3, the sample is positioned at the center of the integrating sphere, such
that the angle of the sample with respect to the incoming (p-polarized)
light can be varied. This configuration is ideal to measure planar samples
at their Brewster angle which strongly suppresses interference fringes in
the measurements. An optional light trap (see figure 3.3) can reject the
specular reflection from the front side of the sample such that only the
transmitted light is measured in the IS.

Two alternative configurations are depicted in figure 3.4 in which the
sample is placed at the entrance port of the IS (figure 3.4a) to determine
the reflection of a sample or at the exit port (figure 3.4b) of the IS to
determine the transmission through a sample. An advantage of these con-
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Figure 3.4: In (a) and (b) two alternative configurations of the integrating sphere (IS)
setup are shown as can be added to the FTIR system shown in figure 3.3. In (a) a
cryostat or sample holder is placed at the far end of the IS such that the reflection of a
sample can be determined. In this case the cryostat is placed under an 8 degree angle to
include both the specular as well as the diffuse reflection. In (b) the cryostat is placed at
the entrance of the IS such that the transmission through a sample can be determined.

figurations is that the samples can be mounted in a cryostat and therefore
the temperature dependence of a sample can be studied.

To determine the absorption coefficient from a reflection/transmission
measurement is usually not a trivial task as all reflections at refractive index
changing interfaces should be taken into account. The complexity therefore
strongly depends on the structure of a sample. The choice of configuration
of the IS is therefore mostly made such that the absorption coefficient is
most easily determined. The calculation of the absorption coefficient will
therefore be specifically discussed for the individual samples throughout
this thesis.
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Direct band gap emission from
Hex-Ge & Hex-Si0.2Ge0.8
This chapter is based on:

Elham M. T. Fadaly∗, Alain Dijkstra∗, Jens Renè Suckert∗ et al.
Direct-bandgap emission from hexagonal Ge and SiGe alloys,
Nature, 580, 205–209, (2020). ∗ Equal contributions.

Chapter contributions:
Growth: Elham M. T. Fadaly, APT: Sebastian Kölling, SEM: Elham M.
T. Fadaly, Spectral PL Measurements: Alain Dijkstra, Data Analysis
and interpretation: Alain Dijkstra.

In this chapter spectral measurements of Hex-Ge and Hex-
Si0.2Ge0.8 as-grown nanowires will be presented and discussed.
Both the Hex-Ge and Hex-Si0.2Ge0.8 show behaviour of a direct
band gap, band-to-band recombination from 2.5 K all the way
up to room temperature. Additionally the spectra of the Hex-Ge
sample have been analyzed with the state of the art Lasher-Stern-
Würfel model for photoluminescence line-shape and in doing so
verifying the direct band gap nature. We also demonstrate how
the LSW model, applied to spectra measured under continuous
wave excitation, can be used as a non-invasive tool to determine
the doping level, the charge carrier density and excitation induced
band gap renormalization, where only knowledge of the effective
masses is required.

4.1 Introduction

Light-emitting silicon has often been called the ’holy-grail’ of the semicon-
ductor industry. Unfortunately, efficient light emission of cubic silicon is

57



Chapter 4 - DBGE of Hex-Ge & Hex-Si0.2Ge0.8

hindered by its indirect band gap. Hex-SiGe and Hex-Ge are ideal candi-
dates to be integrated with cubic silicon as efficient light emitters because
they are predicted to exhibit a direct band gap and are chemically well
matched. To verifying whether these novel materials do actually exhibit a
direct band gap, extensive photoluminescence measurements are employed
and are discussed in this chapter. Both a Hex-Ge sample as well as a
Hex-SiGe alloy are measured and from line-shape analysis it will be con-
cluded that both samples exhibit a direct band gap and show band-to-band
emission. Additionally, the LSW line-shape model is employed to better
understand the physical origin of the emission and will allow to determine
the doping density and the effective lifetime, two crucial parameters for
evaluating the efficiency of the light emission from this material.

4.2 Growth of Hex-Ge and Hex-SiGe Nanowires

Before the optical properties are discussed we begin with a summary of the
growth of the Hex-Ge and Hex-SiGe nanowires. Various methods have been
proposed to synthesize Hex-Si or Hex-Ge including vapour–liquid–solid
(VLS) nanowire growth and strain-induced crystal transformation114–117.
The only method so far that produces scalable crystals is the crystal trans-
fer method24,28, which is also the method of our choice. With this technique
the crystal structure of a template material can be forced upon a new ma-
terial growing on it.

In recent studies wurtzite gallium phosphide (GaP) nanowires (NWs)
have already been succesfully used as templates for the growth of Hex-
Si and Hex-SiGe, because of its lattice parameter closely matching silicon.
However, to access the direct band gap regime we will here employ wurtzite
gallium arsenide (GaAs) NWs, which are lattice matched with germanium
as a template.

The full growth of the NWs is schematically illustrated in figure 4.1.
First, a boron-doped (111)B zincblende GaAs wafer is patterned with Au-
nano disk arrays using electron-beam lithography and serves as a substrate.
The substrate is then placed in a low pressure (50 mbar) shower head, metal-
organic-vapour phase epitaxy (MOVPE) reactor in which it is annealed at
635 ◦C under Arsine (AsH3) pressure. This temperature is above the eu-
tectic temperature, therefore a liquid alloy forms of the Au-catalyst parti-
cle and the substrate (see figure 4.1a). The temperature is then adjusted
to 650 ◦C and the vapour-liquid-solid (VLS) growth of the GaAs NWs is
started with the supply of Tri-methyl-gallium (TMGa) and AsH3 using hy-
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Figure 4.1: Schematic illustration of the nanowire growth process. In (a) Au catalyst
particles on a GaAs substrate are depicted. Next, in (b) the GaAs gas precursors (TMGa
and AsH3) are introduced, and WZ-GaAs core nanowires are grown. Then the Au-seeds
are chemically etched away as depicted in (c). After which the sample is reintroduced
into the MOVPE reactor and a Hex-Si1-xGex shell is epitaxially grown around the GaAs
cores. In the bottom panels representative, corresponding, 30° tilted scanning electron
microscopy images are shown of the process step shown above.

drogen (H2) as a carrier gas. By accurately tuning the growth temperature
and the input ratio between Ga and As (III/V ratio), NWs with a pure
wurtzite (WZ) phase are grown (see figure 4.1b). The estimated number
of stacking faults among the [0001] growth direction of the NWs is a mere
2 to 4 µm−1, determined using X-ray diffraction experiments8 (not shown).

Second, the catalyst particle is removed from the NWs by wet chemical
etching, after which the sample is placed back into the MOVPE reactor (see
figure 4.1c), where the surface of the GaAs NWs is restored by annealing
under As and Ga pressure at a temperature of 715 ◦C.

Third, a hexagonal-SiGe (Hex-Ge) shell is grown around the wires at a
temperature of 650 ◦C (600 ◦C) using disilane (Si2H6) and germane (GeH4)
as precursors. During this growth step a small cubic top-section is formed
because the crystal transfer only occurs in the radial growth direction. The
composition of the Hex-SiGe shell can be accurately tuned by choosing the
ratio of Si2H6 and GeH4 carried into the reactor (see appendix A.4).

In order to investigate the chemical composition of the grown nanowires,
post-growth atom probe tomography (APT) measurements were performed

59



Chapter 4 - DBGE of Hex-Ge & Hex-Si0.2Ge0.8

a b

Figure 4.2: An Atom probe tomography (APT) characterization of a Hex-Ge nanowire.
In (a) a three-dimensional volume reconstruction is shown of the center of the measured
NW with Ge- (red), Ga- (green) and As-atoms (blue) over a thickness of 50 nm. In (b)
a cut, (marked by the white box in (a)), of the APT data is shown as a function of the
radial distance across the core/shell structure. Every data point in the plot represents a
2 nm slice taken along the entire length of the nanowire analyses excluding the cubic top
part of the nanowire. Constant incorporation of As at a level of approximately 400 ppm
is observed in the entire shell while the Ga concentration quickly drops to a value close
to the noise level of ∼10 ppm.

on a Hex-Ge wire shown in figure 4.2. APT is a technique in which indi-
vidual charged atoms or atom clusters are released one-by-one from a wire-
shaped sample (diameter ∼100 nm) and accelerated onto a detector by an
electric field. The position on the detector of a detection event allows to
reconstruct the initial position of the particle inside the sample whereas the
time of flight gives the mass to charge ratio and therefore information on
which element is measured. This measurement can be reconstructed into
a three-dimensional map of elements as shown in figure 4.2a, where the
center-fraction of a core/shell GaAs/Hex-Ge wire is depicted.

By considering a diagonal cut of the measurement, marked as a white
box in figure 4.2a, the radial composition of the wire is plotted in figure
4.2b. In this plot every data point represents an averaging over a 2 nm thick
slice of the virtual box, running over the full length of the measurement. It
follows that the Ga content in the Hex-Ge shell quickly drops to the noise
level of ∼10 ppm when moving away from the GaAs core, which corresponds
to a p-type doping of < 5× 1017 cm−3. On the other hand, the As level
remains high at ∼200 ppm which corresponds to ∼2× 1019 cm−3 of n-type
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impurities. Thus in our optical studies we should consider high, probably
degenerate, n-type doping.

Atom probe tomograpy (APT) experiments have additionally been per-
formed on Hex-Si0.25Ge0.75 NWs as shown in appendix A.5. An important
conclusion from these measurements is that in Hex-Si0.25Ge0.75 an n-type
doping level of ∼1× 1019 cm−3 is found (see figure A.4b), very similar to
the value obtained for Hex-Ge in figure 4.2b. Additionally, the same data is
used to perform a nearest-neighbour analysis to verify that a Hex-SiGe alloy
indeed forms a random-alloy and that no clustering effects are observed. In
figure A.4d a perfect overlap between a theoretical random distribution and
the measured distributions is observed, confirming that Hex-SiGe forms a
random alloy.

2 µm 2 µm

Hex-Ge Hex-Si0.2Ge0.8

a b

Figure 4.3: In (a) and (b) representative scanning electron microscope (SEM) images
are shown of the as-grown Hex-Ge and Hex-Si0.2Ge0.8 nanowire samples respectively.
Both samples are grown using a WZ GaAs gold catalyzed nanowire which subsequently
was overgrown with a corresponding group-IV shell.

In this chapter two samples will be optically investigated in particular.
As representative samples we chose Hex-Ge as the binary starting point
because it circumvents problems rising from alloying and Hex-Si0.2Ge0.8 as
the centre of the alloying interval where a direct band gap is expected. A
representative SEM image of the Hex-Ge sample is shown in figure 4.3a
and of the Hex-Si0.2Ge0.8 sample in 4.3b.

The used WZ-GaAs cores for both the samples are 175 nm thick and
6.5 µm long and are arranged in a square lattice with a 2 µm pitch. Due to a
small migration of the Au-droplets during the initial heat-up of the reactor
the wires are slightly displaced and therefore the lattice is disordered. The
Hex-Ge wires have a complete diameter of approximately ∼700 nm at the
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bottom over a length of about 4 µm and a ∼1 µm diameter at the top section
over a length of ∼1.5 µm. The Hex-Si0.2Ge0.8 wires on the contrary have
a homogeneous diameter of 1050 nm over the full length. All wires have a
cubic top section of only ∼ 200 nm long.

4.3 Low temperature excitation dependent PL

We begin our optical investigation of these novel materials by perform-
ing low-temperature excitation-dependent macro-photoluminescence (PL)
measurements on the two representative as-grown samples shown in figure
4.3. The line-shape of these spectra will first be discussed qualitatively,
which shows that the results are consistent with a direct band gap nature
of the materials. Secondly the LSW-fitting model is employed to derive
the minority carrier density, doping density and the effective lifetime of the
Hex-Ge sample which are important parameters to quantify the efficiency
of the light emission.

All measurements in this chapter have been performed using the FTIR-
based macro-PL setup depicted in figure 3.1. The 976 nm laser was em-
ployed which was focused using a 20.3 mm focal length off-axis parabolic
mirror to an elliptic spot of 40 µm×67 µm. The spot excited approximately
400 wires simultaneously which makes that the measured PL signal is not
based on the emission of a few ‘lucky’ wires but is a fair representation
of the properties of the material as a whole. To obtain optimal signal-to-
noise-ratios the Hex-Ge sample has been measured using the MCT-detector
in combination with a cub-Ge long-pass filter and the Hex-Si0.2Ge0.8 sam-
ple with the extended InGaAs-detector in combination with the 1350 nm
long-pass filter. To make absolutely sure that the PL spectra of the Hex-
Si0.2Ge0.8 sample do not extend past the detector’s sensitivity range the
measurements have been repeated with the MCT-detector which gave iden-
tical results (not shown).

Low temperature power series of the chosen Hex-Ge sample and the
Hex-Si0.2Ge0.8 sample are presented in figure 4.4 where we see that the
emission of the Hex-Ge sample at the highest excitation density peaks at
0.373 eV and the Hex-Si0.2Ge0.8 sample is shifted significantly to 0.595 eV.

It is striking that both samples show only a single PL peak over the full
excitation range at this temperature which means that we do not observe
any localized-state related recombination or excitonic effects. The lack of
the latter is expected because of the degenerate n-type doping in both
samples (as followed from atom probe tomography measurements shown in
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Figure 4.4: Excitation density dependent photoluminescence (PL) spectra of Hex-Ge
(red to black) and Hex-Si0.2Ge0.8 (blue to black) as-grown samples, measured at 4 K. All
spectra are normalized to their own maximum. Vertical dotted black lines highlight the
shift and broadening of the peaks, indicating BtB emission.

figure 4.2 and A.4) which ionizes excitons due to screening effects70,118. Ad-
ditionally Hex-Ge has very small predicted effective masses93 and therefore
an exciton binding energy of just a few meV is expected.

To gain a better qualitative understanding of the PL and to be able to
compare both samples, all the spectra plotted in figure 4.5 have been fitted
using a bi-Gaussian peak function. Note that the choice of this function
is merely empirical and carries no physical meaning. In figure 4.5a the
maxima of the fits are plotted as function of the excitation density, where
the half width at full maximum (HWFM) of a half Gaussian is indicated
as a shaded region. At the lowest excitation density the Hex-Ge sample
exhibits a narrow asymmetric PL peak that is broadened to the low energy
side. Most likely this originates from a conduction band tail which is formed
due to the high doping or defect/impurity transitions located just below
the band gap. With increasing excitation density the PL peak broadens
to the high energy side, where the low energy onset of the peak remains
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Figure 4.5: Fitting results using a bi-Gaussian fit on the data displayed in figure 4.4.
In (a) the energy of the peak centre is shown for hex-Ge (red) and Hex-Si0.2Ge0.8 (blue)
as function of the excitation density with the width of the half Gaussian indicated as a
shaded area. Additionally (b) shows the full width at half maximum (FWHM) as function
of excitation density and (c) shows the PL intensity as function of the excitation density
for the as-grown Hex-Ge sample (left axis, red) and an as-grown Hex-Si0.2Ge0.8 sample
(right axis, blue). The slopes c following the power law I ∝ P c are mentioned in the
figure. The Hex-Si0.2Ge0.8 could be measured over a larger excitation range due to a
more sensitive InGaAs detector available in this energy range.

approximately constant. In parallel the maximum of the PL peak blue shifts
by 19 meV when the excitation density is increased by about three orders
of magnitude, as is more clearly visible in figure 4.5a. The asymmetric
broadening and slight blue shift suggest that we observe both an increase
in carrier temperature as well as a band filling effect respectively. This
behaviour is a first clue that the PL signal is due to band-to-band (BtB)
recombination and not due to emission from localized states.

On the contrary, the Hex-Si0.2Ge0.8 sample already exhibits a broad
peak at the lowest excitation density (60 meV compared to 14 meV for Hex-
Ge) and remains almost unchanged in width and shape with increasing
excitation density. When the excitation density is increased over the same
three orders of magnitude the maximum of the PL peak shifts a mere
7.5 meV which is less than half the shift of Hex-Ge.

The FWHM of the Hex-Si0.2Ge0.8 sample remains approximately con-
stant at 60-70 meV over the full excitation regime and only becomes com-
parable to the FWHM of the Hex-Ge sample at the highest excitation
densities. Thus, the FWHM of the Hex-Si0.2Ge0.8 spectra is most likely
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governed by alloy-broadening and not by band-filling effects. Which is an
effect that can be excluded for the Hex-Ge sample due to the single element
nature of the material.

Alloy broadening is caused by local fluctuations in composition, this
is not an exclusive feature of inhomogeneously alloyed crystals but also
random alloys are prone to this. Although APT data (see figure A.4d)
confirms random alloying and a nanowire scale homogeneous incorporation
respectively we cannot exclude the probability of wire to wire compositional
variations. Because random fluctuations follow a binomial distribution the
PL broadening is well described with a Gaussian shaped119,120 broadening,
i.e. the lineshape of the original recombination mechanism has to be con-
voluted with a Gaussian to find the resulting PL spectrum. A Gaussian
broadening agrees very well with the data presented in figure 4.5a where
an almost symmetric lineshape is found with a bi-Gaussian fitting. Only
for the highest excitation densities a small additional broadening can be
observed on the high energy side, which can be explained as the onset of
band filling. We therefore argue that the nature of the recombination in
Hex-Si0.2Ge0.8 is also a band-to-band recombination process, identical to
that of Hex-Ge with the exception of alloy broadening.

In figure 4.5c the integrated PL intensity as function of the excitation
density P is plotted for both samples. The data are fitted with a power
law given by I = a · P c where a is a proportionality constant and c is
the apparent slope of the curves in figure 4.5b. Often c is considered a
signature for a specific radiative recombination mechanism105,121, where
a value 1 < c < 2 is associated with excitonic or BtB recombination68.
However, this is under the assumption that no non-radiative processes are
involved and that different radiative processes are competing. Because only
single peaks are observed in the here presented spectra this model does not
apply and the value for c therefore only gives an indication for the influence
of non-radiative processes in this excitation regime. In this context a value
close to unity (such as 0.91 as found for Hex-Ge) indicates that for each
extra excitation photon an extra luminescence photon is emitted. A slope
of 1 is thus a prerequisite to have a quantum efficiency of unity. A value
for c > 1 shows an increasing dominance of radiative processes over non-
radiative and thus an increasing quantum efficiency with higher excitation.
Last, a value of c < 1 shows that non-radiative processes become more
dominant with increasing excitation density. As is the case for the Hex-
Si0.2Ge0.8 sample in which c decreases from ∼0.92 to ∼0.70 for increasing
excitation densities. Although this behaviour could be caused by Auger
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non-radiative recombination (see section 2.1.3), in this case we attribute it
to the heating of the sample. The efficiency of Hex-Si0.2Ge0.8 will be further
discussed in chapter 5, where measurements using a pulsed excitation source
exclude Auger recombination to be a dominant process.

To investigate the Ge-spectra in more detail the data will be analysed
using the LSW-model in section 4.3.1, which is a line-shape model that
describes band-to-band transitions as was derived in section 2.1.2. The
Hex-Si0.2Ge0.8 sample unfortunately cannot be analysed using this method
because the peak shapes in figure 4.4 clearly show that the spectra are
subject to alloy broadening.

4.3.1 Lasher-Stern-Würfel analysis of Hex-Ge

In figure 4.6 the same power series measured on Hex-Ge as presented in
figure 4.4 is plotted, but here with overlayed Lasher-Stern-Würfel (LSW)
fits in green, both on a linear y-axis in 4.6a and on a logarithmic y-axis in
4.6b. Because the LSW-model (introduced in section 2.1.2) is specifically
derived as a model that describes BtB recombination, the remarkable close
agreement between the fit and the data unambiguously shows that the ob-
served photoluminescence is from the same origin. However, this analysis is
much richer than only showing an overlap between the fits and the PL data
because most of the fitting parameters directly represent physical quanti-
ties.∗In this section the behaviour of the quasi-Fermi-level and the band
gap as function of the excitation density are analyzed in particular. The
first of these will allow to determine both the active doping density and the
effective lifetime of the Hex-Ge sample and the latter will provide insight
in the band gap renormalization observed for this material.

As discussed in detail in section 2.1.2 a different value for r in the
absorption correction factor (given by equation (2.30)) needs to be used for
high and low excitation cases which brings a peculiar choice to be made
in the case of a power series. Here a value of r = 0.8 is chosen which
favours the low-excitation regime. This value was chosen for two reasons;
First because the samples are degenerately doped it is unlikely that the
high excitation regime will be reached. Second, because at higher carrier
temperatures the obtained model curve becomes less sensitive to r (see
figure 2.5), since higher excitation densities are related to higher carrier

∗There is a deviation between the fitting data extracted from the LSW-model in this
chapter with respect to the LSW data as published in reference [8]. This is due to small
updates in the model that are specifically mentioned in the footnotes in section 2.1.2.
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Figure 4.6: A series of normalized spectra, identical to figure 4.4, measured at increasing
excitation density on an as-grown Hex-Ge sample plotted on both a linear scale in (a)
and a logarithmic scale in (b). Here overlayed with LSW-fits as introduced in section
2.1.2 in green, in the low excitation approximation (i.e. r = 0.8). Spectra in (a) are
offset with a constant value of 0.4 and in (b) with a constant factor of 3.

temperatures the choice for the lowest excitation density should be made
appropriately.

The extracted parameters of these fits are shown in figure 4.7. Where
the quasi-Fermi-level-splitting ∆µ and the band gap are plotted in 4.7a,
the carrier temperature is plotted in 4.7b and the broadening parameter γ
is plotted in 4.7c as a function of the excitation density.

A first very encouraging result is the almost constant band gap as a func-
tion of excitation density up to ∼0.5 kW cm−2 of 0.358 eV, which is not only
the very first experimental determination of the band gap in Hex-Ge but
also provides great trust in the accuracy and validity of the fitting model.
When considering the peak maximum as plotted in green in figure 4.7a
we see a constant blue shift with increasing excitation density which is at-
tributed to the Burstein-Moss (BM) effect. The Burstein-Moss effect122,123
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is an apparent shift of the absorption edge124,125 or a PL maximum70,118,126

due to the population of the conduction and/or valance band. At excitation
densities above 0.5 kW cm−2 a shrinkage of the band gap (plotted in red in
figure 4.7a) is observed which could be the onset of band gap renormaliza-
tion (BGR) which is a well know phenomenon in all sorts of semiconductors
(both direct band gap and indirect band gap)127–129. The potential obser-
vation of BGR and a Burstein-Moss shift will be further elaborated on in
section 4.3.1.

Furthermore, figure 4.7b shows the fitted carrier temperature as func-
tion of the excitation density. At low excitation, a temperature near 15 K
is observed which we interpret as the temperature of the excited charge
carriers. Even though it was stated by Würfel59 in his derivation of the
LSW-model that thermal equilibrium should be established between the
lattice and the charge carriers, this is not a necessary assumption for the
validity of the model. In fact it is a well known phenomenon in other
semiconductors that the carrier temperature is above the lattice tempera-
ture130,131 under excitation. As long as the electrons and holes are mutually
in thermal equilibrium131 due to carrier-carrier scattering, the derivation
of Würfel holds. The electron temperature (and therefore also the hole
temperature) can thus be significantly higher than the lattice-temperature.

Group-IV materials are nonpolar and are thus lacking dipole active
optical phonons. Due to the absence of the long-range Fröhlich interac-
tion132–134, the observation of an elevated carrier temperature with respect
to the lattice is thus not surprising. Nonetheless, above an excitation den-
sity of about 300 W cm−2, the carrier temperature starts to rise significantly
up to ∼100 K.

An important observation is that the quasi-Fermi-level-splitting ∆µ is
increasing over the full excitation range as plotted in figure 4.7a. This seems
to contradict the assumptions for the low excitation regime made in the the-
ory section 2.1.2, which state that both µh and µe are independent of the
excitation density at low excitation and low temperature. The argument
for an excitation independence of the quasi-Fermi-level associated with the
majority carriers (µe in our case) is very robust, the very high n-type dop-
ing makes that the additionally excited charge carriers do not significantly
contribute to the number of free electrons and therefore the electron Fermi
level does not change. However, the argument for excitation independence
of the Fermi-level of the minority carriers (in our case µh) considers both
a hard onset of the density of states (DOS) and a low charge carrier tem-
perature. Both of these assumptions should be considered in more detail.
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Figure 4.7: LSW fits have been performed on the PL-spectra on Hex-Ge with in-
creasing excitation density as depicted in figure 4.6. Resulting from these fits (a) shows
both the band gap and the quasi-Fermi-level splitting ∆µ as a function of excitation
density P . Additionally (b) and (c) show the carrier temperature and Urbach-tail coef-
ficient γ respectively, both as a function of excitation density. The mentioned slope of
7.7± 0.4meV/decade for ∆µ as function of log(P ) has been determined with respect to
the band gap (i.e. ∆µ−BG has been fit as function of log(P ) to determine this value).

Because of the high n-type doping we expect that most of the significant
broadening of the JDOS is due to a tail on the conduction band (CB). On
the other hand this does not exclude a broadening tail on the side of the
valence band (VB). This would mean that at low pump powers µh is still
positioned within the band gap and not on the conduction band edge. As
a consequence, the quasi Fermi level µh shifts through the tail of the CB-
DOS with increasing excitation density and therefore increasing the overall
quasi-Fermi-level splitting. The second assumption addresses the low tem-
perature of the charge carriers, however the carrier temperature as derived
from the LSW-fits as presented in figure 4.7b show a minimum temperature
of ∼15 K. Therefore the Fermi-Dirac distributions lose their step-like shape
and µh becomes dependent on the excitation density.

Interpretation of quasi-Fermi-level splitting and DOS broadening
parameter

In this section a model will be setup that describes the behaviour of the
quasi-Fermi-level-splitting ∆µ, with varying excitation density. The effects
that an elevated charge carrier temperature and a broadened JDOS have on
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∆µ are explicitly taken into account. By fitting the here derived model to
the experimental data as shown in figure 4.7, the minority carrier density,
doping density and effective lifetime can be determined. All these values
are important parameters to evaluate the efficiency of the light emission
from Hex-Ge.

For starters, the behaviour of both µh and µe (and therefore ∆µ) are
calculated at different doping densities n0 and excited charge carrier densi-
ties ∆n and compared to experimental results. From APT measurements,
shown in figure 4.2, we know that the n-type doping n0 is in the order of
1× 1019 cm−3) and therefore much higher than the p-type doping. There-
fore the total number of free electrons n equals the sum of the pumping
induced charge carrier density ∆n and n0. Because in a PL experiment the
number of excited electrons simply equals the number of excited holes, and
because the p-type doping can be neglected the total hole density equals
p = ∆n. As a starting point for these calculations the density of states for
a parabolic band is considered, given by48 equation (4.1).

DOS(ε) = 1
2π2

(2meff

~2

) 3
2 √

ε− EG (4.1)

In which meff is the averaged effective mass135 of the respective band
using equation (4.2) to average over the different k-directions. Using the
values found from HSE06 functional based DFT calculations93 of Hex-Ge,
we find an averaged effective mass of 0.18 for the conduction band and 0.19
for the valence band in units of the free electron mass.

meff = (mΓ−K ·mΓ−A ·mΓ−M )
1
3 (4.2)

To find the electron (hole) concentration, equation (4.1) is first convo-
luted with a peak function T (E, T, µe) (analog to the procedure explained
in section 2.1.1) to account for doping induced tail states, then multiplied
with the electron (hole) Fermi-Dirac equation and integrated resulting in
equations (4.3) and (4.4).

n = ∆n+ n0 =
∫ ∞
−∞

DOSCB(ε) ∗ T (ε, γCB) · f(ε, T, µe) · dε (4.3)

p = ∆n =
∫ ∞
−∞

DOSV B(ε) ∗ T (ε, γV B) · [1− f(ε, T, µe)] · dε (4.4)

Note that the broadening parameters γXB are taken into account for the
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valence band and conduction band separately. Unfortunately, the integrals
in equations (4.3) and (4.4) cannot be calculated analytically, therefore they
are evaluated using a numerical trapezoidal integration method. Although
these relations can only be solved numerically, they do provide a direct,
one-to-one relation between ∆n and the quasi-Fermi-levels µe and µh (and
therefore also ∆µ). Using the optimization algorithm fsolve, available in
the python package SciPy, equation (4.3) and (4.4) can even be numerically
inverted and can be rewritten such that the quasi-Fermi-levels are functions
of (among others variables) the minority carrier density ∆n and the doping
density n0 as given in equations (4.5), (4.6) and (4.7).

µe =f(∆n, n0, γCB, T ) (4.5)
µh =f(∆n, γV B, T ) (4.6)

∆µ = µe − µh =f(∆n, n0, γCB, γV B, T ) (4.7)

Equations (4.5) to (4.7) form a basis with which we can directly inves-
tigate the behavior of the quasi-Fermi-levels as a function of the minority
carrier density with varying values for the temperature and γV B. As a
starting point some example graphs are shown in figure 4.8, where a value
of 5× 1018 cm−3 is chosen for n0, and 10 meV for γCB. Which are close to
the previously mentioned APT value, with the assumption that only half
of the impurities will be activated, and in agreement with the value of γCB
found in figure 4.7c.

In figure 4.8a, µe, µh and the resulting ∆µ are plotted as a function of
the minority carrier density ∆n for a temperature of 4 K. We see that de-
spite the additional broadening near the conduction band, µe stays constant
in the low injection regime and only starts to increase when the injection
becomes comparable to the doping level. Thus, the behaviour of µe with
changing ∆n is independent of the value for γCB which can thus be chosen
arbitrarily (when small enough).

To study the effect of additional states near the valence band, γV B
has been varied from 0 meV (black line) to 15 meV (red line). In the case
of no broadening (γV B = 0 meV), µh is independent of ∆n and overlaps
with the valence band edge, in agreement with the assumptions made in
section 2.1.2. However, with an increasing broadening parameter γV B more
states in the band gap become available and µh shifts into the band gap
for low minority carrier densities. When ∆n is increased, µh shifts back to
the VB-edge with a linear behavior as function of log(∆n). In the lower
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Figure 4.8: Calculated electron Fermi levels µe and hole Fermi levels µh as a function of
the minority carrier density ∆n for different values of the valence band DOS broadening
parameter γV B at carrier temperatures of 4 K (a), 40 K (b) and 400 K (c). In all figures
an n-type doping density of 5× 1018 cm−3 is used. And a broadening parameter γCB of
10 meV. The lower panel of each figure shows the Fermi-level-splitting ∆µ which is the
difference between µe and µh also as function of ∆n.

panel of figure 4.8a the net effect is plotted on the Fermi-level-splitting ∆µ
relative to the band gap. The conclusion from this graph is clear, despite
the low temperature of 4 K, an apparent linearly increasing ∆µ is expected
as function of log(∆n) when the valence band is broadened (i.e. γV B 6= 0).

Now considering figure 4.8b, a similar plot is shown but for a slightly
elevated carrier temperature of 40 K. Again µe remains independent of ∆n
due to the high n-type doping. For µh however a slight change is present
when γV B = 0, due to the broadened Fermi-Dirac distribution µh shows
a small linear slope with increasing ∆n where it was independent at low
temperatures. When the value of γV B is increased the slope of this behavior
is again dominated by the band gap states and the increased temperature
plays a negligible role. As a last case figure 4.8c shows the same plot but
for a temperature of 400 K. It is clear that additional states near the VB
have no influence on the behavior of ∆µ anymore and that the thermally
broadened Fermi-Dirac dominates the behavior of µh. The quasi-Fermi-
energy of the electrons still shows a qualitative similar behavior with an
independence of ∆n, but due to the high temperature the stable value is
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Figure 4.9: In (a) curves of the quasi-Fermi-level splitting ∆µ as function of the minority
carrier density ∆n are plotted for carrier temperatures ranging from 0 K to 300 K in
which the doping density is assumed to be n0 = 5× 1018 cm−3, γCB = 10 meV and no
broadening of the valence band is assumed (i.e. γV B = 0). Then in (b) the apparent
slope ∂∆µ

∂ log(P ) is plotted of the data shown in (a) at low excitation density (i.e. determined
using a linear fit in between 1× 1014 cm−3 and 1× 1016 cm−3), as function of the carrier
temperature in blue. Additional graphs are determined in the same way and with the
same parameters as specified before, with the exception of an increased value for γV B
as given in the legend. Marked in (b) as a data point is the experimentally determined
apparent slope for Hex-Ge of (5± 1) meV decade−1 at a carrier temperature of ∼15 K
(both values determined in figure 4.7). A broadening factor of γV B = (2.0± 0.5) meV is
determined for Hex-Ge based on this analysis.

We have now established that both a non-zero carrier temperature and
additional band gap states can be at the basis of a linearly increasing ∆µ as
function of log(∆n). In an attempt to decouple these contributions for the
PL data of the Hex-Ge sample, the effect of only the carrier temperature is
investigated in figure 4.9a where a set of curves representing ∆µ as function
of the minority carrier density ∆n are plotted for increasing temperatures.
For these curves no broadening of the valence band is taken into account
(i.e. γV B = 0). Subsequently, the apparent slope of these curves at low
excitation density (i.e. ∂∆µ

∂ log(P )) are determined by linearly fitting the data
in between 1× 1014 cm−3 and 1× 1016 cm−3, the result of which is plotted
in figure 4.9b as a function of temperature in blue. The additional curves
in figure 4.9b are determined with the same procedure but with a step wise
increased γV B parameter.

Under the reasonable assumption that ∆n scales proportionally to the
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excitation density P as used in figure 4.7, the experimental value for ∂∆µ
∂ log(P )

of (5± 1) meV decade−1 can be directly correlated with the curves plotted
in figure 4.9b. The value of ∂∆µ

∂ log(P ) was derived while a constant carrier
temperature of ∼15 K is observed, also based on the results of the LSW-
fits shown in figure 4.7b. These values are plotted as a single data point
(including an error bar) in figure 4.9b, from which we can conclude that the
experimentally observed apparent slope is mostly determined by a carrier
temperature effect and only due to a marginal broadening of the valence
band characterised by γV B = (2.0± 0.5) meV. This small broadening factor
gives a good indication that the valence band edge is well defined and that
therefore only a limited amount of p-type doping is expected to be in this
system. Extracting a value for γV B is also an important result for the
determination of the doping concentration as will be elaborated on in the
next section.

Determining the activated-doping concentration from LSW-analysis

In section 4.3.1 a model based on equations (4.5) to (4.7) was developed
that predicts the behavior of the quasi-Fermi-level splitting ∆µ as function
of the minority carrier density ∆n. In this section this model will be fitted
to the experimental data resulting in a determination of the minority carrier
density as function of the excitation density and the doping density. These
values will be crucial to determine the effective lifetime (see section 4.3.1)
and the optical efficiency of the material (see section 5.3.4).

From previous analysis we have been able to determine that the mea-
sured carrier temperature of 15 K in combination with a valence band
broadening factor of γV B = (2.0± 0.5) meV can explain the observed be-
havior of ∆µ in figure 4.7a at low excitation densities. Additionally the DOS
broadening factor of the conduction band γCB is assumed to be 10 meV to
follow the γ value observed for the joint-density of states (see figure 4.7c)
however we already concluded that γCB is not relevant for the behaviour
of ∆µ as function of the minority carrier density ∆n due to the degenerate
n-doping. When entering all these values in equation (4.7), ∆µ remains
to only be dependent on the minority carrier density ∆n and the doping
density n0.

In order to probe the influence of the doping density n0, ∆µ relative
to the band gap (BG) has been plotted as a function of ∆n for increasing
values of n0 in figure 4.10a. For doping values higher than 1× 1016 cm−3

a clear linear behavior of ∆µ as function of log(∆n) is found for the low
injection regime, where the slope is independent of the doping level. Note
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that the curves for low doping densities show two linear regimes, where the
second one is not caused by the broadening of the Fermi-Dirac distributions
but by the broadening of the conduction and the valence band themselves,
governed by γV B and γCB. Nonetheless, one of the curves in figure 4.10a
accurately describes the here investigated system.
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Figure 4.10: Shows the calculated value of the Fermi–level-splitting ∆µ minus the
band gap as a function of the minority carrier density ∆n for varying doping densities
n0. For these plots the broadening parameters for the conduction and valence band are
respectively chosen to be γV B = 2 meV and γCB = 10 meV, with a carrier temperature of
15 K. In (b) the model presented in (a) is fitted to the recorded data as presented in figure
4.6a, where the two used fitting parameters are the proportionality constant between the
excitation density and ∆n and the doping density n0, resulting in the solid green line.
The determined doping density is (2.0± 0.5)× 1018 cm−3. The data was also fitted with
the same model, but taking into account the temperature associated with each data point
(instead of using a single temperature) as was determined from the LSW-analysis shown
in figure 4.6b, resulting in the line coloured graph. An almost identical doping density
of (1.9± 0.5)× 1018 cm−3 was determined using this method. The blue data point was
excluded from the fit.

From the data in figure 4.7a experimental values for ∆µ− BG are de-
termined and plotted as function of the excitation density P in figure 4.7b.
By assuming that P and ∆n are proportional as ∆n = a · P , equation
(4.7) can be fitted to these data points requiring only two fitting parame-
ters, the proportionality constant a and the doping concentration n0. Note
that for excitation densities higher than ∼2 kW cm−2 the linear trend of
∆µ − BG breaks and the data points start to slope upward, the inclusion
of this change in slope is important for the accuracy of the fit and thus
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measurements at sufficiently high excitation are required. The resulting
fit, found using a least-squares criterion, is also plotted in figure 4.10b and
yields a doping density of (2.0± 0.5)× 1018 cm−3. From the proportional-
ity constant a, the top x-axis of figure 4.10b showing P is mapped to the
bottom x-axis showing ∆n.

Demonstrated here is a non-invasive, optical method to determine the
doping density of a degenerate semiconductor, where only knowledge about
the effective masses is required since both the band gap and the quasi-
Fermi-level splitting follow from the LSW-fits. It is also demonstrated that
to determine the doping density from the LSW-model an excitation power
dependent measurement series is a requirement to study the behavior of
∆µ−BG and that this value cannot be assumed constant with excitation.

Effective carrier lifetime

In figure 4.10b not only the doping density of the measured Hex-Ge nanowires
has been determined but we have also mapped the experimental excitation
density P to the resulting minority carrier density ∆n. By also estimat-
ing the absorption in the nanowires an effective lifetime for the minority
carriers can be determined.

We start by considering the data point measured at the highest excita-
tion density in figure 4.10b, we find that ∆n = 2.0× 1018 cm−3 is reached at
an excitation density of P = 5.1 kW cm−2. By dividing the excitation den-
sity by the energy per photon (equal to 1.27 eV for a 976 nm laser) the pho-
ton flux per surface area F is found, resulting in F = 2.5× 1022 cm−2 s−1.
Next we will calculate the size of the volume that these photons interact
with. On a sample with a square lattice of NWs there are ρNW = 1/y2

NWs per square centimeter with y the pitch. The volume of a single
NW is calculated as two stacked cylinders with a large and small di-
ameter based on the SEM images shown in figure 4.3a as VNW = 1

4 ·
π
[
(d2
NW,top − d2

core) · ltop + (d2
NW,bot − d2

core) · lbot
]
, dx is the diameter of the

top or bottom of a NW or of the GaAs core and l the length of the
corresponding segment. The volume density can then be calculated as
ρvol = ρNW · VNW . By assuming that all excitation photons are absorbed
by the nanowires, and that the excited charge carriers homogeneously dis-
tribute over the wires the minority carrier generation rate per volume g
can be determined to be g = F/ρvol = 2.1× 1026 cm−3 s−1. As a last step
this result is combined with ∆n to find the effective lifetime τ of the car-
riers in the material as τ = ∆n

g = (6± 3) ns. When using the parameters
found from the dynamic temperature fit in figure 4.10b an almost identical
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lifetime of (5± 3) ns is obtained. Probably the generation rate is overes-
timated because both the reflections from the sample surface as well as
intra-band absorption processes are not taken into account. Therefore the
derived lifetime can be considered as a lower boundary.

Comparing the experimentally determined lifetime of (6± 3) ns with
the theoretical calculations presented in figure 2.11b, where a lifetime of
∼ 20 µs is predicted for Hex-Ge we note that the experimental value is
found to be more than three orders of magnitude shorter. Even when
the underestimation as mentioned in the previous paragraph is taken into
account this cannot account for the full discrepancy. A possible answer can
be that the lifetime in our system is much faster due to a much larger matrix
element than calculated, this would mean that the symmetry in the crystal
is broken due to other elements than doping alone. Another explanation
could be that the lifetime is dominated by non-radiative processes instead of
radiative ones, which at this point we cannot exclude but will be discussed
in more detail in chapter 5.

Band gap renormalization

In this section not the behaviour of ∆µ will be studied as in the last sec-
tions but the dependence of the band gap as function of the excitation
density, also determined using the LSW-model. As already mentioned in
section 4.3.1 band gap renormalization (BGR) might be observed in the
PL spectra of Hex-Ge for high excitation densities. BGR is a well known
phenomenon of the shrinkage of the band gap in highly doped or highly
excited semiconductors. In figure 4.11 the band gap of Hex-Ge, as deter-
mined from the LSW-fits shown in figure 4.6, is plotted as function of both
the minority carrier density and majority carrier density. It is clear that
the observed red shift does not scale with the majority carrier density and
therefore needs to be explained with the change in minority carrier density.

In literature many different models128,136–140 have been proposed to ex-
plain the behaviour of BGR and it is therefore still a debated topic141.
However, the extensive work of Berggren and Sernelius128 has set the gen-
eral strategy of calculating BGR for n-type doping by taking into account
energy changes in both the conduction and the valence band as given in
(4.8).

Eg = Eg,0 −∆Eeec −∆Eedc + ∆Ehdv + ∆Ehev (4.8)

In which Eg,0 is the band gap of the intrinsic semiconductor. Addi-
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Figure 4.11: Shows the band gap of Hex-Ge as determined using LSW-fits, as function
of the minority (majority) carrier density p = ∆n (n = ∆n + n0) with the red (blue)
data points corresponding to the bottom (top) x-axis. The data plotted as function of
p has been fit with both the VK-model for exchange interaction as well as the modified
Lindefelt model as derived in A.6.

tionally ∆Eeec is the change in conduction band energy due to the intro-
duced electron gas, which gives an electron-electron exchange interaction.
Then ∆Eedc is the shift due to the free-electron interaction with the ionized
donors, ∆Ehdv the (minority) hole interaction with the ionized donors and
∆Ehev the electron-hole correlation energy. A recent model for BGR was
derived by Lindefelt139 who combined results from Berggren128 and Jain138
and found an analytical description for both n-type and p-type doped semi-
conductors. Unfortunately these models are developed to explain BGR as
function of doping concentration and not as function of excited electron-
hole pairs. However, starting from the results of Lindefelt a suitable model
can be derived for our specific case (i.e. degenerate n-doping combined
with an excitation induced BGR). See appendix A.6 for a full derivation,
the result is given in equation (4.9).

Eg = E0,N+
d
−Ahhv ·∆p1/3 −Aehc ·∆p1/4 (4.9)

Here E0,N+
d

is the band gap energy including doping induced BGR but
without excitation induced BGR and Ahhv and Aehc are two constants given
in appendix A.6 that only depend on the effective masses, and dielectric
constant of Hex-Ge. As previously postulated the model should be, and is,
only dependent on the minority carrier density ∆p. Taking E0,N+

d
as the

only fitting parameter, equation (4.9) was fitted, as function of the hole
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(minority) carrier density, to the data of the band gap as shown in figure
4.11. A very close agreement for the high excitation regime is found with
a value for E0,N+

d
of 0.371 eV. At the lowest excitation densities (i.e. from

2× 1015 cm−3 to 1× 1017 cm−3) an unexpected increase of the band gap is
observed with increasing excitation before the band gap starts shrinking.
A possible explanation could be that the model derived by Lindefelt139
is specifically valid for doping densities higher than the Mott density, in
the here presented measurements this is only the case for the donors but
not for the acceptors. Therefore, at low excitation the photo excited holes
could be trapped in acceptor states or other defects while only starting to
populate the valence band and contribute to BGR above a certain density.
Nonetheless, this result shows that the observed shrinkage of the band gap
can indeed be interpreted as a BGR effect. The clear agreement between
experiment and theory also puts great trust in the determination of the
doping density and charge carrier density with the methods presented in
section 4.3.1. Additionally the result highlights the potential of using the
LSW model to measure and quantify BGR effects in semiconductors.

In many experimental studies about BGR124,125,141,142 the size of the
apparent band gap Eg1, as measured in absorption measurements, is de-
scribed as Eg1 = Eg0 + ∆EBM − ∆EBGR in which Eg0 is the band gap
of intrinsic material, ∆EBM a Burstein-Moss shift and ∆EBGR a BGR
shift. Because the Burstein-Moss effect and BGR both shift the absorp-
tion edge or PL maximum they are typically hard to decouple. In most
cases the Burstein-Moss contribution is calculated assuming a parabolic
band together with a 0 K Fermi-Dirac distribution for the majority car-
riers which gives expression (4.10) for ∆EBM which directly follows from
equation (4.3).

∆EBM = ~2

2meff

(
3π2ne

) 2
3 (4.10)

The part of the shift that is then not explained by ∆EBM is attributed
to BGR. However, as Walsh et al.141 argued, equation (4.10) overestimates
∆EBM for high free carrier densities because of an increasing effective mass
(i.e. parabolic bands are an over simplification) as the Fermi-level rises.
Different correction schemes for the effective mass have been used124,141–143
and in all cases could explain almost the shift in Eg1 without significant
BGR (i.e. EBGR ≈ 0). It is clear that there is no golden standard of how
to decouple ∆EBM and ∆EBGR experimentally.

There are reports of quantifying BGR effects using photoluminescence
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techniques127,144,145 but determining the band gap is shown not to be
straightforward as the maximum nor the onset of the PL spectrum are
a good measure. Despite the complexity, some authors did make use of cal-
culated PL shapes110,146–149 to determine the band gap position. However,
these studies make use of a set of samples where the doping density has
been determined using other characterisation techniques. This knowledge
greatly simplifies the complexity of the line shape models and removes the
need to have accurate knowledge of ∆p.

We have shown that the LSW-fit model is an ideal tool to identify
∆EBGR independent of ∆EBM because it separately takes the actual band
gap (i.e. Eg0 − ∆EBGR) and the quasi-Fermi-level splitting into account
which makes it insensitive to the Burstein-Moss contribution ∆EBM of the
shift. To the best of our knowledge, there is only one report in which
a quantitative BGR analysis is presented where charge carriers are intro-
duced through excitation150. In this work however the charge carrier den-
sity ∆p is introduced and determined using a pulsed laser rather than a CW
laser. Demonstrated here is a spectral-fitting method that gives qualita-
tive information about the doping density, the charge carrier density under
continuous wave excitation and the band gap renormalization.

4.4 Temperature dependent PL

After a thorough discussion of the excitation dependence of the photolumi-
nescence (PL) of Hex-Ge and Hex-Si0.2Ge0.8 at low temperature in section
4.3, we now shift our attention to the temperature dependence of the same
two samples. First the behaviour of both samples will be discussed in a
qualitative way, which will strengthen the conclusion that both samples ex-
hibit a direct band gap and that alloying effects are visible in Hex-Si0.2Ge0.8.
Additionally, the band gap of Hex-Ge will is determined over the full tem-
perature range (4 K to 300 K) which is an important parameter for device
applications.

In figure 4.12 temperature dependent, normalized PL spectra are plot-
ted for which the lattice temperatures have been varied from 2.5 K all the
way up to 300 K. The fact that room temperature emission is observed
is an additional strong indication that both investigated samples exhibit a
direct band gap and are efficient light emitters.

For the PL spectrum of Hex-Ge at 2.5 K (plotted in figure 4.12) we
observe a slightly asymmetric peak, with a dominant broadening towards
the high energy side as can be observed both in figure 4.13a as well as
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in 4.13b where the results of a bi-Gaussian fitting of the spectre are pre-
sented. When the temperature is increased from 2.5 K the maximum of the
peak shows a continuous red shifts which is expected because the band gap
shrinks with temperature. Typically, if the emission would be from local-
ized states a sudden quench in intensity and a blue shift in the emission
energy would be observed151,152 due to the ionization of these states. Thus,
the absence of such a blue shift and the monotonous red shift of the Hex-Ge
band gap is a very good indication that the emission is due to band-to-band
recombination at all temperatures.

In contrast to the Hex-Ge sample the Hex-Si0.2Ge0.8 sample only shows
the expected red-shift in the initial temperature increase from 2.5 K to
120 K, after which a step-like blue shift at 130 K occurs. We attribute this
observation to the de-trapping of electrons and/or holes from local potential
wells due to alloy fluctuations, as will be discussed in more detail in section
5.2.3. Therefore the emission at higher temperatures is effectively from a
Hex-Si1-xGex alloy with a higher Si-content (i.e. smaller value of x).
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Figure 4.12: Temperature dependent photoluminescence (PL) spectra of Hex-Ge (red
to black) and Hex-Si0.2Ge0.8 (blue to black) as-grown samples, measured at 1.9 kW cm−2.
All spectra are normalized to their own maximum.
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The full width at half maximum (FWHM) of the PL peak of Hex-Ge
(plotted in figure 4.13b) shows a very constant increase with temperature
due to an expanding Fermi-Dirac tail. Starting from ≈ 200 K the FWHM
starts increasing more rapidly which is most likely still related to a Fermi-
Dirac tail but could also have a contribution from a second valence band
being filled. For the Hex-Si0.2Ge0.8 sample a sudden broadening of the emis-
sion peak is observed (see figure 4.13a and 4.13b) starting from 80 K, which
is attributed to the onset of the previously mentioned de-trapping process.
The FWHM then keeps increasing rapidly up until 130 K where all holes
are completely free and the FWHM shows a sudden small decrease. Notice
that the reduction in the FWHM coincides with a small blue-shift of the low
energy onset of the PL, indicating that the low energy wells are no longer
contributing to the PL. This behaviour strengthens the interpretation that
de-trapping of charge carriers is observed.
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Figure 4.13: Fitting results of a bi-Gaussian fitting of the data displayed in figure 4.12.
In (a) the energy of the peak centre is shown for hex-Ge (red) and Hex-Si0.2Ge0.8 (blue)
as function of the temperature with the width of the half Gaussian indicated as a shaded
area. Additionally (b) shows the full width at half maximum (FWHM) as function of
temperature and (c) shows the PL intensity as function of the temperature for both
samples.

Figure 4.13c shows the integrated PL intensity, normalized to the in-
tensity measured at 2.5 K. For both samples a monotonous decrease in PL
intensity is observed with temperature. The experimental observation that
the emission decreases with increasing temperature provides another indi-
cation that Hex-Ge and Hex-Si0.2Ge0.8 are direct-band gap semiconductors.
In contrast, for an indirect-band gap semiconductor at low temperature, ex-
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cited carriers would accumulate at the indirect band extrema and do not,
therefore, emit light efficiently. As the lattice temperature increases, the
photoluminescence intensity is expected to increase32 as carriers are ther-
mally excited into the higher energy direct minimum, from where they can
recombine with a higher quantum efficiency.

The here presented temperature series provides additional arguments
to the excitation density dependent data set presented in 4.3, that the PL
emission for both samples is dominated by a direct band gap, band-to-band
recombination process. We also found further clues that the PL emission
from Hex-Si0.2Ge0.8 is determined by both the direct band gap nature of
the material as well as alloy effects.

4.4.1 Lasher-Stern-Würfel analysis of Hex-Ge

In order to better understand the shape of the temperature dependent PL
spectra of the Hex-Ge sample depicted in figure 4.12 they have been fitted
using the LSW model, already presented in section 2.1.2. The spectra are
plotted both on a linear scale in figure 4.14a and on a logarithmic scale in
figure 4.14b, both overlayed with LSW-fits in green. All the spectra have
been recorded at an excitation density of 1.8 kW cm−2, which corresponds
to a minority carrier density of 6× 1017 cm−3 at low temperature as was
determined in figure 4.10b.

Also for the temperature dependent series, as was the case for the ex-
citation dependent series, the LSW-model provides close agreement with
the experimental data and with that the confirmation of the BtB nature
of the emission up to room temperature. However a small discrepancy can
be observed around 0.36 eV where a parasitic absorption line cuts a small
part of the spectrum. This absorption line influences the fit quality signifi-
cantly in the interval of 50 K to 80 K because in these cases it overlaps with
the peak maxima (these data points are marked with a blue bar in figure
4.15). Additionally the LSW-model does not provide a completely satis-
factory fit at the low energy side for the highest temperatures. This is due
to a parasitic emission in between 0.20 eV and 0.27 eV which is unrelated
to the nanowires and most likely originates from parasitic growth on the
substrate.

The determined fitting parameters of the LSW-fits, plotted in figure
4.14, are shown in figure 4.15. The band gap as function of lattice tem-
perature is shown in figure 4.15a and will be further discussed in section
4.4.1. The carrier temperature is shown in figure 4.15b, at the lowest lattice
temperature of 2.5 K the carrier temperature is already at ∼70 K and stays
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Figure 4.14: A temperature series of normalized spectra, measured at temperatures
varying from 2.5 K to 300 K on the same as-grown Hex-Ge sample as discussed in section
4.3, plotted on both a linear scale in (a) and a logarithmic scale in (b). All spectra are
measured at an excitation density of 1.8 kW cm−2, corresponding to a minority carrier
density of 6× 1017 cm−3. The spectra are overlayed with LSW-fits as introduced in
section 2.1.2. Spectra in (a) are offset with a constant value of 0.5 and in (b) with a
constant factor of 5.

approximately constant with increasing lattice temperature. In between
50 K and 80 K the carrier temperature remains artificially low due to the
previously mentioned absorption line. For lattice temperatures higher than
80 K the carrier temperature accurately follows the lattice temperature with
a constant offset of ∼45 K. The joint density of states (JDOS) broadening
parameter γ is plotted in 4.15c which remains in the 10 to 15 meV range.

Temperature dependence of the band gap

An clear shrinkage of the band gap can be observed in figure 4.15a, where
the band gap of Hex-Ge shifts from 3.5 µm (0.352 eV) at low tempera-
ture to 4.4 µm (0.283 eV) at room temperature. Although this well known
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Figure 4.15: Fitting parameters found for the LSW-fits shown in figure 4.14 where
temperature dependent PL spectra are shown. In (a) the band gap as function of the
temperature is plotted in red together with the quasi-Fermi-level-splitting ∆µ in black. In
(b) the acquired carrier temperature is plotted as function of the lattice temperature and
in (c) the broadening parameter γ is plotted, also as function of the lattice temperature.

shrinkage of the fundamental band gap with increasing temperature is often
well described by the semi-empirical Varshni equation153, the Vina equa-
tion154, given in equation (4.11), provides a more accurate description for
elevated temperatures and is applicable to a wide variety of semiconduc-
tors151,154,155. The relation proposed by Vina is given in equation (4.11).

Eg = a− b
(

1 + 2
exp(Θ/T )− 1

)
(4.11)

Here a is a constant, b represents the strength of the electron-phonon
interaction, and Θ is related to the average temperature of the phonons
taking part in the scattering process reducing the band gap154. For the
band gap of Hex-Ge the Vina equation is fitted in figure 4.15a where the
following values are found; a = (362± 5) meV, b = (9± 1) meV and a value
of Θ = (66± 8) K.

4.5 Conclusions

In summary the growth core/shell WZ-GaAs/Hex-Ge and WZ-GaAs/Hex-
SiGe nanowires has been discussed. From atom probe studies we have
concluded that an n-type doping in the order of 1× 1019 cm−3 is expected
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in the group-IV shells of the samples.
Two samples (Hex-Ge and Hex-Si0.2Ge0.8) have been investigated in

detail optically, using excitation density dependent PL measurements and
temperature dependent PL measurements. For both samples a single peak
spectrum due to band-to-band recombination was observed for all temper-
atures. This is concluded from the close agreement with the Lasher-Stern-
Würfel (LSW) fit model, the monotone decrease in intensity for increasing
temperature and the strong room-temperature PL emission.

The Hex-Ge sample has been investigated in detail using the LSW-
model which yielded a low temperature band gap of 0.358 eV. Additionally
we demonstrated how the LSW model can be used to deduce the minority-
carrier density, the doping density of the crystal and observed band gap
renormalization. All these phenomena can be deduced from a single ex-
citation power series, under continuous wave excitation where the only
required input parameters for this analysis are the effective masses of the
conduction and valence band. From this analysis we find that the Hex-Ge
shells exhibit an active doping concentration of ∼2× 1018 cm−3 and that
the observed pumping-induced band gap renormalization is well described
using the Lindefelt model.

Last, the LSW-model was used to determine the temperature dependent
band gap of Hex-Ge which is well described using the Vina relation. The
observation of a smooth band gap curve all the way up to room temperature
further demonstrates the observation of direct band-to-band recombination
and excludes emission from localized states.
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5
Efficient light emission from
Hexagonal Si0.2Ge0.8
and emission energy tuning
This chapter is based on:

Elham M. T. Fadaly∗, Alain Dijkstra∗, Jens Renè Suckert∗ et al.
Direct-bandgap emission from hexagonal Ge and SiGe alloys,
Nature, 580, 205–209, (2020). ∗ Equal contributions.

Chapter contributions:
Growth: Elham M. T. Fadaly, Arrhenius measurements: Alain Dijk-
stra, SEM: Elham M. T. Fadaly, TRPL Measurements: Alain Dijkstra,
Marvin A. J. van Tilburg, Victor T. van Lange, FDTD simulations: Kse-
nia Korzun, Spectral PL Measurements: Alain Dijkstra, DFT calcu-
lations: Jens Renè Suckert, Data Analysis and interpretation: Alain
Dijkstra.

In the first part of this chapter the optical efficiencies of Hex-
Ge and Hex-Si0.2Ge0.8 are investigated using optical methods.
By carefully probing the temperature dependent intensity of the
photoluminescence (PL) signal, two (three) non-radiative chan-
nels could be identified in Hex-Ge (Hex-Si0.2Ge0.8) that can be
saturated and therefore mitigated at high excitation densities.
Additionally life-time measurements are performed using pulsed
excitation on horizontally oriented Hex-Si0.2Ge0.8 wires which
show a sub-nanosecond radiative lifetime. From the temperature
dependence of the lifetime we conclude that the wires remain in
the radiative limit i.e. close to perfect quantum efficiency, all the
way up to room temperature. This claim is verified by having
measured more than 60 different wires. Additionally we show a
radiative coefficient (B-coefficient) that is comparable to state-of-

87



Chapter 5 - Efficient emission Hex-Si0.2Ge0.8

the-art III-V semiconductors. In the second part of this chapter
the wavelength tuning range is demonstrated by changing the al-
loy ratio. In fact, we find a PL emission centered around 0.35 eV
for Hex-Ge which can be tuned gradually to 0.67 eV for Hex-
Si0.35Ge0.65 within our error bar, we do not observe a variation
of the PL efficiency as function of composition.

5.1 Introduction

In order to integrate cubic-silicon with an optically active material to create
an electronics-optics hybrid, stringent requirements need to be met for the
optically active material. Hex-SiGe is an excellent candidate because it is
chemically very well matched to Cub-Si and from chapter 4 it is concluded
that it exhibits a direct band gap. Yet, the optical performance still needs
to be investigated further. In the current chapter we will shift our focus
to probing the efficiency of the band-to-band transition, compare these to
state-of-the-art semiconductors and investigate how these properties change
from low temperatures up to room temperature.

5.2 Quantum efficiency of Hexagonal Si0.2Ge0.8

We will start the discussion on the internal quantum efficiency (IQE) of
Hex-SiGe by using an Arrhenius analysis. An Arrhenius analysis allows to
express the variation of the photoluminescence intensity with temperature
in terms of an activation energy and a quenching rate. Our general goal
is to provide quantitative information about the ratio between the radia-
tive and non-radiative recombination rates, especially at room temperature
which is of crucial importance for device applications. Additionally we will
investigate which physical mechanisms are responsible for the non-radiative
processes that are observed in our samples.

5.2.1 Experiment

To keep this thesis consistent the same as-grown Hex-Ge and Hex-Si0.2Ge0.8
nanowire samples will be studied in this chapter as already introduced in
section 4.2. To setup the Arrhenius experiment, the samples have been
mounted in the helium-flow cryostat of the FTIR-based PL setup described
in section 3.1 (see figure 3.1).
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The samples have been excited using the 976 nm CW laser focused to
45 µm spot using an off-axis parabolic mirror with a 20.3 mm focal length.
The PL signal was collected with the MCT-detector for the Hex-Ge sample
and with the InGaAs-detector for the Hex-Si0.2Ge0.8 sample. No spectra
were resolved in this data set, the PL intensity for each temperature was
solely determined by modulating the excitation laser at 35 kHz and reading
the PL response of the lock-in amplifier. To avoid parasitic contributions
to the intensity the spectral window was defined using optical filters.

Using a script the temperature was automatically adjusted to measure
full temperature sweeps (i.e. 6 K to 300 K). For each temperature setting
the temperature was kept stable for one minute after which the spectrally-
integrated PL intensity was read from the lock-in amplifier and integrated
for one minute. To ensure the laser stability the laser power was remeasured
before each data point. Full temperature sweeps were measured at different
excitation densities.

0 . 0 1 0 . 11 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 1

0 . 0 1 0 . 11 0 - 3

1 0 - 2

1 0 - 1

1 0 0

1 0 15 . 1  k W / c m 2

1 . 9  k W / c m 2

2 3 0  W / c m 2

7 0  W / c m 2

Int
eg

rat
ed

 PL
 In

ten
sity

 (a
.u.

)

I n v e r s e  t e m p e r a t u r e  ( K - 1 )

a b

1 1  W / c m 2

Int
eg

rat
ed

 PL
 In

ten
sity

 (a
.u.

)

I n v e r s e  t e m p e r a t u r e  ( K - 1 )

5 . 1  k W / c m 2

1 . 4  k W / c m 2

4 5 0  W / c m 2

1 3 5  W / c m 2

4 6  W / c m 2

H e x - G e H e x - S i 0 . 2 G e 0 . 8

Figure 5.1: In (a) and (b) the integrated photoluminescence intensity is plotted as func-
tion of the inverse temperature, for as-grown Hex-Ge wires and as-grown Hex-Si0.2Ge0.8
wires respectively. The temperature series have been measured at different excitation
densities and are fitted with Arrhenius functions of which the fitting parameters are
plotted in figure 5.2. To obtain a suitable fit using equation (5.3), the data of the Hex-
Ge sample in (a) has been fit taking into account two quenching mechanisms where
the Hex-Si0.2Ge0.8 in (b) has been fit with three quenching mechanisms. Note that the
arbitrary units of (a) and (b) are not comparable due to the use of different detectors.

The results of these measurements are shown in figure 5.1 where the PL
intensity is plotted versus the inverse temperature on a log-log scale, better
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known as an Arrhenius plot. For the lowest two excitation densities in both
figure 5.1a and 5.1b the data sets do not reach all the way up to room-
temperature because the PL intensity decreased below the noise level. The
monotonous decrease in intensity with increasing temperature was already
argued to be a strong indication that both Hex-Ge and Hex-Si0.2Ge0.8 are
direct band gap semiconductors in chapter 4. When the data in figure 5.1
are observed in more detail several onsets of the PL quench can be observed
which correspond to different non-radiative mechanisms. In this section a
detailed discussion on these Arrhenius plots and the potential quenching
mechanisms is given. Additionally their influence on the quantum efficiency
of this material will be discussed.

5.2.2 Arrhenius model

The photoluminescence intensity is by definition given by IPL = G · ηint
where G is the optical generation rate (i.e. the rate at which electron-hole
pairs are being created) and ηint the internal quantum efficiency. Here IPL
is chosen as the spectrally integrated PL intensity. For spectra with sev-
eral peaks the PL intensity and internal quantum efficiency can also be
considered for each individual peak which mathematically leads to a set of
coupled rate equations that need to take into account the competition be-
tween different radiative channels as well as non-radiative channels83,156,157.
For the case here presented; heavily doped Hex-Ge and Hex-Si0.2Ge0.8 wires
we already verified in chapter 4 that only a single radiative-recombination
mechanism is observed, therefore only non-radiative processes have to be
taken into account as competitive with one radiative channel. The internal
quantum efficiency ηint can therefore be written as equation (5.1).

ηint = τ−1
r

τ−1
r + τ−1

nr,1 + τ−1
nr,2 + ...

(5.1)

In which τr is the radiative lifetime and τnr,x is the non-radiative lifetime
of non-radiative channel x. At this point we do not know yet how many
non-radiative channels we should take into account to be able to explain
the experimental data.

Following the classification of Reshchikov81, two types of non-radiative
channels exists. The first one being a so called multi-center mechanism,
where the observed PL is assumed to be due to a localised state with an
energy level inside the band gap. The localized charge carrier can thermally
be activated into the band where it can be subject to a so called ’killer
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center’82 or fall back to a localized state. This multi-center mechanism is
therefore thermally activated with an activation energy Ea equal to the
binding energy of the localized state, given in equation (5.2).

τ−1
nr,mc(T ) = τ−1

nr,mc,0 exp
(
Ea,mc
kBT

)
(5.2)

Here τ−1
nr,mc,0 is the non-radiative recombination rate of the killer center

in the multi-centre model. Note that there is no physical mechanism pro-
posed for the functioning of the killer center itself, only the ionization of
the acceptor is described.

The second non-radiative mechanism classified by Reshchikov is a one-
center recombination process that can be understood by a configuration
coordinate model which is discussed in detail in section 2.1.3. Here the
non-radiative recombination process goes paired with a lattice deforma-
tion around a localized state and is therefore also thermally activated
in a mathematically identical way as the multi-center model τ−1

nr,oc(T ) =
τ−1
nr,oc,0 exp

(
−Ea,oc

kBT

)
. Here τ−1

nr,oc,0 is the rate of non-radiative recombina-
tion at room temperature for the one-center model. The experimentally
found activation energy however does not equal the binding energy of the
localized state in this case. Additionally, the localized states can contribute
both to radiative as well as non-radiative recombination.

Experimentally the two different models can be distinguished when
spectrally multiple peaks are measured81. Because the multi-center model
releases carriers into the band, a quench in a lower energy peak results in
an increase in intensity for a higher energy peak. This is not the case for
the one-center model where no free carriers appear. Since we only observe
a single peak in all spectra it is not a trivial task to distinguish between the
two mechanisms. From the LSW-analysis presented in chapter 4 we con-
cluded that the donors have merged into a donor band which shifted into
the conduction band. Furthermore we concluded that the photolumines-
cence spectrum can be explained by Band-to-Band (BtB) recombination
with only a minor influence of acceptor related transitions. As a conse-
quence, the majority of the observed radiative recombination is due to free
carriers and it is therefore unlikely that the multi-center model will be
observed as a quenching mechanism.

Because the mathematical description is identical for both mechanisms
in the case of a spectrum consisting of a single peak, equation (5.2) and
equation (5.1) can be combined into equation (5.3) without making any
assumption on the origin of the quenching model.

91



Chapter 5 - Efficient emission Hex-Si0.2Ge0.8

η = 1
1 + τr

τnr,1
exp

(
−Ea,1
kBT

)
+ τr

τnr,2
exp

(
−Ea,2
kBT

)
+ ...

(5.3)

In this relation Ea,x is the activation energy of non-radiative channel x.
Note that all the prefactors Cx of the non-radiative terms are given by the
ratio between the radiative lifetime τr and the non-radiative lifetime τnr,x
of the specific loss-channel x when fully activated78 (i.e. kBT >> Ea).

In most surveys the prefactor Cx = τr
τnr,x

is considered to be a constant
and the temperature dependence of the radiative lifetime is neglected78,156,158,159.
In fact, in our specific case this assumption is justified as in section 2.1.3 it
was shown that for a degenerate semiconductor τr is indeed expected to be
independent of temperature. The τnr,x is also independent of temperature
in the multi-center model because both the capture-rate of the killer-center
as well as the localized state scale with the thermal velocity81,83 and there-
fore the net capture probability stays the same. For the single-center model
there is no thermal part in the τnr,x-term and therefore we can assume all
Cx to be temperature independent.
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Figure 5.2: This figure shows the obtained parameters of the Arrhenius fits performed
in figure 5.1. In (a) the parameters of Hex-Ge are plotted with in the top panel the
activation energies corresponding to two non-radiative processes as function of excitation
density and in the lower panel the quenching coefficients Cx as function of the excitation
density. In (b) the same plot is shown but for the Hex-Si0.2Ge0.8 sample instead, taking
three quenching mechanisms into account.
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5.2.3 Loss mechanisms and quantum efficiency in Hex-SiGe

The Arrhenius data shown in figure 5.1 have been fitted using equation
(5.3), where the resulting fits are plotted as solid lines over the data points.
To find an agreeable fit the temperature dependence of the Hex-Ge sam-
ple in figure 5.1a was fit with two non-radiative channels where the Hex-
Si0.2Ge0.8 sample exhibits three quenching mechanisms. The resulting ac-
tivation energies and the corresponding Cx values of all quenching mech-
anisms are plotted in figure 5.2. All plotted activation energies can also
be interpreted as characteristic temperatures Ta,x at which non-radiative
channel x is activated. These temperatures are given by Ta,x = Ea,x

kB
and

are plotted to the right hand axis of the top panels of figures 5.2a and 5.2b.
Attributing physical loss mechanisms to the respective activation en-

ergies in an Arrhenius-plot is a challenging task, especially without a rich
spectrum that helps to distinguish different PL contributions and in a sys-
tem that is subject to high doping and alloying effects. Nevertheless, to
discuss a possible interpretation we first consider the results at the highest
excitation density of 5.1 kW cm−2 for both samples. A value for Ea,1 of
4 meV is found for the Hex-Ge sample and 2 meV for the Hex-Si0.2Ge0.8
sample. Typically the lowest energy quenching mechanism in an n-type
semiconductor is associated with the ionization of shallow acceptors, re-
leasing holes into the valence band81,156,160 which can then become sub-
ject to killer centers. The very small values of C1 associated with this
non-radiative process (Cx = 1.6 for both samples) further suggests this
mechanism because only a very limited contribution of acceptor states is
expected to the overall PL signal based on section 4.3.1. Attributing Ea,2
(22 meV and 16 meV for the Hex-Ge sample and the Hex-Si0.2Ge0.8 sam-
ple respectively) in both samples is more challenging, this could be related
to deep-levels being activated within the single-center scheme as discussed
above. A detailed understanding of deep levels however is beyond the scope
of this thesis because at the high doping levels here encountered cluster-
ing effects of the dopants cannot be neglected and the scheme complicates
rapidly.

Because the measured samples consist of wires, which naturally have
a large surface area to volume ratio, a non-radiative contribution of the
surface is very likely. A possible surface related quenching mechanism is
the third non-radiative process observed in the Hex-Si0.2Ge0.8 sample, with
an activation energy of Ea,3 = 66 meV because of its very high value of
C3 (up to 1× 109 for the lowest excitation density, not shown in figure
5.2b). In that case, the activation energy is most likely related to the de-
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trapping of holes from localized states due to alloy fluctuations, such that
the mobilized charge carriers can then diffuse to the surface and recombine
non-radiatively. This interpretation is supported by the observation of a
broadening and blue-shift in the PL peak at 130 K plotted in figure 4.13,
suggesting that holes are populating higher energy alloys. Moreover, at the
same temperature of 130 K the onset of the third quench in figure 5.1b can
be observed.

The allocation of the third quenching mechanism in Hex-Si0.2Ge0.8 would
imply that its surface has a much higher non-radiative recombination veloc-
ity than the surface of Hex-Ge. Additionally we note that a third, yet small,
non-radiative process seems to be present in the Hex-Ge sample which be-
comes apparent at temperatures higher than 160 K (not included in figure
5.2a) which in this case could also be attributed to a surface effect.

Considering all Arrhenius curves of both samples we note that the ac-
tivation energies Ea,x stay approximately constant, verifying the validity
of the used models and confirming that indeed Ea,x can be considered a
signature of a specific non-radiative channel. On the other hand all the
Cx parameters are strongly decreasing with increasing excitation density.
This is due to the saturation of non-radiative channels which increases the
non-radiative lifetime τnr,x and therefore suppresses Cx.

In the derivation of the Arrhenius model above (equation (5.3)) we
already implicitly assumed that all non-radiative channels are thermally
activated and that therefore the internal quantum efficiency ηint must be
unity at low temperatures. Although this assumption is also under discus-
sion in literature, many studies estimate the room temperature ηint as the
ratio in PL intensity161 measured at 4 K and 300 K, which yields equation
(5.4).

ηint,300 K = IPL300 K
IPL4 K

(5.4)

Based on the previous assumption, we find from the data in figure 5.1
an ηint of 1.5 % for Hex-Ge excited at 230 W cm−2, this ηint however can
be strongly enhanced by increasing the excitation density. When exciting
the Hex-Ge sample about 20 times higher with 5.1 kW cm−2 the ηint is en-
hanced to 6.6 %. This effect is even more pronounced for the Hex-Si0.2Ge0.8
sample which sees its ηint lifted from 0.1 % to 1.1 % by increasing the ex-
citation density from 450 W cm−2 to 5.1 kW cm−2. Importantly, our mea-
surements show that the non-radiative loss mechanisms can be saturated
at high enough excitation densities and therefore effectively suppressed.
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Additionally the values found for ηint compare quite favorably to III-V
semiconductors where a three or four order of magnitude decrease in PL
intensity when heating up to room temperature is common. For example
a quenching factor of 105 was found for InGaP78, a factor of about 200
for GaAsSbN/GaAs quantum wells79 and a factor of 100 for undoped GaN
that increased up 1000 when doped with Mg156.

5.3 Radiative lifetime of Hexagonal Si0.2Ge0.8
Next, we will deduce the radiative lifetime as well as the radiative emission
efficiency of Hex-Si0.2Ge0.8. To this end, we will use time-correlated single
photon counting based lifetime measurements, where individual wires are
excited with a high energy pulsed laser. The available detector for this
experiment has a sensitivity up to only ∼2.3 µm in wavelength, from the
results presented in figure 4.4 in the previous chapter we therefore conclude
that only the Hex-Si0.2Ge0.8 sample can be measured and that the Hex-Ge
wires are unfortunately out of the spectral range.

In this section we will show that the Hex-Si0.2Ge0.8 wires exhibit a radia-
tive lifetime of ∼1 ns that is independent of temperature and that the wires
show a radiative emission efficiency comparable to III-V semiconductors at
a similar doping level.

5.3.1 Experiment

Time-correlated single-photon-counting measurements were performed on
single Hex-Si0.2Ge0.8 wires. To excite individual wires, they were mechani-
cally transferred onto a silicon wafer with a chromium (15 nm), Au (300 nm)
and SiOx (12 nm) top layer to act as a back mirror and thermal sink. Addi-
tionally this approach enhances the measured intensity and avoids potential
optical signals emitted by the wafer.

The samples with transferred Hex-Si0.2Ge0.8 wires were mounted in the
vertically oriented helium flow cryostat of the setup introduced in section
3.2 and were excited with its 1030 nm, 40 MHz pulsed laser which was
focused to a spot of ∼3 µm. The photoluminescence (PL) signal was col-
lected in a back scattering geometry using a 36× Au-coated Cassegrain
objective. The reflection of the laser was filtered out of the PL signal us-
ing a 1350 nm long pass filter after which the PL signal was fiber coupled
and led to a superconducting nanowire single photon detector (SNSPD).
The long-pass filter in combination with the optical fiber defined a spectral
window from 1350 nm to about ∼2300 nm over which the PL signal was
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integrated. The overall instrumental response function is plotted in figure
5.3d and shows a full-width at half-maximum (FWHM) of 96 ps with a
decay time of τIRF = 21 ps. All time-resolved photoluminesence (TRPL)
measurements were baseline corrected and fitted using a single exponential
decay transient.

It is instructive to investigate wires from three different samples with in-
creasing quality and volume. Representative scanning electron microscope
(SEM) images of the as-grown samples I, II and III are shown in figures
5.3a, 5.3b, and 5.3c respectively with their differences in growth recipe of
the SiGe shell listed in table 5.3e. Here sample III is lowest in quality.
Sample II is enhanced by growing a thicker SiGe-shell at a higher growth
temperature of 700 ◦C instead of 650 ◦C. Further improvement leads to
sample I which is grown using 175 nm diameter WZ-GaAs cores instead of
the 35 nm diameter cores. These thicker cores allowed to grow the wires
close to 10 µm long instead of a mere 2 µm increasing the volume of the
wires. Additionally, the wires in sample I are grown in a 2 µm pitched pat-
tern, instead of a 1 µm pitched pattern for samples III and II, which allows
the SiGe-shell to be grown thicker, further increasing the overall volume
per wire. Note that sample I is the same Hex-Si0.2Ge0.8 sample already
investigated in chapter 4.

5.3.2 Temperature dependent lifetime

In figure 5.3d representative time resolved PL measurements are shown of
single transferred wires of all three the samples. The decay traces have been
recorded at a temperature of 4 K and with 125 pJ pulses resulting in an ex-
citation density of about 0.4 mJ cm−2 per pulse, which is much higher than
the excitation densities reached in figure 5.1b. All of the decay traces show
a clear mono-exponential behaviour, characteristic for a single dominant
decay mechanism and agrees with being in the radiative limit as discussed
in section 2.1.3. Moreover, all three the samples show a very similar lifetime
of 0.6 ns, 0.4 ns and 0.5 ns for samples I, II and III respectively, which is the
first clue that the measured lifetime is mostly dominated by the radiative
lifetime.

It is important to note that the measured decay lifetime τm is domi-
nated by the fastest recombination process, which can be either radiative or
non-radiative in nature, such that τ−1

m = τ−1
r + τ−1

nr . It is therefore crucial
to choose experimental conditions in which the measured recombination
lifetime is exclusively governed by pure radiative recombination. To reach
the radiative limit, we measure at low temperature, since non-radiative
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a b cSample I Sample II Sample III

Sample I Sample II Sample III

Growth Temp (°C) 700 700 650

Ge-content (%) 79 80 75

NW Shell thickness (nm) 440 400 143

NW Core Diameter (nm) 175 35 35

NW Length (µm) 8 2.5 1.75

Hex-SiGe Volume per wire (µm3) 6.8 1.37 0.14

d e

2 µm 2 µm 2 µm

Figure 5.3: In (a), (b) and (c) representative scanning electron micrographs are shown
of samples I, II and III respectively, taken under a 30° incline with respect to the sample
normal. Note that the scale bar in all three images is 2 µm and that there are thus big
size differences between the wires of the samples. In (d) lifetime measurements at 4 K are
plotted of single horizontal oriented wires taken from samples I, II and III are plotted.
The wires were excited with 125 pJ pulses and the resulting time-decays show mono-
exponential processes where all three samples have a similar lifetime of 0.6 ns, 0.4 ns and
0.5 ns for samples I, II and III respectively. In black also the instrument response function
is included which shows a decay time of 21 ps. The table shown in (e) lists the differences
in growth parameters and sizes of the three samples that result in an increasing quality
from sample III to I.
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processes are commonly thermally activated, as was already discussed in
5.2. Moreover, we use a pulsed laser at high excitation density in order to
saturate non-radiative processes. These experimental conditions are suffi-
cient to reach the radiative limit, as will become clear when discussing the
temperature dependence of the emission intensity. The saturation of non-
radiative processes with increasing excitation density was already observed
in section 5.2.

To conclusively determine that the measured lifetime is the radiative
lifetime, temperature dependent TRPL measurements have been performed
on wires from all three samples. A typical result from a temperature de-
pendent TRPL measurement on a single wire from sample I is presented
in figure 5.4a. We observe that the clear mono-exponential decay tran-
sient is maintained up to room temperature and the obtained lifetime stays
close to constant. The left panel of figure 5.4b shows the temperature de-
pendence of the recombination lifetime as a function of temperature from
single wires of sample I, II and III. The wires show comparable lifetimes at
low temperature that are constant with temperature as is expected for the
radiative lifetime of degenerately doped semiconductor (see section 2.1.3).
Additionally the excitation power dependence of the emitted photolumi-
nescence intensity measured at 4 K, shown in the inset of figure 5.4b, shows
a linear increase of the photoluminescence intensity with a slope very close
to unity, which is consistent with a pure radiative decay mechanism. The
lifetimes start to decrease at a temperature of around 40 K (100 K) for sam-
ple III (II) which is the low (medium) quality wire. As soon as the lifetime
starts decreasing an apparent slope of −0.5 is observed, following the power
law τm ∝ T−0.5 which indicates that from this temperature on, the lifetime
is dominated by non-radiative SRH processes (see section 2.1.3). For the
higher quality sample I, we observe a completely constant lifetime as a func-
tion of temperature up to 220 K, which shows the absence of non-saturated
thermally activated non-radiative recombination processes.

In the left panel of figure 5.4c the integrated intensity of the lifetime is
plotted as function of temperature, derived from the same data sets as in
figure 5.4b. In analogy with a decrease in the lifetime we notice that samples
III and II have a constant intensity up to temperatures of 40 K and 100 K
respectively and then start to decrease due to the activation of non-radiative
channels. The small fluctuations that we observe in the intensity are due
to the high sensitivity of the focus of the objective. Frequent re-focussing is
necessary in a temperature series because the cryostat slightly shifts due to
thermal expansion. Sample I, which exhibits the highest quality and largest
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Figure 5.4: In (a) the typical temperature dependent photoluminescence lifetime mea-
surement of Hex-Si0.20Ge0.80, recorded from a single wire, from sample I is plotted. All
decay traces show a single exponential decay and are vertically shifted for clarity. The left
panel of (b) shows the temperature dependence of the lifetime for three Hex-Si0.20Ge0.80
wires, representing three different samples (I, II, III) with decreasing quality represented
by blue to green colours. The onset of the reduction in lifetime due to non-radiative
recombination shifts to higher temperature for higher quality wires, as emphasized by
the dashed lines. The inset shows the excitation power dependence of the integrated
photoluminescence intensity at 4 K, exhibiting a slope very close to unity. The left panel
of (c) shows the integrated photoluminescence intensity at high excitation density as a
function of temperature for the same wires as in (b). The data has been fit with the Ar-
rhenius function given in equation (5.3), where the found activation energies are labeled
in the figure. The right panel of (b) shows a comparison of the low-temperature (blue)
and room-temperature (orange) lifetime for a set of about 60 wires from sample I. The
average lifetime shows a small decrease from 0.98 ns at 4 K to 0.46 ns at 300 K. The right
panel of (c) shows a comparison of the integrated photoluminescence intensity at 4 K and
300 K of the same wires measured in (b).
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volume wires shows that the intensity stays unchanged with temperature,
just like its lifetime. Since it is highly improbable that non-radiative losses
are already present at 4 K, but do not further degrade the PL-efficiency
above 4 K, the constant PL-intensity up to 220 K provides strong evidence
for pure radiative recombination over the full temperature window for this
sample.

It is instructive to also analyse the temperature dependence of the PL
intensity in the Arrhenius framework as was also done in section 5.2. In the
left panel of figure 5.4c the data is fitted with the Arrhenius function given
in equation (5.3), in this case as function of T instead of the more prevailed
T−1. In sample III, we observe two quenching mechanisms where the first
one has an activation energy of EIIIa,1 = (16± 1) meV and a quenching
rate of CIII1 = 3± 1, and a second quenching mechanism with EIIIa,2 =
(91± 2) meV and CIII2 = 6× 102. When comparing this with the results
obtained in the low-excitation study shown in figure 5.2b we note that the
loss mechanism with the smallest activation energy, tentatively attributed
to the ionization of acceptors, appears to be completely saturated under
the experimental conditions studied here. When considering sample II,
grown at a higher growth temperature and with a thicker SiGe shell, yet
another loss-mechanism has disappeared with respect to sample III, and
only a single activation energy is observed, EIIa,1 = (34± 5) meV. Both
for sample II and III the quenching mechanisms are tentatively attributed
to be at least partially due to surface recombination, which is justified by
the mitigated quenching together with a large increase in the volume when
shifting from sample III to II (see figure 5.3e). Lastly, in sample I, all
quenching mechanisms have disappeared thus showing that all CIx = 0, and
since Cx = τr/τnr,x the non-radiative rate τ−nr,x1 approaches zero. We can
therefore conclude that sample I remains in the radiative limit up to 220 K.
Additionally the important conclusion can be drawn that the measured
lifetime at 4 K is indeed the radiative lifetime.

Because this conclusion is of the uttermost importance we will next
consider the possible role of non-radiative recombination processes that are
already present at low temperatures.

The first non-radiative channel to be discussed is surface recombination
that could already be masking the radiative recombination rate at 4 K.
We believe that in Hex-SiGe, the carriers are most likely localized at 4 K
due to alloy fluctuations within the wires, and are not capable of reaching
the surface. A compelling argument for this claim lies in the different
volumes of the wires from sample I, II and III as given in figure 5.3e. The
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photoluminescence intensities at 4 K are proportional to the absorption
cross-sections, which scale approximately with the volume fractions of the
samples that fit within the 5 µm-diameter laser spot. The volume ratios
are 1 : 0.32 : 0.033 for samples I : II : III, respectively, where only 5/8
of the volume of sample I was counted. The measured low temperature
photoluminescence intensities, averaged between 4 K and 40 K in the left
panel of figure 5.4b, are proportional to 1 : 0.3 : 0.04 for the same samples,
closely agreeing with the probed volumes. The fact that the PL intensity
scales closely with the volume of the wires, excludes a large contribution of
the surface to non-radiative processes at low temperatures.

A second possible source of non-radiative recombination that should be
discussed is Auger-recombination which might be expected due to the high
n-doping by unintentional arsenic (As) incorporation during growth. The
Auger rate includes two different processes162,163, the nnp-Auger process in
which the excess energy is transferred to an electron and the npp-Auger
process in which the excess energy is transferred to a hole. Due to the very
high n-type doping we expect the nnp-process to be the most dominant.
The Auger coefficients are however temperature dependent164, which re-
sults in a T -dependent recombination lifetime, which is not consistent with
our observations. Most importantly, as shown in the inset of figure 5.4b, we
observe a linear relation between the integrated photoluminescence inten-
sity and the excitation power. Moreover, we do not observe a decrease of
the PL-intensity at high excitation, which is a strong indication that Auger
processes are still weak at our experimental conditions.

5.3.3 Probing many wires

To gain a better understanding of how reliable the conclusions are, drawn
from a single wire in the previous section, we extended our data set by
measuring 62 different wires under the same excitation conditions from
sample I, both at 4 K and at 300 K. Of these 62, a total of 7 were rejected
from the data set because they showed thermal radiation, indicating that
they were severely heated by the excitation laser. At room temperature 25
more have been rejected for the same reason. We attribute this observation
to the bad thermal contact with the gold layer of these specific wires.

The data for the obtained lifetimes and intensities are plotted in the
right panels of figures 5.4b and 5.4c respectively. We find that the average
lifetime shortens from (0.98± 0.04) ns to (0.46± 0.01) ns when the temper-
ature is increased from 4 K to 300 K, which is only a factor 2, indicating that
non-radiative effects only play a minor role at room temperature. We note
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that only the very best wires show a complete temperature independent life-
time but that the average lifetime shortening is minimal. The intensity on
the other hand only shows a non-significant decrease from (14± 1) a.u. at
4 K to (13± 1) a.u. at 300 K which indicates no loss in quantum efficiency.

The gold layer on which the wires were deposited served as a back
mirror, a cooling contact and as a shield from parasitic emission from the
Si layer underneath. However to verify that this gold layer did not influence
the lifetime of the wires, either through Au atoms diffusing into the SiGe
or by plasmonic effects we repeated the experiment with wires from the
same sample transferred onto a GaAs wafer. The corresponding data are
shown in appendix A.7 where 43 different wires have been measured of
which 4 have been rejected due to thermal heating. The found averaged
lifetimes ((0.84± 0.05) ns at 4 K and (0.46± 0.02) ns at 300 K) agree very
closely with the results measured on gold. For the intensity at 4 K a value
of (10± 1) a.u. is measured, which is a slight reduction with respect to the
wires on gold, attributed to the lower reflectivity of GaAs compared to
gold. The intensity at 300 K however is determined at (2± 1) a.u.,almost a
factor 5 lower than the wires on gold. We attribute this discrepancy to the
oxidation of the wires, since the measurements on GaAs were performed
more than a month after the measurements on gold.Taking into account
both the datasets we can conclude that the single wire discussed in the
previous section is representative for the Hex-Si0.2Ge0.8 sample.

The right panels of figures 5.4b and 5.4c also show that there is a spread
in the measured lifetimes and the intensities of the wires. For the set of
measurements at 4 K a standard deviation of 0.35 ns is found for the lifetime
and a standard deviation of 8 a.u. for the intensity, which are magnitudes
comparable to the averaged values. These large spreads can be caused
by several mechanisms. Firstly the probed wires are in between 2.5 µm
and 8 µm long, which is in the order of the wavelength of the emitted
light. Therefore the wires support a limited number of longitudinal modes
which gives rise to a high spontaneous emission coupling efficiency and
strong modifications of the rate and directionality of the radiative recom-
bination8,165. Additionally the near presence of a reflective surface gives
rise to interference between the local-emitted field and the reflected wave
which results in a strong dependence of the lifetime with respect to the
nanowire-mirror separation166,167. Therefore not only a distribution in the
spontaneous emission rate is expected when making wire-to-wire compar-
isons but also a position dependent emission rate within a single wire is
likely if the wire is not perfectly parallel with the gold layer. To illustrate
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this, in figure 5.5 a positional scan of a single wire is plotted. The scan per-
pendicular to the wire axis, plotted in figure 5.5c, gives a rather constant
lifetime and an intensity that shows a convolution of the laser spotsize with
the wire shape. Contrarily, the scan in the longitudinal direction, shown
in 5.5b), shows a continuously varying lifetime from 0.34 ns up to 0.53 ns
and an integrated intensity that is about twice as intense on one end of the
wire than the other end. Many effects could be at the origin of this change
including, a variation of the mirror-wire distance as just argued, a local
bad thermal contact that allows the wire to locally heat, a quality change
within the wire or a more efficient in- an out coupling of light with respect
to the wire due to local shape fluctuations. In summary we note that the
measured distributions in lifetime and intensity, both from wire-to-wire as
well as within a single wire, are completely consistent with the different
physical effects associated with emitting wires near a mirror but cannot be
exclusively attributed to a single phenomenon.

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8
0 . 0

0 . 2

0 . 4

0 . 6

cb

D i s t a n c e  ( µm )

τ (
ns

)

a

Int
eg

rat
ed

 in
ten

sity
 (a

.u.
)

1 2 3 4 5
0 . 0

0 . 2

0 . 4

0 . 6

τ (
ns

)
D i s t a n c e  ( µm )

Figure 5.5: In (a) a scanning electron micrograph, taken under a 30° tilt is shown of a
transferred Hex-Si0.2Ge0.8 wire from sample I, in which the scale bar is 2 µm. In (b) and
(c) the measured lifetime (blue axis) and integrated PL intensity (red axis) are plotted
as function of position on the wire in a vertical and horizontal scan respectively. The
shaded area represents the size of the wire, due to a finite laser spotsize the shape of the
wire and the laser spot are convoluted. The path of the scans in (b) and (c) are also
indicated in (a) with two corresponding arrows.

On the other hand, the fact that we find a distribution in both lifetime
and intensity raises the question whether there is a relation between these
two observables. This question is relevant because a strong correlation
(e.g. short lifetimes correspond to low intensities) would imply that the
observed recombination process is limited by non-radiative processes. And
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vice-versa, if these two observables are not correlated the measured lifetime
can be interpreted as an intrinsic property of the material that only varies
due to the surrounding optical density of states, hence is the radiative
lifetime. Additionally the intensity is only determined by how the light
couples from the wire towards the objective.

To check for a correlation all the wires that showed emission at both
4 K and 300 K were included in figure 5.6a where the integrated PL inten-
sity is plotted as function of the lifetime. As a test Pearson’s correlation is
employed, characterised by a correlation coefficient ρ and a zero-hypothesis
probability p. In short, |ρ| represents how strongly two variables are corre-
lated with a value in between 0 (no correlation) and 1 (perfect correlation)
and the p-value is the probability that the measured data set would have
been found in the case of no-correlation. In the two two data sets shown
in figure 5.6a, ρ values of 0.37 and −0.23 are found at 4 K and 300 K re-
spectively, indicating a very weak correlation at best. These correlations
are accompanied with p-values of 0.053 and 0.24 respectively and hence not
showing any significant correlation between the lifetime and the intensity.
This result further strengthens the claim that the measured lifetime is in-
deed the radiative lifetime.

Now that we have established that our Hex-Si0.2Ge0.8 wires show a ra-
diative lifetime of ∼1 ns based on the right panel of figure 5.4b, we should
try to put this number into perspective. Remarkably this experimentally
obtained value is an order of magnitude smaller than the theoretically cal-
culated lifetime taking into account the doping level, plotted in figure 2.11b,
which indicates that the perfect crystal symmetry is also broken by other
factors93. Also, this value should be compared to other state of the art di-
rect band gap semiconductors. For instance Jiang168 et al also reported
a temperature independent lifetime of 1 ns in core/shell GaAs/AlGaAs
nanowires, very similar to our Hex- Si0.20Ge0.80 NW shells. Furthermore
very similar values are obtained for the excitonic lifetimes of GaAs169–171
and InP. However to make a proper comparison the radiative-coefficient or
B-coefficient of a material should be derived which corrects for the effect
of doping on the radiative lifetime which will be discussed in the following
section.

5.3.4 The radiative efficiency of Hex-Si0.2Ge0.8

In order to compare the radiative emission strength of Hex-SiGe with other
well-known direct band gap semiconductors like e.g. GaAs or InP, we com-
pare the radiative emission rate at room temperature which is the most
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Figure 5.6: Out of the 62 NWs investigated, 30 were found to have a measurable
intensity and lifetime at temperatures of both 4 K and 300 K. In (a) the integrated PL
intensity is plotted as function of the acquired lifetime τ of these 30 NWs, at 4 K in
blue and at 300 K in orange. The number in each data point is the identifier of the
specific nanowire. At both temperatures no significant correlation was found between
the intensity and lifetime. In (b) the ratios of the 4 K and 300 K values for the lifetime
(green) and intensity (red) have been plotted for individual NWs. An average ratio of
2.43 is found for the lifetime and 1.63 for the intensity. Note that these numbers differ
slightly from the values presented in figure 5.4 because here only NWs with both a 4 K
and a 300 K emission are taken into account.

relevant for device applications. By making the comparison at 300 K, ex-
citonic effects as well as effects due to carrier localization in the Hex-SiGe
alloy are not relevant anymore. The key parameter to compare the radiative
efficiency of a semiconductor is the B-coefficient which is a recombination
rate, corrected for the doping density. In section 2.1.3 it was already dis-
cussed that the radiative coefficient Brad is defined as in equation (5.5).

Brad = 1
τrad · n0

(5.5)

In which τrad is the radiative lifetime and n0 the doping density. In the
previous section we have carefully derived that we observe a temperature
independent radiative lifetime, due to the degenerate doping in our system.
This means that we can extrapolate the measured radiative recombination
rate determined at 4 K up to room temperature. As a conservative number
we consider 1.6 ns which is the longest lifetime measured at low temperature
as shown in the right panel of figure 5.4b. As a lower boundary we take
the measured lifetime of 0.4 ns at 300 K into account. A point of concern
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might be whether the NW is still in the degenerate limit ∆n < n0 at the
used excitation densities in the TRPL experiments. This can be confirmed
with two arguments. First, all lifetime measurements show a single decay
transient which means that there is no shift from a non-degenerate to a
degenerate regime. Additionally, for most wires we measure an excitation
power independent photoluminescence decay time in the same excitation
range as in the inset of figure 5.4b. Second, we measure a temperature
independent photoluminescence lifetime in figure 5.4b which can only be
understood for a semiconductor with degenerate doping.

Then the donor density n0 needs to be estimated, which we will do
by employing two different techniques. The first of which is atom probe
tomography, shown in figure A.4, where a donor concentration of n0 =
9× 1018 cm−3 is found. However, this number might differ from the num-
ber of activated dopants. Therefore we also determine the active doping
concentration based on the LSW spectral line-shape analysis discussed in
section 4.3.1 where a low temperature doping density of n0 = 2× 1018 cm−3

is found. However, the doping density derived from this model should be
considered as a lower boundary. Of course it is implicitly assumed that the
doping density in the germanium wires is comparable to the density in the
Hex-Si0.2Ge0.8 wires.

Now combining the upper bound for the donor density of 9× 1018 cm−3

with the upper bound of 1.6 ns for the radiative lifetime, we obtain a
lower bound for the B-coefficient of Brad = 0.7× 10−10 cm3 s−1. Using
the lower limits for n0 and τrad an upper limit of Brad = 1× 10−9 cm3 s−1

is found. If we compare this result with other well-known semiconduc-
tors such as GaAs, InP or cubic Si with a B-coefficient of respectively
3.5× 10−10 cm3 s−1, 1.2× 10−10 cm3 s−1 and 4.73× 10−15 cm3 s−1, we ob-
serve that the B-coefficient of Hex-SiGe is between 2× smaller and 7× larger
as the B-coefficient of InP, while it is 4-5 orders of magnitude larger than
the B-coefficient of cubic silicon. Extracting the B-coefficient and thus the
transition matrix elements is of great importance for possible device appli-
cations of Hex-SiGe for e.g. lasers, modulators, detectors and LEDs which
all critically depend on the strength of the light-matter interaction.

External radiative efficiency

In the previous section the radiative coefficient (Brad) has been derived
which was found to be comparable to the coefficients of GaAs and InP.
Both as a sanity check on this result and to further verify its correctness,
we will also estimate the radiative efficiency of Hex-SiGe by comparing the
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intensity of the Hex-Si0.2Ge0.8 wires (see the right panel of figure 5.4c) to
high quality InGaAs/InP multiple quantum well (MQW) samples (schemat-
ically depicted in figure 5.7b). At low temperatures the MQW is believed
to have a quantum efficiency of unity.

The two samples are compared by measuring the photoluminescence
intensity at 4 K in the same setup as used for the TRPL measurements.
This means that the same high excitation energy of 125 pJ per pulse was
used which is sufficient to saturate non-radiative processes in the Hex-SiGe
(and also in the much better passivated MQW) and therefore makes the
best comparison of the emission properties. The used MQW samples for
comparison are state-of-the art direct band gap semiconductor structures
that have been used for laser applications172,173. These quantum wells
are chosen to emit in a similar wavelength region as the Hex-Si0.20Ge0.80
wires to eliminate any wavelength dependence of our detection system.
The measured integrated photoluminescence intensities of both the MQW
samples as well as the Hex-Si0.20Ge0.80 wires are presented in figure 5.7a.
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Figure 5.7: In (a) the integrated photoluminescence intensities of Hex-Si0.2Ge0.8 wires
(also shown in the right panel of figure 5.4c) in comparison with high-quality InGaAs/InP
multiple quantum well (QW) samples as measured in a microphotoluminescence setup
using a 1030 nm wavelength, 125 pJ pulses. The photoluminescence intensities of both
the QWs and the Hex-SiGe wires were corrected using their respective absorption and
emission efficiencies. In (b) a cross sectional schematic demonstrating of the layer struc-
ture of the InGaAs/InP multiple QW sample is shown, with a total absorption thickness
of 625 nm. The band gap wavelengths (WL) of the layers that are not lattice-matched to
InP are indicated. A schematic illustration of the geometry of our horizontally oriented
Hex-SiGe nanowire is drawn in (c), showing the emission into a NA = 0.48 cassegrain
objective with a NA = 0.22 obscurity. The polarization of the emitted light is indicated
as V and H for vertical and horizontal, respectively.
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A comparison of intensities however is not trivial, as both structures
have a very different probability of absorbing light and re-emitting it into
the direction of the objective. So to improve on the initial comparison
we will estimate the absorption probability and emission profile and cor-
rect the results accordingly. We first calculate the absorption probability
of the MQW when excited with the laser wavelength of 1030 nm. The
MQW structure has a 30 % reflection loss at the surface determined us-
ing the Fresnel equation for normal incidence and using the refractive in-
dex for InP of 3.4. The effective absorption length and absorption coef-
ficient of the sample are 625 nm (see figure 5.7b) and α ≈ 1× 105 cm−1,
resulting in 99.85 % light absorption. The total absorption probability for
the MQW sample is thus estimated to be 70 %. Since the MQW samples
have high internal quantum efficiency, we approximate the photon escape
probability of the emitted PL signal as being equal to the escape cone
at the front surface, divided by the escape cone at the interface of the
Q1.25 InGaAsP layer and InP. The escape cone is defined by the expres-
sion Pesc = 1

2 (1− cos(θcritical)) ≈ 1
4

(
ncladding

nsemiconductor

)2
, which is 2.2 % at the

InGaAsP/air interface and 22 % at the InGaAsP/InP interface, yielding
an approximate photon escape probability from the MQW of 10 %. Then
lastly the fraction of light that is collected by the objective needs to be con-
sidered. For this calculation a Lambertian emission profile is assumed from
the surface of the MQW which results in an 18 % collection probability in
our Cassegrain objective taking into account both the numerical aperture
NA = 0.48 and the obscurity NA = 0.22. We thus find a correction factor
for the MQW sample of (0.70× 0.10× 0.18)−1 = 79.

Now shifting our attention to the Hex-Si0.2Ge0.8 wires, which have
been mechanically transferred onto a silicon wafer which has a chromium
(15 nm), Gold (300 nm) and SiOx (12 nm) top layer to act as a back mir-
ror. We calculate the absorption probability using Finite Difference Time
Domain (FDTD) methods using the Lumerical software package. For a
Gaussian beam with a beam waist of 5 µm, we calculate an absorption
probability of 38 % for a 7 µm long Hex-SiGe NW shell. Subsequently, we
calculated the light emission probability from the wires into our Cassegrain
objective, taking into account the numerical aperture and the obscurity.
For Hex-SiGe, the light is polarized perpendicular to the NW growth axis,
this is indicated in the schematic drawing in figure 5.7c as the horizon-
tal (H) or vertical direction (V). We calculated the collection probability
by randomly positioning 42 dipoles within the Hex-SiGe NW shell in a
cross section perpendicular to the longitudinal axis of the nanowire and
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subsequently adding the emission from 10 different cross sections over a
distance of 5 µm, matching the laser spot size. When we average the emis-
sion intensity collected by our objective over both the horizontal and the
vertical polarization direction (see figure 5.7c), we obtain a light collec-
tion probability of 0.35 %. Therefore, correcting for the absorption and the
collection probability we find a correction factor for the Hex-SiGe NWs of
1/(0.38×0.0035) = 7.5× 102. The corrected data are plotted together with
the original data in figure 5.7a both the Hex-SiGe NWs and the MQWs.

The important conclusion from figure 5.7a is that the corrected emission
from our Hex-SiGe NW shells is of the same order of magnitude to our
high quality InGaAs/InP MQWs when their more complex 3D dielectric
geometry is corrected for in a first approximation. A more quantitative
assessment of the external radiative efficiency, e.g. incorporating exciton-
polaritons is outside the scope of this work, but these simple considerations,
combined with the experimental evidence presented in this chapter, provide
strong additional support for our conclusion that Hex-SiGe is a direct gap
semiconductor with high internal radiative efficiency.

In summary we have shown, using time-resolved photoluminescence ex-
periments, that highly doped Hex-Si0.2Ge0.8 exhibits a sub nano-second,
temperature independent radiative lifetime and therefore is an efficient light
emitter. This outcome is supported by measurements done on over 100 dif-
ferent horizontally oriented wires deposited both on a gold layer as well as
a GaAs substrate. The determined radiative lifetime and doping levels al-
lowed us to derive a radiative coefficient of in between 0.7× 10−10 cm3 s−1

and 1× 10−9 cm3 s−1 which are results comparable to industry standard
direct band gap semiconductors such as GaAs and InP. To further ver-
ify this claim we have also compared the emission intensities of individual
nanowires to state-of-the art III-V quantum wells and found that the emis-
sion intensities are comparable. Therefore Hex-SiGe promises to be a new
class of group-IV semiconductor that provides the coveted light emission
properties for group-IV photonics.

5.4 Wavelength tuning through composition

In this thesis, thus far, we have focused exclusively on Hex-Ge and the com-
positional semiconductor Hex-Si0.2Ge0.8 with which we have demonstrated
that Hex-SiGe exhibits a direct band gap and shows efficient band-to-band
emission. Here we will additionally demonstrate how the direct band gap
can be tuned through compositional engineering and investigate for which
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compositions the direct band gap is maintained. The tunability of the emis-
sion wavelength is a key quality of Hex-Si1-xGex and will allow for a wide
range of device applications for light emission and detection.

a b c

d e f

Ge Si0.1Ge0.9 Si0.15Ge0.85

Si0.21Ge0.79 Si0.26Ge0.74 Si0.33Ge0.67

2 µm 2 µm 2 µm

2 µm 2 µm 2 µm

Figure 5.8: Representative SEM images of Hex-Si1-xGex core-shell nanowires with a
35 nm wurtzite GaAs core. All scale bars are 2 µm long and all images are taken under
a 30° tilt with respect to the surface normal. All samples show clear hexagonal faceting
on the sides which indicates the epitaxial relation between the core and the shell. The
top segments are cubic.

5.4.1 Growth of Hex-Si1-xGex

Nanowire samples with different Hex-Si1-xGex compositions have been grown
by varying the ratio of the silicon and germanium precursors (tetra-silane
and di-germane respectively) that were introduced into the MOVPE reac-
tor. Because the eventual composition is determined by growth kinetics the
output composition typically does not equal the input ratio of precursors,
therefore this relation was empirically determined as given in figure A.3.
This figure was calibrated based on APT measurements as well as TEM-
EDX measurements. The high stability and reproducibility of compositions
based on this curve were verified by photoluminescence (PL) measurements
(i.e. the same reactor input ratio gives the same spectral PL output). A set
of six scanning electron micrograph (SEM) images of as-grown Hex-Si1-xGex
samples is shown in figure 5.8 with compositions of 1 < x < 0.67. The Hex-
SiGe shells have been grown around a 35 nm Wurtzite-GaAs core with a
length of ∼2.5 µm. In all the imaged samples flat side facets are found on
the wires which indicate the epitaxial relationship between the core and
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the shell which thus results in a hexagonal crystal structure in the shell.
Despite the increasing lattice mismatch between GaAs and Hex-Si1-xGex
for a decreasing value of x we observed no evidence of the formation of
misfit dislocations. The GaAs core appears to strain appropriately with
the lattice constant of the SiGe alloy. Because the growth rate of the SiGe
shell is dependent on the composition, estimating a suitable growth time
is challenging and has resulted in samples with varying wire thicknesses as
evident from figure 5.8.

5.4.2 Photoluminescence tuning range

In figure 5.9a macro photoluminescence measurements recorded on as-
grown samples at a temperature of 4 K from the series of Hex-Si1-xGex
samples with x = 0.65 − 1.00 (including the samples shown in figure 5.8)
are plotted. Bright emission is observed that redshifts with increasing Ge-
content from 0.67 eV (x = 0.65) to 0.35 eV. The spectra measured for
compositions of x = 0.67 and x = 0.65 were not performed on as-grown
wires but on bunches of wires mechanically transferred onto a gold covered
silicon substrate. Because the probed volume is strongly reduced the mea-
sured intensity is less and the spectra appear to be more noisy. The choice
to measure transferred wires for just these two samples was made because
of the appearance of a broad parasitic emission peak around 0.8 eV which
was partially masking the PL emission from the wires when measured in the
as-grown configuration. By removing the wires from the substrate the par-
asitic peak was also removed, which shows that the here plotted PL spectra
are unambiguously a result of the Hex-SiGe wires and not the substrate.

The peak energy of the emission spectra shown in figure 5.9a are over-
layed with the calculated band energies (already discussed in section 2.2.2)
at different high symmetry points in figure 5.9b. An excellent agreement
is revealed between the PL energies and the calculated energy of the di-
rect band gap (Γ). This observation does not only further verify that the
observed PL signal is indeed because of the direct transition but also puts
great trust in the accuracy of the calculations. We acknowledge that (de-
spite efforts) we have never been able to measure PL-spectra from wires
with x < 0.65, which leads us to strongly suspect that the direct-indirect
transition lies near this point. Therefore also the crossing of the direct to
indirect regime appears to be accurately predicted by the DFT-calculations.

From the data plotted in figure 5.9a also the integrated intensities of
the different samples have been determined which are plotted in figure
5.10. In this figure only the intensities of as-grown Hex-Si1-xGex samples
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Figure 5.9: In (a), PL spectra recorded on as-grown ensembles of Hex-Si1-xGex wires
are plotted. The spectra have been measured at 4 K with an excitation density of
1.9 kW µm−2 and are all normalized to their own maximum. The germanium content
x of each sample is shown above each spectrum and was determined using the calibration
curve given in figure A.3. The spectra for Hex-Si0.33Ge0.67 and Hex-Si0.35Ge0.65 were
measured on wires dispersed onto a silicon substrate capped with a Au layer. In (b) the
energy of the maximum of each PL peak plotted in (a) is overlayed with the calculated
band minima as also plotted in figure 2.11a.

can be taken into account, therefore the measurements of x = 0.67 and
x = 0.65 are not included. In this figure no attempt was made to correct
for a wavelength dependent efficiency of the setup. Considering the lifetime
calculations shown in figure 2.11b a decreasing lifetime with increasing sil-
icon content is expected and therefore an increasing intensity as the silicon
content increases. In fact, we expect Hex-Ge to be the least intense. Inter-
estingly, the samples are found to be very similar in intensity contradicting
the predictions. The largest PL intensity differences are a factor of ∼ 4 and
fall within the range of observed sample to sample variations even within a
similar composition. These variations in intensity can easily be attributed
to a variation in total excited volume due to thickness differences (see figure
5.8) and differences in absorption and emission properties due to changing
guided modes in the nano wires. Because of these additional factors, no
conclusive experimental argument can be made on whether the material
becomes more efficient for higher Si contents. Although the general trend
seems to show that there is little change in emission efficiency with alloying
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which indicates that the symmetry in the system must be broken due to
additional factors93.

0 . 6 0 . 8 1 . 0

0 . 1

1
Int

eg
rat

ed
 PL

 In
ten

sity
 (a

.u.
)

G e r m a n i u m  c o n t e n t

Figure 5.10: The relative photoluminescence intensities are given for the samples pre-
sented in figure 5.9 Only measurements on ensembles of as-grown standing wires are
included where an equal number of wires is probed, and so the Hex-Si0.35Ge0.65 sample
is not included. For this comparison all the samples were excited with an excitation
density of 5 kW cm−2 at a temperature of 4 K using the same MCT detector and the
same KBr beamsplitter. No additional corrections were made to compensate for spectral
dependence of the sensitivity of the setup or to correct for the probed volume of the
wires.

In this section we have demonstrated that the low temperature direct
band gap emission wavelength of Hex-Si1-xGex can be tuned from 1.9 µm
(0.67 eV) up to 3.5 µm (0.35 eV) by composition engineering. This range
opens up interesting mid-infrared (MIR) applications both in detector and
laser applications that were previously unavailable for silicon technology.
This result also closely agrees with our DFT-calculations predicting the
band gap. The combination of our theoretical predictions, structural mi-
croscopy data and luminescence data provides conclusive evidence for Hex-
Si1-xGex (0.65 < x < 1.00) being a new class of direct-bandgap semicon-
ductors with a large optical matrix element.

5.5 Conclusions
In the first part of this chapter, Arrhenius analysis is employed to investi-
gate the loss mechanisms in a Hex-Ge and a Hex-Si0.2Ge0.8 nanowire sam-
ple. Two non-radiative loss mechanisms are observed in Hex-Ge and three
in Hex-Si0.2Ge0.8. An important observation is that for both samples all
losses can be strongly mitigated (saturation of traps) by increasing the exci-
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tation densities. Moreover, at the highest excitation density of 5.1 kW cm−2

the Hex-Ge (Hex-Si0.2Ge0.8) only shows a factor 15 (100) quench in inten-
sity when heating up from 6 K to 300 K, favorably comparing to III/V
semiconductors.

In the second part of the chapter the lifetime of Hex-Si0.2Ge0.8 wires is
directly determined using time-resolved photoluminescence (TRPL) mea-
surements. A temperature independent short lifetime of 1 ns is observed
which can only be interpreted as the radiative lifetime of a wire being in
the radiative limit. This result can be reproduced over more than 60 wires.
Both the lifetimes of all measured wires as well as the measured intensi-
ties are statistically analyzed to further verify that the observed lifetime is
indeed the radiative lifetime.

By combining the measured lifetime and the determined doping density
from atom probe tomography as well as from line shape fitting the radiative
B-coefficient could be determined. Using conservative values a B-coefficient
in between 0.7× 10−10 cm3 s−1 and 1× 10−9 cm3 s−1 is found, which are
values comparable to state of the art III/V semiconductors.

In the last part of this chapter the tuning of the direct band gap of Hex-
Si1-xGex is investigated using spectral photoluminescence measurements.
A tuning range from 1.9 µm (0.67 eV) up to 3.5 µm (0.35 eV) is observed
corresponding to alloy values of 0.65 < x < 1.0. These values very closely
agree with the predicted values based on DFT-calculations shown in section
2.2.2.
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GeSn-alloys with a Sn percentage larger than ∼10 % exhibit
a direct band gap and are therefore great candidates for silicon-
compatible opto-electronic applications. In this chapter the emis-
sion properties of GeSn layers, directly grown on a silicon sub-
strate are investigated. The focus lies especially on the tem-
perature dependence of the emission properties and the strain
dependence as GeSn layers grown on silicon are naturally highly
strained. By fully relaxing GeSn layers post-growth, the opti-
cal properties of the same material can directly be compared
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in two different strain configurations. We find that full relax-
ation pushes the emission further to the infrared and that carrier
losses into thermally-activated non-radiative recombination chan-
nels are mitigated. Additionally, transmission measurements val-
idate the direct band absorption in strained and relaxed samples
at energies closely matching the corresponding PL data.

6.1 Introduction

Free-space communications, on-chip communications, biological and chemi-
cal sensing, and imaging technologies would strongly benefit from the avail-
ability of scalable, cost-effective, and silicon- (Si-) compatible mid-infrared
(MIR) opto-electronic devices. With this perspective, Sn-containing group
IV semiconductors (Si)GeSn grown on Si wafers have recently been the
subject of extensive investigations32,33,37,174,175.

The main goal of these efforts is the ability to use and control the ef-
ficient direct band gap emission from these emerging semiconductors. A
direct band gap is achieved at a Sn content higher than ∼10 at.% in fully
relaxed GeSn crystals. However, this critical composition is significantly
above the ≈1 at.% equilibrium solubility of Sn in Ge, which calls for chal-
lenging non-equilibrium growth methods.

An additional challenge lies in the big difference in lattice parameters,
Ge is approximately 4 % larger than Si, and Sn at its turn is about 14 %
larger than Ge, making direct growth on Si challenging. The epitaxial
growth of GeSn on Si wafers is typically achieved using a Ge interlayer,
commonly known as a Ge virtual substrate (Ge-VS), resulting in an in-
herently compressively strained GeSn176,177 top layer. This residual com-
pressive strain increases the Sn content threshold for the indirect-to-direct
band gap crossover and the associated optical emission is shifted to higher
energies relative to that of a relaxed material9,178,179.

Among the strategies to tackle these GeSn growth hurdles, multi-layer
and step-graded growth has shown to be effective in controlling the Sn
content and its uniformity. This process was exploited in recent stud-
ies demonstrating room temperature optical emission down to 0.36 eV (∼
3.4 µm wavelength)174, as well as optically-pumped lasing operating be-
tween 3.1 µm and 3.4 µm at temperatures in the 180 K to 270 K range34,180,181
and will also be the strategy of choice in this work.

In this chapter we will decouple the individual effects of strain and com-
position on the optical properties of GeSn by performing systematic optical
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studies of strained and relaxed GeSn in the 4 K to 300 K range. In particular
we will investigate a step-graded sample with a top layer of Ge0.83Sn0.17,
both compressively strained (as-grown) as well as fully released from its
substrate, and therefore relaxed. Additionally the effects of alloying are
compared by investigating an as-grown and relaxed, Ge0.863Sn0.137 sam-
ple and comparing it to the post-growth relaxed Ge0.83Sn0.17 sample. The
emission spectra are discussed and evaluated in the light of transmission
measurements and provide an additional demonstration of the band gap
directness in all samples.

6.2 Sample preparation and structural character-
isation

The layers investigated in this work were grown on 4-inch Si (100) wafers in
a low-pressure chemical vapor deposition (CVD) reactor using ultra-pure
H2 carrier gas and 10 % monogermane (GeH4) and tin-tetrachloride (SnCl4)
as precursors, following a recently developed growth protocol174,177,182.
First, a 600 nm to 700 nm-thick Ge virtual substrate (Ge-VS) was grown
at 450°, followed by thermal cyclic annealing (> 800°) and additional Ge
deposition.

From this basis, two samples were grown. The first is a Ge0.83Sn0.17
sample which was grown using a GeSn multi-layer heterostructure, consist-
ing of an 8 at.% bottom layer (BL) (65 nm), a 10 at.% to 12 at.% middle
layer (ML) (155 nm) and a uniform 17 at.% top layer (TL) with a thickness
of 160 nm. The growth temperature was used to control the compostion.
Figure 6.1a exhibits a cross-sectional scanning transmission electron mi-
croscopy (STEM) image of this sample in which the different layers can
clearly be distinguished.

The second sample consists of a Ge-VS with on top an 8 at.% Sn BL,
followed by a ∼ 700 nm-thick GeSn TL grown at 300 ◦C. In this layer, a
graded composition (from 45 to 400 nm) from 10.5 to 12.9 at.% is observed,
followed by a uniform composition (400 to 700 nm) of 13.7 at.%. A cross-
sectional STEM image is shown in figure 6.1c.

The composition of each layer in both samples is estimated using Recip-
rocal Space Mapping (RSM) around the asymmetrical (224) X-ray diffrac-
tion (XRD) peak (see figure 6.1b and 6.1d). This technique is chosen as it
averages the lattice parameters over a volume comparable to that probed
in photoluminescence (PL) studies. A reflection on the white dashed lines
would indicate a strain free layer. As the reflections of the 17 at.% Sn sam-
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Figure 6.1: In (a) and (c) cross-sectional TEM images along the [110] zone axis’ of
both the GeSn 17/12/8 at.% (TL/ML/BL) multi-layer stacking sample as well as the
graded Ge0.863Sn0.137 sample are shown respectively. In (b) and (d) X-ray diffraction
Reciprocal space maps (XRD-RSM) around the asymmetrical (224) reflections of the
as-grown Ge0.83Sn0.17 sample and the Ge0.863Sn0.137 sample respectively. A reflection on
the white dashed line indicates a strain free layer. Both figures (c) and (d) are adapted
from reference [183].

ple in figure 6.1b are consistently below this line, the RSM data do not only
provide the composition but also indicate that the TL is under an in-plane
biaxial compressive strain of ε‖ = −1.3 %. In the XRD-RSM mapping cor-
responding to the 13.7 at.% Sn sample shown in figure 6.1d both the high
relaxation (i.e. reflections close to the white dashed line) and the graded
and uniform layers can be clearly distinguished.

To relax the epitaxial strain in the Ge0.83Sn0.17 sample, the grown layers
were released from the substrates by patterning and under-etching micro-
disks. This process is schematically depicted in figure 6.2a. First, 7 µm-
wide disks with a 10 µm pitch were defined using electron beam lithography
in 2.5 mm × 2.5 mm arrays. This was followed by two successive reactive
ion etching (RIE) steps. First, a Cl2-based plasma was used to vertically
etch the GeSn layer. Second, the Ge was selectively etched in a CF4-based
plasma, resulting in completely released Ge0.83Sn0.17 micro-disks.

The scanning electron microscope (SEM) image, shown in figure 6.2b
depicts a typical array of micro-disks after etching. The micro-disks were
completely released and collapsed onto the substrate as demonstrate by the
slight migration of some disks. We note that a small residual thickness of
the Ge-VS layer remained on the Si substrate underneath the micro-disks
after the fabrication process as shown in the same SEM image in figure
6.2b. However, this does not affect the strain in the micro-disks because

118



6.3 - Room temperature PL and absorption measurements

C
ha

pt
er

6
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GeSn GeSn GeSn

Ge-VS

GeSn GeSn

GeSn
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Figure 6.2: In (c) a schematic representation of the micro-disk fabrication process is
shown. Panel (b) shows an overview scanning electron microscope image of the etched
micro-disks under 45° tilt. Some of the disks are slightly displaced, exposing the Ge-
VS residue directly underneath the disks. In (c), normalized Raman spectra are shown
collected from the as-grown Ge0.83Sn0.17 layer (blue curve), as well as from the central
portion of the micro-disk (red curve).

they are fully detached.
Raman measurements were performed on the micro-disk arrays to eval-

uate the residual strain in the Ge0.83Sn0.17 TL. Figure 6.2b displays Raman
spectra acquired at the center of a single micro-disk (red curve). As a refer-
ence, the Raman spectrum of the as-grown Ge0.83Sn0.17 layer is also shown
(blue curve). The observed ∼5 cm−1 shift corresponds182 to a strain relax-
ation from the as-grown value of −1.3 % down to −0.2 %. A very consistent
Raman shift was found over the full disks (see reference [184]) indicating a
minimal variation in strain over the disks.

6.3 Room temperature PL and absorption mea-
surements

To experimentally investigate the effect of strain relaxation on the optical
properties of GeSn, room-temperature PL and absorption measurements
were performed on both the as-grown layers and the micro-disk arrays.
The photoluminescence measurements were performed using the FTIR-
based setup described in section 3.1 using the 976 nm CW excitation laser
focused by an off axis parabolic mirror, resulting in an excitation density
of ∼0.9 kW cm−2. The laser was filtered from the PL signal using a Ge-
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window, and the FTIR was equipped with a KBr beam splitter and an
MCT-detector.
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Figure 6.3: In the top panels of (a)-(c) the PL spectra (corresponding to the left axis)
and the Napierian absorbance Ae (corresponding to the right axis) at 300 K are plotted
for the Ge0.83Sn0.17 as-grown (a), the Ge0.83Sn0.17 micro-disks (b) and the Ge0.863Sn0.137
as-grown (c) samples respectively (all measured with a 976 nm CW laser). Additionally in
panel (a) a PL spectrum is plotted in dashed green of the as-grown Ge0.83Sn0.17 sample,
recorded with a 405 nm CW laser. In the bottom panels of (a)-(c) the A2

e curves are
plotted based on the same data as in the top panels in which the band gap of the top
layer has been estimated as the interception of the dashed linear fit with the x-axis. For
the estimation of the second band gap at 0.43 eV in (a) the contribution of the band gap
of the first layers has been subtracted. For the determination of the absorbance of the
micro-disks the fill factor has been accounted for.

We first focus on the room temperature PL spectrum displayed in fig-
ure 6.3a. In the as-grown Ge0.83Sn0.17, a main emission peak (blue curve)
centered at (0.362± 0.005) eV (i.e. 3.4 µm wavelength) is recorded with a
full-width at half maximum (FWHM) of ∼45 meV. A low intensity emission
peak at ∼0.43 eV is also visible, which could be related either to the opti-
cal recombination in the underlying 12 at.% ML or to optical transitions
involving the light-hole (LH) instead of the heavy-hole (HH) band. When
the sample is excited with a shorter wavelength of 405 nm (rather than
976 nm) the penetration depth of the laser is reduced to ∼14 nm (rather
than ∼270 nm)174, which gives the dashed green spectrum also shown in
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figure 6.3a. As the two spectra are almost identical we can conclude that
the optical emission in this sample mainly originates from the 17 at.% TL
and that the high-energy shoulder is most likely related to LH emission.

In the micro-disks (figure 6.3b), the optical emission is red-shifted to
(0.315± 0.005) eV (FWHM ∼65 meV) compared to the as-grown sample,
thus covering a broader range in the MIR up to ∼4.3 µm (figure 6.3b).
The measured ∼45 meV shift (i.e., ∼0.5 µm in wavelength) in the optical
emission is induced by the strain relaxation from the as-grown value of
−1.3 % to −0.2 %. The broader emission peak of the micro-disks could be
related to small fluctuations in strain between different micro-disks, or due
to a decrease in the strain-induced HH-LH band splitting. This reduction
in splitting makes that the LH and HH contributions in PL start to overlap
and therefore broaden the PL spectrum.

To compare the measured PL spectra with published data both the com-
position and the strain values must be taken into consideration to reach
an accurate assessment. Von den Driesch et al.185 showed PL emission
down to 0.39 eV in partially-relaxed Ge0.86Sn0.14 (ε‖ = −0.6 %), Calvo et
al. demonstrated PL emission at ∼0.37 eV in Ge0.84Sn0.16 (ε‖≈− 0.8 %)37.
These results are consistent with the lower emission energies observed for
our strained and relaxed Ge0.83Sn0.17 layers, as displayed in figure 6.3. How-
ever, the reported optical emission at 0.385 eV by Margetis et al.33 in sig-
nificantly relaxed Ge0.825Sn0.175 (ε‖≈− 0.3 %) deviates from this trend and
seems to be higher than what it should be. In fact, the here presented
disks are at nearly the same composition and strain but at the much lower
emission energy of 0.31 eV (figure 6.3b).

The third and last sample in our set is the as-grown Ge0.863Sn0.137
sample of which a room-temperature PL spectrum is plotted in figure 6.3c.
A single emission peak centered at (0.38± 0.01) eV is observed which is a
comparable energy to the higher Sn-content as-grown Ge0.83Sn0.17 sample,
however the strain in the as-grown Ge0.863Sn0.137 sample is a mere ε‖ =
−0.4 % which is a value comparable to the micro-disks. The FWHM of
the PL peak is ∼100 meV which is double the value with respect to the as-
grown Ge0.83Sn0.17 sample. This broader emission most likely results from
the gradual change in the band gap energy across the graded layer, which
makes lower Sn content parts also contribute. Additionally, the 0.38 eV
emission in Ge0.863Sn0.137 agrees closely with the emission at ∼ 0.39 eV
reported for partially relaxed Ge0.86Sn0.14 (ε‖ = −0.6 %)185. A similar
emission energy was found in lower Sn content Ge0.893Sn0.107 micro-disks
with a 0.45 % tensile strain induced by external SiN stressors186.
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The optical emission from the samples is then correlated with absorption
measurements performed at 300 K. To provide a precise evaluation of the
absorption data and to be able to determine the band gaps of individual
layers we define the Napierian absorbance∗as in equation (6.1).

Ae =
∑
i

αi · di/ cos (θi) (6.1)

In which αi and di are the absorption coefficient and thickness of layer i
in the stack respectively and θi the angle with respect to the normal under
which the light travels through the layer in the transmission experiment.

A different method has been used to determine the Napierian absorbance
Ae of the as-grown layers and the micro-disks. The complete reasoning and
methods are discussed at length in appendix A.8. The most important
conclusions from this section are that the obtained Ae spectra are free of
interference effects (see appendix A.9) and that the fill factor of the disks
has been taken into account such that the y-axis’ given in the spectra can
be compared.

The obtained Ae curves are plotted in the top panels of figure 6.3 to-
gether with their respective PL spectra. The Ae spectrum for the as-grown
Ge0.83Sn0.17 sample clearly shows two onsets that are associated with the
top layer (TL) and the middle layer (ML). Interestingly, the disks only
show a single onset associated with the relaxed TL. Lastly, in the as-grown
Ge0.863Sn0.137 sample also only a single absorption onset is visible due to
the graded Sn composition.

In a direct band gap semiconductor, the absorption coefficient α scales
as the square root of the energy and linearly with Ae. Therefore, A2

e shows a
linear behavior with energy, where the band gap is given by the energy-axis
crossing. In order to determine the corresponding band gaps, A2

e is plotted
in the bottom panels of figure 6.3, where the derived band gaps are indicated
as dashed vertical lines. A band gap for the as-grown 17 at.% (ε‖ = −1.3 %)
sample of (0.35± 0.01) eV is found, which lies on the rising edge of the
corresponding PL signal centered at 0.362 eV as expected. Also a second
onset is clearly observed which suggests a 0.43 eV band gap for the ML in
this sample. This value is in close agreement with the ∼0.45 eV estimated
for Ge0.875Sn0.125 (ε‖ =−0.3 %) samples, using reflection measurements by
Von den Driesch185 et al.

∗The absorbance is typically defined as A = − log10(td) in which td is the inter-
nal transmittance through a layer of thickness d. However, in many cases it is more
convenient to use the natural logarithm which leads to the definition of the Napierian
absorbance to be Ae = − ln(td).

122



6.4 - Effect of strain on photoluminescence properties in Ge0.83Sn0.17

C
ha

pt
er

6

The estimated band gaps of the Ge0.83Sn0.17 micro-disks and the graded
as-grown Ge0.863Sn0.137 are found to be at (0.31± 0.01) eV an (0.39± 0.01) eV
respectively. These values have in common that they lie at the center of
their respective PL peak instead of being on the rising slope as expected.
For the micro-disks this very small discrepancy is probably a result of tiny
fluctuations in the strain relaxation, where PL is more likely to probe the
lowest band gap material and the absorption measurement averages all con-
tributions. On the other hand, the overall shift of the absorption edge upon
relaxing the Ge0.83Sn0.17 as-grown layer is (40± 10) meV and is in agree-
ment with the ∼45 meV shift estimated from PL measurements. For the
as-grown Ge0.863Sn0.137 this small Stokes shift is attributed to the graded
Sn composition.

Surprisingly, a rather flat Ae curve is observed for the Ge0.83Sn0.17
micro-disks above 0.45 eV, without any additional absorption edges at higher
energy associated with the 12-8 at.% Sn layers. The absence of additional
absorption onsets can plausibly be attributed to the lower signal-to-noise
ratio in the transmission measurements caused by the use of a different light
source (see appendix A.8) and a fraction of the transmitted light not inter-
acting with the disks. We do note that the absorbance of the micro-disks
shown in figure 6.3b (in which the filling factor has been taken into account)
is very close to the value of the absorbance associated to the top two layers
in the as-grown sample equaling ∼ 0.5, indicating no deterioration of the
material due to the etching process.

6.4 Effect of strain on photoluminescence proper-
ties in Ge0.83Sn0.17

To investigate the effect of strain on the optical properties of a GeSn alloy
we directly compare the as-grown Ge0.83Sn0.17 sample and the Ge0.83Sn0.17
micro-disks in temperature dependent photoluminescence measurements in
the range of 4 to 300 K. This allows to monitor the temperature-dependence
of the direct band gap and to identify any possible optically active defect
levels. The resulting spectra are plotted in figure 6.4.

The PL spectrum of the as-grown Ge0.83Sn0.17 sample (blue curves in
figure 6.4a) at 4 K shows a single symmetric emission peak with an energy
of (0.413± 0.001) eV and a width of FWHM=(19.0± 0.5) meV. When the
temperature is increased to ∼50 K, the PL peak shows a small blue-shift of
∼1.2 meV, followed by a progressive red-shift as the temperature increases
to 300 K, as also displayed in figure 6.4b. No additional peaks are detected
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in the whole temperature range.
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Figure 6.4: In panel (a), temperature dependent PL spectra are plotted in the range of
4 K to 300 K for the Ge0.83Sn0.17 as-grown sample in blue (measured at 0.9 kW cm−2) and
the micro-disks sample in red (measured at 3.6 kW cm−2). All spectra are normalized
to their own maximum. In (b) the center of the emission peaks shown in (a) is plotted
as function of temperature as determined by Gaussian fitting. In (c) the integrated PL
intensity, normalized to their respective intensity at 4 K, as a function of the inverse of
the temperature is plotted (both recorded at an excitation density of 3.6 kW cm−2). The
fit of the curves in (b) was performed using equation (4.11), while the data in (c) were
fitted using equation (6.2) (dashed curves).

Because the observed blue-shift at low temperatures can indicate the
ionization of localized states68,187 the PL behaviour is additionally charac-
terised by measuring a power series at 4 K, shown in figure 6.5a. When the
excitation is increased from the lowest power, the PL peak energy stays
initially constant (see the spheres in the bottom panel of figure 6.5c) which
suggests that this emission originates from shallow localized states, such as
bound-excitons or free-to-bound transitions. This claim is further verified
by the apparent 1.4 slope68,187,188 found for the logarithmic plot of the PL
intensity as function of excitation density, shown in the top panel of figure
6.5c (blue spheres). Local fluctuations in Sn content across the sample and
the presence of (low concentration) impurities are most likely responsible
for these shallow states. When the excitation density is further increased
the PL peak broadens and blue-shifts, indicating that band-to-band emis-
sion dominates with a Burstein-Moss122 shift of 2 to 6 meV decade−1. The
pure band-to-band recombination is also reflected in the observed 1.0 slope
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in the top panel of figure 6.5c for high excitation densities. Now we con-
sider the observed blue-shift at low temperatures in the temperature series
again, shown in figure 6.4a, in which we can conclude that the PL emission
at low temperature is due to shallow localized states.

When the temperature of the as-grown Ge0.83Sn0.17 sample is further
increased from ∼50 K to ∼300 K, a progressive red-shift is observed (see fig-
ure 6.4a). Showing that for temperatures higher than ∼50 K band-to-band
recombination is dominant. The band-to-band character of the emission
at RT is further verified by the excitation power dependent measurement
shown in figure 6.5b. Note that no power-dependent energy shift is ob-
served over the full excitation range as also plotted in figure 6.5c (circles).
In addition, the increase in PL intensity remains linear (slope of ∼ 1) even
at the highest excitation power densities, shown in figure 6.5b (circles) indi-
cating that Auger non-radiative recombination does not play a role, which
is rather surprising for a narrow band gap semiconductor.
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Figure 6.5: In (a) the normalized spectra of an excitation power series at a temperature
of 4 K are shown measured at the as-grown Ge0.83Sn0.17 sample using a 976 nm laser. In
(b) a similar set is shown but measured at 300 K instead. In the upper panel of (c) the
integrated PL intensity is plotted as function of excitation density where it in the lower
panel the peak energy of the PL emission is plotted as function of excitation density. In
both panels the data is plotted for 4 K (closed dark blue dots) as well as for 300 K (open
light blue dots).

We now shift our attention to the temperature-dependent PL spectra for
the Ge0.83Sn0.17 micro-disk arrays, which are shown in red in figure 6.4c. A
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a (eV) b (eV) θD (K)
17 at.% Sn, As-Grown 0.479± 0.015 0.066± 0.015 380± 40
17 at.% Sn, µ-disks 0.396± 0.004 0.031± 0.004 247± 17
13.7 at.% Sn, As-Grown 0.456± 0.005 0.039± 0.005 330± 17

Table 6.1: Lists the found fitting parameters for the Vina equation given in expression
(6.1) of the data presented in figure 6.5b and 6.6b.

main emission peak centered at (0.365± 0.001) eV (FWHM=(42± 3) meV)
is detected at 4 K. In contrast with the as-grown sample, the emission
energy remains almost constant up to 50 K (see figure 6.4b), followed by
a progressive red-shift at higher temperatures, reaching 0.315 eV at 300 K.
We note that the absence of a small blue-shift (< 2 meV) below 50 K might
simply result from the higher FWHM in micro-disks compared to as-grown
layers. We highlight that the ∼50 meV energy difference recorded at 50 K
between the as-grown layer and the micro-disks is close to the 45 meV ob-
served at 300 K. Thus, the strain in the multi-layer structure changes only
by a negligible amount with temperature without affecting the band gap
directness across the probed temperature range.

The fit of the emission energy as a function of temperature is performed
using the Vina154 equation, which was already introduced and discussed in
section 4.4.1, and given in equation (4.11). We find that the fit describes
the observed PL data accurately, which therefore verifies its band-to-band
nature. The obtained fitting parameters are listed in table 6.1.

The integrated PL intensities as a function of the inverse of tempera-
ture, for both the as-grown Ge0.83Sn0.17 layers and the micro-disk array are
displayed in figure 6.4c. The data are normalized to the intensity measured
at 4 K for each sample. Overall, the PL emission exhibits the same qual-
itative behavior for both samples, a monotonous decrease as temperature
increases, which becomes more pronounced above 100 K. Overall, at 300 K,
a decrease in the PL intensity to ∼2 % compared to the 4 K intensity is
measured for the as-grown layer, whereas in micro-disk array this decrease
is rather limited to ∼10 % indicating an increase in the quantum efficiency
under relaxation of the strained layers. In the micro-disk array, a small
stagnation in the reduction of intensity is measured around 240 K. Since
no change in the PL emission energy is observed (see figure 6.4b), the inten-
sity stagnation indicates that sub-band gap non-radiative channels become
inactive at high temperature therefore strengthening the direct band gap
radiative recombination as the dominating mechanism81,189.

To shed more light on the non-radiative processes in these samples, the
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Ea,1 (eV) C1 Ea,2 (eV) C2
17 at.% Sn, As-Grown 6.0± 0.4 1.8± 0.2 41± 1 129± 9
17 at.% Sn, µ-disks 5± 1 0.6± 0.3 24± 1 21± 2
13.7 at.% Sn, As-Grown 4.7± 0.2 0.42± 0.02 25.6± 0.2 13.5± 0.1

Table 6.2: Lists the found fitting parameters for the Arrhenius equation given in ex-
pression (6.2) applied to the data presented in figure 6.5c and 6.6c.

integrated PL intensities are fitted with Arrhenius functions considering
two active non-radiative recombination channels. Arrhenius functions were
already introduced and explained in section 5.2.2 and are embodied in
equation (6.2).

I = I0

1 + C1 exp
(
−Ea,1
kBT

)
+ C2 exp

(
−Ea,2
kBT

) (6.2)

In which C1 and C2 are constants, Ea,1 and Ea,2 are the activation
energies, and kB is the Boltzmann constant156. The results obtained from
the fit using equation (6.2) are listed in table 6.2. The first activation
energy Ea,1 is ∼5 meV in both the strained and relaxed layered sample,
signaling a common loss mechanism for the two samples. This loss could
be facilitated by a shallow impurity level ionizing at low temperatures,
as was also indicated by the 1.3 meV blue-shift in the as-grown layer at
low temperatures. Thus, in Ge0.83Sn0.17 the recorded PL below 50 K is
most likely due to a shallow level, whereas band-to-band recombination is
observed at higher temperatures151,187.

The second activation energy Ea,2 with the values of 40 meV for the
as-grown sample and only 20 meV for the micro-disks. This non-radiative
recombination channel could originate from inter-valley tunneling of elec-
trons into the L-minimum or from a deeper impurity level within the band
gap. Another interpretation for Ea,2 would be the loss of carriers due to
diffusion from the 17 at.% TL to the 12 at.% ML, where they (partially)
recombine non-radiatively. This means that both electrons and holes can
diffuse to the ML, where an overall quench in PL will already be observed
when only one of the two charge carriers leaks away. With this mecha-
nism in mind, one might argue that the observed ∼0.45 eV PL peak in
the as-grown Ge0.83Sn0.17 sample above 180 K (see figure 6.4a) could be
associated with emission from the 12 at.% ML instead of a contribution
of LH-HH splitting in the strained 17 at.% TL. This suggestion however
is contradicting with the invariance of the RT PL upon changing the laser
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wavelength as was done for figure 6.3a.
Other possible loss mechanisms are surface traps or defects within the

top layer (i.e., impurities and point defects), which are both thermally ac-
tivated sources of non-radiative recombination. However, in these specific
Ge0.83Sn0.17 layers no impurities are observed in atom-probe tomography174
(APT) measurements (detection limit190 ∼1× 1017 cm−3). However, point
defects in a semiconductor, such as vacancies and vacancy complexes, can
also affect the optical properties due to carrier trapping191–193. The pres-
ence of both di-vacancies and of vacancy-clusters at room-temperature has
been recently confirmed in as-grown GeSn layers177.

6.5 Effect of composition on the photolumines-
cence of highly relaxed Ge1-xSnx layers

In addition to the influence of relaxation discussed in section 6.4, we will
also examine the influence of composition only, independent of strain. For
this purpose the highly relaxed, as-grown Ge0.863Sn0.137 sample (ε‖ = −0.4 %)
is investigated using PL studies and directly compared to the almost com-
pletely relaxed Ge0.83Sn0.17 micro-disks (ε‖ = −0.2 %).

In figure 6.6a, temperature dependent PL measurements are recorded
from the Ge0.863Sn0.137 sample in green, plotted together with the spectra of
the Ge0.83Sn0.17 micro-disks as a reference in red. The Ge0.863Sn0.137 layer
shows a single emission peak throughout the full temperature range. At
4 K, the emission peak is centered at (0.416± 0.001) eV and has a FWHM
of (42.0± 0.5) meV, which is almost identical to the FWHM of the micro-
disks (and ∼ 2× the FWHM of the compositionally uniform as-grown
Ge0.83Sn0.17 sample). However, the PL FWHM of the Ge0.863Sn0.137 layer
rapidly increases with temperature and is ∼60 % larger than the FWHM
of the micro-disks at 300 K. This increase in peak width with temperature
can be understood as a band filling effect caused by the graded composition
of the sample. This filling effect also seems to be reflected in the peak en-
ergy as function of temperature as the separation between the PL emission
of the micro-disks and the as-grown Ge0.867Sn0.137 sample increases from
51 meV at 4 K up to 64 meV at 300 K (see figure 6.6b).

The integrated PL intensity (shown in figure 6.6c, green spheres) drops
to ∼15 % of its initial value over the full temperature range. Which is
very similar to the quench down to 10 % which is observed in the relaxed
Ge0.83Sn0.17 micro-disks (red spheres) and much better than the quench to
2 % for the as-grown layers. Thus, despite the broader PL peak observed in
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Figure 6.6: In (a) normalized temperature dependent PL measurements are plotted
from 4 K to 300 K of the Ge0.863Sn0.137 sample (green) and of the Ge0.83Sn0.17 micro-
disks (red) as a reference. The peak emission energy of the spectra plotted in (a) are
shown in (b) as function of temperature. The data has been fit with the Vina equation
(4.11), where the fit parameters are summarized in table 6.1. The integrated PL intensity
as a function of the inverse of the temperature is plotted in (c), extracted from the spectra
shown in (a), with the Arrhenius parameters given in table 6.2.

the Ge0.863Sn0.137 sample, the strain relaxation resulting from the graded
composition suggests to minimize non-radiative recombination channels.
This indicates that the optical properties of GeSn are enhanced upon strain
relaxation, regardless of the method used to achieve it.

The values found for the Vina fit (equation (4.11), table 6.1) and activa-
tion energies Ea,1 and Ea,2 values from the Arrhenius plot (equation (6.2),
table 6.2) are in the same range as those obtained for both Ge0.83Sn0.17
samples. Therefore, the graded composition in the as-grown Ge0.863Sn0.137
has a negligible effect on the energy of shallow levels, while it increases the
emission line-width at all temperatures.

One of the most striking observations is the negligible role of defect- and
impurity-related emission in the data exhibited in figures 6.4 and 6.6 when
the current work is compared to literature. This is especially surprising
because the Sn contents in the here investigated layers are relatively high.
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6.6 Conclusions
In this work, we demonstrated that the room-temperature optical emission
of GeSn can be extended to longer wavelengths in the mid-infrared range
by independently controlling strain and composition. The observed single-
peak PL emission at 300 K in the as-grown Ge0.83Sn0.17 shifts from 0.362 eV
to 0.315 eV (i.e. ∼3.4 µm to ∼4.0 µm wavelength) by releasing most of the
−1.3 % compressive strain by under-etching the layer into micro-disks. No
additional PL peaks are visible when the samples are cooled down to 4 K,
suggesting the absence of defect- and impurity-related emission and that
direct band gap emission is preserved. By increasing the temperature from
4 K to 300 K, the PL intensity is reduced to 3 % and 10 % of the initial
value in as-grown and relaxed Ge0.83Sn0.17, respectively. Therefore it seems
that strain relaxation reduces carrier losses into thermally-activated non-
radiative recombination channels. These observations are confirmed in as-
grown Ge0.863Sn0.137, where a significant strain relaxation is obtained as
a result of graded composition. However, a broader 300 K PL emission
peak at 0.380 eV is obtained as compared to Ge0.83Sn0.17 with uniform
composition. Regardless of strain and composition, impurities and other
non-radiative recombination channels seem to have no detrimental effect
on the PL emission. Absorption measurements performed at 300 K give a
deeper insight into the absorption process in a GeSn multi-layer structure
and confirm the effect of strain relaxation in inducing a redshift of the
absorption edge. Additionally, these analyses also demonstrate the band
gap directness for all investigated samples. Thus, the control of both strain
and composition uniformity is of paramount importance to engineer the
emission operational range and linewidth in GeSn opto-electronic devices.
Applications requiring a narrower spectral range would benefit from the use
of uniform, GeSn layers, where a large amount of Sn can be incorporated
while avoiding phase segregation194. Whereas, a graded composition would
enhance the absorption at a larger layer thickness and cover a broader
spectral range.
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Group IV semiconductor opto-electronic devices have been
realised by growing thin films of direct band gap GeSn alloys
on a Ge/Si virtual substrate. As an alternative, the optical
properties of GeSn in a nanowire morphology will be investi-
gated here, which has great advantages for maximizing strain
relaxation, limiting the formation of structural defects. Both
Ge/GeSn core/shell nanowire arrays with a Sn incorporation up
to 13 at. % and bottom-up Sn-catalysed Ge0.81Sn0.19 nanowires
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using the vapour-liquid-solid (VLS) mechanism are investigated.
This results in a room-temperature photoluminescence centered
at 0.465 eV and an enhanced absorption above 98 % for the core/shell
wires. Due to efficient strain relaxation the VLS-GeSn wires show
emission down to 0.29 eV (4.3 µm wavelength). Therefore, direct
band gap GeSn grown in a nanowire geometry holds promise as
a low-cost and high-efficiency material for photodetectors oper-
ating in the short-wave infrared and thermal imaging devices.

7.1 Introduction

Integration of light-emitting group IV semiconductors on a silicon platform
would enable both on-chip data communications and infrared (IR) imaging
devices compatible with the complementary metal–oxide–semiconductor
(CMOS) technology195. A promising route relies on germanium-tin (GeSn)
alloys, where a direct band gap below 0.55 eV (i.e. at wavelengths longer
than 2.3 µm) is achieved in strain-free samples with Sn contents above32,185,196
9 %. From this basis, LEDs38–40, lasers32,33,36 and infrared photodetec-
tors42,197 have already been demonstrated.

The growth of high quality, direct band gap GeSn alloys has so far been
achieved in thin-film structures32,174,185. However, the large lattice mis-
match between Sn and Ge (∼15 %) naturally results in high amounts of
strain in these GeSn films32. The strain in GeSn layers is partially released
by the formation of defects, which can trap charge carriers, act as non-
radiative recombination centers and reduce mobility, limiting the material
performance for opto-electronic applications. Moreover, the compressive
strain increases the critical amount of Sn required to tune from an indirect
to direct semiconductor32,179,185, while increasing the band gap, compro-
mising long-wavelength applications.

A unique feature of nanowires is their capacity to accomodate large
amounts of strain relaxation at heterojunctions without the formation of
structural defects. This is true for both radial core/shell nanowires (NWs)
with a relatively thin core198,199 as well as for nanowires exhibiting an axial
heterojunction200. Additionally nanowires exhibit favorable optical quali-
ties for photodetectors, such as excellent anti-refection201,202, high external
quantum efficiency202 and reduced dark noise due to their antenna effect203.

In this chapter the optical properties of both core/shell Ge/Ge1-xSnx
nanowires with a Sn content up to 13 at.% (referred to as type-I) is in-
vestigated as well as epitaxially grown Ge0.81Sn0.19 NWs (referred to as
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type-II). The high crystal quality of the core/shell NWs (type-I) leads to
a room-temperature direct band gap emission centered at 0.465 eV and an
excellent absorption of above 98 %, which is crucial for photodetection ap-
plications. For the fully strain-relaxed epitaxially grown Ge0.81Sn0.19 NWs
(type-II) the emission is extended up to 4.3 µm wavelength (0.29 eV). All
samples show a PL emission intensity which closely compares to thin-film
samples with a similar Sn-content, demonstrating the high quality of the
crystals and their potential for opto-electronic applications. Additionally
absorption spectroscopy and photoluminescence experiments are combined
to provide new insights in the nature of the optics of GeSn alloys.

7.2 Core/shell GeSn NWs

7.2.1 Growth of core/shell GeSn NWs

The core/shell NW arrays (type-I NWs) are grown in a chemical vapor
deposition (CVD) reactor using nanoimprint-patterned gold islands as a
catalyst204 for the growth of Ge-wires with germane (GeH4), tin chloride
(SnCl4), and hydrogen chloride (HCl) as precursor gases. The growth is
performed in two steps: first, arrays of untapered Ge NWs with a diameter
of 50 nm are grown at 320 ◦C, as shown in the scanning electron micrograph
(SEM) inset of figure 7.1a. Next, the sample is cooled down to 300 ◦C under
GeH4 supply, and SnCl4 and HCl are introduced for the GeSn shell growth.

By tuning the GeH4 and SnCl4 input ratio, two type-I samples with a
(13± 1) at.% and (10.5± 0.5) at.% in the outer portion of the GeSn shell
have been fabricated. Representative SEM images of both samples are
shown in figure 7.1a (13 at.% Sn) and 7.1d (10.5 at.% Sn) in which can be
seen that both samples exhibit wires with a length of (∼3.2 µm) and a total
diameter of ∼300 nm. The NWs have a tapered top section, but are not
bent indicating that there is no significant strain in these structures.

The composition of the Ge/GeSn core/shell heterostructure has been
determined using energy-dispersive X-ray (EDX) compositional maps in
scanning transmission electron microscopy (STEM). A uniform Sn distri-
bution is observed in the GeSn shell along the nanowire growth axis (see ref-
erence [151]). Interestingly, the cross sectional EDX-measurements, shown
in figures 7.1b and 7.1e, shows a sunburst like pattern in which an enhanced
Sn incorporation at the six wide {112} facets and a lower Sn incorporation
at the six narrow {110} corner facets is observed. This pattern is similar to
those observed in ternary III-V shells205,206, and is caused by the different

133



Chapter 7 - Ge1-xSnx in a nanowire geometry

13±1%

50 nm

<112>

Ge/Ge Sn  NWs0.87 0.13

10.5±0.5%

50 nm
500 nm

500 nm

Ge/Ge Sn  NWs0.885 0.105

a b c

d e f

1 µm

Figure 7.1: In (a) and (d) SEM images (tilting angle 30°) of an array of Ge/Ge0.87Sn0.13
and Ge/Ge0.885Sn0.105 core/shell nanowire arrays are shown respectively, with in the inset
of (a) the as-grown ∼50 nm diameter Ge-stems. In (b) and (e) cross-sectional STEM-
EDX mappings are showing a ∼120 nm shell, where an averaged (13± 1) % Sn content
is found in the yellow box in (b) and an averaged value of (10.5± 0.5) % Sn content
in the yellow box in (e). The radial profiles of Sn-content, plotted in (c) and (f) have
been determined from the white boxes in (b) and (e), respectively in the direction of the
dashed white arrow. The radial composition shown in (c) has been verified and overlayed
with the atom probe tomography data from reference [151]

surface energies and adatom mobility of the {112} and {110} facets184,207.
The Sn compositional profiles integrated along the <112>radial direc-

tions in the EDX measurements are shown in figure 7.1c (7.1f). Within the
first 10 nm away from the Ge core the Sn content steeply increases to 9 %
(8 %), followed by an almost linear increase to (13± 1) at.% ((10.5± 0.5) at.%),
as determined from the integrated area of the yellow rectangle in figure
7.1b (7.1e) towards the outside of the shell. This means that especially
the (10.5± 0.5) at.% sample is close to the cross-over composition for an
indirect- or direct band gap of ∼9 at.%. For the (13± 1) at.% sample this
composition has been verified using atom probe tomography APT of which
the detailed chemical mapping is overlayed in figure 7.1c. Additionally APT
confirmed that the wires are free from clustering or local precipitation of
Sn151.
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7.2.2 Absorption in core/shell GeSn NWs
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Figure 7.2: Absorption spectra for the Ge/Ge0.87Sn0.13 core/shell NWs and
Ge/Ge0.895Sn0.105 core/shell NWs acquired at 300 K. Additionally the absorption of
the as-grown Ge-stems is shown as a reference. The absorption has been determined
using reflection measurements as in figure 3.4a. All samples have a gold coating on the
backside such that the absorption could be determined as A(~ω) = 1−R(~ω).

To probe the nature of the band gap (direct or indirect) of both type-I
samples, absorption measurements have been employed. More specifically
the samples have been measured in the reflection configuration as schemat-
ically depicted in figure 3.4a. A 250 nm thick gold layer has been applied
to the backside of the samples as well as the cold finger of the helium flow
cryostat in which they were mounted to avoid parasitic absorption of ther-
mal glue. The absorption spectrum can then be determined from 4 K up
to room temperature.

As a background signal, the reflection from the cold finger of the cryo-
stat including the sapphire window is first acquired Iback(~ω). Next, the
reflection from the sapphire window only is measured Iwindow(~ω). The
sample reflection R(~ω) can then be calculated using equation (7.1).

R(~ω) = Isamp(~ω)− Iwindow(~ω)
Iback(~ω)− Iwindow(~ω) (7.1)

In this equation Isamp(~ω) is the measured reflection from the sample.
Since the gold coating on the back of the sample behaves as a back reflector
no light is transmitted. Therefore, the total absorption A(~ω) can be simply
determined with equation (7.2).

A(~ω) = 1−R(~ω) (7.2)
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Due to the excellent anti-reflection properties of the NW arrays the
(above band gap) absorption is higher than 98 % for both the Ge/Ge0.87Sn0.13
NWs (see figure 7.2), as well as the Ge/Ge0.895Sn0.105 NWs. This indicates
that nearly all of the the incident light is coupled into the sample (and
absorbed) rather than being reflected from the NW tips, illustrating that
GeSn in a NW morphology is a perfect candidate for IR-detection. The
tapered shape of the nanowire tips might play a crucial role here as they
allow for a graded effective-refractive index change and therefore suppress
reflection from the wires201. From this we can conclude that the internal
reflections in the NW array are negligible and that the reflected light that
is measured has traveled approximately twice through the NW array. The
absorption of the Ge-substrate and Ge-cores can be neglected for energies
below 0.65 eV. Additionally, this shows that all the measured light has inter-
acted with the wires and thus the effective absorption coefficient αeff (~ω)
of the GeSn NWs from the measured absorption data can be calculated
using equation (7.3).

αeff (~ω) = − 1
2h · ln (A(~ω)) (7.3)

In equation (7.3), h is the nanowire length estimated from SEM mea-
surements shown in figure 7.1a. The effective absorption coefficients are
plotted in figure 7.3a for the Ge/Ge0.87Sn0.13 NWs and in figure 7.3d for the
Ge/Ge0.895Sn0.105 NWs. In both samples the absorption peak at ∼0.4 eV is
independent of the temperature, and is most likely related to the interaction
of light with residual solvents on the backside of the sample.

As already discussed in section 2.1.1, in a direct band gap semiconductor
the absorption coefficient scales as α ∝

√
~ω − Egap, whereas an indirect

band gap scales as α ∝ (~ω − Egap)2. To discriminate between direct and
indirect band gap absorption, the α, α2, and α1/2 coefficients are plotted for
both samples in figure 7.3. For the Ge0.87Sn0.13 NWs, a clear linear increase
in α2 is visible in the 0.55 to 0.70 eV energy range, both at 4 K as well as at
300 K (see figure 7.3b), demonstrating a direct band gap absorption. The
band gap energy can then be extracted from the linear extrapolation of α2,
in analogy with the method already presented in section 6.3, which results
in a 0.52 eV band gap at 4 K and a 0.47 eV at 300 K. Moreover, this method
is extended to determine the band gap as function of temperature in the
full 4 K to 300 K temperature range as shown in figure 7.4b, and fitted by
the Vina equation (see equation (4.11) in section 4.4.1). These results will
be further discussed in combination with the photoluminescence data.

Contrary to the Ge/Ge0.87Sn0.13 NWs, the Ge/Ge0.895Sn0.105 NWs only
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Figure 7.3: In (a), (b) and (c) the effective absorption coefficient α, α2, and α1/2 are
plotted respectively for the Ge/Ge0.87Sn0.13 NW sample. Then additionally in (d), (e)
and (f) the same respective plots have been made but for the Ge0.895Sn0.105 NWs.

show a linear increase for α2 in the 0.56 to 0.60 eV energy range at 4 K
(see figure 7.3e), followed by a super-linear increase suggesting an indirect
band gap absorption. In addition, for the α2 graph at 300 K exclusively a
super linear increase is observed. This suggests that the energy difference
between the Γ- and L-minimum is temperature dependent, shifting the
material from direct to indirect with increasing temperature, potentially
influenced by a changing strain in the system. The linear behaviours found
in the α1/2 plots (see figure 7.3f) at both temperatures, however, clearly
confirm the dominant indirect nature of the material in these wires at both
temperatures. We note that it is not trivial to deduce a band gap from
these data.
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7.2.3 Emission of core/shell GeSn NWs

We now focus on the emission properties of the type-I NW samples mea-
sured by photoluminescence performed with the FTIR-based setup as de-
picted in figure 3.1. The 405 nm CW laser was employed in the 45° inci-
dence configuration, resulting in a ∼350 µm spot with an excitation density
of 8 W cm−2 on the sample.

At low temperature, the PL spectrum of Ge/Ge0.87Sn0.13 NWs consists
of two peaks at 0.493 eV (X1) and 0.468 eV (X2) (see figure 7.4a). The
peaks X1 and X2 are respectively 25 meV and 50 meV below the band gap
energy, determined by absorption spectroscopy, at 4 K. When the tem-
perature is increased from 4 K to 100 K the emission of both the X1 and
X2 peak are red-shifted, parallel to the band gap. Just above 100 K the
X1 peak steeply jumps towards a value close to the band gap energy, fol-
lowed by a red-shift similar to that of the band gap, and reaches 0.465 eV
at room-temperature. Similarly, the X2 peak also red-shifts with temper-
ature and its emission intensity quenches at 210 K. This quench happens
simultaneously with an increase of the total PL intensity as shown in figure
7.4c, indicating that the band-to-band emission is fed by the thermal de-
trapping from the localized X2 states. These measurements show that at
temperatures below 100 K, the X1−X2 emissions originate from localized
states, while at room temperature the emission is associated with the GeSn
direct band gap.

From fitting the Arrhenius plot in figure 7.4c, with equation (6.2), we
find activation energies of 3 meV and 26 meV for the combined PL intensity
(X1+X2), which closely match the values found for the highly relaxed pla-
nar GeSn samples (see table 6.2) discussed in chapter 6. We can therefore
argue that both morphologies suffer from the same loss mechanisms, which
could be related to the partially radiative localized states that we observe in
the Ge/Ge0.87Sn0.13 NWs. Note however, that the excitation density used
in this work is about ∼ 103 times lower than used for the data presented
in figure 6.3, which could explain why the localized-centers remain unob-
served in the planar structures. The similarity in activation energies of the
non-radiative mechanisms between planar-samples and NWs suggests that
these channels are not related to the surface of the material. Based on
these optical studies we attribute X1 and X2 to band gap-related localized
states, such as alloy fluctuations, acceptors, Sn-vacancies183 or interstitial
Sn atoms.

Surprisingly, also a clear single peak (Y ) PL signal is measured from
the type-I, 10.5 at.% sample over the full 4 K to 300 K range (see figure
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Figure 7.4: In (a) and (d) normalized photoluminescence spectra of the Ge/Ge0.87Sn0.13
and Ge/Ge0.885Sn0.105 core/shell NWs in the temperature range 4 to 300 K are plotted
respectively. Measurements are performed with a 405 nm laser at an excitation density of
8 W cm−2. Panel (b) shows the PL peak energies of the X1 and X2 lines (estimated from
fitting the data with two Lorentzian peak functions) and the band gap from absorption
data (hollow spheres) as a function of the temperature. The absorption data is fit using
a Vina curve. The absorption measurement error bars are estimated from the linear fit
of α2. Panel (e) shows the PL peak energy as a function of the Ge/Ge0.885Sn0.105 NWs
as function of temperature. In (c) and (f) the normalized integrated intensity is plotted
of the X1 + X2 peaks and the Y peak respectively, as function as the inverse of the
temperature (Arrhenius plot).
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7.4d), despite an indirect band gap being indicated by the absorption mea-
surements shown in figure 7.3. This can be explained with the graded Sn
content from 8 % at the inner shell to 10.5 % at the outer shell (see fig-
ure 7.1f), resulting in a large portion of the GeSn shell being below the
critical ∼9 at.% of Sn content and therefore exhibiting an indirect band
gap208. Since excited carriers are confined towards lower band gap regions
(i.e. higher Sn content) the measured optical emission originates from the
outer portion of the GeSn shell, while absorption takes place in the whole
structure.

Although the PL in the 10.5 at.% sample shows only a single peak
over the full temperature range (figure 7.4d) it behaves very similar to the
13 at.% sample. At low temperatures a single emission peak is observed at
0.513 eV (see figure 7.4e) that starts to strongly blue-shift at 130 K, com-
bined with an increase in intensity (see figure 7.4f), and results in band-to-
band recombination for higher temperatures. In figure 7.4e a Vina relation
is estimated, taking into account the PL for T > 170 K and the 4 K band
gap at ∼0.54 eV from the absorption measurement shown in figure 7.3e.
This shows that the low temperature Y emission is a ∼30 meV localized
state, almost identical to the X1 emission line. Remarkably, also the ac-
tivation energies found in the Arrhenius plot of the Y emission, shown in
figure 7.4f are identical to the values found in the X1+X2 plot 7.4c, further
showing the universality of these loss channels.
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Figure 7.5: Direct comparison of the integrated PL intensity as a function of the
inverse temperature for the Ge/Ge0.87Sn0.13 NWs, Ge/Ge0.895Sn0.105 NWs, and a
Ge0.88Sn0.12/Ge VS sample185,208. Measurements are performed using an excitation
power density of 8 W cm−2.

Finally, we compare the temperature-dependent PL intensity of the

140



7.3 - GeSn Sn-catalysed nanowires

C
ha

pt
er

7

type-I, Ge/GeSn core/shell NW samples with a state-of-the-art planar
Ge0.88Sn0.12/Ge/Si VS sample with a similar emission energy185,208, in fig-
ure 7.5. The temperature-dependent PL shows very similar behavior and
the ratio between the 4 K and 300 K emission is nearly identical for all these
samples. This provides additional evidence that both the Ge/Ge0.87Sn0.13
and the Ge/Ge0.895Sn0.105 NW samples feature a direct band gap in emis-
sion. This demonstrates that the lowest Γ-minimum in both NW samples
is far enough below the L-minimum to prevent inter-valley tunneling. Since
the radiative efficiency of GeSn is independent on the NW or planar geom-
etry, it suggests that these channels are not at the surface, but rather in
the bulk of the material.

7.3 GeSn Sn-catalysed nanowires
In the second part of this chapter the optical properties of GeSn NWs grown
with a different growth mechanism are probed . An alternative method for
synthesizing GeSn nanowire (NW) structures (with respect to the core-
shell structure presented in section 7.2) is by employing a catalysed growth
scheme using the vapour-liquid-solid (VLS) growth method (referred to as
type-II NWs). More specifically, GeSn nanowires are grown on top of a
Ge (111) substrate using a Sn-droplet both as a catalyst particle as well as
the main Sn-source. A great advantage of this growth method with respect
to the core-shell scheme presented in section 7.2 is that the great strain-
relaxation properties of axially grown NWs are utilized200. This results in
an epitaxial and completely relaxed GeSn crystal, compared to the core-
shell NWs where still a small amount of strain is present. Additionally
this results in strain-free growth when compared to the layers discussed in
chapter 6 where a post-growth relaxation is required, which can result in
higher quality crystals.

7.3.1 Growth of Sn-catalysed GeSn nanowires

The growth of the Ge1-xSnx nanostructures has been realized in a two-step
chemical vapour deposition (CVD) approach. First the Sn growth seeds
are deposited at a temperature of ∼560 nm on a Ge (111) substrate using
Sn(N(CH3)2)2 as a precursor. Subsequently, the temperature is increased
to 598 K and tert-butylgermane is used as a precursor to start the GeSn
growth, where all Sn is provided by the catalyst droplets.

The growth of the GeSn wires is performed at a high growth rate to
prevent diffusion of metallic Sn through the crystal209, but causes the simul-

141



Chapter 7 - Ge1-xSnx in a nanowire geometry

a b c

500 nm

Figure 7.6: In (a) a representative scanning electron micrograph (SEM) is shown of
the Ge0.81Sn0.19 sample taken under a 45° angle to the sample normal. In the top panel
of (b) a dark field TEM image is shown of a lamella cut in the longitudinal direction of
single nanowire. The other three panels in (b) show the STEM-EDX data of the same
wire with Sn counts in green and Ge counts in pink. In (c) the Sn content, determined
using EDX, is plotted for the white points shown in (b). A homogeneous Sn content of
(19.3± 0.9) % is found.

taneous formation of a parasitic Ge film around the wire (and on the sub-
strate) that is removed after growth using reactive ion etching210. The Sn
droplets are consumed during the growth process resulting in cone-shaped
NWs with a base width of (81± 22) nm and a length of ∼390 nm, as can
be seen in a representative SEM image shown in figure 7.6a. In the first
80 nm of the growth a gradual increase of Sn content is observed152, after
which the Sn incorporation remains constant with a value of (19.3± 0.9) %,
as determined using STEM-EDX measurements shown in figure 7.6b and
7.6c. The final result are epitaxially grown, fully relaxed NWs with a ho-
mogeneous Sn content.

7.3.2 PL of Sn-catalysed GeSn nanowires

The optical properties of the VLS-GeSn NWs (type-II) have been investi-
gated using photoluminescence measurements. For this purpose the setup
as described in section 3.1 has been used with a 976 nm CW excitation laser
which has been focused using an off-axis parabolic mirror onto the sample,
resulting in an excitation spot of ∼50 µm and therefore exciting hundreds
of GeSn wires.

First, the high compositional uniformity of the Sn concentration in the
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Ge0.81Sn0.19 NWs is confirmed by a positional PL measurement at 4 K. A
constant emission energy is observed152 over the full 10 × 10 mm sample
and only a slight variation in intensity corresponding to the local density
of wires.

Temperature-dependent normalized PL spectra of the Ge0.81Sn0.19 NWs
at an excitation density of 5.4 kW cm−2 are plotted in figure 7.7a. The PL
spectra exhibit a low energy peak associated with the Ge0.81Sn0.19 nanos-
tructure and a second peak centered around 0.55 eV. This high-energy
feature is associated with luminescence centers in the antimony doped Ge
substrates used in this study and was not further investigated.

For temperatures higher than 45 K the emission is due to band-to-band
recombination and the emission energy upon temperature variation can
be described using the Vina equation (4.11). Extrapolation of the model
data to 4 K provides a low temperature band gap, close to 0.37 eV. This
result is in excellent agreement with the prediction179 of the band gap
for unstrained Ge0.81Sn0.19. The previous claim that the material is fully
relaxed is further supported by the lack of observing a heavy-hole light-
hole splitting, as is common in GeSn semiconductors208,211, independent of
temperature or excitation density (figure 7.7d).

At low temperatures, in the 4 K to 45 K interval, the luminescence blue-
shifts from 0.349 eV to 0.366 eV and increases in intensity by ∼50 % with
increasing temperature as shown in figures 7.7b and 7.7c. This behav-
ior is very similar to the X1, X2 and Y peaks observed in the type-I,
Ge/Ge1-xSnx core-shell NWs discussed in section 7.2, and can therefore
be coupled to the same origin of de-trapping of band-gap related local-
ized states. Remarkably, this temperature-dependent energy shift occurs
already at 45 K where typical temperatures for GeSn reported in literature
are in the 80 to 100 K range151,208.

An additional remarkable difference with respect to the type-I, core/shell
wires is the very small 17 meV blue-shift in the type-II, VLS-wires where
the shifts of the X1, X2 and Y peaks lie in the range of 20 to 50 meV. This
discrepancy can be understood by varying the excitation density at 4 K as
shown in figure 7.7d. At the smallest excitation density of 37 W cm−2 the
emission peak is centered around 0.349 eV (see figure 7.7e) which is about
50 meV below the Vina fit, shown in figure 7.7c. If the excitation density
is increased the PL peak blue-shifts, reducing the energy interval to the
Vina-curve to just 19 meV. Additionally the peak broadens while keep-
ing a constant onset at ∼0.28 eV (dashed line in figure 7.7e) which signals
the filling of states. This behaviour demonstrates the existence of several
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Figure 7.7: In (a) the spectra of the temperature dependence of the PL emission at an
excitation density of 5.4 kW cm−2 are plotted. In (b) the normalized integrated intensity
is plotted as function of the inverse of temperature and fitted with a single activation
Arrhenius function, taking into account the data for T > 40 K. Panel (c) shows the
temperature dependent peak energy of the PL emission which is determined by fitting
the spectra shown in (a) with a (phenomenological) bi-Gaussian function. The measured
data are well described with a Vina154 curve (equation (4.11)) for T > 40 K. In (d)
normalized PL spectra recorded at 4 K with increasing excitation density are plotted. A
low energy onset, which is independent of excitation density, is marked with a dashed
line at 0.28 eV. Panel (e) shows the peak of the emission as function of excitation density,
determined using a single bi-Gaussian function.

(partially) radiative localized states which might be broadened due to alloy
fluctuations or wire-to-wire compositional differences. These states thus
have an ionization energy in the range of 20 to 50 meV which is identical
for the type-I core-shell NWs and the type-II VLS-NWs. Moreover, these
states seem to be generic in Ge1-xSnx systems since they have also been
observed in for instance planar structures208.

The evolution of the peak intensity with temperature is illustrated in fig-
ure 7.7b. For temperatures above 45 K the intensity decays with increasing
temperature according to an Arrhenius function with a single exponential
term exhibiting an activation energy of 37 meV. A monotonous decay of
the intensity is an additional strong indication that the luminescence is due
to direct band gap recombination32.
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The total measured intensity of the type-II Ge0.81Sn0.19 NWs also com-
pares favorably to state-of-the-art GeSn layers. For instance, only a factor
of 2 lower integrated PL intensity at 300 K is observed when compared to
the planar as-grown Ge0.83Sn0.17 sample discussed in section 6.3, while the
exited volume is less than 1/6th in the NW sample. This is a significant
improvement when compared to literature on Ge1-xSnx VLS-NWs where a
notable PL212 was merely observed at a low temperature of 80 K.

7.4 Conclusions
In summary, we have optically investigated two viable approaches to grown
direct band gap, strain-relaxed and high quality GeSn nanowire structures.
As a first approach Ge/Ge1-xSnx core/shell nanowires (x = 0.13) have
been investigated (type-I), showing a room temperature photoluminescence
(PL) peak, centered around 0.465 eV. Using absorption measurements the
directness of the band gap was confirmed and a band gap of 0.468 eV was
found, flawlessly agreeing with the PL. The above band-gap absorption
in the wires reached to over 98 % which is a crucial property for high-
efficiency photo detectors. As a second approach Sn-catalyzed Ge0.81Sn0.19-
VLS grown wires (type-II) have been investigated using PL, due to the high
strain relaxation and efficient Sn-incorporation the room-temperature PL
has been extended all the way up to 4.3 µm in wavelength (0.29 eV). For
all samples several partially radiative, localized states are observed at low
temperatures which lie 20-50 meV below the band gap. These states are
argued to be bulk defects, are also observed in thin-film technologies in
literature and appear to be generic to GeSn material systems. Additionally
all nanowire samples show a PL emission intensity that is comparable to
state-of-the-art thin-film counterparts with a similar Sn content, illustrating
the high crystal quality. Therefore both GeSn-based NW approaches are
excellent candidates for low cost near infrared photodetectors and thermal
imaging sensors.
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8
Outlook and Comparison
Chapter contributions:

Spectral PL Measurements: Victor van Lange, Data Analysis and
interpretation: Alain Dijkstra.

In chapters 4 and 5 a first detailed optical investigation is pre-
sented of Hex-Ge and Hex-SiGe semiconductors. We have been
able to conclude that Hex-SiGe with a high enough germanium
content is indeed a direct band gap semiconductor that exhibits
efficient emission properties. These very promising results lie at
the beginning of a path towards fully group-IV based photonic
integrated circuits (PICs). In this chapter we will suggest and
discuss strategies to reach following milestones on this path. In
particular the demonstration of lasing and the integration with
industry standard cubic-silicon. Chapters 6 and 7 of this the-
sis elaborated on the optical properties of direct band gap GeSn
materials, both in a nanowire and thin-film morphology. GeSn is
an alternative direct band gap group-IV material system which is
already much further developed than Hex-SiGe with proven laser
action and infrared detectors. As a concluding part of this chap-
ter (and of this thesis) the room-temperature photoluminescence
spectra of Hex-Ge and the GeSn samples measured throughout
this thesis are compared and the future of both material systems
is envisioned.

8.1 Introduction

In the introductory chapter 1 the technological potential of direct-band gap
group IV materials was already discussed, covering applications such as on-
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chip communication, lab-on-a-chip and chemical and biological sensing. To
realize these goals the demonstration of lasing is a crucial step in the de-
velopment of these materials. In germanium-tin (GeSn) alloys lasing has
already been shown by several groups both in waveguide cavities32,34,213 as
well as micro-disks35–37. Currently the technology is being pushed towards
reduced lasing thresholds214 and room temperature operation34 where las-
ing at 270 K is already achieved. An electrically pumped laser however
still needs to be demonstrated. Because GeSn can be grown as thin-films
directly onto silicon (100) wafers (with the help of a Ge-buffer layer), this
platform is compatible with passive silicon-photonics and SiN photonic cir-
cuitry. On the other hand, hexagonal silicon-germanium (Hex-SiGe) is still
in the very early stages of development, and an optically pumped laser still
needs to be demonstrated. In the first part of this chapter (section 8.2)
we will present strategies to demonstrate lasing in a Hex-SiGe alloy with
our current technology. In addition, approaches towards silicon compatible
planar integration technologies will be discussed.

This thesis contains optical measurements of two new group-IV direct
band gap material systems, hexagonal silicon-germanium (Hex-SiGe) and
the cubic germanium-tin (GeSn) system. Because the data of both material
systems are available to us, we are in the privileged position to directly com-
pare their luminescence results. Therefore, the second part of this chapter
contains a comparison of samples measured throughout this thesis(section
8.3).

8.2 Outlook towards lasing in Hex-SiGe

Our present Hex-SiGe nanowire shells were very useful to demonstrate the
optical properties of Hex-SiGe. These wires however are not suitable to
show lasing in their current form. In this section we will first outline strate-
gies how to show a proof of principle and demonstrate an optically pumped
laser with Hex-SiGe as a gain medium. Second, two approaches of inte-
grating Hex-SiGe with the current CMOS technology are presented.

8.2.1 Proof of principle

In chapter 5 the B-coefficient for radiative recombination of Hex-SiGe,
which is the main material parameter for laser action, was estimated. The
parameter was shown to have a value comparable to industry-standard In-
GaAs/InP heterostructures. Moreover, the radiative efficiency has been
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shown to be temperature independent up to room temperature at an exci-
tation density of 0.4 mJ cm−2 per pulse, which is an exceptional property
of Hex-SiGe. Efficient light emission from Hex-SiGe is thus verified and the
first condition for lasing is met.

a b

Figure 8.1: In (a) the simulated reflectivity at a flat end facet for a nanowire (NW)
laying on sapphire has been plotted as function of the NW radius for different modes,
using the finite-difference time-domain (FDTD) method. The inset shows the intensity
profile of the different modes in the wire, data was adapted from reference [215]. In
(b) and example is shown of a single GaAs NW lasing at room temperature (figures
adapted from reference [216]) where a rapidly narrowing spectrum is shown when the
lasing threshold is reached. The inset shows a schematic of a single nanowire laser and a
microscope image of a NW emitting below threshold (left) and above threshold (right).
It can be clearly observed that below threshold the emission is centered around the center
of the wire and shifts to the tips of the wires as soon as threshold is reached, a clear
indication of lasing behavior.

A second requirement to demonstrate a hex-SiGe nanolaser, is to place
the Hex-SiGe material into a proper laser cavity. Here we will explore two
strategies to do that. Fortunately, nanowires (NWs) with proper dimensions
can already act as laser cavities by themselves and there are many literature
examples of single lasing NWs165,216,217, even in the infrared218. If a wire
has suitable dimensions it will support a mode for the desired wavelength
and will act as a waveguide, guiding the light over the longitudinal direction
of the wire. This is the case when the diameter of the wire is larger than
half the wavelength of the emitted light within the semiconductor material
(i.e. larger than λ/2n). The second requirement to form a cavity out
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of a single nanowire is to have a sufficiently large end-facet reflectivity.
This is where the as-grown nanowires become unsuitable, because they are
attached to a substrate with a refractive index almost identical to the wires
the reflection on the bottom side is almost zero and all light is transmitted
into the substrate. A simple flat facet of a nanowire however can already
have a reasonable reflectivity as soon as the wire is thick enough to support
a mode219. A simulation of the end facet reflectivity for a Hex-SiGe wire
laying down on a sapphire substrate is shown in figure 8.1a. The TE01
guided mode exhibits a ∼50 % facet reflectivity, where it should be noted
that a laser will start lasing at the mode with the highest available gain
corresponding to the mode with the highest facet reflectivity. Additionally
the TE01 mode shows the largest spatial overlap with the Hex-SiGe shell
as shown in the inset of figure 8.1a.

Thus removing the wires from the substrate is essential to create a
cavity. This could be accomplished in several ways, the easiest of which
is to break off the wires and lay them down onto a dielectric material.
Another approach might be to embed the nanowires in a polymer such as
PDMS and peel them off the substrate220,221 which preserves the vertical
position of the wires.

One might then wonder why the mechanically transferred Hex-Si0.2Ge0.8
wires used in chapter 5 do not show signs of lasing or enhanced spontaneous
emission yet. The first reason could be due to a compromised mirror qual-
ity at the ends of the nanowire, as the dome shape at the top (see figure
4.3b) can enhance scattering and hinder a reflection back into the mode .
Second, sidewall roughness might enhance scattering of light which leads
to losses in the wire. And most importantly, third, is that mirror losses
are very high with respect to the amount of gain medium due to the short
length of the wires. Mid-Infrared (MIR) lasers demonstrated have typical
cavity lengths32,34,218 of 100 to 1000 µm to overcome the mirror losses. In-
creasing the lengths of our Hex-SiGe wires to such values is challenging as
the WZ phase becomes unstable after a critical length. We will therefore
also explore a second approach to create a cavity, while keep making use of
the nanowire morphology.

Because each nanowire is site controlled by the location of their respec-
tive Au-catalyst particle, defined by a lithography process, the pattern of
the NWs can be designed such that a photonic crystal is formed. Addition-
ally, the growth time of the shell can be used to tune the thickness of the
wires which is another important parameter to define a photonic crystal.
By exploiting the band gap of such a crystal a photonic band edge laser
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Figure 8.2: Example of a 1D-PBEL laser based on InGaAs nanowires, grown directly
onto a SOI substrate. The full figure is adapted from reference [222]. In (a) a schematic
of the PBEL is shown, note that the larger spacing of the wires at the outside of the row
enhances the reflection. In (b) the calculated fundamental mode profile is plotted with
a good confinement in the wires. In (c) experimental data of this design is plotted as a
function of pump fluence, demonstrating the laser functionality. Most characteristic are
the S-curve for the measured integrated intensity and the sudden decrease in linewidth
at lasing threshold.

(PBEL) can be made. PBELs have been demonstrated as 2D-arrays of
nanowires223,224 but more recently also as 1D-lines of NWs222 (see figure
8.2) which can have quality factors222 of over 5× 105 . Creating a 1D-PBEL
laser based on Hex-SiGe nanowires would strongly increase the amount of
gain-medium as well as increase the quality factor with respect to a single
NW cavity and does not require longer WZ GaAs wires than we already
have as of now. This strategy could even be further improved and made
compatible with silicon-on-insulater (SOI) substrates with recent improve-
ments of WZ GaAs growth in literature, where self-catalyzed225 growth has
been achieved as well as growth directly onto silicon226 (111). This would
result in a device design almost identical to figure 8.2a, but instead using
core/shell GaAs/Hex-SiGe nanowires. Self-catalysed growth is important
as it makes the use of Au obsolete, which is a deep-level trap for silicon.
Additionally, growth on an SOI platform is a major step forward because
the underlying oxide layer enhances the confinement of the light in the wires
and reduces the threshold of the laser. On top of that, the 1D-PBEL laser
could be coupled directly to a waveguide and first integration steps can be
investigated.
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8.2.2 Integration strategies

In the previous section strategies have been discussed to demonstrate lasing
in Hex-SiGe, using core/shell nanowires as building blocks. Within these
strategies WZ GaAs nanowires remain an essential element to initiate the
growth of the Hex-SiGe gain-material. Because we are attempting to make
an all group-IV, silicon compatible laser without the use of any III-V ma-
terials a better long-term alternative for this on-substrate template should
be found.

An answer might lie in a different strategy of templating. In this thesis
we have used crystals with the desired phase (i.e. WZ GaAs as explained
in section 4.2) as templates to form Hex-SiGe into its crystal structure.
However, another strategy to force a growing crystal into a desired phase
is by using a geometrical restriction such that only those growth planes
are selected which favor a desired crystal phase. Such an approach was
recently shown by Staudinger227 et al. In their work, small channels were
defined in a SiOx mask that was deposited on top of an InP (100) wafer
(see figure 8.3). By carefully choosing the crystallographic direction of
the channels and the growth conditions, almost phase-pure wurtzite (WZ)
InP slabs could be grown epitaxially connected to the zincblende (ZB)
InP substrate in the channels. This result is interesting for two reasons,
first because similar growth strategies can be extrapolated to other III-V
semiconductors and potentially even to group-IV materials. This would
allow for the growth of thin Hex-SiGe slabs of material directly on top of a
cubic substrate, separated by an oxide layer which is a perfect platform for
optical applications. Second, the authors found no lateral size limitation
for these slabs227 before the WZ phase would be lost and thus large scale
wurtzite III-V slabs could be grown. These slabs could at their turn serve as
templates on which Hex-SiGe films can be grown using the crystal transfer
method again. This method will then provide access to films of Hex-SiGe
which are suitable for research purposes. An extrapolation of this method
could be envisioned where a large Hex-SiGe crystal is grown from a suitable
template and diced into wafers. Indeed, this method will then still require
a foreign template (could or could not be a III-V material) at its basis but
there is in theory no limit to the size of the grown ingot.

An alternative strategy to form Hex-SiGe is by applying stress to small
Cub-SiGe structures to induce a phase-transformation. This possibility
was first discovered by Qiu115 et al who found that silicon nano-ribbons
can be deformed with shear stress by applying a thermal treatment to den-
sify an oxide in between the fins. In a completely similar fashion these
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Figure 8.3: Example of planar wurtzite (WZ) InP growth using a template assisted
selective area (TASE) technique as described in reference [227]. In (a) an empty SiOx
template is shown on top of a zincblende (ZB) InP (001) wafer where the lineseed is
aligned to the in-plane <001> direction of the substrate, (b) the sample is heated and
precursors are carried into the chamber, (c) a layer of WZ InP is grown epitaxially
connected to the ZB substrate. In (d) a false-colored SEM image is shown of the resulting
sample in which the WZ InP is colored in yellow. All panels are adapted from reference
[227].

stress-induced phase-transformations were also demonstrated in both ger-
manium nanowires114 (∼30 nm diameter) and silicon nanowires228 (100 nm
to 150 nm diameter), where a resist was spun in between the wires and
thermally cured (see figure 8.4). This method of synthesizing Hex-SiGe
is not only scalable, but also completely compatible with current CMOS
processes. One could envision the creation of long waveguide-lasers etched
out of cub-SiGe that are subsequently phase-transformed into Hex-SiGe
using a resist in combination with a temperature treatment. Even when
dimensions need to be small for the successful application of this technique,
quantum-well based lasers could still be realised for instance.

8.3 Direct comparison of Hex-Ge with GeSn
Throughout this thesis both GeSn and Hex-SiGe samples have been dis-
cussed at length. Because both material systems are aimed at silicon-
compatible efficient light emission in the near-infrared (NIR) a direct com-
parison of the two is a natural conclusion of this thesis. In an attempt
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Figure 8.4: The process of creating strain induced Hex-Si or Hex-Ge as published in
references [114, 228]. In (a) a schematic representation is shown of epitaxially grown cub-
Si (cub-Ge) nanowires on a Si substrate and are embedded in a hydrogen silsesquioxane
(HSQ) resist, in (b) the resist is baked which induces the strain for the deformation,
hexagonal segments are marked in red. In (c) a micrograph is shown of a small segment
of a treated Si nanowire exhibiting domains of both the cubic and hexagonal phase. The
fast-fourier transforms of the two different segments shown in (d) further confirm the
crystalline properties of the domains and the difference in crystal structure. Panels (a)
and (b) were adapted from [114], (c) and (d) from [228].

to make a simple comparison (nearly) all samples analyzed in this thesis
have been remeasured back-to-back in the FTIR based photoluminescence
setup schematically drawn in figure 3.1 using an MCT-detector in combi-
nation with a KBr beamsplitter. The resulting spectra are shown in figure
8.5, plotted on a log-scale. All spectra were recorded at room-temperature
(300 K) using a 976 nm laser which excited each sample at a density of
4.5 kW cm−2. This temperature was chosen as it best reflects application
requirements, this also means that thermally-activated non-radiative pro-
cesses are weighed into the comparison.

In figure 8.5 it can be seen that the highest peak-intensity (and inte-
grated intensity) is recorded on the Ge0.83Sn0.17 thin-film sample, closely
followed by the Ge0.88Sn0.12 thin-film sample. The core/shell Hex-GaAs/Ge
wires are only a factor 2 to 3 less intense than the mentioned GeSn thin
films and do out perform the epitaxial Ge0.81Sn0.19 nanocones and the
Ge0.83Sn0.17 micro-disks which are at similar wavelengths. Of course the
morphology of the respective samples also has a great influence on the
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Figure 8.5: Room-temperature PL spectra of (nearly) all samples discussed in this thesis
are directly compared in a logarithmic plot. All samples were measured right after one
another with an identical spotsize at an excitation density of 4.5 kW cm−2. The core/shell
Ge1-xSnx nanowires151 as well as the epitaxial Ge0.81Sn0.19 wires152 are discussed in
chapter 7 (figures 7.1a, 7.1d and 7.6a) in which their intensities were compared to the
Ge0.88Sn0.12 thin-film sample185,208 (figure 7.5). The core/shell Hex-GaAs/Ge wires8

are presented in chapters 4 (figure 4.3a) and 5 and the remaining Ge1-xSnx thin-film
samples229 and micro disks229 are discussed in chapter 6 (figure 6.1 and 6.2 respectively).
The raw intensity is displayed, no attempt was made to correct the measured intensity
for the volume or morphology of the individual samples.

recorded intensity as the efficiency of the in- and out-coupling of the light
is changed by micro-structures such as nanowires or micro disks. Addition-
ally, different effective volumes are probed as some nanowires only have a
limited footprint and the thin-films a limited thickness. Taking into ac-
count all these contributions to asses the internal quantum efficiencies of
the different samples however is outside the scope of this chapter. The main
conclusions to draw from this figure is that all peak-intensities of the spectra
in figure 8.5 lie within just a single order of magnitude demonstrating that
the optical performances of all samples are comparable. This conclusion is
especially promising for Hex-Ge, as at this early stage of development it
already performs comparable to thin-film GeSn samples that were already
demonstrated to be suitable as a substrate for laser manufacturing.

Indeed, in a first direct comparison both direct band gap group-IV
platforms appear to perform comparable and there is no reason to favor one
over the other. In fact, choosing does not seem to be the right approach as
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both platforms have different strengths with respect to one another. The
GeSn material system has already demonstrated its capability serving as a
laser, LED and infrared detector where Hex-SiGe is in its infancy and still
needs to check all these boxes. A big advantage of GeSn with respect to
Hex-SiGe is that its band gap can be tuned through zero with a sufficient Sn
percentage, this means that detectors and lasers can be designed as far into
the infrared as desired. On the other hand the maximum size of the direct
band gap of the Hex-SiGe system lies at higher energies than that of GeSn
alloys (and might still extend further to shorter wavelengths by increasing
the Si-content) which makes it favorable for optical-fiber communication
purposes (see figure 5.9b).

If we fast forward the development of Hex-SiGe to the point where a
laser is realised the follow up challenge of integration with existing silicon
industry standards needs to be assessed. Also here GeSn is ahead of Hex-
SiGe as it is typically grown as layers onto standard silicon (100) wafers
which can be processed in conventional ways, be it at much lower temper-
atures to avoid segregation32,151. This growth strategy however requires
a thick Ge buffer-layer which incorporates many defects to overcome the
huge lattice mismatch between the silicon substrate and the optically active
GeSn layer. The necessity of this buffer layer implies that there will always
remain a physical distance between the luminescent GeSn and silicon sub-
strate. The biggest potential for the GeSn platform is therefore in the
fields of affordable infrared applications such as gas-sensing, night-vision,
lab-on-a-chip or biomedical analysis. Hex-SiGe on the other has a lattice
constant that is almost identical to cub-SiGe alloys (under the correct crys-
tal orientation) and remains stable up to much higher temperatures than
GeSn. Therefore Hex-SiGe based lasers can be envisioned to be integrated
directly onto silicon and could provide an excellent solution for chip-to-chip
and on-chip communication. The main hurdle for the future being of course
the growth of the hexagonal phase without the use of a III-V template as
already discussed in section 8.2.2. In the current stages of development
both GeSn and Hex-SiGe appear to have radiant futures towards related,
yet different, applications and both deserve to be further researched.
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A.1 Joint Density of states

Here we will derive an expression for the joint density of states (ρJDOS) for
a direct band gap semiconductor with the assumption that both the valence
and conduction band can be approximated with a parabola. Therefore the
lower and upper energies in the valence and conduction band can be written
as equations (A.1) and (A.2) respectively.

εl = −~2|~k|2

2mv
(A.1)

εu = EG + ~2|~k|2

2mc
(A.2)

We start by relating the energy of the lower level (in the valence band)
to the energy in the upper level (conduction band) for a given value of ~k
in a ~k conservative transition. So for a given photon energy ~ω = εu − εl
we find equation (A.3).

~ω = εu − εl = EG + ~2|~k|2

2mr
(A.3)

In which the reduced mass mr = mc·mv
mc+mv is introduced. If we now solve

this result for |~k|2 and fill it out in expressions (A.2) and (A.1) we find
relations (A.4) and (A.5).

εu = EG + mr

mc
(~ω − EG) (A.4)

εl = −mr

mv
(~ω − EG) (A.5)

What we find is that there is one-to-one relation between the upper and
lower energy (εu and εl respectively) and the photon energy ~ω. To find
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an expression for ρJDOS we are interested in the change of the cumulative
number of states N with a change in the photon energy ~ω, this results in
equation (A.6).

ρJDOS(~ω) = dN

d(~ω) = dN

dεu

dεu
d(~ω) = ρcb

dεu
d(~ω) (A.6)

In which ρcb is the well know density of states for the conduction band
given by230 equation (A.7) (alternatively this calculation can be performed
using the density of states of the valence band given by equation (A.8)).
When combining equation (A.4) with equation (A.6) a final expression
(A.9) is found for ρJDOS which scales with ∝

√
~ω − EG very similar to

the individual ρDOS of the conduction and valence band.

ρcb(ε) = 1
2π2 ·

(2mc

~2

) 3
2
·
√
ε− EG (A.7)

ρvb(ε) = 1
2π2 ·

(2mv

~2

) 3
2
·
√
−ε (A.8)

ρJDOS(~ω) = 1
2π2 ·

(2mr

~2

) 3
2
·
√
~ω − EG (A.9)

Calculations of ρJDOS for arbitrary band shapes are a lot less straight
forward45 than the case of parabolic bands.
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A.2 Occupation correction term in LSW model

The general form of the occupation correction term [fl − fu] is given by
equation (2.30), in which the variable r tunes the exact values of µe and µh
while keeping the difference equal to ∆µ. The value of r however is not ex-
actly known. Here we will approximate a suitable value of r for an intrinsic
semiconductor in two ways and find the effect on the occupation correction
term. For the first approach we note that for an intrinsic semiconductor
the density of excited electrons n equals the density of excited holes p, in-
dependent of the excitation conditions. The number of electrons (holes)
can be calculated by integrating over the product of the density of states of
the conduction band (valence band) and the Fermi-Dirac distribution for
the electrons (holes), which gives equation (A.10).

n = p∫ ∞
−∞

ρcb(ε) · f(ε, µe) · dε =
∫ ∞
−∞

ρvb(ε) · f(ε, µh) · dε (A.10)

If now equations (A.7) and (A.8) are used for the density of states and
the Fermi-Dirac equation is substituted we find that no analytical simpli-
fication can be made for equation (A.10) because the integrals cannot be
evaluated i.e. no explicit function can be found for µe and µh. However, an
analytical answer can be found at low temperatures (0 K) where the Fermi-
Dirac distributions are simple step functions. Employing this approach,
equation (A.10) can be rewritten as (A.11).

∫ µe

EBG

1
2π2 ·

(2mc

~2

) 3
2
·
√
ε− EG · dε =

∫ 0

µh

1
2π2 ·

(2mv

~2

) 3
2
·
√
−ε · dε (A.11)

Equation (A.11) is easily simplified by evaluating the integrals, addi-
tionally µe and µh can be expressed in terms of r with equations (2.28)
and (2.29) and we find that r = mr

mc
. By combining this result with expres-

sion (2.30) an exact solution for the occupation correction term is found
for intrinsic semiconductors at low electron temperatures given by equation
(A.12).

159



Appendix

[fl − fu] = 1

exp
(
−mr
mv

(~ω−∆µ)
kBT

)
+ 1
− 1

exp
(
mr
mc

(~ω−∆µ)
kBT

)
+ 1

(A.12)

An alternative approximation that can be made to simplify this expres-
sion is in the case that the effective masses of the valence and conduction
band are similar, mv ≈ mc while the semiconductor is intrinsic. Now the
splitting of the quasi-Fermi-levels should be symmetric around the center
of the band gap, therefore a value of r = 0.5 can be assumed and the gen-
eral expression for [fl − fu] given by (2.30) reduces to equation51 (A.13).
Note that due to the symmetry the previous assumption of validity at low
temperatures is no longer required and the expression is generally valid for
intrinsic semiconductors with a similar VB and CB density of states.

[fl − fu] = 1− 2
exp

(
~ω−∆µ
2kBT

)
+ 1

(A.13)
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A.3 Temperature dependence of the radiative co-
efficient

The B-coefficient is defined as B ≡ Rsp
np . In which Rsp is the sponta-

neous emission rate and n and p the densities of free electrons and holes
respectively. To find the temperature dependence of B the temperature
dependence of n, p and Rsp will be considered separately both for intrinsic
and highly doped semiconductors.

A.3.1 Electron and Hole densities

The electron and hole densities are given by equations (A.14) and (A.15)
respectively.

n =
∫ ∞
EG

ρc(ε)f(ε, µe)dε (A.14)

p =
∫ 0

−∞
ρv(ε)f(ε, µh)dε (A.15)

By first considering n given by equation (A.14) the density of states
ρc(ε) is given by (A.7) and in the case of an intrinsic semiconductor (i.e. the
quasi-Fermi level µe lies within the band gap) the Fermi-Dirac distribution
can be approximated76 by a Boltzmann distribution f(ε, µe) ≈ exp

[
µe−ε
kBT

]
.

This leads to equation (A.16)

n =
∫ ∞
EG

1
2π2 ·

(2mc

~2

) 3
2
·
√
ε− EG · exp

[
µe − ε
kBT

]
dε (A.16)

By substituting u = ε−EG and applying the definite standard integral∫∞
0
√
u·exp[−u/a] = 1/2·

√
π ·a3/2 the final result, equation (A.17) is found.

Note that an almost identical calculation can be done for the hole density
p resulting in equation (A.18) and thus both n and p have a temperature
dependence determined by both a Boltzmann factor and a ∝ T 3/2 factor
such that n ∝ exp

[
µe−Eg
kBT

]
T 3/2 and n ∝ exp

[
−µh
kBT

]
T 3/2 for an intrinsic

semiconductor.
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Figure A.1: Shows the electron density as function of temperature for varying values
of ∆µ − Eg determined by numerically integrating equation (A.19). An effective mass
of mc = 0.2 was used. Note that the electron density is temperature independent for
kBT < µe − Eg and scales as ∝ T 3/2 for kBT > µe − Eg.

n = 1
4 ·
(2mckBT

π~2

)3/2
· exp

[
µe − Eg
kBT

]
(A.17)

p = 1
4 ·
(2mvkBT

π~2

)3/2
· exp

[−µh
kBT

]
(A.18)

For a degenerate semiconductor (i.e. the equilibrium Fermi-level µ has
shifted into either the conduction or the valence band) the Boltzmann ap-
proximation does not hold and equations (A.17) and (A.18) do not nec-
essarily apply. When a degenerately n-doped semiconductor is considered
for example, the electron quasi-Fermi-level µe will certainly lie within the
conduction band and the Boltzmann approximation will not hold for the
electrons, however under reasonable excitation the quasi-Fermi-levels for
the holes µh will still lie far away from the valence band edge and equa-
tion (A.18) is still applicable. To consider the influence of the temperature
on the electron density n equation (A.14) should be reevaluated with the
actual Fermi-Dirac distribution which gives equation (A.19).

n = 1
2π2

(2mc

~2

) 3
2
∫ ∞
EG

√
ε− EG

1 + exp
(
µe−ε
kBT

)dε (A.19)

Equation (A.19) contains a Fermi-Dirac integral and cannot be solved
analytically231 but can only be evaluated numerically. Therefore the be-
haviour of n as function of temperature has been plotted in figure A.1 by
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numerically integrating equation (A.19) for different values of µe − Eg to
simulate different levels of degeneracy. It is clear that the electron con-
centration n stays constant with temperature as long as kBT < µe − Eg,
where for higher temperatures it shows a T 3/2 behaviour. Therefore we can
conclude that the electron concentration n is independent of temperature
for sufficient n-type degeneracy. Because of symmetry arguments it can
additionally be concluded that p is temperature independent for sufficient
p-type degeneracy.

A.3.2 Rate of Spontaneous emission

The rate of spontaneous recombination can in general be calculated by67
Rsp =

∫∞
Eg
rs(~ω)d~ω, in which rs(~ω) is a spectral function of recombina-

tion given by equation (A.20).

rs(~ω) = 2Ne2~ω
m2

0c
3~2 |M |

2

× 2
∫

d3~k

(2π)3 f(µe, εu)[1− f(µh, εl)]δ(εu − εl − ~ω) (A.20)

In equation (A.20) the integral can be solved by assuming parabolic,
isotropic bands such that the joint density-of-states scheme can be applied
which has already been discussed in section 2.1.1. Additionally the Boltz-
mann approximations can be used to simplify the Fermi-Dirac distributions
(i.e. fu ≈ exp

[
µe−εu
kBT

]
and 1−fl ≈ exp

[
εl−µh
kBT

]
) which will limit the validity

to intrinsic semiconductors. From this equation (A.21) is obtained for rs.

rs(~ω) = 2Ne2~ω
m2

0c
3~2 |M |

2ρJDOS(~ω) · exp
(∆µ− ~ω

kBT

)
d~ω (A.21)

To find an expression for Rsp, equation (A.21) is integrated over ~ω and
ρJDOS(~ω) is substituted by formula (A.9) which yields equation (A.22).

Rsp = Ne2|M |2

π2m2
0~2c3

[2mr

~2

]3/2
exp

(∆µ− Eg
kBT

)
×
∫ ∞
Eg

~ω
√
~ω − Eg · exp

(
−~ω − Eg

kBT

)
d~ω (A.22)
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In equation (A.22) the integral can be split into two contributions by
substituting u = ~ω − Eg and solved by using the two definite standard
integrals

∫∞
0
√
u exp[−u/a] = a3/2 ·

√
π/2 and

∫∞
0 u3/2 exp[−u/a] = a5/2 ·

3
√
π/4 in analogy with reference [67]. This gives us the final expression for

Rsp given by equation (A.23).

Rsp = Ne2Eg|M |2

2m2
0~2c3

[2mrkBT

π~2

]3/2 [
1 + 3kBT

2Eg

]
exp

(∆µ− Eg
kBT

)
(A.23)

Note that equation (A.23) shows that for the spontaneous emission rate
Rsp a temperature dependence of ∝ exp

[
∆µ−Eg
kBT

]
T 3/2 is found with the

requirement that 3kBT
2Eg < 1, which is typically the case for temperatures up

to a few hundred Kelvin.

Extending the description of the temperature dependence of Rsp to a de-
generate semiconductor involves considering an electron quasi-Fermi-level
inside the conduction band and therefore revoking the Boltzmann approxi-
mation for the description of the electrons. A simple modification of equa-
tion (A.22) leads to equation (A.24) in which the Boltzmann approximation
for the holes is maintained.

Rsp = Ne2|M |2

π2m2
0~2c3

[2mr

~2

]3/2
×
∫ ∞
Eg

~ω
√
~ω − Eg

× 1

1 + exp
(
Eg−µe+mr

mc
(~ω−Eg)

kBT

) · exp
(
−µh − mr

mv
(~ω − Eg)

kBT

)
d~ω (A.24)

In this equation εu and εl have been substituted with equations (A.4)
and (A.5) to express the whole formula in terms of ~ω and Eg. Again the
integral can be split into two terms and will run from 0 to∞ by substituting
U = ~ω − Eg. Additionally we note that the integral does not depend
on µh anymore (as long as the Boltzmann approximation holds) because
this factor in the exponent can be moved out of the integral, resulting in
equation (A.25).
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Rsp = Ne2|M |2

π2m2
0~2c3

[2mr

~2

]3/2
exp

(−µh
kBT

)
×∫ ∞0

(
U3/2 + Eg

√
U
) exp

(
−mr
mv

U

kBT

)
1 + exp

(
Eg−µe+mr

mc
U

kBT

)dU
 (A.25)

Although the effective masses do not drop out of equation (A.25), all
the energies (with the exception of a factor Eg in front of the second term)
are relative to the band gap (i.e. in terms of ~ω − Eg and µe − Eg) and
therefore the integrals themselves are independent of the band gap. Just
like the Fermi-Dirac integrals, the integrals in formula (A.25) can only be
evaluated numerically. In figure A.2a an example of a numerical calculation
is shown for both integral terms of equation (A.25) individually as function
of temperature with a band gap of Eg = 0.2 eV, equal effective masses for
the electrons and holes and a degeneracy of µe − Eg = 20 meV. From this
plot it is clear that only for a temperature higher than ≈ 1× 103 K the first
term of the integral (associated with U3/2) has a significant contribution
and for temperatures lower than this threshold the full integral is dominated
by the second term of the integral (associated with Eg

√
U). Because the

crossing of the first and second term occurs already at ≈ 1× 103 K for the
very small band gap of 200 meV and because the second term in the integral
(associated with Eg

√
U) scales linearly with Eg this crossing will shift to

even higher temperatures for larger band gap semiconductors.
The most relevant observation in figure A.2a is that at low temperatures

the second integral term of equation (A.25) (and therefore the full integral)
scales as ∝ T 3/2, which is also indicated in figure A.2a as a dashed gray
line. The ∝ T 3/2 behaviour is maintained up to higher temperatures for
larger values of µe − Eg as shown in figure A.2b where the full integral is
plotted as function of temperature for different values of µe − Eg. Thus
we can conclude that for sufficient degeneracy and at low temperatures the
spontaneous emission rate of a degenerate semiconductor scales as Rsp ∝
exp

(
−µh
kBT

)
· T 3/2.
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Figure A.2: In (a) the full integral in equation (A.25) is plotted as function of tem-
perature as well as the individual terms of the integral associated with U3/2 and Eg

√
U .

As initial values the band gap Eg = 0.2 eV was chosen together with equal effective
masses of 0.2 for the electrons and holes and a degeneracy of µe − Eg = 20 meV. The
function g(U) given in the legend of (a) follows from equation (A.25) and is given by

g(U) = exp
(
−mr

mv
U

kBT

)
×
[
1 + exp

(
Eg−µe+ mr

mc
U

kBT

)]−1
. In (b) the full integral given by∫∞

0 (U3/2 + Eg
√
U) · g(U) · dU has been plotted as function of temperature for varying

values of µe − Eg.
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A.4 Germanium incorporation calibration
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Figure A.3: A calibration curve for the incorporated atomic fraction of Ge in the as-
grown SiGe shells discussed in chapter 4 and 5. To map the compositional output onto the
input Ge fraction, the real content of four Si1-xGex shells was measured by EDX-STEM
and plotted as solid black circles. The error bars for the black data points represent
the standard deviation in the composition across three different analysed nanowires per
sample. The accuracy of EDX in STEM is confirmed by determining the composition
of a single sample, corresponding to MOVPE input Si0.1Ge0.9 , with both EDX-STEM
and APT. The APT data is shown in figure A.4 and was performed on three different
nanowires. Both techniques yielded almost the same Ge composition—0.74 and 0.75
respectively—which is within the standard deviation across the whole sample.The com-
positions of additional samples were determined based on their input Ge fraction by
interpolating the EDX-STEM data points and are indicated by blue triangles. The re-
producibility of this calibration method is also confirmed by photoluminescence, where
almost identical spectra are observed for two different samples grown with the same
input. Figure adapted from reference [8].
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A.5 Atom probe tomography of Hex-Si0.25Ge0.75

a b

c d

Figure A.4: Atom probe tomography (APT) characterization of a Hex-Si0.25Ge0.75
nanowire. In (a) a three-dimensional volume reconstruction is shown of the center of the
measure NW with Ge- (red), Si- (cyan), Ga- (green) and As-atoms (blue). The core has
a diameter of 35 nm. For clarity, only a slab of 50 nm thickness of the entire 1.4 µm long
analysis is shown. In (b) a cut, marked by the yellow box in (a), of the atom probe data
is shown of as a function of the radial distance across the core/shell structure. Every data
point in the plot represents a 2 nm slice taken along the entire length of the nanowire
analyses excluding the cubic top part of the nanowire. Constant incorporation of As at
a level of approximately 200 ppm (corresponding to 9× 1018 cm−3) is observed in the
entire shell while the Ga concentration quickly drops to a value close to the noise level
of ∼ 10 ppm. Panel (c) shows a radial profile of the SiGe core/shell structure from in
which the content has been integrated over 1.0 µm length of the structure showing a Ge
content of around 0.75. On the white dotted rectangle volume highlighted in (c), we have
carried out a nearest-neighbour (NN) analysis151 for Si atoms, taking into account the
first to fourth NN. In (d) a plot of the NN analysis is shown comparing the data to a
randomized dataset. This gives us no indication of Si clustering and has been established
as a reliable way to evaluate random alloys232. Figure adapted from reference [8].
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A.6 Excitation induced band gap renormalization

Based on the models introduced by Jain138 and Lindefelt139 a band gap
renormalization (BGR) model is derived for excitation induced BGR at
degenerate n-type doping. We start from the band gap of an intrinsically
doped semiconductor Eg,0 and subtract all the contributions to BGR of
both the n-type and p-type renormalization model to find the resulting
band gap Eg which results in equation (A.26).

Eg = Eg,0 −∆Eeec −∆Eedc + ∆Ehdv + ∆Ehev (A.26)
+ ∆Ehhv + ∆Ehav −∆Eeac −∆Eehc

Where all the terms on the first line are due to n-type doping, in which
∆Eeec is the self-energy of the electron-electron exchange interaction, ∆Eedc
is the self-energy of electrons due to Coulomb interactions with ionized
donors, ∆Ehdv is the self-energy of the valence band due to minority holes
interacting with ionized donors and ∆Ehev is the correlation energy between
the electrons and the holes. In complete analogy the second line in equation
(A.26) takes into account the p-type doping effects. According to Lindefelt
all terms in equation (A.26) can be expressed in terms of a constant Axyz ,
multiplied with a dependence on the electron density n or the hole density
h which results in equation (A.27).

Eg = Eg,0 −Aeec · n1/3 −Aedc ·
N+
d

n1/2 −A
hd
v

N+
d

n1/2 −A
he
v · n1/4 (A.27)

−Ahhv · p1/3 −Ahav ·
N−a
p1/2 −A

ea
c

N−a
p1/2 −A

eh
c · p1/4

Here N+
d is the ionized donor density and N−a the ionized acceptor

denisty, note that in contrast with models for doping induced BGR it can-
not be assumed that n = N+

d or p = N−a , for excitation induced BGR these
contributions enter as constants. In the photoluminescence measurements
as presented in section 4.3, the excitation remains in the low excitation
regime, this means that n >> p. Additionally note that all terms in equa-
tion (A.27) can be written as ∝ nk (or ∝ pk) with k < 1, therefore the
derivative of all contributions will be decreasing in absolute size with in-
creasing charge carrier density. Now we only focus on the change in BGR
due to excitation ∆EBGR, which means that all contributions that depend
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on the electron density n can be neglected (i.e. the charge carrier with the
smallest density (p in our case) will give the biggest shift when varied).
Furthermore we know that N−a << N+

d and therefore the terms multiplied
with N−a can also be dropped, which leaves us with equation (A.28), in
which E0,N+

d
is the band gap energy normalized due to the degenerate n-

type doping. Now the full expressions for the constants Ahhv and Aehc can
be reintroduced as given by Lindefelt139 which results in equation (A.28).

Eg = E0,N+
d
−Ahhv · p1/3 −Aehc · p1/4 (A.28)

Eg = E0,N+
d
−13.6 · 2.25

(
a0
κ

)( 3
2πp

)1/3
(A.29)

−13.6
( 4
π3/4

)(
a3

0mv

κ5

)1/4

J (h)p1/4

In this expression κ is the dielectric constant for Hex-Ge, mv the ef-
fective mass of the valence band and J (h) a constant, very slowly varying
with doping density with a value close to unity137,139. Additionally a0 is
the exciton Bohr radius in the material which can be estimated72 using
a0 = aH · κ

mr
with aH the bohr radius of hydrogen and mr the reduced

mass. All these values can be found for Hex-Ge based on DFT calculations
in reference [93] which gives κ = 14, mv = 0.19 and mr = 0.09, resulting in
an estimated a0 = 8 nm.
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A.7 TRPL statistics of Hex-Si0.2Ge0.8 wires on
GaAs
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Figure A.5: Hex-Si0.2Ge0.8 wires from sample I, as described in chapter 5, have been
transferred onto a GaAs wafer and have been individually characterised using TRPL
methods. In (a) the measured lifetimes at 4 K and at 300 K have been plotted for about
60 different wires. The averaged values are indicated with horizontal lines and closely
agree with the values found for wires transferred onto gold as plotted in figure 5.4b. This
verifies that the gold layer used in the measurements presented in figure 5.4b does not have
a significant influence on the measured lifetime. In (b) the integrated intensities of the
measured nanowires is plotted, again with the averaged values indicated with horizontal
lines. The value found at 4 K is slightly lower than value found for wires transferred onto
gold, which is probably due to the lower reflectivity of the GaAs substrate compared to
the gold layer. Here a significant decrease in intensity is observed of about a factor 5
when heating up to 300 K contradicting with the results shown in figure 5.4c where no
decrease in intensity was found. We attribute this difference to the oxidation of the wire
surface, as the measurement on a GaAs substrate were performed about one month after
the measurements of wires on Au.
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A.8 Determination of the absorbance in planar
and micro-disk samples.

In figure 6.3 the absorbance spectra of the as-grown Ge0.83Sn0.17 and Ge0.863Sn0.137
samples are plotted. The determination of these spectra required a differ-
ent approach than the determination of the Ge0.83Sn0.17 micro-disk sample
absorption spectra. Both approaches will be discussed separately in the
following two sections.

A.8.1 Absorption measurement of planar samples

The absorption experiments for the as-grown samples have been performed
using the integrating sphere (IS) configuration as depicted in figure 3.3
(see section 3.3) in which the sample was mounted at the center of an
integrating sphere together with a light trap to remove any residual specular
reflection. As a light source a linearly polarized supercontinuum (SC) laser
was used to obtain a bright p-polarized illumination on a small area of the
sample. To avoid interference fringes all measurements on these samples
have been performed at the Brewster angle which has as a consequence
that the reflections from the sample surfaces are theoretically zero.

The fraction of light transmitted through the sample Ttot (or transmit-
tance) is measured as Ttot = I0/IT in which IT is the measured intensity
with a sample mounted and I0 the intensity without a sample in the IS. The
measured transmittance at the Brewster angle of the as-grown Ge0.83Sn0.17
and Ge0.863Sn0.137 samples are plotted in figure A.6a and A.6b respectively.

To find a relation between the transmitted fraction of light Ttot and
the absorption coefficient of the different layers the propagation of a ray of
light through a planar sample is considered as shown in figure A.7. The two
considered processes are, absorption when a ray of light travels through a
layer resulting in transmission ti and secondly, reflection at every refractive-
index-changing interface Ri,j also indicated in figure A.7. Because there is
no absorption of germanium or silicon in the spectral range where GeSn
has its band gap we will consider tGe = tSi = 1.

For the Brewster condition specifically, the reflections are shown in fig-
ure A.7b at the different interfaces which have been estimated using the
Fresnel equations and the refractive indices shown in the figure. Despite
this Brewster condition a small reflection from the sample surface is still
observed in reality (indicated with a dashed arrow in figure A.7b) which
could be caused by a slight surface roughness or the finite angular distri-
bution. Because GeSn and Ge have almost identical refractive indices of
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Figure A.6: In (a) and (b)the measured transmittance spectra of respectively the
as-grown Ge0.83Sn0.17 sample and the as-grown Ge0.863Sn0.137 sample are shown. The
spectra have been measured using a supercontinuum source at the Brewster angle as
depicted in figure 3.3. In (c) and (d) the Napierian absorbance as calculated from the
data in figures (a) and (b) is shown in which the black curve is the data before baseline
correction. The Napierian absorbance is calculated using formula (A.33). Baseline cor-
rections have been performed by averaging the low energy part of the spectrum (marked
as a shaded region) and subtracting this value.

∼ 4.2 and ∼ 4 respectively, reflections between the GeSn-layers and the Ge
buffer layer are negligible. As indicated in figure A.7b a mere 1 % reflec-
tion is expected at the Ge to Si interface (figure A.7b). This 1 % reflection
however is perfectly transmitted at the sample surface when travelling to
the left due to the Brewster condition and can therefore interfere with the
reflection from the sample surface. To avoid these interference effects all
light leaving through the front of the sample is rejected from the integrating
sphere by a small light trap as schematically illustrated in figure 3.3.

The light that travels to the right through the silicon layer is expected
to be transmitted out of the sample by 99 % because the Brewster angles for
GeSn (n = 4.2, θbrewster = 76.6°) and Si (n = 3.4, θbrewster = 73.6°) are very
similar. However, the real transmittance will be reduced due to scattering
on the unpolished backside of the samples. Despite this limitation one can
assume that all light is or rejected on the front side of the sample or travels
through the whole sample just once.
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Figure A.7: Schematics of all reflections considered for the modelling of the total
transmission Ttot. In (a) the considered reflections are schematically shown for the as-
grown samples. In (b) the same situation is considered as in (a) but now for the Brewster
angle specifically, where almost all light directly passes through the whole sample and
multiple reflections can be neglected.

The transmission through a layer i is given by ti = exp(−αi · li) where
αi is the absorption coefficient of the respective layer and li is the distance
that the light travels through the layer given by li = di/ cos(θi) , with di the
thickness of the layer and θi the angle with respect to the surface normal
in which the light travels. Because the refractive indices of the GeSn-layers
and Ge-layer are almost identical, reflections between these layers can be
neglected. Therefore, light travelling through the stack will have a net
transmission that is a simple product of the transmissions of the different
layers, given by equation (A.30).

ttot =
∏
i

ti = exp
(∑

i

−αi · li

)
= exp (−Ae) (A.30)

In equation (A.30) also the Napierian absorbance Ae is introduced, de-
fined as in equation (A.31). The Napierian absorbance is a variable that
linearly scales with the absorption coefficient αi but is experimentally more
easily accessible, yet can be interpreted similarly.

Ae =
∑
i

Ai =
∑
i

αi · li (A.31)

As a last step the Napierian absorbance needs to be calculated from the
measured transmittance Ttot. When considering figure A.7b, only negligible
reflections are expected which suggests that the total transmittance can be
approximated as Ttot = ttot. However, due to reasons mentioned previously
a small reflection from the front side of the sample is lost in the light trap
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as well as a fraction of the scattered light from the sample backside, which
can be summarized in a I0 · b term. Therefore, the total transmittance is
given by equation (A.32).

Ttot = (1− b) · exp(−Ae) (A.32)

From which the Napierian absorbance can be determined to be given
by equation (A.33), in which b′ is a baseline that needs to be subtracted to
find the actual Ae spectrum.

Ae = − ln(Ttot)− b′ (A.33)

The result of this calculation for the as-grown Ge0.83Sn0.17 and Ge0.863Sn0.137
samples are shown in figures A.6b and A.6d respectively both before and
after the baseline correction. The baseline b′ was determined by averaging
the values of the absorbance at the low energy side of the spectrum, below
the band gap of the top layer, marked as shaded areas in figure A.6. The
baseline was then subtracted which results in the final absorbance spectra
as also plotted in figure A.6b and A.6d.

To verify that measuring at the Brewster angle has successfully sup-
pressed interference fringes in the data shown in figure A.6 the absorbance
has been determined while measuring at different angles of incidence, shown
in figure A.10. Clear fringes are observed when deviating from the Brew-
ster angle and therefore providing evidence that the observed structure in
the spectrum shown in figure A.6 is real. Additionally, from the energetic
spacing of the fringes the thickness of the interference layer can be deter-
mined. These spacings perfectly match the total thickness of the GeSn and
Ge stack combined which therefore supports the previous assumption that
reflections on the GeSn and the Ge interface can be neglected.

A.8.2 Absorption measurement of micro-disks

In a first attempt the same measurement and analysis method has been
used for the Ge0.83Sn0.17 micro-disks as for the planar samples described in
section A.8.1. The results of which are shown in figure A.10 where the ab-
sorbance has been determined for different angles of the sample while being
measured with the supercontinuum (SC) laser. Two important conclusions
can be drawn from these measurements; 1) the band gap lies outside the
range of the SC source and thus these measurements need to be performed
using the tungsten glow bar. 2) the micro-disks show not to be affected by
interference effects, independent of the angle. This is probably because of
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misorientation of the individual disks and slight roughness due to etching.
The absence of interference fringes allows for the Ge0.83Sn0.17 micro-

disks to be measured in a normal-incidence experiment as schematically
depicted in figure 3.4b (with the windows of the cryostat removed). The
measured transmittance Ttot in this experiment is plotted in figure A.8a.
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Figure A.8: In (a) the transmittance of the Ge0.83Sn0.17 micro-disk array is plot-
ted collected using a glow bar as light source at normal incidence. This measurement
configuration is schematically depicted in figure 3.4b. In (b) the calculated Napierian
absorbance is shown using equation (A.36) in black after which a baseline correction was
performed resulting in the final curve in red. The baseline was determined by averaging
the low energy part of the spectrum, marked as a shaded region. The band gaps, as
determined in figure 6.3, are marked as dashed vertical lines.

In order to find a relation between Ttot and the absorbance of the GeSn
layer the interaction of the light with the sample is modelled as in figure
A.9. The reflections Ri,j at the interfaces are determined using the Fresnel
equations for perpendicular incidence given by equation (A.34) when light
travels from medium i to j. Here ni and nj are the refractive indices of the
respective media.

Ri,j =
∣∣∣∣∣ni − njni + nj

∣∣∣∣∣
2

(A.34)

In the case of a planar sample, when only taking into account multiple
reflections on the outsides of the sample, the general expression (A.35) is
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Figure A.9: Schematics of all reflections taken into account for the modelling of the
total transmission Ttot in the micro-disk sample. Only a fraction of the light, equal to
the fill factor (FF ), interacts with the disks and 1−FF bypasses the disks and interacts
with the silicon substrate only. Here it is assumed that all interfaces are smooth and that
the disks have fully collapsed onto the layer underneath such that the Fresnel equations
are valid for the calculation of reflections.

found233,234 for the total transmittance T , which is the net transmittance
through a layer stack in which the refractive index changes gradually.

T = (1−RL) · (1−RR) · ttot
1− t2tot ·RL ·RR

(A.35)

In which RL is the reflection on the left side of the sample and RR
the reflection on the right side. To apply this expression to the micro-disk
sample we note that the fraction of light interacting with the micro-disks
is given by the fill factor (FF ), which means that an intensity of I0 · FF
falls onto the disks and an intensity of I0 · (1− FF ) falls past the disks as
also depicted in figure A.9. By adding up contributions passing the micro-
disks and interacting with them and aditionally using equation A.35 a net
transmittance through the micro-disk sample is then given by equation
(A.36).

Ttot = TDisk + TSi

= FF · (1−RL) · (1−RR) · ttot
1− t2tot ·RL ·RR

+ (1− FF ) · (1−RSi)2

1−R2
Si

(A.36)

Here it is assumed that the micro-disks have fully collapsed and are
lying on a thin germanium layer as shown in figure A.9, that there is no
significant absorption in the silicon layer (i.e. tSi = 1) and that scattering
effects due to surface roughness can be neglected. Equation (A.36) can be
rewritten to explicitly express ttot in terms of the measured Ttot and reflec-
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tions that can be calculated from refractive indices using equation (A.34).
The Napierian absorbance is then calculated using equation (A.30) and is
plotted as a black line in figure A.8b. The final result still required a small
baseline correction which we attribute due to scattering at rough surfaces
which cannot be taken into account with this analysis. The correction is
performed analogous with equation (A.33) and the end result is plotted in
figure A.8b in red.
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A.9 Interference fringes in GeSn Absorption
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Figure A.10: In (a), (b) and (c) the Napierian absorbance is show at varying angles
relative to the Brewster angle of respectively the as-grown Ge0.83Sn0.17 sample the as-
grown Ge0.863Sn0.137 sample and the Ge0.83Sn0.17 micro-disk sample, measured using a
supercontinuum (SC) light source in the configuration as shown in figure 3.3. In (a)
and (b), clearly interference fringes emerge when the sample is rotated away from the
Brewster angle. In both cases the fringe spacing matches the thickness of the GeSn
layers and Ge buffer layer combined. In (c) (data corresponding to the Ge0.83Sn0.17
micro-disks), interference fringes remain absent independent of the angle. The small
feature around 0.36 eV is due to an absorption line in air. To highlight the features of all
spectra the derivatives of the Napierian absorbance curves are plotted in (d), (e) and (f)
corresponding to the data in (a), (b) and (c) respectively.
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Optical properties of direct band gap group IV
semiconductors

Pushing forward in communication technologies becomes ever harder with
electrical components moving towards atomic scales and electrical commu-
nication lines not being able to keep up with the speed of processing. The
tremendous progress in this field has been due to silicon crystallized in its
cubic crystal structure which is a cheap, abundant and worldwide avail-
able semiconductor material with outstanding electrical properties. To
keep widening the window of both faster processing and more elaborate
applications, optical components will have to be integrated with electrical
ones. Unfortunately, cubic silicon is an indirect band gap semiconductor
and therefore incapable of emitting light efficiently. This problem has led
to many attempts of finding suitable light emitting materials to be inte-
grated with silicon, but current best-practices are mostly based on III-V
materials such as InP or GaAs which are expensive, rare and very hard to
integrate due to mismatches in lattice parameters and thermal expansion
coefficients but mostly because of polarity issues. However, there are two
very new approaches to making materials that are both efficient light emit-
ters and are chemically well matched to silicon because they consist out of
atoms from the same group of the periodic table. This thesis covers optical
characterisations of both of them.

The first approach is to make a silicon-germanium alloy in a hexagonal
crystal structure. This strategy has recently been realized for the first time
at the Eindhoven university of technology and makes use of a crystal trans-
fer method to force the SiGe alloy in the hexagonal crystal structure. This
thesis shows the very first optical experiments on this new material. Mak-
ing use of Fourier transform infrared spectroscopy based photoluminescence
measurements we were able to show the direct band gap properties of pure
hexagonal germanium and Hex-SiGe with Ge contents higher than 60%.
This results in a wavelength tuning range of 1850 nm to 3540 nm, overlap-
ping with a low loss window of optical fibers. The luminescence spectra of
Hex-Ge have been explained using the state of the art Lasher-Stern-Würfel
model describing the spectral shape of PL. In addition, we demonstrated
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how this fitting-model can be used to estimate the doping density as well
as the carrier-lifetime from which we deduce a surprisingly short radia-
tive lifetime for Hex-Ge. Additional to a detailed spectral analysis, also
time-correlated photon counting measurements performed on Hex-SiGe are
presented that confirm the direct band gap in this material, show a radia-
tive recombination efficiency comparable to InP and GaAs and lastly show
a very high recombination efficiency up to room temperature. This work
concludes that hex-SiGe is an ideal semi-conductor material to be used
as a light source for opto-electronic integration and has been published in
Nature.

The second approach to make a direct band gap group IV semiconduc-
tor material is by alloying germanium with tin. Great hurdles in making
high quality GeSn lie in the facts that only 1% of Sn can be dissolved in
Ge in equilibrium growth techniques where 10% is needed to give it a
direct band gap and that the lattice parameter of Sn is about 12% larger
than that of Ge which makes that the grown material is typically highly
strained. A successful demonstration of lasing in this material has only
been shown recently in 2015 but the research to the full potential of this
material is in its infancy. In this thesis the optical properties of GeSn layers
are optically investigated using photoluminescence and absorption methods
as a function of the Sn content and the strain levels. The same layers are
again investigated after they have been released from their growth substrate
and therefore almost fully relaxed. In the photoluminescence data we find
the longest wavelength at room temperature recorded so far for GeSn and
we directly show the high importance of reducing the strain in the sys-
tem for higher optical efficiency. This work does not only pave the way
for long-wavelength optical components such as Lasers and LEDs but also
for infrared sensing. Last, also the optical properties of GeSn core/shell
nanowires have been characterised using luminescence and temperature-
dependent absorption methods. Growing GeSn in a nanowire geometry
allows for efficient strain relaxation already during the growth and there-
fore enhances the material quality. The superior absorption properties of
nanowires make them an excellent candidate for infrared and temperature
sensing.

In short this thesis presents optical studies of all direct band gap group
IV materials available today and demonstrates their potential.
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