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Abstract

There is a strong desire in modern communication technology to further improve the
processing speed of silicon based integrated circuits by replacing the electrical intercon-
nects with optical waveguides. This is a great challenge as light sources based on bulk
silicon have a poor efficiency due to its indirect band gap.
A possible route towards a higher radiative recombination efficiency in silicon-based ma-
terials is the introduction of a spatial confinement provided by germanium heterostruc-
tures. Such confinements can lead to a strong spreading of the charge carrier wave
functions in k-space circumventing the limitation of the indirect transition.
In this thesis, we present a systematic evaluation of building blocks for a silicon-based
light source. In the first part we investigate the optical recombination properties of
molecular beam epitaxy grown silicon-germanium based light emitters. In a second part
such emitters are embedded in photonic crystals and P-I-N diode structures to asses the
impact of potential photonic enhancement effects and of an electrical current injection.
Using molecular beam epitaxy we perform representative growth studies on various
silicon-germanium based three dimensional nanostructures. A successive analysis of
the optical recombination properties using a comparative study based on realistic band
structure simulations, photoluminescence and electroluminescence spectroscopy then al-
lows to conclude that the silicon-germanium alloy composition of the nanostructures
and their dimensions dominate the radiative recombination efficiency. However, due to
kinetic and thermodynamic considerations both parameters are correlated and compete
in their influence on the radiative recombination rate. The strong correlation between
the alloy content and the nanostructure dimensions results in the fact that it is either
possible to optimize the real space properties by a large spatial electron-hole envelope
wave function overlap or the reciprocal space properties by a large spreading of the hole
wave function in k-space.
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Zusammenfassung

Im Bereich moderner Telekommunikationstechnologie gibt es starke Bestrebungen dahinge-
hend die elektrischen Verbindungen zwischen einzelnen Bauelementen durch optische
Wellenleiter zu ersetzen. Dies ist eine große Herausforderung, da auf Silizium basierende
Lichtquellen, durch dessen indirekte Bandlücke, eine sehr geringe Effizienz aufweisen.
Ein möglicher Ausweg, in Richtung höherer strahlender Rekombinationseffizienzen, ist
die Kombination von Silizium-Volumenmaterial und Germanium Heterostrukturen, was
eine räumliche Ladungslokalisierung erlauben würde. Diese Lokalisierung kann zu einem
Verschmieren der Ladungsträgerwellenfunktionen im k-Raum führen, was es ermöglicht
die Limitierung durch den indirekten Übergang zu umgehen.
Im Rahmen dieser Dissertation bewerten wir systematisch die Eignung verschiedener
Bausteine einer Silizium-basierenden Lichtquelle. In einem ersten Teil untersuchen wir
die optischen Rekombinationseigenschaften von molekularstrahlepitaktisch gewachsenen
Silizium-Germanium Lichtemittern. In einem zweiten Teil werden solche Emitter in
Photonische-Kristalle und P-I-N Dioden eingebaut. Dies erlaubt den Einfluß von auftre-
tenden photonischen Verstärkungseffekten und von elektrischer Ladungsinjektion zu be-
werten.
Wir benutzen Molekularstrahlepitaxie um repräsentative Wachstumsstudien, von ver-
schiedenen Silizium-Germanium basierenden dreidimensionalen Nanostrukturen, durch-
zuführen. Mittels einer vergleichender Studie der optischen Rekombinationseigenschaften
basierend auf realistischen Bandstruktursimulationen, Photolumineszenz- und Elektro-
lumineszenzspektroskopie, folgern wir, dass die Silizium-Germanium Legierungszusam-
mensetzung der Nanostrukturen und deren räumlichen Abmessungen die strahlende
Rekombinationseffizienz dominieren. Beide Parameter sind jedoch durch kinetische und
thermodynamische Betrachtung von einander abhängig und haben einen konkurrieren-
den Einfluß auf die strahlende Rekombinationsrate. Die starke Korrelation zwischen
dem Legierungsgehalt und den Nanostrukturabmessungen resultiert in der Tatsache,
dass man entweder die räumlichen Eigenschaften durch einen größeren Elektron-Loch
Wellenfunktionsüberlapp optimieren kann, oder die Eigenschaften im reziproken Raum
durch eine starke Verschmierung der Lochwellenfunktion optimiert.
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1. Si based light sources

The present thesis evaluates the potential of germanium (Ge) based 3D quantum con-
fining structures as active emitters in the silicon (Si) system. Here a combination of
goal-oriented epitaxy with subsequent realistic band structure simulations allows for a
detailed understanding of the occurring recombination properties. Both the applicabil-
ity as well as the validity of obtained predictions is experimentally verified by optical
spectroscopy. In addition we will use the obtained results to optimize the emitters to-
wards device applications in combination with photonic crystals and light emitting diode
structures.

Why is a silicon based light source interesting?

A silicon (Si) based light source is very interesting not only from a physical but also from
a commercial point of view. The reason for this is a vast amount of possible applications.
The most prominent being a light source in integrated optoelectronic circuits [Pav08].
In such circuits the idea is to increase the data processing speed of computer chips by
exploiting the superior transmission speed and bandwidth of photons compared to elec-
trons. Here to interconvert between electrical and optical signals light sources are needed
which fulfill the requirements of a high efficiency and room-temperature applicability.
Furthermore, such a light source should be complementary metal oxide semiconductor
(CMOS) compatible as this allows to use already existing fabrication technologies.
Another possible application with strongly increasing potential is gas- or biosensing [Dor09a].
Here one uses either the absorption bands of molecules, which is possible for some ma-
terials like H2O [Geb10] or the refractive index dependent change of photonic crystal
cavity modes [Zab08, Dor09b] as measurement principle.
Both applications require light sources which are efficient and which can be fabricated
on-chip. Moreover they should be comparable inexpensive. Up to now, besides the
efficiency, group IV materials fulfill these requirements.

What is the problem of silicon?

The recombination of electrons and holes in a semiconductor is described by two com-
peting processes: The radiative recombination rate, which is governed by Fermi’s golden
rule [Fox06] and the non-radiative recombination rate. Silicon suffers from the funda-
mental problem of being an indirect band gap material. The indirect band gap results in
the fact that the radiative recombination of electrons and holes is not possible without
the emission or absorption of a phonon for momentum conservation. This results in a
long radiative recombination lifetime of several milliseconds [Ham80]. The long radia-
tive lifetime has to compete with non-radiative processes like Auger-recombination or
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the recombination at crystalline defects. Even in high purity silicon the non-radiative
lifetime is usually of the order of nanoseconds [Pav08]. This results in a low optical
internal quantum efficiency of the order of 10−6. Thus, one million electron hole pairs
are required to generate one photon. Especially in regard of lasing fast non-radiative re-
combination processes like Auger-recombination [Nil73] prevent the population inversion
which is necessary for optical amplification.

What is the state of the art?

Since more than 20 years many people tried different approaches to circumvent the in-
direct band gap problem to achieve an efficient silicon based light source. One approach
was the use of anodized porous silicon [Can95] which shows room temperature lumines-
cence both in the visible [Tsy94] as well as in the near-infrared [Fau93, Can90] energy
region. Another interesting and promising idea is the use of the intra-atomic transition
of rare-earth atoms. Here especially the erbium intra-4f shell transition is interesting
as the resonant wavelength of this transition is 1.54µm [Sti97]. Still some groups are
working on erbium doping [And12] in silicon due to its strong and narrow luminescence
which is even present at room temperature and in electroluminescence [Yer10]. Addi-
tional approaches use for example crystal defects [Shk09, Bao07]. Another idea has been
the band structure folding in the Brillouin zone using SiGe superlattices to achieve a
direct band gap [Gnu74, Kas75, Men93, Zel86]. But, so far the only monolithic all silicon
laser presented is based on stimulated Raman scattering [Ron05].
However, all of these approaches so far did commercially not prevail either due to the
fact that optical gain could not be achieved or in latter case they are technologically not
applicable due to a necessary optical pumping.
Besides those monolithic approaches some groups now aim for a hybrid integration of
group III-V light sources on silicon [Fan06, Tan11, Tan12]. Those approaches are very
promising as III-V light sources are already widely used.
A further approach, based on a monolithic integration on silicon (Si), is the integration
of germanium (Ge) nanostructures on Si. This heterostructure approach relies on a
confinement induced spreading of the hole wave function in k-space to allow for a quasi-
direct recombination. Such structures already attracted huge interest in the past 20 years
where many groups investigated SiGe quantum wells [Stu91, Fuk92, Shi94, Bru92] and
also islands [Das01, Sch95, Sun95]. Despite of the quasi-direct recombination detailed
photoluminescence spectroscopy studies have shown that the luminescence intensity is
still rather weak. However, a detailed study about the limiting processes and concerning
possible solutions is still missing.
The scope of this thesis was, therefore, to demonstrate the realization of building blocks
for a potential Si-based light source. Here in a first part we aim for a deep under-
standing of the optical properties of epitaxial fabricated (Si)Ge based three dimensional
confinement structures by a combination of realistic band structure simulations and
optical spectroscopy. In a second part we evaluate additional building blocks by embed-
ding such (Si)Ge nanostructures into two-dimensional photonic crystals and P-I-N diode
structures. This allows to investigate the coupling of the emitters with photonic crystal
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1. Si based light sources

cavities and to demonstrate electrical current injection. In the following we address this
object in nine chapters.

In chapter 2 we will shortly explain the concepts, which are necessary to understand
the theoretical and experimental results of this thesis. Given the long interest in the
epitaxial fabrication and the optical characterization of SiGe heterostructures chapter 2
will also give a detailed overview about selected results of the last 20 years.

Chapter 3 utilizes a comparative study of band structure simulations and optical
photoluminescence spectroscopy of nominally pure Ge hut clusters to link the structural
parameters height, length and germanium content of the hut clusters with the optical
transition energy and the intensity. We find that the type II band alignment inherently
limits the radiative efficiency of the quasi-direct no-phonon transition in Ge hut clusters.
Further calculations of the electron-hole wave function overlap with an extended struc-
tural parameter range identify the lattice mismatch mediated interconnection between
the Ge content and the hut cluster size as the major problem preventing the invention
of more efficient Ge based emitters. We deduce that a low Ge content and a small size
is required for a large spatial electron-hole wave function overlap and a large spreading
of the hole wave function in k-space.

In chapter 4 we aim for an increasing spatial electron-hole wave function overlap by
enhancing the intermixing of Ge islands with silicon by increasing the growth tempera-
ture. With a higher growth temperature we thermodynamically reduce the Ge content
due to an enhancement of Si diffusion. However this results in a larger island size and
in a change of the island morphology towards pyramids and domes. These island mor-
phologies offer lower radiative recombination rates and intensities than Ge hut clusters.
We find two major reasons for this: The larger size which overcomes the effect of a lower
Ge content on the spatial overlap integral. And the larger size resulting in a smaller
spreading of the hole wave function in k-space.

The conclusions of the previous chapters we address in chapter 5 where we introduce
the co-deposition of silicon and germanium. In contrast to an increasing growth tem-
perature which was utilized in chapter 4 co-deposition allows to reduce the Ge content
more independently of the island size. For the SiGe hut clusters we find that the effect
of the reduced Ge content on the electron-hole wave function is exactly compensated by
the small increase of the island size. However, we also find that the quasi-directness of
the transition is maintained. Moreover the co-deposition lowers the transition energy
which in combination with the comparable high luminescence intensity makes SiGe hut
clusters a very interesting and versatile emitter morphology.

Our investigations have shown that the radiative recombination rate is limited by the
spatial separation of the electrons and holes. This can be optimized by further lowering
the Ge content. In chapter 6 we continue the co-deposition approach in molecular beam
epitaxy by the fabrication of SiGe quantum well segments which we call SiGe islands.
Band structure simulations solely based on experimental determined structural parame-
ters reveal that these islands obtain a three dimensional type I confinement. This results
in an eight times higher luminescence intensity compared to Ge and SiGe hut clusters
as a result of a higher electron-hole wave function overlap and a reduced non-radiative
recombination channel. However, the large size of these islands results in a degradation

10



of the k-space recombination properties. Therefore, phonon assisted recombination pro-
cesses can compete with the no-phonon assisted recombination.
This nicely shows that it is not possible to optimize both the k-space and the real space
electron-hole wave function overlap of (Si)Ge based light emitters using standard fabri-
cation schemes.
Furthermore, the SiGe islands offer an additional luminescence mechanism which has
previously been found in molecular beam epitaxial quantum wells. We show extensive
studies on the origin of this luminescence studies and obtain evidence that this lumi-
nescence might stem from recombination within germanium rich regions in the SiGe
alloy. In addition we find that these SiGe islands nucleate in a laterally self-ordered face
centered cubic structure with a high degree of ordering.
A further enhancement of the radiative efficiency seems to be not possible in the (Si)Ge
system due to the interconnection of the structural properties size and Ge content.
Without employing more exotic epitaxial methods we need external methods to enhance
the radiative recombination efficiency. Therefore, we employ two dimensional photonic
crystals where chapter 7 introduces the theoretical aspects about photonic crystals. A
short summary of the mathematical basics and the resulting formation of a photonic
band structure is given. Also photonic crystal cavities are introduced.
In chapter 8 we embed laterally ordered type I SiGe islands in two dimensional silicon on
insulator photonic crystal micro-cavities. We find an enhancement of the luminescence
intensity by a factor of 6-12 when exciting the SiGe islands in a photonic environment.
In addition we succeed in detecting a luminescence signal from one layer of SiGe islands
even up to room temperature.
Two final device applications are presented in chapter 9 and chapter 10. Here we
present germanium island light emitting diodes without and with two dimensional pho-
tonic crystal. We will investigate the temperature stability of the P-I-N diode design
and we will elucidate that electrical current injection is more efficient than optical ex-
citation. Finally, we will show indication for mode enhancement in electrical contacted
SiGe based photonic crystal cavities.
In a complementary thesis [Hau12], based on material and technology developed in the
present work, two and three dimensional photonic crystal micro-cavities are used to in-
vest and exploit cavity quantum electrodynamics phenomena like the Purcell effect for
an enhanced radiative recombination.
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2. Scientific background of (Si)Ge based
light emitters

2.1. Nucleation of germanium heterostructures

Silicon and germanium are indirect band gap materials [Car66, Phi62] with a low optical
internal quantum efficiency [Pav08]. To enhance the radiative recombination rate it is
possible to combine both materials. The formation of heterostructures where germanium
is sandwiched between silicon then allows the trapping of charge carriers. This trapping
can result in a spreading of the charge carrier wave function in k-space implicating a
quasi-direct transition.
The fabrication of heterostructures is possible using epitaxial methods like molecular
beam epitaxy 1 or chemical vapor deposition. Both methods allow the deposition of
germanium on silicon substrates with atomic precision.
In 1975 Kasper et al [Kas75] have shown for the first time the successful heteroepitaxy of
Si/SiGe heterostructures. This initiated a vast increasing research interest in this topic
leading to a well understanding of the epitaxial process. It turned out that the deposited
germanium adopts the crystal symmetry of the underlying silicon substrate including
the lattice constant. The 4.2% lattice mismatch [Abs89] between silicon and germanium
results in a biaxial compression of germanium in-plane and an uniaxial tensile strain
component in growth direction. In thermodynamic equilibrium this leads to an increasing
strain energy which scales with the layer thickness according to Estrain ∝ ε2d [Hua98].
With increasing germanium layer thickness the system tries to minimize the strain energy
either by the formation of misfit dislocations [Mat74] or by the nucleation of three
dimensional heterostructures with distinct facets [Bru02, Eag90, Mo90].
For growth conditions, which we employ in the context of this thesis, the strain relaxation
via the formation of three dimensional islands is favored. The formation of Ge based
heterostructures follows the so called Stranski-Krastanow mechanism [Bru02]. Here a
three dimensional island structure occurs at a certain critical thickness. It is determined
by the thickness at which it is more favorable for the system to increase the surface
energy while decreasing the strain energy [Sta04]. The resulting structure then consists
of a pseudomorphically strained wetting layer with a thickness of approximately three
to four monolayers. Above are the three dimensional strain relaxed islands [Fuk97].
However, additional material deposition can remove the wetting layer in favor of bigger
islands [Bre09a]. This process is called Ostwald ripening [Ros98].

1A detailed introduction about the used molecular beam epitaxy system is given in [Ebe90, Mie01]
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2.2. Germanium heterostructure morphologies

2.2. Germanium heterostructure morphologies

The critical thickness for island formation can be extended by replacing pure germanium
with silicon-germanium which results in a reduced strain energy [Kas04] due to a reduced
lattice mismatch. The resulting two dimensional layer is called quantum well [Bea84].
Upon the deposition of more than three to four monolayers of pure germanium first
unstable nucleation centers called pre-pyramids or mounds [Vai00] form. These unstable
structures evolve into quantum dots or islands with continued deposition of germanium .
These three dimensional heterostructures are categorized in three different morphologies
called hut clusters [Kam99], pyramids [Ros99, Ter02] and domes [Ros99]. In figure 2.1

a) b) c)

Figure 2.1.: Atomic force microscopy image of a single germanium (a) hut cluster, (b)
pyramid and (c) dome. The black lines highlight the edges of the quantum
dot or island morphologies with their different facets.

atomic force microscopy images of single (a) Ge hut clusters, (b) pyramids and (c)
domes illustrate the shape of each morphology. Figure (a) shows a Ge hut cluster which
is a metastable [MR98b] island morphology. The image shows the rectangular shape,
whereas the black lines indicate the {105} facets [Mo90]. In (b) we show one exemplary
pyramid. This morphology is energetically stable and differs from Ge hut clusters in the
quadratic base and a larger size. Pyramids are {105} faceted [Ros99, Ter02]. Domes are
even larger and have a circular base [Ros99]. Moreover domes are multifaceted where
the {113},{105} and {15 3 23} are the most prominent facets [Rob09].
It has been shown by different groups that during the epitaxy pyramids and domes can
coexist [Ros99, Wan07] and that pyramids can convert to domes and vice versa [Kam98,
Vos00, MR98a]. Hereby, the change of the morphology is abrupt [MR98a].
In contrast to Ge hut clusters [Bou05], domes and pyramids have a lateral size larger
than or comparable to the De Broglie wave length of heavy holes (hh) in Ge. Thus, the
lateral confinement is very weak and it is, hence, not correct to assume a 0D confinement.
Therefore, when referring to pyramids or domes we will speak of Ge islands. Throughout
this thesis the terms hut cluster and quantum dots will be used equivalently [Bou05].
The occurrence of different morphologies can be explained by following equation which
describes the necessary energy for the nucleation of an island with volume V and facet
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2. Scientific background of (Si)Ge based light emitters

angle Θ.

∆E = 4ΓV 2/3tan1/3(Θ)− 6EstrainV tan(Θ) (2.1)

Here Γ is the free energy change resulting from the formation of an island [Ros98, Dar99,
Dar02]. Using this formula Tersoff et al [Ter94] calculated the necessary energy for
islands with different facet angles as a function of the volume. In conclusion, they found
that larger islands favor dome shape whereas smaller islands favor the {105} facet and,
therefore, pyramidal shape. However, the energetic consideration of the morphologies
does not explain the presence of the hut cluster morphology as they share the same facet
angles as the pyramids. Here additional surface kinetic considerations have to be taken
into account.

2.3. Surface diffusion of adatoms

Surface diffusion of germanium material is very important in germanium epitaxy as it
determines the length germanium adsorbed atoms (adatoms) can diffuse on the surface
before losing their kinetic energy and binding to the crystal. The surface diffusion length
is strongly dependent on the growth temperature and J. Nützel described it with [Nüt95]:

∆kin = ∆0

√
R0

R
exp

(
− Es
kBT

)
(2.2)

Here R/R0 is the normalized growth rate. ∆0 and Es are experimental fitting parame-
ters. With increasing growth temperature the diffusion length of the germanium adatoms
increases resulting in less nucleation spots and larger islands [Nüt95, Spe93]. For low
growth temperatures the limited diffusion of adatoms favors specific crystallographic di-
rections. In the case of germanium on silicon the diffusion along the elastically soft [100]-
direction [Käs99, Jes98, Mon04]. The non-symmetric diffusion results in the elongated
shape of hut clusters [MR98b]. Hut clusters are thermodynamicaly metastable [MR98b]
and will convert into pyramids and domes with increasing temperature.

2.4. Intermixing of germanium heterostructures with
silicon

Until now we only spoke about pure germanium islands but extensive and systemati-
cal Raman spectroscopy [Tan03, Tsa94] or X-ray diffractometry [MaP02] work revealed
that germanium heterostructures where pure germanium is deposited suffer from inter-
diffusion with silicon. This interdiffusion or intermixing with silicon is a strain driven
process [Wan01c]. Especially during capping with silicon the system tries to minimize
the strain energy by reducing the lattice constant. This can happen either by the dif-
fusion of germanium into the surrounding silicon matrix, or due to diffusion of silicon
into the germanium islands. Both processes occur but the diffusion constant of silicon in
germanium is much higher [Sch91]. Therefore, we can neglect the diffusion of germanium
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into the silicon in the whole discussion of this thesis. In first order the intermixing with
silicon can be described by the second Fick‘s law [Gav08, Sch97b]:

∂x(z, t)

∂t
= D(Tc) ·

∂2x(z, t))

∂z2
(2.3)

with

D(Tc) = D0 · exp
(
− Ea
kbTc

)
(2.4)

where D is the diffusion constant of silicon into germanium and Tc is the growth temper-
ature. This approach however neglects strain. To take strain into account more sophis-
ticated models need to be employed. Sonnet and Kelires for example used an atomistic
quasi-equilibrium approach based on Monte Carlo simulations to link the composition
profile with the strain field [Son02].
More detailed explanation of the epitaxy are given in the literature [Bou05, Den03,
Kam97, Abs96b, Mie01]. But the qualitative considerations of section 2.1 section 2.2
section 2.3 and section 2.4 are sufficient to understand the epitaxial formation of Ge
based heterostructures as conducted in this thesis.
Moreover, there are already many detailed experimental investigations concerning the
structural properties of Ge based heterostructures which we will introduce in the next
sections.

2.5. Topographic properties of germanium quantum dots
and islands

The structural parameters of Ge islands depend on two epitaxial parameters: the growth
rate and the substrate temperature. In chemical vapor deposition the substrate tem-
perature is the temperature of the evaporation chamber and, therefore, also defines the
growth rate. Molecular beam epitaxy is more versatile as the growth rate and substrate
temperature (also called growth temperature Tc) are independent of each other.
It has been shown that the morphological shape of Ge heterostructures is directly influ-
enced by the growth temperature. Hereby Ge hut clusters form at growth temperatures
below ≈ 550◦C [Den04]. For higher temperatures the epitaxy kinetics are not limited
and pyramids and domes evolve [Jin03]. This shape transition is a result of equation 2.2
showing that a higher growth temperature results in a larger surface diffusion length
of adatoms. This increases the amount of atoms which form the islands resulting in
larger islands [Abs96b]. If the amount of incoming atoms is fixed this also yields a re-
duced amount of free nucleation spots on the surface and, thus, the island density is
reduced [Abs96b].
Quantitative investigations using atomic force microscopy or scanning tunneling mi-
croscopy show that hut clusters are the smallest quantum dot morphology with typical
lengths of approximately 15-35 nm and typical heights of 1-3 nm, respectively [Tan04].
Densities of the order of 1011 cm−2 are reported [Tan04]. Pyramids are significantly
larger with lateral lengths of 50 nm [Bru02] and lower densities of the order of 108 cm−2
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to 1010 cm−2. Domes are the largest morphology with diameters of up to several 100 nm
reported in literature [Kam98]. With the fixed facet angles this results in typical heights
of ≈ 7 nm. The larger size leads to a lower density of the order of 108 cm−2 to
109 cm−2 [Bru02].
During capping the structural properties change. Cross-sectional transmission electron
microscopy or selective etching techniques combined with atomic force microscopy have
shown that especially at elevated temperatures the islands flatten and increase their
lateral dimensions. This is accompanied by the formation of additional facets [Sut98].
The capping of islands is very important for optical experiments. The silicon matrix
reduces the amount defect states at the island surface which degrade the luminescence
properties by providing non-radiative recombination centers [Fuk95].

2.6. Composition of germanium heterostructures

Capping not only influences the size but also the alloy conformation of the islands. Using
Raman spectroscopy many groups determine the average Ge content from the shift of
the phonon frequency 2.
Systematic investigations of quantum wells [Tsa94] and of different quantum dot and
island morphologies [Tan03, Gro97] have shown that the average Ge content strongly
decreases with increasing growth temperature. According to equation 2.4 a higher tem-
perature favors the diffusion of silicon into germanium and, thus, the average Ge content
of the islands is reduced. This process is called intermixing.
In recent years some groups combined selective etching methods and subsequent atomic
force microscopy [Zha10] to map the Ge content profile of Ge islands. The results nicely
show that intermixing is not an isotropic process. Rather than that it is is a strain
driven process. Therefore, interdiffusion is most prominent where the strain energy is
highest [Rai02]. This is the case at the base of islands, where the strain is not relaxed.
Experimentally, the selective etching method nicely shows that the germanium pro-
file can be described by a germanium rich core and top and a silicon rich shell and
base [Den03, Zha10].

2.7. Band structure of Ge heterostructures

In figure 2.2 we exemplary present the simulated band structure in growth direction of
one Ge island. For simplicity the Ge island is modeled with an obelisk shape. The base
diameter is 20 nm and the height is 3 nm, respectively. The germanium content is set to
50%. A wetting layer with a thickness of 0.5 nm is included in the simulation. Details
about the simulation method can be found in the appendix A.
From top to bottom we find the Γ conduction band, the eight degenerated L-bands and
the six ∆ conduction bands. Below the band gap we find the heavy hole, the light
hole and the split-off valence band. The black horizontal lines indicate the ground state

2The experimental method and the subsequent analysis is described in the appendix B.3.
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Etransition

Si Ge Si

Egap

Figure 2.2.: Calculated band structure of an obelisk shaped Ge island with a Ge content
of 50% a height of 3 nm and a length of 20 nm. The black horizontal lines
indicate the ground state energy of the respective bands. The electron (hole)
probability densities are plotted with the same color as the corresponding
bands using solid lines. The inset shows a zoom on the ∆ conduction band.

energies of the individual bands. The difference between those energies is the transition
energy, which is the energy of a photon emitted by the radiative recombination of electron
and hole. Furthermore, we plot the electron and hole probability density of those ground
states using solid lines. The simulations show that Ge islands still have an indirect
transition in k-space as the lowest conduction bands are located in the ∆ direction. This
also shows that the band structure is silicon-like as the lowest conduction band in pure Ge
is located at the L-point. Both the ∆-band and the valence bands have a higher energy
in the Ge region and, thus, we conclude a spatially indirect transition between electrons
in the silicon matrix and holes confined in the germanium. This can also be seen in the
electron and hole probability densities which are spatially separated. This verifies the
experimental [Das01, Wan01a, Hua01] observed and theoretical calculated [EK06] type
II band alignment.

Influence of strain on the band structure

Strain affects the spatial position of atoms in the crystal lattice and, therefore, the
periodic potential in the Schrödinger equation. Such deviations are expected to have an
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2. Scientific background of (Si)Ge based light emitters

effect on the band structure. Finite element calculations have shown that the strain in
silicon is dominated by the uniaxial strain component. The hydrostatic part only plays
a minor role [Sch00]. The silicon matrix above and below the island is tensile strained
in-plane whereas the silicon matrix is compressively strained next to the island. In the
Ge region the in-plane lattice constant is compressively strained, whereas the lattice
constant in growth direction is tensile strained.
In figure 2.2 we observe the influence of strain in the simulations as strain results in a
shift of the band energies. The sixfold degeneracy of the ∆-bands [EK06] is lifted both in
the silicon matrix as well as in the germanium island. Due to the symmetric island shape
the four in-plane ∆-bands (purple dotted lines) remain degenerated. As the resulting
bands are fourfold degenerate we will call these bands ∆(4) bands [Sch97a, Abs96a].
The two ∆-bands (gray dash dotted line) in growth direction have a different energy
shift. As the two directions are equivalent we will call these bands ∆(2)-bands.
Above and below the island the silicon is tensile strained. This leads to a lowering of
the band edges in this crystallographic direction [Vog93]. The compressive strain next
to the island leads to a rising band energy in the in-plane direction [EK06].
For the Ge islands the in-plane lattice constant is compressively strained resulting in a
rise of the band energy. In growth direction the island is tensile strained resulting in a
lowering of the band gap. Thus, the sixfold degeneracy of the ∆-bands is lifted similar
to the silicon matrix.
In the same manner the strain lifts the degeneracy of the heavy and light hole bands.
The strain induced lowering of the ∆(2) band above and below the island can be directly
seen in the inset of figure 2.2. It leads to the formation of weakly confined energetic states
for electrons.
In summary, the hole is strongly confined within the island. The ∆-valley electrons are
located in the vicinity of the island. Hereby the confinement is only provided by the
tensile strain. This leads to a spatially indirect recombination of type II. Moreover we
have seen that the ∆ valleys are the conduction band minima resulting in a k-space
indirect band alignment.

Influence of Ge content on the band alignment

The spatial separation of the charge carriers due to the type II band alignment is a
major drawback for optical properties. Theoretical work conducted by Van de Walle et
al [VdW86] and other groups [Peo86] has shown that two dimensional SiGe quantum
wells with reduced Ge content might offer a spatial type I confinement. Such a type I
confinement, where both the electrons and holes are located within the heterostructure
is strongly desired for superior optical properties.
Due to the expected strong impact of a type I band alignment on optical properties
extensive studies concerning the band alignment in SiGe quantum wells have been con-
ducted by many different groups. Fukatsu et al [Fuk93] and Houghton et al [Hou95]
proposed a type I band alignment for compressively strained SiGe quantum wells based
on photoluminescence experiments. On the contrary, Wachter et al [Wac92], Baier et
al [Bai94] and Thewalt et al [The97] claim that the type I band alignment is only due to
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Figure 2.3.: Calculated transition energy as a function of the Ge content of an obelisk
shaped Ge island with a height of 3 nm and a length of 30 nm.

band bending caused by strong optical excitation which results in charge carrier accu-
mulation. Some controversy regarding the type I band alignment rises from theoretical
calculations as pseudopotential calculations conducted by Rieger et al [Rie93] as well as
30 band k*p calculations conducted by El Kurdi et al [EK06] affirm the presence of a
type II band alignment for all Ge fractions.
Similar systematic investigations for three dimensional heterostructures are comparably
rare but unambiguous. El Kurdi et al [EK06] performed 30 band k*p band structure
calculations and they found a type II confinement for lens shaped islands for all Ge con-
tents. In addition photoluminescence experiments [Das01, Wan01a, Hua01] lead to the
conclusion of a type II band alignment for Ge islands whatever morphology is present.
Therefore, there is no controversy regarding the band alignment of Ge three dimensional
heterostructures.
The Ge content of the heterostructures is not only responsible for the band alignment
but also for the transition energy [EK06, Nov03]. In figure 2.3 we exemplarily present our
own calculations of the transition energies of an obelisk shaped island with a base length
of 30 nm and a height of 3 nm as a function of the Ge content. The Ge content is varied
between 10% and 90%. The island is modeled with a constant Ge profile. The transition
energy decreases with increasing Ge content. In good approximation the band gap of an
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unstrained SiGe alloy can be approximated using a polynomial approach [Web89]:

Egap−SiGe(x) = 1.155− 0.43x+ 0.206x2 (2.5)

We use the same formula to fit the data points and we receive:

Egap−SiGe−island(x) = 1.200− 0.543x− 0.251x2 (2.6)

with a very high degree of confidence of 99.997%. Variations in the parameters between
equations 2.5 and 2.6 are caused by different strain fields and the three dimensional
shape. Interestingly the simulated band offset has a transition from a type II to a type
I band alignment when reducing the Ge content below 30%. This is in contrast to
simulation results from El Kurdi et al [EK06]. Thus, we conclude that the theoretical
calculated band alignment is strongly dependent on the Ge content but also on shape
and size of the island [Bas06, Ali96].

Influence of topographic parameters on the band structure

Finally we consider the island size influencing the band structure. In first approxima-
tion one usually describes the electronic structure of islands by a cubic quantum box
with infinite barrier heights [Qua]. In this approximation the carrier energy follows a
hyperbolic behavior:

E(x) =
h̄2π2

2

(
n2
x

mxxL2
x

+
n2
y

myyL2
y

+
n2
z

mzzL2
z

)
(2.7)

Here n is a positive integer, mxx, myy, mzz are elements of the effective mass tensor and
L is the width of the quantum well in a certain direction.
This assumption, however, neglects the influence of strain and a non-cubic shape, which
both depend on the size of the island. Therefore, we perform k*p calculations using the
same model as in the previous section. Now we fix the Ge content to 50% while changing
the length of the island from 10 to 60 nm. We want to emphasize that the island is
modeled with a symmetric base. The resulting transition energies we plot in figure 2.4(a)
as a function of the island length. A decreasing transition energy with an increasing
length is observed. Our simulations show that the transition energy decreases double-
exponentially with an increasing size. For completeness we also present the dependence of
the transition energy as a function of the island height in figure 2.4(b). Here we calculate
the band structure of islands with a Ge content of 50% and a length of 40 nm. With an
increasing height we find that the transition energy exponentially decreases [EK06].
The deviation of the double-exponential or exponential trend from the hyperbolic trend
in equation 2.7 already shows that the model of a quantum box with infinite barrier
heights is not sufficient to describe Ge island structures as strain effects, a non-cubic
shape and composition gradients are not included in such a simplified model. Thus, more
sophisticated band structure calculations based on realistic structural input parameters
are necessary to understand the electronic structure of Ge islands.

20



2.8. Optical properties of Ge islands

a) b)

Figure 2.4.: (a)Calculated transition energy as a function of the length of an obelisk
shaped Ge island with a height of 3 nm and a Ge content of 50%. (b)
Calculated transition energy as a function of the height of an obelisk shaped
Ge island with a length of 40 nm and a Ge content of 50%.

2.8. Optical properties of Ge islands

The radiative recombination rate of electrons from the conduction band with holes from
the valence band can be described by Fermi‘s golden rule [Fox06].

Γi→f =
2π

h̄
|Mif |2 ρ(h̄ω) (2.8)

where ρ(h̄ω) is the density of photon states. Mif is the optical matrix element which is
defined as:

Mif = 〈f |H| i〉 =

∫
ψ∗f (r)H(r)ψi(r)d3r (2.9)

with ψ being the wave functions of the initial or final states. In equation 2.9, H=-p · E
is the light induced perturbation caused by the interaction of the photon electric field
amplitude E and the exciton electric dipole p. However equation 2.8 is only valid for
direct semiconductor materials. For indirect transitions the momentum conservation
rule has to be taken into account and phonon assistance is necessary. When including
the electron-phonon interaction matrix element W12 [Pok04] equation 2.8 transforms
into:

Γi→f =
2π

h̄
|Mif |2 |W12|2 ρ(h̄ω)ρ(h̄ωphonon) (2.10)

The necessity for a three particle process strongly reduces the radiative recombination
rate and, thus, the radiative recombination time. Therefore, fast non-radiative recom-
bination processes like Auger recombination cannot be neglected. As a matter of fact
in Si the non-radiative recombination rate is larger than the radiative recombination
rate [Pav08] and we define the internal quantum efficiency η as:

η =
Γrad

Γrad + Γnon−rad(T )
(2.11)
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In pure silicon the internal quantum efficiency is approximately 10−6 [Pav08].
Up to now we assumed that the transition is phonon assisted. But according to Heisen-
berg‘s uncertainty relation ∆x∆k ≥ h̄/2 [Rob29] a spatial confinement like in SiGe
heterostructures results in a spreading of the wave function in k-space. The strain in-
duced confinement of the electrons in the silicon matrix results in a spreading of the
electron wave function towards the Γ-point. In addition the strong confinement of the
holes inside the SiGe heterostructure spreads the hole wave function from the Γ-point
towards the ∆-point. In fact the second process is much more likely because according
to the simulations in figure 2.2 the confinement energy of the ground state electron is
only of the order of 10 meV whereas the confinement energy of the ground state hole is of
the order of 270 meV. Thus, the hole is spatially much more confined and the spreading
of the hole wave function is much larger.
This can allow for phononless transitions, which indeed have been shown in SiGe quan-
tum wells [Fuk92, Bru92, Stu91]. For Ge islands many groups claim a phononless tran-
sition [Das01, Fuk97, Lar03] as well as phonon assisted recombination [Wan01a], both
without any unambiguous proof.
Hence, it is theoretically necessary to include phonons in the theoretical consideration.
Unfortunately up to now there are no methods to calculate the electron-phonon inter-
action matrix element W12 in nanostructures. Within this thesis, we will assume the
phonon matrix element to be constant for all investigated samples as we expect an equal
crystal quality. Furthermore, we will see that the island size does only vary by a small
amount.
Equation 2.10 suggests that radiative recombination does not only require an overlap of
the wave function in k-space but also in real space. Using the dipole approximation the
optical matrix element is governed by the optical oscillator strength between the final
and initial state [Ror93]:

fif =
2mωif

3h̄
|〈ψf (r) |r|ψi(r)〉|2 =

2mωif
3h̄

|〈φf (r)uf (r) |r|φi(r)ui(r)〉|2 (2.12)

Here φ is the envelope function of the initial or final state and u is the Bloch function
describing the crystal periodicity [Blo29]. The envelope function varies slowly com-
pared to the Bloch function and, therefore, the oscillator strength can be approximated
as [Coo84, Har05]:

〈φfuf |r|φiui〉 ≈ 〈uf |r|ui〉 〈φf |φi〉+ 〈uf |ui〉 〈φf |r|φi〉 (2.13)

For interband transitions, which we will study throughout this thesis, the second term is
zero as the Bloch functions of different bands are orthogonal at the same position [Har05,
Coo84]. Thus, the optical matrix element Mif is proportional to the squared electron-
hole wave function overlap.

O = 〈φf |φi〉 =

∫
|φfφi| d3r (2.14)

Inserting equation 2.14 into 2.11 and with the assumption that the radiative recombi-
nation rate is smaller than the non-radiative recombination rate we can calculate the
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luminescence intensity [Hau10]:

IPL = PRη ∝ |〈φf |φi〉|2 (2.15)

Here P is the external photon detection probability of the experimental setup and R is
the charge carrier excitation rate. There are only few calculations regarding the overlap
integral and none concerning the whole transition strength in the SiGe system. In 2006
El Kurdi et al calculated the spatial electron hole wave function overlap for Ge islands
as a function of the germanium content [EK06]. They found that the overlap integral
increases for a decreasing germanium content. The reason for this is that an increas-
ing silicon content inside the island delocalizes the hole wave function. The stronger
delocalization results in a penetration of the hole wave function into the silicon bar-
rier [EK06, Ror93]. In addition the electron has a higher probability for residing in
the Ge island. A general study concerning the overlap integral in type II confinement
structures has been conducted by Madureira et al in 2007. Solving the single-particle
Schrödinger equation in the Hartree-Fock approximation for InP/GaAs type II quantum
dots, they conclude that the electron-hole wave function overlap and, hence, the carrier
lifetime is very sensitive on the exact shape of the quantum dots [Mad07]. Experimen-
tally, Yakimov et al [Yak00] tried to deduce the oscillator strength of Ge islands using
absorption spectroscopy. They found an oscillator strength of 0.5 which is about 10
times higher than the calculated results from El Kurdi et al [EK06].
Although there are already detailed investigations concerning the topographic parame-
ters (see section 2.5) of the band alignment and band structure (see section 2.7) as well
as of the optical properties (see section 2.8) there is no systematic study on the combina-
tion of experiment and theory. Also there is no experimental study regarding the overlap
of electron and hole wave functions via luminescence intensity comparisons. Therefore,
within the next chapters we will present optical investigations on different SiGe three
dimensional confinement structures. Moreover we will compare the experimental results
with the predictions from k*p band structure calculations.
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The key requirements for a high radiative efficiency are a strong electron-hole wave func-
tion overlap both in k-space and in real space.
Because of Heisenberg’s uncertainty relation [Rob29] the smallest Ge quantum dot mor-
phology is expected to offer the optimum recombination properties in k-space.
Therefore, we begin with an investigation of Ge hut clusters [Kam99] whereby we quanti-
tatively investigate the spatial overlap by a growth study with a varying growth tempera-
ture. To asses the potential for an enhanced luminescence intensity realistic simulations,
based on a structural analysis [Tan03, Nüt95, Spe93], in comparison with photolumines-
cence experiments elucidate the influence of different structural properties on the spatial
electron-hole wave function overlap.

3.1. Structural properties of germanium hut clusters

The Ge hut clusters investigated in this chapter are fabricated at the WSI using a
Riber32 ultra high vacuum solid-source molecular beam epitaxy system. Detailed infor-
mation on the epitaxy system are given in reference [Ebe90, Fri92]. The substrate wafer
is a standard intrinsic Si wafer with an orientation of (001). We epitaxially fabricate
Ge quantum dots using material deposition rates of 0.4 Å/s and 0.1 Å/s for Si and
Ge, respectively. These rates are deduced from previous studies [Bou05] in our group.
The growth temperature Tc varies between ≈ 300◦C and ≈ 425◦C. At higher growth
temperatures, the morphology transforms into pyramids and domes (see chapter 4).
Lower temperatures are expected to degrade the crystal quality. If not stated otherwise
all samples consist of eight layers of quantum dots each containing a two dimensional
equivalent of eight monolayers of nominally pure Ge. To prevent strain induced stack-
ing of the quantum dot layers [Cha03a, Sch99] the individual quantum dot layers are
separated by a 20 nm Si spacer layer. For optical investigations, the samples are capped
by an approximately 100 nm thick Si capping layer to eliminate an influence of surface
states (see section 2.5). Additionally, one layer of surface quantum dots prepared with
the same epitaxy conditions as the capped ones is deposited on top of the heterostructure
for structural investigations using atomic force microscopy.

3.1.1. Topographic properties of germanium hut clusters

In figure 3.1, we show three dimensional atomic force microscopy images of three differ-
ent samples where we use growth temperatures of (a) 298◦C, (b) 346◦C and (c) 424◦C.
All three images illustrate hut clusters with a rectangular base and an inclination angle
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Figure 3.1.: Atomic force microscopy images of Ge hut clusters grown at (a) 298◦C, (b)
346◦C and (c) 424◦C upon the deposition of nominally 8 monolayers of pure
Ge. The area of the image is 500 nm x 500 nm. The inset in (c) shows a
zoom on one hut cluster. The individual facets are highlighted with black
lines.

relative to the surface of 11◦ corresponding to a {105} facet [Mo90]. The individual
sidewalls are highlighted in the inset of 3.1(c) using black lines. The atomic force mi-
croscopy images show that hut clusters are always elongated in [100] direction. For all
growth temperatures the surface is covered by a homogeneous distribution of high den-
sity quantum dots. A quantitative analysis of the length and height as a function of the
growth temperature is given in figure 3.2. The analysis is conducted according to the
scheme described in the appendix B.1. The sketch in the upper left corner of figure 3.2
illustrates how the length is defined. The longer side of the hut clusters is the length and
the smaller side is the width which is not shown here but used as input parameter for
the band structure simulations in section 3.2. The width follows the same trend as the
length. Both the length and the height of the hut clusters linearly increase with increas-
ing growth temperature due to an enhanced surface diffusion length[Nüt95, Spe93]. The
height increases from 0.8±0.1 nm at TC=298◦C to 1.8±0.1 nm at TC=424◦C whereas
the length increases from 17.8±1.0 nm to 35.6±1.6 nm. This trend agrees well with
previous studies from other groups as described in chapter 2.5.
To further strengthen the argument of a diffusion dependent kinetic growth mechanism

figure 3.3 presents the hut cluster density as a function of the length (a) and growth
temperature (b). In (a), we see that the quantum dot density decreases as a function of
the hut cluster length. The red line is a guide for the eye and connects the first and last
value. All data points lie on this red line indicating a linear dependence. The strong
correlation is caused by the fact that an increasing growth temperature results in an
enhanced kinetic energy of the germanium adatoms. Thus, an enhanced growth temper-
ature, which causes the larger length, results in an enhanced diffusion length according
to equation 2.2. Hence, incoming adatoms can reach an already existing nucleation spot,
which is further apart rather than creating a new nucleation spot [Bru02].
In a different representation figure 3.3 (b) shows that the hut cluster density reduces
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Figure 3.2.: Hut cluster length (black squares left axis) and hut cluster height (red tri-
angles red axis) as a function of the growth temperature. The sketch in the
left upper corner illustrates the hut cluster shape and defines the parameters
length and width

with increasing growth temperature. This is a result of a reduced amount of nucleation
spots. The average density which is of the order of 1011cm−2 is comparable to literature
values [Ara11, Koh04]

3.1.2. Germanium content of hut clusters

We determined the Ge content using Raman spectroscopy measurements. The setup
as well as the analysis principle is described in the appendix B.3. In summary, Raman
spectroscopy allows to measure the frequency shift of the silicon and germanium lattice
vibrations which changes due to the Ge hut clusters. Using equation B.1 the frequency
shift of the Ge-Ge lattice vibration determines the average Ge content. In figure 3.4, we
present the resulting Ge content for various growth temperatures. It is clearly visible that
the average Ge content exponentially decreases with increasing growth temperature from
roughly 86% at ≈ 300◦C to 57% at ≈ 424◦C [Nüt95]. This we attribute to an increased
intermixing of the quantum dots with silicon (see chapter 2.4). However, it is important
to mention that the Ge content determined by Raman spectroscopy is averaged over
many quantum dots. Moreover, it does not give any information about inhomogeneous
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3.1. Structural properties of germanium hut clusters

a)

b)

Figure 3.3.: (a) Hut cluster density as a function of the hut cluster length. The red line
is a guide for the eye to indicate a linear trend. (b)Hut cluster density as a
function of the growth temperature.
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3. Properties of Ge hut clusters

Figure 3.4.: Average Ge content function of the growth temperature. The data points
are calculated from the Raman shift of the Ge-Ge lattice vibration according
to equation B.1.

Ge contents which we expect from recent studies mentioned in section 2.4.
In summary, we conclude that the fabrication of Ge hut clusters is limited to a certain
parameter space. In table 3.1 there is a summary of the structural parameters length,
width, height, density and average Ge content. All parameters are linked by the growth
temperature, which is the only parameter that is changed during epitaxy. Using higher
growth temperatures no hut clusters form anymore. Instead pyramids and domes occur
as we will introduce in chapter 4.

Tc (◦) length (nm) width (nm) height (nm) density (1011cm−2) Ge content

298 17.8±1.0 12.9±0.6 0.8±0.1 4.1±0.2 0.86±0.03
321 20.0±1.2 14.2±0.5 1.0±0.1 3.8±0.2
346 25.1±1.1 13.3±0.4 1.1±0.1 3.0±0.3
350 22.5±1.3 13.6±0.5 1.2±0.1 3.5±0.2 0.65±0.03
424 35.6±1.6 21.7±0.5 1.8±0.1 1.4±0.5 0.57±0.03

Table 3.1.: Summary of the structural parameters length, width, height, density and Ge
content, which describe the parameter space which is possible to fabricate by
varying the growth temperature and depositing nominally eight monolayers
of pure germanium.
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3.2. Band structure calculations of germanium hut clusters

We will now utilize the previously determined values from table 3.1 as input parameters
for realistic band structure calculations using nextnano++ [Bir07]. Although several
groups did extensive studies on the Ge profile of Ge islands [Zha10, Den03, DS08] and
of the wetting layer[Bre08] there are no studies on Ge hut cluster shaped quantum
dots. Given the comparable small size of hut clusters, compared to the other Ge island
morphologies, we assume the Ge content to be constant within the size of the simulation
grid. The modeled Ge wetting layer consists of three monolayers with the same Ge
content as the hut clusters. This design is then used as simulation model for solving the
single band Schrödinger equation.

3.2.1. Calculated germanium hut cluster transition energies

In figure 3.5 (a), we present the band structure of a Ge hut cluster with a length of
22.5 nm, a width of 13.6 nm and a height of 1.3 nm. The inset illustrates the shape of
a Ge hut cluster. The lines next to the hut cluster illustration depict the [100], [-100],
[0-10] and [010] directions. The color coding is in analogy to the four ∆(4)-bands. The
x axis in (a) resembles the height (z(nm)) of the quantum dot in growth direction. Here,
z=0 equals the base of the wetting layer. Four different bands are calculated. In or-
ange we show the heavy hole valence band which ranges from approximately -0.8 eV to
-0.3 eV. In contrast to the simple cuboid model in figure 2.2 the sixfold degeneracy of
the ∆-band is completely lifted. The reason for this is the non-symmetric shape of the
Ge hut clusters resulting in a non-symmetric in-plane strain. This changes the effective
mass of the ∆-valleys in-plane relative to each other.
Figure 3.5 (b) summarizes the transition energy defined in 3.5 (a) as a function of the
growth temperature. Here table 3.1 links the growth temperature with the input param-
eters. Starting from 320◦C up to 350◦C the transition energy increases approximately
linear. For a higher growth temperature of 424◦C the transition energy strongly decreases
again. The increasing behavior between 320◦C and 350◦C is a result of the increasing
silicon content inside the hut clusters, which increases from ≈ 20% to ≈ 35%. A further
increase of the growth temperature only results in an enhancement of the silicon content
to 43%, whereas both, the lateral size as well as the height of the hut cluster increase
by a factor of approximately 1.33. In conclusion, we find that for growth temperatures
up to 350◦C the Ge content is the dominant parameter which determines the transition
energy of Ge hut clusters as it is influenced most by a change of the growth temperature.

3.2.2. Calculated optical properties of germanium hut clusters

The semi-logarithmic plot in figure 3.6 presents the electron-hole wave function overlap
(see section 2.8) of a Ge hut cluster with a length of 22.5 nm, a width of 13.6 nm and a
height of 1.3 nm. We calculated the recombination of different excited electron states in
the four L-bands and the three ∆-bands with the heavy hole ground state. The electron-
hole wave function overlap decreases for the first five electron states of the L-bands. For
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a) b)

Si Si
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Figure 3.5.: (a) Band structure of a Ge hut cluster. The black vertical lines indicate
the ground state electron and hole energy. The red and blue lines indicate
the in-plane ∆-band. The green line represents the ∆(2)-band in growth
direction. In orange we sketch the heavy hole valence band. In addition we
define the Si band gap Egap, the confinement energy Econ and the transition
energy Elum. The color coding of the inset illustrates the direction of the
two ∆(4)-directions. (b) Transition energy of Ge hut clusters as a function
of the growth temperature.

higher states an oscillating behavior is observed. The overlap is the same for all L-bands
due to the energetic degeneracy and has a maximum of 70%. The spatial overlap of
the different ∆-hh transition is between 10−12% and 3%. It varies between the different
crystallographic directions. In general, there is no distinct trend whether the overlap is
stronger for a certain ∆-direction.
The electron-hole wave function overlap is highest for the fourfold degenerated L-bands.
These bands offer a type I confinement with a spatially direct transition. Unfortunately,
the L-band states have a much higher energy than the ∆-band states and are populated
with a very low probability. Electrons in the L-band thermalize into the ∆-band before
recombining with a hole. The overlap of the ∆-band states with the heavy hole is much
weaker of the order of 10−12% (forbidden transition) to 3%. This is a direct result of
the spatial type II band alignment which separates the electrons and holes. Because of
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3.2. Band structure calculations of germanium hut clusters

Figure 3.6.: Electron-hole wave function overlap of ground state and excited electrons in
the L- and ∆-bands with the ground state heavy hole. The quantum dot is
modeled as a Ge hut cluster with a length of 22.5 nm, a width of 13.6 nm
and a height of 1.3 nm.
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Figure 3.7.: Electron-hole wave function overlap of the ∆(4)- heavy hole transition as a
function of the growth temperature. The inset indicates the overlap in one
dimension.

that we expect a very low radiative recombination rate.
For optical recombination we, therefore, expect that the luminescence intensity is strongly
dependent on the spatial position of both the electron and hole. Growth parameters are
desired where the electron wave function penetrates far into the hut cluster because of
the strong hole confinement within the hut cluster. We perform the same study for the
whole epitaxy parameter space defined in table 3.1 to identify these growth parame-
ters. Figure 3.7 depicts the resulting overlap integral between the ∆(4)-band electron
ground state and the heavy hole ground state as a function of the growth temperature.
In addition, the inset shows a sketch of the electron-hole wave function overlap in one
dimension. The electron-hole wave function overlap first rises with an increasing growth
temperature until it reaches a maximum of approximately 1.8% at a growth temperature
of 350◦C. For an even higher growth temperature the overlap is strongly reduced again
to ≈ 0.4%.

The structural investigations in section 3.1.1 yield that with an increasing growth
temperature the Ge content varies exponentially until it slowly saturates at growth tem-
peratures higher than 350◦C. A reduced Ge content results in a delocalization of the
hole inside the hut cluster. Moreover, the energy barrier between quantum dot and Si
matrix is reduced resulting in a higher penetration probability of the electron inside
the island. Both effects provide an increasing overlap. At higher temperatures the Ge
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content saturates whereas the size continues to increase linearly. A larger size is leading
to a further separation of the electrons and holes reducing the overlap.
In conclusion, we find two growth temperature dependent regimes which result in a non-
monotonic electron-hole wave function behavior. Up to at least 350◦C the decreasing
Ge content dominates the radiative recombination rate whereas for higher growth tem-
peratures the electron hole separation due to a larger size is more prominent.
According to these considerations, we expect a maximum in the intensity at ≈ 350◦C.

3.3. Photoluminescence spectroscopy on germanium hut
clusters

To verify the theoretical predictions resulting from the band structure simulations and
to experimentally identify the epitaxy parameters, which are most suitable for optical
devices we perform photoluminescence spectroscopy measurements. The experimental
setup for all measurements in this section is described in the appendix B.4.1.

3.3.1. Optical properties as a function of growth temperature

In figure 3.8(a) we present a photoluminescence waterfall plot of Ge hut clusters grown
at different growth temperatures. The excitation power is 3 mW at a wavelength of
473 nm. The measurement temperature is approximately 10 K. The graph shows the
normalized intensity as a function of the luminescence energy and wavelength, respec-
tively.
At approximately 1.16 eV to 1.0 eV the silicon substrate emits photons. The Ge hut

cluster luminescence is located around 0.77 eV.
As silicon is an indirect band gap material, the recombination from the ∆-valley to the
valence band requires the assistance of a phonon. In this case, three different phonon
assisted recombinations can be identified: A Si-TA assisted process at 1.13 eV, a Si-TO
assisted process at 1.09 eV and the Si-TO+OΓ recombination at 1.03 eV [Dav89, Cor93].
We normalize the luminescence intensities to the Si-TO line, which is the strongest silicon
related recombination [Cor93], to account for the same amount of silicon in all samples.
Moreover, the crystal quality is expected to be of the same order for the used growth
temperatures. From both effects we expect the same phonon density of states and the
electron-phonon coupling matrix element to be of the same order. The Ge hut cluster
luminescence is broadened due to the topographic size variation [Loc10]. Furthermore,
higher states are expected to be occupied [Bou01] due to the necessarily high excitation
power.
The sample grown at 346◦C shows additional peaks at 0.82 and 0.85 eV, which are not
present for the other samples. The triple-peak structure is still not yet understood. The
atomic force microscopy images yield no distinct size variation. Furthermore, the growth
temperature variation between the eight individual hut cluster layers is only ±2◦C, thus,
there should be no structural differences between those hut clusters. The temperature is
determined using a thermocouple element assembled at the back of the wafer. The ex-
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a) b)

Figure 3.8.: (a) Photoluminescence intensity as a function of the luminescence energy
for Ge hut clusters grown at (from top to bottom) 424◦C, 350◦C, 346◦C,
340◦C, 321◦C and 298◦C. The intensities are normalized to the Si-TO line.
The excitation wavelength is 473 nm, the excitation power 3 mW and the
temperature 10 K. (b) Peak energy (black squares) and peak intensity (red
triangles) of the Ge hut cluster luminescence as a function of the growth
temperature.

citation power density is the same as for all investigated structures, hence, there should
be no further blueshift due to state filling.
For better comparison figure 3.8 (b) summarizes the peak energies and peak intensities
determined by Gaussian fits as a function of the growth temperature. The peak energy
uses the left y-axis and is shown with black squares. For the intensity we use the right
y-axis and red triangles, respectively. The peak energy increases from 0.76 eV to 0.78 eV
until a growth temperature of 346◦C is reached. At higher growth temperatures the peak
energy shows a redshift to 0.75 eV. The peak intensity is rather weak for the samples
grown at 298◦C and 321◦C. Up to 346◦C, the intensity rises by a factor of 20. When the
growth temperature is further enhanced the intensity decreases again.
The energy trend plotted in figure 3.5 (b) is qualitatively the same as predicted in the
calculation of the transition energies in figure 3.5. The small variation of ≈ 10 meV
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3.3. Photoluminescence spectroscopy on germanium hut clusters

arises mainly from the neglected Coulombic influence of neighboring hut clusters which
reduces the ground state energy of the ∆(4)-bands by ≈ 4 meV for distances lower than
10 nm [Bre09b]. Also the simulation model is simplified by the usage of a constant
average Ge content.
In addition, the photoluminescence intensity follows the theoretical calculated trend of
the ∆(4) electron-heavy hole wave function overlap in section 3.2.2. The good agree-
ment between the simulations and the experiments strongly supports the validity of the
used simulation model. Hence, we assume that the assumptions of a constant or not
present phonon influence and a constant non-radiative recombination rate which are
used to simplify equation 2.10 into equation 2.14 is correct for hut clusters. For the
∆(2)-electron-heavy hole overlap no agreement with the experimental intensity is found.
Thus, we can state several conclusions, which are based on our theoretical considerations.
The comparison of the electron-hole wave function overlap of the ∆(4) bands with the
photoluminescence intensity yields that the electron ground state of Ge hut clusters is
located in the ∆(4)-bands and not in the ∆(2)-bands. This supports calculations of the
ground state energy as a function of the distance between Ge quantum dots performed
by Brehm et al [Bre09b].
A larger size of the quantum dots quenches the intensity as indicated by the strong
decrease of the intensity for growth temperatures higher than 350◦C. This is caused by a
larger separation of the electrons and holes. Furthermore, a lower Ge content, which is a
result of a higher growth temperature, results in a stronger penetration of the electrons
into the Ge barrier, whereas the hole gets more delocalized into the Si matrix (see sec-
tion 2.8). However, with the deposition of pure germanium there is a limit for the silicon
content according to strain minimization and concentration gradients (see equation 2.4).
Thus, for the available molecular beam epitaxy system and for nominally pure Ge hut
clusters we find an optimal growth temperature at ≈ 350◦C.

3.3.2. Optical properties as a function of temperature

For light source application it is also important to investigate the temperature dependent
luminescence as room temperature luminescence and a high stability of the transition
energy is desired. Exemplarily figure 3.9 shows the temperature dependent photolu-
minescence of a sample where the growth temperature was 424◦C. In (a) we show the
evolution of the luminescence intensity as a function of the energy and temperature.
The intensity monotonically decreases and vanishes between 100 and 110 K. Also the
luminescence energy shows a clear redshift with increasing temperature. To quantify
the evolution averaged over all hut clusters we fit the spectra using two Gaussians as
highlighted using the gray dashed lines for the spectrum at T=20 K. We use a Gaussian
lineshape to account for the statistical size variation which causes the broadening. Fig-
ure 3.9(b) summarizes the integrated intensity in a semi-logarithmic plot as a function
of the reciprocal temperature. Figure 3.9 (c) shows the peak energies.
By plotting the integrated intensity in an Arrhenius plot as a function of 1000/T, we
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a) b)

c)

Figure 3.9.: (a) Photoluminescence intensity as a function of the luminescence energy
and the temperature. The temperature is varied from 20 to 110 K (top
to bottom). The gray dashed lines illustrate the two Gaussian fits of the
spectra with 20 K. The gray dotted line illustrates the sum of both fitting
curves. (b) Arrhenius plot of the integrated intensity. The higher energetic
peak is shown in red triangles, the lower energetic one with black squares.
(c) Peak energy as a function of the temperature. The solid lines are a
theoretical fit according to equations 3.3

can extract the activation energy EA of the recombination with following equation:

I(T ) = I0 · e
− EA

kbT (3.1)

I0 is the intensity at 0 K and kb is the Stefan-Boltzmann constant. The slope of the
Arrhenius plot corresponds to EA/kb. In table 3.2 we summarize the resulting activation
energies for all investigated samples.
We think that the activation energy is the thermal energy which is necessary to separate

the electrons from the holes which are bound in an exciton [Tak92]. As the electron is
only weakly confined by strain effects the exciton binding energy prevents the electron
diffusion.
Table 3.2 lists the exciton binding energy for the ∆(4)-hh transition, which is calculated
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Tc (◦C) EA1 (meV) EA2 (meV) Eexciton (meV)

298 3.0± 0.1 4.7
346 3.4 ±0.4 4.1
424 10.1 ±1.4 13.9 ±0.3 2.0

Table 3.2.: Activation energies and exciton binding energies of Ge hut clusters at different
growth temperatures.

according to:

Eexciton =
e

4πr · ε0 · 11.9 · (1 + 0.55 · xGe)
[eV ] (3.2)

Here, ε is the dielectric constant, and r the distance between electron and hole. The
distance is determined by 50% of the electron and hole probability density. Dvurechenskii
et al have calculated the exciton binding energy for pyramidal shaped Ge quantum dots
by calculating the energy needed to move an electron to infinity [Dvu02]. Depending on
the charging state of the quantum dot they deduced binding energies between 9 meV
and 37 meV which support our results in table 3.2.
The experimental activation energies and the theoretically calculated exciton binding
energies are in good agreement. We think the variation for the sample fabricated at
424◦C is reasonable as the simulations do not include gradients of the Ge content which
are expected to have a larger effect on bigger hut clusters due to a larger separation of
the electrons and holes.
Figure 3.2(c) summarizes the Ge hut cluster luminescence energy redshift. The high
energetic peak has a larger redshift from approximately 0.83 eV to 0.80 eV from 20 to
60 K. The lower energetic peak shifts from 0.77 to 0.74 eV in a temperature range from
20 to 100 K. We attribute the redshift to the temperature dependent change of the band
gap. This band gap variation can be quantified using an empirical formula proposed by
Varshni[Var67]:

Egap = E0 −
αT 2

T + β
(3.3)

Here E0 is the band gap energy at 0 K. α and β are empirical constants depending on
the material.
The individual parameters are listed in table 3.3. The slope describing the energy shift of
the lower and higher energy peak is different and there are several possible explanations.
Larsson et al [Lar03] proposed that the higher energetic peak might stem from electron-
hole recombination in the ∆(4)-bands whereas the lower energetic peak stems from the
∆(2)-valley. They conclude that at higher temperatures and sufficient high excitation
power the thermal energy can lift an electron into the higher bands. They propose that
those bands have a higher electron probability density in the Ge hut cluster and, hence,
they are influenced by a higher Ge content. This would result in a change of the Varshni
parameters. However, our band structure simulations yield that the experimental deter-
mined offset of ≈ 60 meV between the two recombination energies is much larger than
the energy difference of the ∆-valleys. In addition, excitation power dependent photo-
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luminescence measurements reveal that both peaks have the same power dependence,
thus, excited states in higher energetic bands can be excluded as reason.
A second explanation for the different temperature dependent slopes of the two peaks
is the recombination including the emission of a phonon which is common in the SiGe
system [Fuk95]. Several groups [Tsu82, Men84] measured the phonon spectra as a func-
tion of temperature. In first approximation, they found a modification of the phonon
frequency of approximately ∆E/E =-5.4·10−5/◦C from 20◦C to approximately 800◦C.
However the observed temperature dependent shift is too large to be explained by a sim-
ple one Si-Si phonon transition. It is still possible that different phonons from different
energy states are involved. This would indicate that a fit using two Gaussians is too
simple.
A further simple explanation, which is also supported by atomic force microscopy studies
in section 3.1.1, is a bimodal distribution of Ge hut clusters. The atomic force microscopy
images in figure 3.1 show for the sample grown at 424◦C that a few hut clusters evolve
into stable pyramids. This could explain the second peak. The size difference between
pyramids and hut clusters results in different strain profiles and, thus, Ge contents. The
different size and Ge content yields a change of the band structure and luminescence
energy. This explanation is further supported by the increasing value of α for higher sili-
con contents which is expected from literature [Var67] and observed in our experiments.
In summarize, for most light source applications the excitonic recombination rate of Ge

Tc (◦) E0 (eV) α (eV/K) β (K)

298 0.739±0.002 1.32·10−4±1.15·10−4 15.00 ± 74.09
346 0.744±0.001 3.72·10−4±1.56·10−4 53.41 ± 42.48
424 0.844±0.003 7.48·10−4±9.4·10−5 13.01 ± 13.17

0.776±0.001 4.86·10−4±7.2·10−5 37.59 ± 23.54

Table 3.3.: Parameters for the Varshni fit of the temperature dependent photolumines-
cence measurements.

hut clusters is too weak as the luminescence intensity already vanishes at ≈ 100 K.

3.4. Increasing electron-hole overlap with decreasing size

The obtained experimental and theoretical results reveal that a maximum luminescence
intensity is achieved at a growth temperature of ≈ 350◦C. Furthermore, the calculations
show that a decreasing size results in an increasing electron-hole wave function overlap.
To profit from these results, we conducted a second growth study where we reduce the
amount of deposited material to seven and six nominal monolayers at the optimal growth
temperature of ≈ 350◦C.
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Figure 3.10.: Atomic force microscopy images of Ge hut clusters grown with (a) 6, (b) 7
and (c) 8 monolayers. (d) Hut cluster length (black squares, left axis) and
hut cluster height (red triangles, right axis) as a function of the amount of
deposited monolayers. The growth temperature is approximately 345◦C
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3.4.1. Size and Ge content as a function of the amount of deposited
material

Figure 3.10 shows atomic force microscopy images of the three different samples fabri-
cated at ≈ 350◦C. In (a) we see a sample containing six monolayers of Ge, in (b) seven
monolayers and in (c) there are eight deposited monolayers. Figure 3.10 (d) shows the
quantitative analysis of the extracted quantum dot lengths and heights. From the critical
thickness, which is three to four monolayers (see chapter 2.2) in the Si-Ge system nucle-
ation spots form. At six monolayers this nucleation spots lead to the formation of hut
clusters, which align at the [100] direction and consist of the typical rectangular based
{105} faceted shape. The quantum dot density is ρ= 7.0· 1010cm−2± 2.7·109cm−2. Upon
further material deposition, the density linearly increases as additional nucleation spots
are created. At nominally seven deposited monolayers, we obtain a hut cluster density of
ρ = 1.8·1011cm−2± 2.8·1010cm−2 and at 8 monolayers ρ = 3.0·1011cm−2± 3.5·1010cm−2.
This behavior is the same as in the previous work of Christian Miesner [Mie01] who
conducted similar growth studies at the WSI. Figure 3.10 (d) shows the hut cluster
length and height as a function of the amount of deposited material. The length almost
linearly increases over the whole measurement range, whereas the quantum dot height
shows some saturation behavior. This is in contrast to Christian Miesner’s [Mie01] work
who found a constant behavior.
Furthermore, from Raman spectroscopy, we deduce the average Ge contents which we
summarize in table 3.4. Within the error the Ge content does not significantly change
if we deposit six, seven or eight monolayers of Ge on the substrate at the same tem-
perature. Thus, we conclude that the intermixing does not depend on the amount of
deposited material. Using this structural parameters we can perform the same analysis
of the optical spectroscopy of Ge hut clusters as before.

Thickness (ML) Ge content

6 0.66±0.03
7 0.71±0.03
8 0.66±0.03

Table 3.4.: Ge content of Ge hut clusters with different amount of deposited monolayers
determined by Raman spectroscopy.

3.4.2. Photoluminescence and electron-hole wave function overlap as a
function of the amount of deposited material

Figure 3.11 (a) shows a waterfall plot of the normalized photoluminescence intensity as
a function of the energy and the amount of nominal deposited material. The intensity is
normalized to the Si-TO phonon line. The excitation power is ≈ 8 mW at a wavelength
of 514.5 nm. The temperature is 10 K. In figure 3.11 (b), we present the peak energies
as a function of the nominal deposited material. A clear blueshift for a reduced amount
of material is observed.
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Figure 3.11.: (a) Waterfall plot of the normalized photoluminescence intensity as a func-
tion of the amount of deposited material. The measurements are performed
at 10 K. The excitation wavelength is 514.5 nm and the power is approx-
imately 8 mW. (b) Peak energy as a function of the amount of nominally
deposited monolayers. (c) Peak intensity (squares) and theoretical calcu-
lated squared electron-hole wave function overlap (triangles) as a function
of the amount of nominal deposited material.
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Figure 3.11(c) summarizes the peak intensity (squares) and the calculated squared
electron-hole wave function overlap (triangles) as a function of the deposited amount
of material. We find that smaller quantum dots exhibit a higher luminescence intensity
as well as a higher overlap integral. Furthermore, we find a good agreement between
experiment and simulation.

The blueshift of the energy with decreasing amount of material is a direct result of
a reduced hut cluster size (see figure 3.10). Due to the fact that the Ge content is the
same for all quantum dots the reduced size shifts the hole energy states closer the silicon
band edge resulting in a higher transition energy. We attribute the decreasing peak in-
tensity for larger quantum dots to a further separation of the electrons and holes. This
is confirmed by the calculations of the electron-hole wave function overlap. We deduce
the maximum overlap from the calculations to ≈ 3.7%. This is very low compared to
III-V semiconductor quantum dots, where the overlap is higher than 60%. Such a high
overlap results in a 400 times higher radiative recombination rate and, thus, in a 400
times lower spontaneous recombination lifetime.
For the SiGe system, typical radiative lifetimes are in the µs to ms regime [Tsy09,
Kam05]. This is approximately 1000 times longer than for III-V semiconductor het-
erostructures where 0.1 ns to µs have been reported [Nis12, Kre05]. We find that our
calculation of the electron-hole wave function overlap agrees well with experimental re-
sult of the radiative lifetimes in different material systems.
When the radiative transition in the Ge hut clusters would require the assistance of
a phonon due to an indirect transition in k-space even larger radiative lifetimes were
expected. Therefore, we conclude that the emission of Ge hut clusters is a quasi-direct
no-phonon transition. This is possible due to the spreading of the hole wave function in
k-space [Rob29].

3.5. Summary and conclusion

The theoretical and experimental investigations of this chapter show that the radiative
recombination in Ge hut clusters is a quasi-direct no-phonon assisted recombination.
This results in a much higher recombination efficiency and temperature stability com-
pared to pure silicon where recombination is only possible with the assistance of phonons.
We, furthermore, show that the band alignment of hut clusters is always of type II. This
results in a spatial separation of electrons and holes to a large degree. The maximum
overlap we could achieve has been 3.7% for the ground state transition from the ∆(4)-
valley to the heavy hole state. Literature values show a difference of approximately
1000 for the radiative recombination time which agrees well with the squared difference
of the electron-hole wave function overlap between Ge and III-V based light emitters.
This indicates that it is indeed the type II band which inherently limits the radiative
efficiency. Thus, the indirect nature in k-space is found to be of negligible influence on
the intensity.
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3.6. Electron-hole wave function overlap as a function of
different structural parameters
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Figure 3.12.: Electron-hole wave function overlap of the ∆ band - heavy hole transition
for a varying Ge content, length and height. For each simulation only one
parameter is changed. The starting parameters are l=35.6 nm, h= 2.1 nm
and xGe=0.57. The yellow highlighted region illustrates the experimental
determined parameter range. The lower right sketch illustrates the color
scheme of the different ∆-directions.

The structural parameters strongly influence the electron-hole wave function overlap
despite of the limiting influence of the type II band alignment on the radiative efficiency.
A further optimization of the luminescence intensity requires to quantitatively inves-
tigate the influence of the structural parameters length, height and Ge content. We
now show in figure 3.12 calculations of the overlap integral while independently varying
length, height and Ge content. The quantum dot is modeled as a hut cluster deposited
at 424◦C (see table 3.1). The yellow shaded region highlights the experimentally de-
termined parameter range. We would like to note that for all parameter combinations
presented here the simulations exhibit localized hole states inside the Ge region.
Figure 3.12 (a) shows the overlap integral as a function of the hut cluster height. With
decreasing height we find that the overlap integral rises for all ∆-directions. Within the
experimental parameter range the overlap integral varies by ≈ 2%. For a height larger
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3. Properties of Ge hut clusters

than 2-3 nm, a saturation of the overlap integrals occurs. Below a height of 1 nm the
overlap integral of the hh-∆(4) transition strongly rises by a factor of approximately
five to a maximum value of 25% at a height of 5Å. The saturation for larger heights
is mainly caused by a further spatial spreading of the hole wave function which almost
homogeneously occupies the quantum dot. This is only the case for simulations based
on a constant Ge content. The strong increase of the overlap integral below a height of
1 nm is a result of a strong leaking of the hole wave function into the silicon matrix.
In (b) the overlap as a function of the Ge content is depicted. As predicted by El Kurdi
et al [EK06] the overlap integral increases for a decreasing Ge content. The influence on
the overlap is 2% within the experimental observed Ge contents. But a further decrease
of the Ge content lower than 30% results in a strong increase up to values of 16%
Here, a lower Ge content results in a larger delocalization of the hole wave function. Ad-
ditionally the penetration barrier for electrons induced by the Ge quantum dot reduces.
In combination both effects result in a larger overlap.
The hut cluster length has only a minor impact on the electron hole wave function over-
lap. Figure 3.12 (c) shows that within the experimental parameter range the overlap
varies by only 1%. Also for an extended parameter space the overlap varies only by 2%.
It is interesting to note that a varying length does change the overlap in growth direction
due to a changing aspect ratio. The spatial overlap of the width does not alter as this
size is not varied.
Of all investigated parameters the height and the Ge content have the strongest influ-
ence on the electron-hole wave function overlap, thus, having the biggest influence on
the optical properties. An optimal Ge based emitter consists of a very small height and
a low Ge content. Unfortunately, from epitaxy point of view there is a certain trade-off
as a small size requires a large lattice mismatch. On the other side a low Ge content
results in a reduced lattices mismatch.
The simplest method to lower the Ge content is to employ further intermixing by in-
creasing the growth temperature. This results in a change of the island morphology
and will always result in a larger size. However, the dominating effect can only be
ascribed by structural analysis as size and Ge content have different temperature and
strain dependent trends.
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4. Germanium pyramids and domes

The easiest approach for reducing the average Ge content, which is necessary for a higher
electron-hole wave function overlap, is a further increase of the growth temperature.
However, an increasing growth temperature results in a change of the morphology from
hut clusters to a bimodal distribution of pyramids and domes [Ros99].
We will begin with a structural characterization of the islands which is necessary to
identify the possible sizes accessible with our molecular beam system. This is followed
by photoluminescence experiments where the emission properties are compared with our
previous study of Ge hut clusters.

4.1. Structural investigation of germanium pyramids and
domes

Figure 4.1 shows atomic force microscopy images of Ge pyramids and domes grown at (a)
430◦C (b) 441◦C and (c) 659◦C. All samples consist of only one layer of buried islands
deposited on thinned SOI substrate (see appendix C) to allow a subsequent fabrication
of photonic crystal slabs.

At this growth temperatures the formation of hut clusters is suppressed. Instead
a bimodal distribution of quadratic based {105} faceted pyramids [Ros99] and circular
shaped multifaceted domes[Ros99] forms. The lateral size of the AFM images is 1x1µm2.
Figure 4.1 (a) shows pyramids and domes with a low size variation. In figure 4.1 (b) the
domes maintain their circular round shape but the structural quality of the pyramids
reduces. At this temperature pyramids start to merge and cluster. Besides the bimodal
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Figure 4.1.: Atomic force microscopy images of a bimodal distribution of pyramids and
domes grown at (a) 430◦C (b) 441◦C and (c)659◦C.
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Tc dpyr hpyr. ρpyr. rdome hdome ρdome
(◦C) (nm) (nm) (109cm−2) (nm) (nm) (108cm−2)

413 42.2±1.3 3.0±0.1 11.1±0.2 65.0±1.0 10.0±0.3 30.0±0.6
430 40.8±1.0 3.1±0.1 6.2±0.8 65.3±0.9 9.1±0.2 34.0±0.3
441 49.5±2.7 3.5±0.2 14.0± 0.3 67.5±10.7 8.9±1.2 39.0±0.8
659 54.6±1.8 4.3±0.2 1.6±0.03 66.9±4.9 6.8±0.7 8.0±0.2

Table 4.1.: Analysis of the structural parameters of pyramids and domes grown at dif-
ferent temperatures. The errors resemble the statistical size variation.

distribution figure 4.1(c) indicates big Ge conglomerates which have a random size and
shape. The high growth temperature results in a very high diffusion length of adatoms
resulting in these very large Ge clusters.
According to the analysis procedure in the appendix B.1, we determine the lateral size

and the height of the islands. They are summarized in table 4.1. As for Ge hut clusters
an increasing growth temperature leads to an increasing lateral size of the Ge domes
and pyramids [Abs96b, Ton03]. It is interesting to note that the height of the pyramids
increases in the same manner as the height of the domes decreases. Pyramids gain
roughly 33% in height by raising the growth temperature from 413◦ to 659◦, whereas
the domes loose approximately 30% in height. This is possible as the aspect ratio (h/d)
of pyramids is fixed to 0.7 due to the {105} facets, while domes are not fixed in their
aspect ratio as they consist of several stable facets.

4.2. Photoluminescence spectroscopy of Ge pyramids and
domes

Photoluminescence measurements are performed at 10 K and with an excitation wave-
length and power of 488 nm for the sample grown at 430◦C and 659◦C or 532 nm for
the sample grown at 413◦C and 441◦C1. The excitation powers are approximately 2 mW
(488 nm) or 6 mW (532 nm), respectively. In figure 4.2 we present a semi-logarithmic
photoluminescence waterfall plot of pyramids and domes. The y-axis shows the photolu-
minescence intensity normalized to the Si-TO phonon replica. The growth temperature
is increasing from bottom to top. The luminescence at ≈ 1.12 eV, 1.08 eV and 1.05 eV
stems from the silicon substrate [Cor93, Dav89]. The high excitation power and low
temperature leads to the condensation of a so called electron hole droplet [Kel86] which
can be observed at ≈ 15 meV lower energies compared to each phonon replica [Kit89].
This is an electron hole plasma forming due to an excessive amount of charge carriers
and a low temperature. The Coulomb interaction between the electrons and holes leads
to a reduction of the energy compared to the band gap [Ham76]. Still, the recombi-
nation of this plasma is indirect in k-space and, hence, it requires the assistance of a

1The change of the laser wavelength influences the penetration depth and, thus, the net excitation
power in the island region. The change of the laser has been necessary as the previously used Argon
ion laser lost its power stability.
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4.2. Photoluminescence spectroscopy of Ge pyramids and domes

Figure 4.2.: Low temperature photoluminescence waterfall semilogarithmic plot of the
Ge pyramids and domes grown at (bottom to top) 413◦C, 430◦C, 441◦C
and 659◦C.

phonon to conserve the momentum. Furthermore, the Ge islands provide an enhanced
luminescence in the near infrared energy region.
The islands grown at 413◦C yield a four peak structure. The luminescence peaks are
centered at 0.970 eV, 0.917 eV, 0.876 eV and 0.825 eV. The two lower energetic peaks
are hardly visible but can be separated by a two Gaussian fit.
We attribute the two higher energetic peaks to the Ge domes as they usually exhibit a
lower Ge content [MaP02]. We attribute the remaining peaks to the Ge pyramids.
The higher(lower) energetic peaks are separated by 53(51) meV which is the energy
of a SiGe TO phonon in a SiGe lattice. For samples fabricated at 413◦C and with
nominally eight monolayers of Ge we do not expect such pronounced wetting layer lu-
minescence [Mie01]. Thus, we conclude that the peak at 0.917 and 0.825 eV are phonon
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4. Germanium pyramids and domes

Tc (◦C) Normalized intensity (arb. units)

413 0.33
430 0.34
441 0.08
659 0.88

hut cluster 0.89

Table 4.2.: Maximum photoluminescence intensity of pyramids and domes fabricated
with different growth temperatures and of the most intense hut clusters ex-
trapolated to eight island layers. The intensity is always normalized to the
Si-TO phonon replica.

assisted recombinations and the luminescence at 0.970 and 0.876 eV are no-phonon re-
combination.
At higher growth temperatures the double peak structure of pyramids and domes van-
ishes. Nevertheless, we can identify the bimodal distribution of pyramids and domes.
At 659◦C the structure emits light at 0.951 eV, 0.924 eV and 0.853 eV. An assignment
of these emission energies is difficult. One possibility is to attribute the emission line at
0.951 eV to the emission of the domes. The peaks at 0.924 eV and 0.853 eV might stem
from larger Ge clusters and pyramids which we observe in figure 4.1(c). However we are
not confident enough to ascribe the peaks unambiguously in this way.
The higher luminescence energy of the pyramid and dome ensembles compared to Ge
hut clusters indicates a lower Ge content.
The normalization of the intensity to the Si-TO phonon replica allows to qualitatively
compare the intensities of pyramids/domes and hut clusters. In table 4.2 we summarize
the maximum intensities of the Ge islands and of the most intense hut cluster samples.
The intensity values are taken at the maximum peak height and can be a sum of different
island morphologies or recombination channels. To account for the eight quantum dot
layers in our hut cluster sample we multiply the Ge island luminescence by eight. Here
we assume that the intensity of each island layer is approximately the same. The hut
cluster sample has been fabricated at 346◦C
When comparing the normalized intensities we also have to consider that our Ge hut
clusters have been deposited on standard Si wafers whereas the Ge islands have been
deposited on SOI substrate. SOI wafers consist of less Si than standard Si wafers. There-
fore, the intensity of the Si-TO phonon assisted recombination is expected to be lower.
Thus, the normalization conducted for the Ge islands exaggerates the intensity of the Ge
islands compared to our Ge hut clusters samples. The luminescence intensity of pyra-
mids and domes is much lower than that of Ge hut clusters. Only for very high growth
temperatures, we obtain comparable values but the origin of the bright luminescence is
not yet understood.
The reason for the lower intensity is that at sufficient high growth temperatures the
effect of an enhanced electron-hole wave function overlap resulting from a reduction of
the Ge content is exceeded by the influence of a larger size. Therefore, methods are
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necessary to reduce the Ge content while maintaining a small island size.

4.3. Summary and conclusion

In this chapter, we presented the structural and optical characterization of island en-
sembles obtained when raising the growth temperature compared to Ge hut clusters.
We deduce from the spectral position of the luminescence that the Ge content of the
islands is indeed reduced compared to hut clusters. However, a bimodal distributions of
pyramids and domes appears.
Because of the strain dependent intermixing, the trade-off between Ge content and size
limits the radiative efficiency of these island morphology. The increasing size of the
island ensemble completely overbears an increasing spatial electron-hole wave function
overlap caused by the reduced Ge content.
In addition, the occurrence of a phonon assisted recombination channel shows that the
spreading of the wave function in k-space is smaller compared to Ge hut clusters. There-
fore, pyramids and domes are no promising Ge based light emitters. We require growth
schemes which allow to vary the size independently of the Ge content to increase the
potential of Ge as a potential light emitter. One possibility might be the co-deposition
of Si and Ge which so far has not been investigated in detail.
Despite of the weak emitter properties, pyramids and domes can still be used for fun-
damental studies. Because of the luminescence energy at 0.8 eV (1550 nm) and 0.95 eV
(1300 nm) which allows for detection using InGaAs CCDs the presented samples grown
at 413◦C and 430◦C were used by Norman Hauke to investigating the coupling to two
dimensional photonic crystal cavities[Hau11, Hau12].
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5. Growth of SiGe hut clusters using
SiGe co-deposition

The previous experiments and simulations have shown that, for a high radiative recom-
bination rate, Ge based emitters require a small size and a low Ge content. But those
two requirements exclude each other as a high growth temperature which is required for
a low Ge content also results in a large island size.
In this chapter, we will for the first time try to use co-deposition to realize SiGe hut
clusters with a small size and a low Ge content. With co-deposition we aim for cir-
cumventing the requirement for diffusion mediated Ge content reduction. Therefore,
co-deposition is expected to allow for an to some extent independent tuning of size and
Ge content.

5.1. Silicon germanium co-deposition

As we have seen in section 3.1.2 silicon intermixing is not sufficient to achieve Ge contents
of less than 57%. for nominally pure Ge hut clusters. A further reduction of the hut
cluster Ge content requires some changes in the growth procedure. One method to
achieve a reduced Ge content is to directly enforce the incorporation of silicon. This
requires a continuing growth of silicon whereas the germanium deposition starts. Thus,
silicon and germanium are co-deposited at the same time as sketched in figure 5.1. Here
silicon atoms are indicated as red circles and Ge atoms are indicated as green circles.
The left sketch illustrates the standard case of an intermixing during the deposition of
nominally pure germanium. During the capping process silicon atoms diffuse into the
quantum dot from the silicon matrix. The right sketch shows the co-deposition process.
During the co-deposition silicon and germanium atoms hit the surface and, hence, they
can be directly incorporated.

As SiGe has a lower lattice constant than pure Ge, the strain energy between the
two layers is lower [Kas04]. This results in a higher critical thickness for the formation
of three dimensional structures. Reflection high energy electron diffraction allows to
deduce a minimum layer thickness of ≈ 19.6 Å corresponding to a 2D equivalent of
approximately 16 monolayers for three dimensional growth. The total growth rate is
approximately 0.2 Å/s. We used two different growth temperatures at 310◦C and 390◦C
and alloy concentrations of Si0.35Ge0.65, Si0.42Ge0.58 and Si0.50Ge0.50.
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Si-substrate

wetting layer

hut cluster

adatoms

heteroepitaxy co-deposition

Ge Si

Figure 5.1.: Sketch of the co-deposition epitaxy method. The left part shows the stan-
dard heteroepitaxy where germanium atoms are deposited on the surface
and silicon interdiffuses. The right panel illustrates the co-deposition where
silicon and germanium atoms are evaporated at the same time yielding the
nucleation of an alloy.

5.2. Structural properties of SiGe hut clusters

We conduct both atomic force microscopy as well as Raman spectroscopy measurements
to investigate the impact of the SiGe co-deposition. Theses experiments allow us to
determine the size of the SiGe hut clusters and the Ge content.

5.2.1. Topographic properties of SiGe hut clusters

Figure 5.2 shows atomic force microscopy images of SiGe hut clusters grown at 310◦C
with a nominal Ge content of (a) 0.65, (b) 0.58 and (c) 0.5. For a growth temperature
of 310◦C with a nominal Ge content of 0.65 (a), small hut cluster shaped quantum dots
with a base length of approximately 19.5 nm and a width of 12.6 nm form. The height
is 0.8 nm. Besides the hut clusters the surface is not atomically flat. With a lower Ge
content of 0.58 (b) and 0.50 (c) the formation of hut clusters is suppressed and only a
rough surface with several flat plateaus forms during the deposition.
The lower images show SiGe hut clusters deposited at a growth temperature of 390◦C
and with a nominal Ge content of (d) 0.65, (e) 0.58 and (f) 0.5. The increased growth
temperature allows for the formation of SiGe islands down to a Ge content of 0.50 (f).
But the quantum dot density strongly decreases. Hut clusters do not form at 310◦C
but at 390◦C due to a limited surface diffusion length at reduced temperatures (see
section 2.3). For comparison, we summarize the density and size of the investigated
hut clusters in table 5.1. Compared to pure Ge hut clusters (see table 3.1) the density
is reduced by approximately one order of magnitude. We want to highlight that we
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Figure 5.2.: Atomic force microscopy images of SiGe hut clusters, for a growth temper-
ature of TC=310◦C and a nominal Ge content of (a) 0.65, (b) 0.58 and (c)
0.5 and a growth temperature of 390◦C with a nominal Ge content of (d)
0.65, (e) 0.58 and (f) 0.5. The green circle in (f) highlights one single SiGe
hut cluster.

Tc (◦C) xGe(%) d (nm) w (nm) h (nm) ρ(109/cm2)

310 65 19.5±0.6 12.6±0.4 0.77±0.03 35.4±2.1
390 65 28.4±1.2 20.3±0.6 1.36±0.06 47.8±1.0
390 58 28.1±1.2 20.7±0.7 1.74±0.08 7.6±0.2
390 50 33.5 19.6 1.06 >0.1

Table 5.1.: Analysis of the structural parameters of SiGe hut clusters fabricated with
different Ge content and at different growth temperatures.
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5.2. Structural properties of SiGe hut clusters

Figure 5.3.: Experimental determined Ge content as a function of the nominal Ge con-
tent for different growth temperatures 310◦C (blue squares) and 390◦C (red
triangles). The black line indicates the nominal deposited Ge content.

achieved the fabrication of hut clusters with a density of less than one quantum dot per
square micrometer. The hut cluster is highlighted with a green circle in figure 5.2 (f).
The presence of {105} facets is confirmed by facet analysis. This is a remarkable result
as Ge quantum dots with such a low density have not been published before. Although
such a low density of quantum dots is unfavorable for possible light sources it may pave
the way for single quantum dot experiments. Such experiments are necessary to get a
more detailed knowledge about the electronic structure of Ge quantum dots.

5.2.2. Ge content of SiGe hut clusters

For a complete structural description of the SiGe hut cluster morphology, we now perform
Raman spectroscopy measurements to determine the average Ge content. In figure 5.3,
we present the experimental determined Ge content as a function of the nominal de-
posited Ge content for growth temperatures of 310◦C and 390◦C. The black line depicts
the nominal deposited Ge content. The experimental determined Ge content linearly
decreases with decreasing nominal Ge content. Furthermore, a higher growth tempera-
ture yields a lower Ge content.
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5. Growth of SiGe hut clusters using SiGe co-deposition

The Raman spectroscopy results allow for several interesting conclusions. In pure Ge
hut clusters, the average Ge content reduces by 8% at 310◦C and by 40% at 390◦C,
whereas co-deposition sustains a reduction by less than 5% and 13%, respectively. This
reveals that the effect of silicon diffusion into the germanium region (see section 2.4) is
strongly suppressed with the co-deposition approach.
Furthermore, the slope of the experimental Ge content differs from the nominal Ge con-
tent. The structures fabricated at 310◦C and 390◦C reveal the same slope. Thus, we
find that the intermixing of the SiGe hut clusters with Si is a concentration dependent
process as proposed by simple Fick‘s law (see equation 2.4).
Therefore, the experimental and the nominal Ge content equal at xGe=50% and for a
growth temperature of 310◦C. Unfortunately the atomic force microscopy image in fig-
ure 5.2(c) proves that this epitaxy parameters do not allow the formation of quantum
dots.
We conclude that SiGe co-deposition allows the fabrication of SiGe alloys with a Ge con-
tent as desired especially at reduced temperatures. This is very interesting as previously
published theoretical calculations by d’Avezac et al have shown that a SiGe2Si2Ge2SiGen
superlattice on Si0.4Ge0.6 might offer a direct band gap silicon based material [d’A12].

5.3. Photoluminescence spectroscopy of SiGe hut clusters

In the following photoluminescence spectroscopy measurements and corresponding band
structure simulations give an insight about the impact of a reduced Ge content on the
electron and hole probability densities and the corresponding recombination energies.

Figure 5.4 presents a waterfall plot of the photoluminescence spectroscopy measure-
ments from SiGe hut clusters grown at TC=310◦C and 390◦C and with a nominal Ge
content of 0.50, 0.58 and 0.65. The measurement temperature is 8 K and the excitation
power is ≈ 3 mW at an excitation wavelength of 488 nm.
Above an energy of 1 eV the luminescence stems from the silicon substrate with the Si-
TA assisted process at 1.13 eV, a Si-TO assisted process at 1.09 eV and the Si-TO+OΓ

recombination at 1.03 eV. The additional broad luminescence at an energy range from
approximately 0.9 to 0.7 eV stems from the SiGe hut clusters. A clear blueshift is ob-
served for a decreasing Ge content.
In general, the intensity is higher for hut clusters deposited at 390◦C compared to those
deposited at 310◦C. From the atomic force microscopy images in figure 5.2 we extract
the information that the samples deposited at 310◦C do not show a three dimensional
hut cluster structure. Thus, we expect not a three dimensional confinement. Electrons
and holes can diffuse in-plane, where they can reach non-radiative recombination cen-
ters. This results in a lowering of the internal quantum efficiency.
The samples with a growth temperature of 390◦C show a maximum luminescence inten-
sity comparable to that of pure Ge hut clusters at a growth temperature of 350◦C. On a
scale normalized to the Si-TO phonon replica both signals are comparable to the Si-TO
transition intensity. So far this is the highest luminescence intensity we have observed.
Figure 5.4(b) depicts the peak energy of the SiGe hut cluster luminescence as a function
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a) b)

Figure 5.4.: (a) Photoluminescence waterfall plot of SiGe hut clusters grown at (from
top to bottom) TC=310◦C and with a nominal Ge content of 0.50, 0.58 and
0.65 and at 390◦C and with a nominal Ge content of 0.50, 0.58 and 0.65. (b)
Peak energies of the SiGe hut clusters from (a) as a function of the average
Ge content determined using Raman spectroscopy. (see figure 5.3). The blue
circle indicate the normalized theoretical determined transition energies.

of the experimental determined average Ge content. In addition, we present the calcu-
lated transition energies for the hut clusters at a deposition temperature of 390◦C. The
transition energy has been normalized to the highest experimental determined value.
In general, the luminescence energy decreases with increasing Ge content. This is the
same behavior as in chapter 3.3. We receive a good agreement between our experimen-
tal and theoretical trends. Thus, we conclude that indeed the changing Ge content,
which changes the band offset between quantum dot and Si matrix, is responsible for
the changing transition energy.

5.4. Summary and conclusion

We find that at a low growth temperature of 310◦C the reduced lattice mismatch be-
tween the co-deposited alloy and the substrate suppresses the formation of quantum
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dots. With a higher growth temperature the rising surface diffusion length allows for
the formation of SiGe hut clusters.
Similar to pyramids and domes the reduced Ge content results in a lower strain energy
leading to larger quantum dots. But SiGe quantum dots have a size two times smaller
than pyramids or domes. This results in a superior intensity compared to pyramids and
domes due to a smaller separation of electrons and holes.
In comparison with nominally pure Ge hut clusters, we find similar intensities. This
denotes that the larger size of SiGe quantum dots compensates the positive effect of
the decreased Ge content. This is also verified by calculations of the electron-hole wave
function overlap where we find ≈ 2% for nominally pure Ge hut clusters deposited at
350◦C and 1.2% for Si0.42Ge0.58 hut clusters.
Because of the mutual dependency of the quantum dot size and Ge content, the inten-
sity is inherently limited by the spatial type II confinement separating the electrons and
holes. Therefore, further improvements need to directly change the confinement proper-
ties towards a type I band alignment.
SiGe hut clusters offer further advantages. The reduced concentration gradient between
Si matrix and SiGe hut cluster reduces the SiGe intermixing allowing a better adjust-
ment of the desired Ge content. Moreover, the new growth scheme allows the fabrication
of hut clusters with a very low density of one quantum dot per square micrometer being
three orders of magnitude lower than for nominally pure Ge hut clusters.
In summary, when comparing all so far presented Ge based emitters, SiGe hut clus-
ters have the highest potential as their luminescence intensity is comparably high and
their emission energy can be almost independently tuned towards the very important
telecommunication wavelength of 0.8 eV.
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6. Laterally self-ordered SiGe islands
with type I band alignment

Our investigations have shown that the type II band alignment inherently limits the
radiative efficiency of the (Si)Ge system. But, as mentioned in chapter 2.7 there has
been some theoretical work [VdW86, Phi62] on SiGe-Si quantum wells suggesting that
a reduced Ge content in quantum wells might result in a type I band alignment.
Unfortunately quantum wells only provide a one dimensional confinement in growth
direction. There is no in-plane confinement and, hence, electrons and holes can diffuse
inside the quantum well, where they can reach non-radiative recombination centers. To
overcome such charge carrier diffusion local epitaxial growth was employed using shadow
masks [Bru95] or post-growth reactive ion etching [Kös96]. These fabrication methods
produced promising results but require post- and/or preprocessing steps, which can
damage the structure or induce additional non-radiative recombination centers. Thus,
a direct epitaxy of type I quantum well segments with a three dimensional confinement
is desired.
In this chapter, we will introduce the direct epitaxy of SiGe quantum well segments
(SiGe islands). These SiGe islands form in a self-organized face centered cubic structure.
We deduce from band structure simulations, which are solely based on experimentally
determined structural parameters, a spatially direct type I transition, which is a major
result of this thesis. Furthermore, a possible explanation for the phenomena of a broad
luminescence peak observed both in our SiGe islands and in molecular beam epitaxy
grown quantum wells is given.

6.1. Structural properties of SiGe islands

Using co-deposition of silicon and germanium, we prepared SiGe islands with a Ge con-
tent of nominally 30%. Due to the reduced lattice mismatch more material is required
to form islands. Thus, nominally 15 to 80 monolayers (ML) of SiGe alloy have been
deposited at a growth temperature of 630◦C. The silicon growth rate is 0.4 Å/s and
the Ge growth rate is 0.18 Å/s. Figure 6.1 shows atomic force microscopy images of
Si0.7Ge0.3 islands with a deposition of nominally (a) 15, (b) 25, (c) 40, (d) 55 and (e) 80
monolayers of SiGe alloy. Figure 6.1 (f) presents a zoom on one Si0.7Ge0.3 island with
nominally 40 monolayers of material. The insets depict the two dimensional fast Fourier
transform (FFT) of the corresponding samples.
With the deposition of nominally 15 monolayers a flat layer of Si0.7Ge0.3 forms. The
surface is rough with a root mean square of approximately 5.1 Å corresponding to four
monolayers of Si0.7Ge0.3. The FFT image shows no distinct features. Figure (b) depicts
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Figure 6.1.: Atomic force microscopy images of Si0.7Ge0.3 islands where a layer thickness
of (a) 15, (b) 25, (c) 40, (d) 55 and (e) 80 monolayers of SiGe alloy is
deposited. (f) shows the zoom on one island with an amount of deposited
material which equals 40 monolayers. The insets show the two dimensional
fast Fourier transform of the corresponding atomic force microscopy image
The right inset in (c) shows a zoom in on several islands and depicts the
face centered cubic ordering.

the formation of three dimensional Si0.7Ge0.3 islands. The creation of the islands is an
unorganized self-assembled process as indicated in the FFT image where no symmetry
is observable.
For nominally 40 monolayers (c) the whole surface is covered by a homogeneous distri-
bution of rectangular based Si0.7Ge0.3 islands. At 55 monolayers (d) the atomic force
microscopy image shows islands which merge together and additional smaller islands on
interstitial nucleation sites. After the deposition of even more material (e) the pyramidal
shape of the islands vanishes in favor of a more round dome-like shape. In the zoom-in
in figure 6.1 (f) a single island is depicted. The islands are quadratic based along the
[100]-direction and have a pyramidal shape.
Interestingly upon the deposition of 30 to 55 monolayers the pure self-assembly process
is replaced by a self-assembled lateral self-organized formation of Si0.7Ge0.3 islands. The
islands do not form at random nucleation spots anymore. In fact, the FFT and the
real-space image denote a fourfold face centered cubic symmetry. The right inset of
figure 6.1(c) highlights the ordering by black rectangles. Each island is surrounded by
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6.1. Structural properties of SiGe islands

four islands. We can rule out stacking [Bru01] induced ordering because the ordering is
also observed for one layer of uncapped islands. For deposition thicknesses above 55 ML
the ordering is lost as more islands occupy interstitial nucleation spots.
Governed by the atomic force microscopy images, we deduce that the critical thickness
of a Si0.7Ge0.3 alloy for the formation of islands is between 20 and 25 monolayers. Using
the lattice constant of Si0.7Ge0.3, which can be calculated by the formula [Dis64],

aSi1−xGex = 0.5431 + 0.01992x+ 0.0002733x2(nm) (6.1)

we obtain the two dimensional equivalent layer thickness which is approximately 2.75 nm
or 3.43 nm, respectively. Even up to 80 monolayers, which resemble a layer thickness
of approximately 11 nm the layer thickness is thinner then the critical thickness for the
nucleation of dislocations [Mat74, Mat75]. Thus, we expect a pseudomorphic strained
dislocation free Si0.7Ge0.3 alloy.
To quantify the influence of the material deposition figure 6.2 summarizes the size of
the Si0.7Ge0.3 islands. The island length is plotted using black squares. Two values in
blue circles at 40 and 80 monolayers illustrate the length determined using cross-sectional
transmission electron microscopy. The same accounts for the island height (red triangles)
where the pink diamonds indicate the transmission electron microscopy data. The error
bars resemble the statistical size variation of the islands. With increasing amount of
deposited material both the island height and island length rise. The solid lines indicate
fits of the respective data points. Due to the island pyramidal shape we expect the
islands volume to fulfill following requirement:

V = 1/3 · l2 · h (6.2)

Here l is the island length and h the island height. Indeed we can fit the atomic force
microscopy data using a linear model with a slope of 0.11 nm/ML for the island height.
This supports the model as it allows to deduce that the island height increases by roughly
one monolayer after the deposition of one monolayer of Si0.7Ge0.3. The y-axis intercept
is 0.12 nm which is close to the height of one monolayer of Si0.7Ge0.3 which has a height
of 0.14 nm. We fit The island length using the formula:

l = a · xb (6.3)

with a = 25.1 nm and b = 0.45. Thus, we see that the island length increases with the
square root of the amount of material governed by the fact that adatoms can diffuse in
x and y direction.
The aspect ratio which we define as island height over island length of the islands is
less than 0.04. Pure Ge islands, which consist of {105} facets (pyramids) or {113} and
{15 3 23} facets offer a typical aspect ratio of 0.07 or 0.15, respectively. Thus, we con-
clude that other or additional facets are dominating. A facet analysis reveals dominating
inclination angles of the order of 8-11◦ and smaller angles of 2-5◦. The former angles re-
semble either {105} (11.31◦), {1 1 10} (8.05◦) or {117} (11.42◦) facets. The latter might
resemble an {1 1 20} (4.04◦) facet. As theoretical strain model calculations [Sta04] reveal
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Figure 6.2.: Length (black squares) and height (red triangles) of Si0.7Ge0.3 islands taken
from the atomic force microscopy images. The solid lines indicate the fit of
the respective data points. The blue circles indicate the island length deter-
mined by transmission electron microscopy and the pink diamonds indicate
the island height determined by transmission electron microscopy.

that the {105} facet is one of the most stable in the SiGe system we conclude that the
two dominating facets are the {105} and the {1 1 20} facets. This further strengthens
the conclusion of a pyramidal shape.

We investigate the shape and size of buried islands using transmission electron mi-
croscopy. This is important as we expect a significant flattening during the capping
process due to the high growth temperature. Figure 6.3 presents high angle annular
dark field (HAADF) cross-sectional scanning transmission electron microscopy (STEM)
images of islands consisting of 40 nominal monolayers of material. Part (a) shows an
overview over several uncapped and capped island. The upper bright undulated pyra-
mids are the surface islands investigated by atomic force microscopy. The capped islands
are visible 100 nm below the surface layer. The red line highlights the curvature of one
capped island. The brighter regions within the Si matrix indicate the presence of thick-
ness variations induced during the sample preparation. The inset shows the 2D fast
Fourier transform of the crystal structure of one island. Part (b) illustrates a HAADF
high resolution cross-sectional scanning transmission electron microscopy image of one
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Figure 6.3.: (a) Cross-sectional scanning transmission electron microscopy image in
HAADF mode of Si0.7Ge0.3 islands with nominal 40 monolayers of deposited
material. The inset shows the fast Fourier transform of the crystal structure
of one island.(b) Zoom in on the same sample.
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6. Laterally self-ordered SiGe islands with type I band alignment

island. The red circles highlight the position of the atom columns.
The transmission electron microscopy images, especially the highlighted red lines in fig-
ure 6.3 (a) prove that the capped layer still consists of three dimensional islands and
not of a two dimensional quantum well. Furthermore, figure (a) shows that the sur-
face islands are connected by a thinner wetting layer than the buried islands. Thus, we
conclude that upon the formation of islands the material from the wetting layer is trans-
ferred into the islands. This indicates material redistribution according to the Ostwald
ripening process [Ros98]. During capping of the islands material diffuses back and forms
a stable wetting layer. This is consistent with our expectation of a slight flattening and
broadening of the islands which also occurs for pure Ge islands [Kir04].
The spatial position of the atom columns in figure 6.3(b) denotes that the islands are
pseudomorphically strained. The in-plane Si0.7Ge0.3 lattice constant completely adopts
the lattice constant of the underlying silicon substrate. This is a very interesting re-
sult as it imposes the usage of a pseudomorphic strain model in the following k*p band
structure simulations.
Finally, the scanning tunneling electron microscopy images prove a high crystal quality.
The reciprocal space scattering image, which is depicted in the inset reveals no electron
scattering apart from the regular lattice planes, which indicates an undisturbed lattice.
Also the real space STEM images show, that the Si0.7Ge0.3 islands and the silicon matrix
are dislocation free.
Energy dispersive X-ray spectroscopy line scans along the island in vertical and horizon-
tal direction allow a mapping of the Ge content and the Ge profile. The Ge content is
lowest at the base of the island and in the wetting layer. In vertical direction the Ge
content almost linearly increases until a maximum content of ≈ 30%. At the top the Ge
content slightly decreases again. In horizontal direction the Ge content is higher in the
middle of the island and lower to the side. Thus, we conclude that these islands consist
of a Ge rich core surrounded by a Si rich shell. The reason for this is that only the shell is
exposed to the silicon matrix. Therefore, Si atoms only can diffuse into the island from
the matrix. The higher Si content of the shell also is a diffusion barrier for additional Si
atoms. Thus, the core of the island is to some degree preserved from intermixing. Ra-
man spectroscopy measurements in back scattering geometry (see section B.3) yield an
average Ge content of approximately 25% which agrees with the maximum Ge content
of 30% determined by energy dispersive X-ray spectroscopy.
In conclusion, the co-deposition of silicon and germanium allows the fabrication of lat-
erally self-ordered dislocation free pseudomorphically strained Si0.7Ge0.3 islands, which
preserve their three dimensional shape during the capping process. Both the lateral
ordering and the low nominal Ge content make the Si0.7Ge0.3 islands an interesting
nanostructure for optical applications. The lateral size of the Si0.7Ge0.3 islands is far
above the De Broglie wavelength resulting in a quantum well like behavior of the is-
lands. Hence, these islands might also offer a type I band alignment because of the low
Ge content [VdW86, Peo86].
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6.2. Optical characterization and modeling of SiGe islands

In the following, we present photoluminescence spectroscopy measurements to investi-
gate the optical properties of Si0.7Ge0.3 islands. The excitation wavelength is 488 nm at
an excitation power of 2.3 mW. The experimental temperature was 18 K. The waterfall
plot in figure 6.4 shows the resulting luminescence as a function of the emission energy
for samples with a nominal amount of (from top to bottom) 15, 20, 25, 30, 35, 40, 45, 55
and 70 monolayers of material. All spectra are normalized to the Si-TO phonon peak at
≈ 1.1eV. This normalization is valid as the same substrate wafer is used for all structures
resulting in a constant amount of Si. In addition, the crystal quality is of the same order
due to a constant growth temperature.
The Si substrate emits light assisted by the Si-TA (1.13 eV), Si-TO (1.10 eV) and Si-
TO+OΓ (1.03 eV) phonon [Dav89]. In addition, the Si0.7Ge0.3 alloy exhibits several
distinct peaks showing a redshift with the deposition of more material. These lumi-
nescence peaks we find from 1 to 0.7 eV. The Si0.7Ge0.3 luminescence splits into three
parts. Two sharp peaks and one broad luminescence. For the later discussion, con-
cerning the origin of the broad luminescence we indicate the luminescence energies of
the D1 (807 meV), D2 (874 meV), D3 (939 meV) and D4 (997 meV) silicon dislocation
luminescence [Dav89].
We first want to highlight that the luminescence shape, showing a two peak structure,
differs from that of pure Ge islands presented in chapter 3. In fact the luminescence
shape is similar to that of molecular beam epitaxy grown SiGe quantum wells [Bru92,
Men92, Noë90, Wac92]. Chemical vapor deposited quantum wells [Bre92, Fuk95] do
not show the broad luminescence. Up to now the broad luminescence was attributed
to D1-D4 dislocations or other kinds of structural defects. But the spectral position of
the luminescence in comparison to the dislocations energies reveals that another expla-
nation is required. In section 6.3 we will have a closer look on the origin of the broad
luminescence.
The two sharper luminescence peaks stemming from the Si0.7Ge0.3 alloy undergo a clear
redshift with the deposition of an additional amount of material. This yields the con-
clusion that they are confinement induced. Furthermore, both peaks are separated by
≈ 56 meV resembling the energy of a SiGe-TO∆

SiSi phonon [Dea67]. Thus, and in anal-
ogy to SiGe quantum wells, we attribute the higher energetic peak to a no-phonon (NP)
transition and the lower energetic peak to a transversal optical phonon assisted transi-
tion (TO).
The presence of a no-phonon and TO phonon transition as well as the comparable in-
tensities of both peaks indicates a rather weak spreading of the electron and hole wave
function in k-space. The no-phonon transition, which is a two particle process has a
higher transition strength than the TO phonon process being a three particle process.
Therefore, the comparable intensity can only be explained by a weak wave function
spreading in k-space which implies a low hole probability density at the ∆-points and a
low electron probability density at the Γ-point.

In figure 6.5 a quantitative analysis of the luminescence peak energy as a function of
the nominal deposited material is shown. Black squares depict the transition energy of
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6. Laterally self-ordered SiGe islands with type I band alignment

Figure 6.4.: Normalized low temperature photoluminescence waterfall plot of Si0.7Ge0.3

islands where a different amount of material is deposited. The excitation
wavelength is 488 nm and the excitation power is 2.3 mW. The temperature
is 18 K.
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Figure 6.5.: Peak energy as a function of the nominally deposited material for the no-
phonon (squares) and transversal optical phonon (triangles) assisted process
as well as for the broad luminescence (diamonds) of Si0.7Ge0.3. In addition
the stars indicate the no-phonon transition energy calculated using eight
band k*p band structure simulations.

the no-phonon line. Red triangles show the TO phonon assisted recombination. Blue
diamonds indicate the peak energy of the broad luminescence. Moreover, we calculate
the transition energy using eight band k*p band structure simulations (orange stars).
The simulation uses only the experimental determined structural parameters from sec-
tion 6.1 as input and involve no fitting parameter. In contrast to chapter 3, the model
uses a linear Ge profile for the Ge content with a low Ge content at the base and a high
Ge content at the apex of the island. This linear profile is verified by energy disper-
sive X-ray spectroscopy. All peaks show a clear redshift with increasing material which
saturates at approximately 70 monolayers. Upon the deposition of more material the
potential well is broadened and the energy of the hole and electron state shifts closer to
the lower energies.
In addition, we find a very good agreement between experiment and simulation. By
carefully changing different simulation parameters we find a changing transition energy.
For example a change of the island height from 2.6 to 3.5 nm results in a redshift of
10 meV. A removal of the three dimensional confinement in favor of a quantum well
shape using the same amount of deposited material leads to a blueshift of 69 meV at a
nominal material thickness of 40 ML. This proves the validity of the used model and of
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Figure 6.6.: Three dimensional plot of the electron (blue) and hole (red) probability den-
sity. The green background illustrates the Si-Si0.7Ge0.3 interface. The island
is modeled according to the experimental data of an island with nominally
40 monolayers.

the following conclusions.
All samples consist of only one layer of Si0.7Ge0.3 islands. However, the normalized in-
tensity of the no-phonon or transversal optical phonon assisted recombination process is
quantitatively ≈ 0.98 arb. units. For eight layers of pure Ge hut clusters (see chapter 3)
or of SiGe hut clusters (see chapter 5) we have found values of ≈ 0.89 arb. units. Thus,
the radiative recombination rate of Si0.7Ge0.3 islands is approximately eight times larger
as for hut clusters.

6.2.1. Band alignment of Si0.7Ge0.3 islands

To explain the comparably high intensity of the Si0.7Ge0.3 islands we performed k*p
band structure simulations and investigated the electron and hole probability density
distribution. Exemplarily for an island consisting of 40 ML we show the isosurfaces of
the electron and hole probability densities in figure 6.6. The Si-SiGe interface of the is-
land and the wetting layer is indicated by the green background. The heavy hole ground
state (red) is centered in the island. The electron probability density is indicated in blue
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Figure 6.7.: (black squares left y-axis) Theoretical calculated squared electron-hole wave
function overlap as a function of the amount of deposited material and (right
axis) the experimental determined intensity of the no-phonon (blue trian-
gles) and broad (red circles) luminescence. The inset sketches the spatial
position of the ground state ∆(2) electron and a heavy hole.

and splits into six parts for the six different ∆ valleys. The ∆(2) electrons are above and
below the island with a non-zero probability inside the island. The four fold degenerate
∆(4) valleys are confined at the lower edges of the island inside the Si0.7Ge0.3 island.
This is a clear indication for a type I confinement giving rise to the higher radiative
recombination efficiency.
In addition to the type I confinement, we want to highlight that the confinement is not
one dimensional as in SiGe quantum wells. Electrons and holes are confined in all three
spatial directions further enhancing the intensity by preventing charge carrier diffusion.
In conclusion, we find a three dimensional type I confinement for our Si0.7Ge0.3 island
which explains the comparably strong luminescence intensity. Moreover, we calculated
the electron-hole wave function overlap according to equation 2.14 and summarize the
squared result of the ∆(2)-heavy hole transition in figure 6.7 using black squares (left
y-axis). The right y-axis depicts the experimental determined peak intensity of the
no-phonon transition (blue triangles) and the broad luminescence (red circles). Further-
more, the inset illustrates the spatial electron and hole position in growth direction. The
hole is located inside the island and the electron is located above the island with a decent
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overlap into the SiGe barrier.
For the squared electron-hole overlap, we find an increase from approximately 25 to 35
nominal deposited monolayers. For further deposition of material the squared overlap
integral decreases approximately exponentially. The same trend is reproduced in the
peak intensity of the no-phonon and of the broad transition.
The decreasing behavior can be explained with the increasing height and length of the
islands resulting in a further separation of the electron and hole ground state. We want
to highlight that the intensity of the broad luminescence, whose identity we want to
further investigate in section 6.3, follows the calculated electron-hole overlap. This indi-
cates that the broad luminescence depends on the island’s electron and/or hole states.
One possible transition is sketched in the inset where the electron recombines with a
locally trapped hole inside the island.
The electron-hole wave function overlap for the ∆(4) bands shows qualitatively the same
decreasing behavior. The only difference is a weaker overlap due to a larger spatial sep-
aration of electrons and holes. However, the attractive Coulomb interaction between
the electrons and holes inside the island which is not included in our simulations should
result in a quantitatively higher electron-hole wave function overlap for all calculated
bands as electrons and holes can diffuse within the islands.
The nice agreement between the experiment and the simulation further strengthens the
validity of our simulation model and of the conclusion of a type I band alignment.

6.2.2. Temperature dependent photoluminescence spectroscopy

A further comparison of Ge quantum dots (see section 3.3.2) and Si0.7Ge0.3 islands
is given by temperature dependent photoluminescence measurements conducted with
an excitation power of 4.2 mW. Figure 6.8 exemplary shows the results for a sample
deposited with nominally 30 monolayers of material. Figure 6.8 (a) depicts the PL lumi-
nescence spectrum for Si0.7Ge0.3 islands. Upon increasing temperature the luminescence
shifts to lower energies. Furthermore, we find a prominent global quenching of the lumi-
nescence intensity. This quenching effect is stronger for the no-phonon and transversal
optical phonon transition than for the broad luminescence.
Three Gaussians fit the individual Si0.7Ge0.3 peaks and the integrated intensity is plotted
as a function of 1/T for the (b) no-phonon, (c) transversal optical phonon and (d) broad
luminescence. We fit the integrated intensity using the formula [Wac92]:

I(T )

I(T0)
=

(
1 + a · Tn · exp(− Ea

kbT
)

)−1

(6.4)

Here I(T0) is the intensity extrapolated to zero Kelvin. The expression aTn is a measure
for the effective density of states for the initial and final states [Wac92]. The exponent
n depends on the dimensionality of the confinement. A three dimensional confinement
should obtain n=3/2 (blue line) whereas a quantum well should obtain n=1/2 (red line).
In figure 6.8 the fit well describes the observed temperature behavior. Unfortunately,
the quality of the fit is the same for both possible exponents, thus, any conclusion about
the dimensionality of the confinement by the temperature dependent measurements is
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Figure 6.8.: (a) Temperature dependent photoluminescence spectra of Si0.7Ge0.3 islands
where we deposit nominally 30 ML of material. From top to bottom we
use 9 K, 18 K, 25 K, 32 K, 40 K, 50 K, 60 K, 75 K, 90 K and 110 K as
temperatures.. Integrated intensities of the (b) no-phonon, (c) transversal
optical phonon and (d) broad luminescence as a function of 1/T. All graphs
are fitted using equation 6.4 with an exponent of 1/2 (red line) and 3/2
(blue line).
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not possible.
Nevertheless, we can extract the activation energies and list them in table 6.1. With the

Thickness (ML) ENP (meV) ETO (meV) Ebroad (meV) n

15 1.3±1.1 0.5
30 10.1±1.4 3.3±1.0 10.3±1.2 1.5
40 7.7±1.1 2.6±3.1 8.7±2.3 1.5
55 7.9±1.4 18.0±2.3 1.5
80 1.4±0.6 1.5

Table 6.1.: Activation energies of Ge hut clusters at different growth temperatures.

atomic force microscopy, transmission electron microscopy images and the simulation
results showing a three dimensional structure the activation energy is calculated for an
exponent of n=1.5 except for the sample with 15 monolayers of material where only a
wetting layer is visible.
The activation energies of the no-phonon transitions are usually higher than those of the
transversal optical phonon transition. In addition, the activation energies of the broad
luminescence are the highest of all recombination mechanisms. Thus, the confinement
which is responsible for the broad luminescence has to be stronger than that responsible
for the no-phonon transition.
If we compare these activation energies with those of pure Ge hut clusters depicted in
table 3.2, we find comparable values. Both the luminescence of the hut clusters and the
luminescence of the Si0.7Ge0.3 islands vanishes completely for temperatures above 100
to 110◦C. This is reasonable as the confinement for the electrons is only of the order of
≈ 10 meV in both structures.

6.3. Explanation of the broad luminescence

In the following we will try to explain the broad luminescence whose origin is still unclear
even in literature. Several groups attribute the broad luminescence in quantum wells to
dislocations [Shu97] or simply to defects [Bru92]. Other groups use so called alloy or L-
bands [Web89] as explanation. One group uses the idea of interstitial platelets. These are
either, Si interstitial atoms or small substitional or interstitional Ge rich regions [Row93].

6.3.1. Dislocations or structural defects

The cross-sectional HAADF high resolution scanning transmission electron microscopy
images in figure 6.3 show no distinct amount of misfit dislocations in the Si0.7Ge0.3

island regions. Furthermore, the photoluminescence spectra in figure 6.4 depicted the
luminescence energies of the optical dislocation transitions. Some graphs might indicate
the presence of dislocations but as the luminescence shifts with the amount of material
we conclude that dislocations cannot explain the broad luminescence [Ves92].
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a) b)

Figure 6.9.: Normalized intensity as a function of the energy and annealing time for
Si0.7Ge0.3 islands grown with (a) 20 and (b) 45 monolayers of material. The
excitation power is 2.4 mW. The measurement temperature is 18 K.

6.3.2. Annealing of the crystal structure

Annealing experiments allow to investigate the dependence of the broad luminescence on
the crystal structure. Two samples with nominally 20 and 45 monolayers of Si0.7Ge0.3

have been placed in a rapid thermal annealer which uses radiation heat in nitrogen
atmosphere to heat the sample to 600◦C. The annealing time is ten minutes. Afterwards
photoluminescence experiments are conducted using the 488 nm laser at an excitation
power of 2.4 mW and at a temperature of 18 K. This procedure is repeated two times.
Figure 6.9 illustrates the resulting photoluminescence spectroscopy data. The left image
shows the sample with 20 monolayers of material, the right one shows the sample with 45
monolayers, respectively. The intensity is normalized to the Si-TO phonon line, which
is expected to be unaffected by the annealing process, as no change of the Si substrate is
expected. The black solid line shows the as-grown sample, the red dashed line indicates
the spectrum after the first annealing step. The blue dotted line displays the spectrum
after the second annealing step.
We find a universal decrease of the normalized intensity of the Si0.7Ge0.3 islands upon

annealing of the sample. Furthermore, the no-phonon and transversal optical phonon
line shift to higher energies. The reason is a flattening of the islands and a further
intermixing of the islands with silicon [Sch98, Bou04]. The most prominent result is
the complete vanishing of the broad luminescence. Thus, we conclude that the broad
luminescence is caused by the crystal structure. Either crystalline defects which can
act as charge carrier traps might be cured due to the temperature treatment or Ge rich
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Figure 6.10.: Photoluminescence spectroscopy measurement of a 500 nm thick Si0.8Ge0.2

alloy deposited on top of a low temperature Si buffer.

clusters might dissolve due to a redistribution of the alloy.

6.3.3. SiGe alloys without confinement

A further experiment is the investigation of a 500 nm thick Si0.8Ge0.2 alloy on a low
temperature Si buffer 1. If the broad luminescence is caused by the SiGe alloy we
expect a redshift due to the lower Ge content and a missing confinement. A typical
photoluminescence spectrum of such an alloy is shown in figure 6.10. The inset illustrates
the layer structure. The spectrum yields the presence of several prominent peaks. The
high energetic peaks above 1 eV stem from the Si substrate. The low energetic features
stem from the Si0.8Ge0.2 alloy and from Si dislocations. At an energy of approximately
0.973 eV the free exciton line of the Si0.8Ge0.2 is visible. At an energy of 0.917 eV
the SiGe TO phonon replica is observed [Web89, Len92]. Moreover, we find two peaks,
which we attribute to the Si-D1 (807 meV) and Si-D2 (874 meV) dislocations [Dav89].
Such dislocations often occur in low temperature Si buffers [Sai10]. Finally, a broad
luminescence peak at approximately 0.75 eV is observed. The existence of a broad
luminescence at lower energies inside a 500 nm thick alloy layer proves that it is not

1The growth has been conducted by Jürgen Sailer in his PhD thesis [Sai10]
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caused by the confinement. It stems from the SiGe alloy itself.

6.3.4. Growth method

In literature such a broad luminescence is only observed in molecular beam epitaxial
deposited quantum wells [RH98]. Usually molecular beam epitaxy is expected to result
in a higher material purity and a higher crystal quality of the deposited material than
chemical vapor deposition as no molecular compounds are used as incident material.
Besides that a huge difference between chemical vapor deposition and molecular beam
epitaxy is the growth rate, which is much lower in molecular beam epitaxy. The lower
growth rate is usually expected to result in a better crystal quality as the adatoms have
more time to form a perfect crystal [Ric90] (see section 2.3). Furthermore, in chemical
vapor deposition the complete epitaxy chamber is filled with a homogeneous distribution
of precursor gas, whereas the MBE surfactants are usually placed in effusion or electron
evaporation cells at a certain angle towards the substrate wafer [Ebe90]. This results in
a deposition gradient of material.
Silicon and germanium are completely soluble from xGe = 0-100% [Dis64]. Furthermore,
a homogeneous mixing is the energetically most favorable state as the strain energy is
reduced. Still the position of silicon and germanium atoms is given by statistics and
by the position of the electron beam evaporators. Thus, it is reasonable that the inho-
mogeneous deposition of Ge in a molecular beam epitaxy can result in small nanometer
sized SiGe clusters with a higher Ge content than desired. The presence of such in-
homogeneities is supported by cross-sectional transmission electron microscopy images
of Demchenko et al who investigated the local atomic structure of SiGe self-assembled
islands [Dem07]. We believe such Ge clusters are basically Ge rich SiGe quantum dots
in a Si0.7Ge0.3 alloy. The argumentation of quantum dots inside of islands has also been
established in 2010 by Brehm et al to explain differences in the excitation power depen-
dent photoluminescence of SiGe pyramids and domes deposited on pit-patterned and
planar substrates [Bre10].

6.3.5. SiGe cluster model

In figure 6.11 we sketch the band structure of higher Ge content cluster inside a SiGe
island in growth direction. The gray shaded region resembles the silicon matrix, the
orange region is the Si0.7Ge0.3 island. The green region resembles the cluster with a
higher Ge content. The horizontal lines indicate the energy of the individual states.
Also the electron and hole probability densities are sketched. We think that the higher
Ge content results in the formation of a quantum dot with an individual confinement in-
side the Si0.7Ge0.3 island. This results in the formation of additional states and possible
transitions with lower energy. Due to the size and content variation of such quantum
dots a broad luminescence is expected.
To evaluate this assumption we simulate the transition energy of a Ge cluster with an
average Ge content of 40% and a size of 20 nm times 20 nm times 6 nm inserted in a
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Si SiSi Ge0.7 0.3

Figure 6.11.: Illustration of the band structure of a SiGe quantum dot inside a Si0.7Ge0.3

island in growth direction. The horizontal lines indicate the energy of the
ground states for the electron and the heavy hole inside the island and
inside the quantum dot.

Si0.7Ge0.3 island with a deposition thickness of nominally 40ML. The resulting transition
energy of 0.90 eV agrees with the experimental determined value for the broad lumines-
cence at 0.89 eV.
To further prove this assumption of Ge rich clusters we take another look on figure 6.3(b).
The HAADF scanning transmission electron microscopy detection mode is highly sensi-
tive on the atomic mass. The image now shows strong variations in the contrast on a
small scale which indicates either thickness fluctuations of the sample or a variation of
the Ge content. If we take all indications into account we conclude that indeed fluctua-
tions in the Ge content are responsible for the broad luminescence.
Unfortunately a direct proof for the existence of Ge rich cluster in the Si0.7Ge0.3 islands is
still missing. The resolution of energy dispersive X-ray spectroscopy is not high enough
to reveal information about the Ge content fluctuations. Raman spectroscopy only gives
information about the average Ge content. Furthermore, cross-sectional scanning tun-
neling microscopy allowing atomic resolution is not applicable in the SiGe system as the
sample facets do not cleave atomically flat.

Nevertheless such Ge rich clusters inside the Si0.7Ge0.3 island would fulfill the require-
ment to explain all previously obtained results.

� The broad luminescence energy can be described using clusters with a Ge content
of ≈ 40%.

� The higher Ge content results in a decrease of the luminescence energy compared
to the no-phonon line.

� The broad luminescence involves either the island electron or the heavy hole ground
state.

� The Ge cluster, which is expected to have a type II confinement shifts with the
confinement of the Si0.7Ge0.3 island.
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6.4. Conclusion about Si0.7Ge0.3 islands

� The activation energy is higher than that of the Si0.7Ge0.3 island no-phonon lumi-
nescence due to a stronger hole confinement.

� The broad luminescence vanishes upon annealing as the SiGe clusters dissolve due
to a redistribution of the silicon and germanium atoms.

� The broad luminescence is present in a deposited alloy without a further confine-
ment.

Therefore, we are quite confident to attribute the broad luminescence to SiGe clusters
inside the Si0.7Ge0.3 islands.

6.4. Conclusion about Si0.7Ge0.3 islands

In summary, this chapter shows the fabrication of active Si0.7Ge0.3 emitters which offer
a high luminescence intensity due to a three dimensional type I confinement. The type I
band alignment and the resulting strong luminescence intensity of the Si0.7Ge0.3 islands
make them the most promising candidates for light source applications of all investi-
gated confinement structures. The photoluminescence intensity is eight times higher
than that of Ge based islands. In addition, these SiGe islands, which are prepared using
co-deposition of silicon and germanium, organize themselves in a lateral face centered
cubic structure. The lateral self-ordering is very interesting as it allows the lateral posi-
tioning of cavities or gates towards the islands.

6.5. Evaluation of (Si)Ge based emitters

Independently of the material system an emitter with a high recombination efficiency
requires a high electron-hole wave function overlap both in k-space as well as in real
space.
The here presented study on different quantum dot and island morphologies has shown
that Ge hut clusters provide the best overlap in k-space due to their small size. Also in
real space a comparable high spatial overlap of ≈ 3.7% has been achieved.
In k-space with the exception of SiGe hut clusters no other investigated morphology
offers comparable good properties. Here pyramids, domes and SiGe islands share the
disadvantage of a weak hole spreading in k-space which leads to the occurrence of com-
peting phonon assisted recombination channels.
In real space our simulations have shown that a further improvement requires a small
size and a low Ge content. These, however, are excluding properties as a low Ge content
results in a low lattice mismatch which always leads to an increasing size.
Photoluminescence experiments on ensembles of Ge pyramids and domes verify this as-
sumption as approximately three times lower intensities are observed. For these island
morphologies the intensity reducing effect of the three to four times larger size overcomes
the increasing effect of a lower Ge content.
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6. Laterally self-ordered SiGe islands with type I band alignment

The idea to circumvent the trade-off between size and Ge content using co-deposition
of Si and Ge at low temperatures does only reveal comparable spatial overlap integrals
of the order of 1.2%. But the possibility for an additional epitaxial degree of freedom
by tuning the Ge content makes SiGe hut clusters the most interesting quantum dot
morphology.
In conclusion, SiGe and Ge hut clusters are so far the best emitter in terms of k-space
optimization due to their small size. However, we find that all quantum dot morpholo-
gies share a type II band alignment which inherently limits the radiative efficiency by a
low spatial electron-hole wave function overlap.
With a spatial type I band alignment in SiGe islands we obtain approximately eight
times higher luminescence intensities as for the best hut cluster samples. This, however,
is not reflected in the calculations of the spatial overlap integral where we get an overlap
of ≈ 1.3%. But this calculations neglect Coulomb attraction which has a larger effect on
the charge carrier distance in type I structures than in type II structures. This Coulomb
interaction is expected to result in a higher quantity of the electron hole wave function
overlap. Hence, we find that SiGe islands are the optimum emitters in real space because
of their spatial type I confinement. On the other side SiGe islands have the drawback
of a weaker electron and hole spreading in k-space which is reflected by the presence of
phonon assisted recombination channels.
This consideration directly shows that it seem to be not possible to optimize both the
real space and the k-space electron-hole wave function overlap. Therefore, we think
that (Si)Ge emitters will always be less efficient than compound semiconductor quan-
tum dots. Thus, additional effects need to be employed for a higher radiative efficiency
and/or a higher extraction efficiency of photons which is limited by the large refractive
index contrast of silicon to air. One solution is to tailor the photonic environment with
photonic crystals.
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7. Theory of photonic crystals

In analogy to semiconductor crystals Eli Yablonovitch [Yab87] and Sajeev John [Joh87]
proposed that a periodic lattice of refractive indices leads to the formation of photonic
band structures. Such a band structure can consist of frequency regions with a zero
photon density of states in certain directions which are called photonic band gap. The
zero density of states in such regions results in the fact that photons with a certain
energy cannot propagate leading to a redistribution of emitted photons.
In two dimensions such structures have been first experimentally shown by Krauss et
al. [Kra96] in 1996. Since then photonic crystals attracted increasing interest in both
optics and photonics. In this section we will shortly explain the theoretical concepts
of photonic crystals which are necessary to understand the experimental results of this
thesis. You can find further information in general textbooks [JJ08].

7.1. The master equation

Mathematically a photonic crystal is described by the so called master equation [JJ08]:

∇×
[

1

εr(r)
∇×H(r, t)

]
= − 1

c2

∂2

∂t2
H(r, t) (7.1)

Here H is the magnetic field and εr is the dielectric constant. This equation can be
derived from the basic Maxwell equations by using the following assumptions [JJ08]:

� There are no space charges and no electric currents (ρ(r, t) = 0 and j(r, t) = 0)

� All used materials are isotropic and non-dispersive (dielectric constant ε is a real
scalar)

� No non-linear effects occur

� Silicon is non-magnetic (magnetic susceptibility µ(r) = 1)

Using the operator:

Θ = ∇×
[

1

ε(r)
∇×

]
(7.2)

and eliminating the time dependence by using the Ansatz H(r, t) = H(r)eiwt we can
reformulate formula 7.1 to resemble an Eigenvalue problem:

Θ |H(r)〉 =
ω2

c2
|H(r)〉 (7.3)
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7. Theory of photonic crystals

To describe the translation symmetry of the periodic lattice we introduce the lattice
constant a, the reciprocal lattice vector k and the Bravais vector R. This allows for
a simplification of the Eigenvalue in formula 7.3 by applying the Bloch-Floquet theo-
rem [SJ03] for periodic structures. This theorem enables the separation of the wave
function in a lattice-periodic and a plane wave part.

H(r) = Hk(r)eikr, with Hk(r) = Hk(r + R) (7.4)

If we substitute equation 7.4 into equation 7.3 we get:

ΘkHk(r) =
ω2
n(k)

c2
Hk(r) (7.5)

with

Θk =

[
(∇+ ik)× 1

εr(r)
(∇+ ik)×

]
(7.6)

Equation 7.5 is the final equation which defines the dispersion relation of a photonic
crystal. With exception of 1D problems the solution requires numerical methods [Zab08].
The two most used methods are the plane wave expansion method [Joh01] and the
finite difference time domain method [Yee66]. The plane wave expansion method solves
the master equation in an iterative approach. The latter method calculates the time
dependent light propagation in a photonic crystal.
During this thesis we only use the plane wave expansion method as the dispersion relation
is sufficient for the results we present here. For the simulation we use the open source
software mpb developed at the MIT [Joh01].
Interestingly, the master equation lacks of a fundamental length scale. Hence, the master
equation and its results are scalable in the lattice constant a. Therefore, we can use a/λ
as unit free length and all photonic crystals with the same dielectric conformation share
the same band structure providing they only differ in a.

7.2. Two-dimensional photonic crystal slabs

Nowadays photonic crystal structures exist in 1D as distributed Bragg reflectors [Mac94]
in 2D as photonic crystal slabs [Hau10] as well as in 3D [Hau12, Lin98]. Still 2D photonic
crystal slabs are the most common design due to their ease in fabrication. These slabs
consist of air holes in a free standing dielectric membrane. The translation symmetry of
the lattice is broken in out-of-plane direction.
The broken symmetry results in several changes of the dispersion relation. First of all it
restricts the formation of a photonic band structure to the in-plane direction. The out-of-
plane photonic density of states remains a continuum of states. However, the large index
contrast between the surrounding air (εair ≈1.0) and the slab material (εSi=3.45 [Li80])
results in a refractive index confinement due to total internal reflection.
Without translation symmetry the electric field can no longer be defined in purely trans-
verse electric (TE) and transverse magnetic (TM) waves. To overcome this problem we
now redefine the polarization by the direction of the electric-field vector (E-field) with
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7.2. Two-dimensional photonic crystal slabs

E-vector in z-direction
odd parity = TM like

E-vector in x-y-plane
even parity = TE like

z

x-y

Figure 7.1.: Illustration of transverse magnetic-like and transverse electric-like E-field
direction.

respect to the z=0 plane[JJ08] as illustrated in figure 7.1. The yellow region illustrates
the cut-plane of a photonic crystal slab in z-direction. The red arrows indicate the di-
rection of the E-field vector. If the E-field vector points perpendicular to the z=0 plane,
we define the E-fields transverse magnetic-”like” (odd parity). If the E-field points par-
allel to the z=0 plane then we call the E-fields transverse electric-”like” (even parity).
TE-like and TM-like modes or bands can be mathematically calculated independently.
For a slab patterned with a triangular lattice of air holes, which we use during this
thesis, a TE-like band gap is favored, whereas often no TM-like photonic band gap is
present [JJ08]. Thus we exclude TM-like modes in the further discussion.
Finally, it has been shown that there are only incomplete band gaps [JJ08] in 2D pho-
tonic crystals. Such an incomplete band gap exists only in a restricted wave vector region
which is given by the so-called light cone [JJ08]. The light cone is a direct consequence
of the conservation law for ω and k and defined by ω = ck||. Out-of-plane meaning
above the light cone there is a continuum of leaky waves which are not confined to the
photonic crystal slab. This leads to an incomplete band gap as at certain frequencies
photons can couple to this continuum of waves.
In figure 7.2, we summarize the resulting band properties of a 2D photonic crystal slab.
Figure 7.2 (a) illustrates a 2D photonic crystal slab which consists of a triangular lattice
of air holes in a freestanding silicon membrane. Here, we define the lattice constant a,
the air hole radius r and the slab height h. Figure 7.2 (b) is a sketch of the etched air
hole lattice and of the corresponding reciprocal lattice with its hexagonal shaped first
Brillouin zone. The irreducible Brillouin zone is highlighted in orange and is defined as
the path between the high symmetry points Γ, K and M. In figure 7.2(c), we plot the
calculated photonic band structure of a photonic crystal slab as depicted in (a). Hereby,
the slab height is h/a=0.71 and the r/a ratio is 0.33. The gray shaded region is the
light cone. Between the first and the second band at frequencies of a/λ=0.26-0.36 the
photonic band gap is observed and highlighted in orange. The simulation also includes
a cavity which we will introduce in the next section. The H3 cavity shape is illustrated
in the inset. The horizontal lines within the photonic band gap are so called photonic
crystal cavity modes.
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7. Theory of photonic crystals
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Figure 7.2.: (a) Illustration of a 2D photonic crystal slab which consists of a free standing
membrane of higher refractive index material where a triangular lattice of
air holes is etched. a is the lattice constant of the air holes, r the radius of
one air hole and h is the height of the slab. (b) Corresponding first Brillouin
zone of the reciprocal lattice of a photonic crystal. The orange region shows
the irreducible Brillouin zone. (c) Calculated photonic band structure for
a 2D photonic crystal slab with a h/a ratio of 0.71 and a r/a of 0.33. The
gray shaded region resembles the light cone. The lowest band is the dielectric
band. In orange the photonic band gap is highlighted and in turquoise we
highlight the air band. A photonic crystal H3 cavity is included whose shape
is illustrated in the inset. The black horizontal lines in the photonic band
gap frequency range indicate the cavity modes.
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7.3. Photonic crystal cavities

7.3. Photonic crystal cavities

Since the discovery of photonic crystals, cavities are a major research area [Nom06,
Aka03] as they break the translation symmetry of the periodic lattice. The broken sym-
metry, which is indicated by the hexagonal removal of 19 holes in the inset of figure 7.2
(c) results in the formation of resonances in the photonic density of states. According to
Fermi’s Golden rule in equation 2.8 the radiative recombination efficiency is enhanced
by such resonances in the optical density of states ρ. The cavity design depicted in
figure 7.2 (c) is a H3 cavity [Oli02].
Photons are efficiently trapped in a cavity by the surrounding photonic band gap acting
like a mirror. The confinement efficiency of a cavity is determined by the time a photon
stays inside the cavity before escaping or being reabsorbed. This is quantified by the
cavity quality factor.

Q =
λ

∆λ
= ωτ (7.7)

Hereby, λ is the cavity resonant wavelength, ω is the cavity resonant frequency, ∆λ is
the line width and τ is the photon lifetime inside the cavity. In the band structure,
which is plotted in figure 7.2 we find that an H3 defect cavity results in the formation
of 49 localized states inside the photonic band gap. Hereby the spectral position of the
localized states is given by the air hole radius, the slab height and the cavity design.
The amount of cavity modes depends on the cavity design. Due to the large size an H3
cavity sustains many cavity modes, whereas for example an L3 cavity, which is formed
by the omission of three holes in a row, sustains only six cavity modes [Aka03].
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8. Coupling of SiGe islands to 2D Si
photonic crystals

The combination of Ge pyramids and domes (presented in chapter 4) with photonic
crystals has been previously shown by different groups [El 08, Xia06] and in the coop-
erative thesis of Norman Hauke [Hau11, Hau12]. Tremendous enhancement factors up
to 1000 and room temperature luminescence in resonance with cavity modes have been
demonstrated [Xia08]. In this chapter we now focus on investigating the prospect of
further enhancing the intensity of Si0.7Ge0.3 islands (presented in chapter 6.

8.1. Photonic crystal design

The fabrication of two dimensional photonic crystals requires the use of SOI substrates.
Therefore, we prepared a new sample consisting of nominally 45 monolayers of Si0.7Ge0.3.
Atomic force microscopy images verify the formation of three dimensional islands. Fur-
thermore, photoluminescence spectroscopy measurements proof the existence of a no-
phonon and a transversal optical phonon transition.

In figure 8.1, we present the final photonic crystal structure. The fabrication is ex-
plained in the appendix E.1. Figure 8.1 (a) shows the scanning electron microscopy
image of a photonic crystal with a so-called H3 cavity [Ren08]. The photonic crystal
has a hexagonal shape with a triangular lattice of air holes. In the middle some holes
are omitted to form a photonic crystal H3 micro-cavity. Next to the photonic crystal
quadratic holes are etched which are helpful in the under-etching process as they allow
an easy infiltration with hydrofluoric acid. Figure 8.1 (b) shows the zoom on the cav-
ity region and defines the parameters lattice constant a and radius r. Here, the lattice
constant is a≈290 nm and the radius r≈100 nm. The height of the slab is h=270 nm.

We want to highlight that the surface layer of Si0.7Ge0.3 island is visible in the scan-
ning electron microscopy images. Exemplarily one island is highlighted in red. Thus, we
find that approximately 28 islands are spatially coupled to the H3 cavity. Of these 28
islands 13 are partially etched by the air holes in the vicinity of the cavity. This etching
we expect to result in the formation of surface defects, which may act as non-radiative
recombination channel. The high amount of non-etched islands is the reason why we
have chosen the H3 as cavity design although different cavity designs like L3 [Aka03] or
A1 [Kur06] are known to have higher quality factors.
We obtain the design parameters for the fabrication of the photonic crystals from nu-
merical plane wave expansion simulations (see chapter 7). The calculations yield that
an H3 cavity maintains more than 49 cavity modes. The qualitative shape of the cavity
modes stays the same over a wide set of parameters.
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8.2. Optical investigations of Si0.7Ge0.3 islands coupled to two-dimensional H3 photonic crystal cavities
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Figure 8.1.: (a) Scanning electron microscopy image of a two dimensional photonic crys-
tal with an H3 cavity. (b) Zoom on the cavity region.

In figure 8.2, a representative selection of the electric field distribution of some cavity
modes profiles is given. The cavity modes exhibit different circular and elongated shape.
In addition, one can find electric field maxima on many different positions. This allows
a good coupling of almost every island to the cavity. Furthermore, the mode profiles
show that a large fraction of the electric field is localized in the silicon material inside
the cavity. Therefore, we expect a weak influence of surface defects, which might be
introduced during the reactive ion etching process.

8.2. Optical investigations of Si0.7Ge0.3 islands coupled to
two-dimensional H3 photonic crystal cavities

We investigated the influence of the photonic crystal on the Si0.7Ge0.3 island lumines-
cence intensity by means of micro-photoluminescence experiments. We expect that the
emission intensity is strongly enhanced in resonance with the cavity modes [Hap02]. The
setup is explained in the appendix B.4.2. If not stated otherwise all experiments in this
section use a temperature of 25 K and an excitation wavelength of 532 nm with an exci-
tation power of 5 mW. The laser is focused to a circular spot with a radius of ≈ 900 nm
which resembles a power density of approximately 20 MW/cm2.
The waterfall plot in figure 8.3 presents the photoluminescence intensity in counts per 200
seconds as a function of the emission energy. The different graphs resemble an increasing
r over a ratio from bottom to top. All three graphs show at least eight Lorentzian line
shaped peaks [JJ08] in resonance with the Si0.7Ge0.3 island emission. The peaks shift
to higher energy with increasing r/a ratio. A higher r/a ratio results in a decreasing
cavity size. With a smaller cavity size the electric field has a higher probability in the
low refractive index material air leading to an increasing energy of the resonant mode.
This shift is a clear indication for the presence of cavity modes [Li06].
In the next step, we perform temperature dependent micro-photoluminescence spec-
troscopy measurements on Si0.7Ge0.3 islands and on Si0.7Ge0.3 islands in resonance with
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8. Coupling of SiGe islands to 2D Si photonic crystals
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Figure 8.2.: Selection of the electric displacements of several cavity modes of an H3
cavity.

a H3 cavity. The lattice constant is a≈300 nm and r/a ratio is 0.3. The spectra are
summarized in the waterfall plot in figure 8.4. In figure 8.4 (a), we present the temper-
ature dependence of the as-grown Si0.7Ge0.3 islands. In figure 8.4 (b), we present the
temperature dependence of the Si0.7Ge0.3 islands in a H3 cavity. Both spectra reveal
the presence of a no-phonon and a transversal optical phonon transition as described
in section 6.2. The luminescence intensity vanishes with increasing temperature like in
chapter 6.2.2. Without photonic effects it vanishes at T≈ 220 K. Within the photonic
band gap the luminescence is strongly enhanced and in resonance with the cavity modes
several Lorentzian shaped peaks are observed the most prominent at 0.922 eV, 0.935 eV,
0.958 eV, 0.967 eV, 0.974 eV, 0.985 eV and 1.01 eV. Moreover the emission can be ob-
served up to room temperature with a peak intensity of one photon per second.
The enhancement in resonance with the cavity modes is caused by an enhancement of
the photonic density of states and maybe due to Purcell effect [Hau12] which is a short-
ening of the exciton lifetime [Fox06]. The maximum enhancement in resonance with a
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8.2. Optical investigations of Si0.7Ge0.3 islands coupled to two-dimensional H3 photonic crystal cavities

r/a

Figure 8.3.: Low temperature micro-photoluminescence spectra of Si0.7Ge0.3 islands cou-
pled to three different H3 cavities with increasing r/a ratio from bottom to
top.
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8. Coupling of SiGe islands to 2D Si photonic crystals

a) b)

Figure 8.4.: Waterfall plot of a series of temperature dependent micro-photoluminescence
experiments on (a) Si0.7Ge0.3 islands and on (b) Si0.7Ge0.3 islands embedded
in a 2D photonic crystal with an H3 cavity.

cavity mode is twelve. The overall enhancement factor for the Si0.7Ge0.3 island lumi-
nescence intensity in a photonic band gap is approximately six to ten between 0.85 eV
and 1.04 eV. This enhancement is a result of the redistribution of the light emission in-
side the photonic band gap. This is not an enhancement of the radiative recombination
rate, in fact it is only a redistribution of the emitted light which enhances the collection
efficiency. The possibility to detect room temperature luminescence without photonic
enhancement effect is a very interesting result. It allows to deduce that the temperature
independent optical recombination rate ηrad of the Si0.7Ge0.3 islands is large enough to
compete with the temperature dependent non-radiative recombination rate ηnon−rad(T)
up to room temperature. Only the isotropic emission profile of the islands and reflection
at the silicon-air interface prevent the detection of emitted photons at room tempera-
ture.
This argument is further strengthened by the quantified analysis of the activation ener-
gies according to equation 6.4. Table 8.1 summarizes the resulting activation energies
for the no-phonon luminescence centered at 1.00 eV and the TO-phonon assisted recom-
bination centered at 0.915 eV. In addition the activation energy of the cavity mode at
0.958 eV is included. Within the error there is no significant change of the activation
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8.3. Si0.7Ge0.3 islands as room temperature light emitter

EA−low−energetic (meV) EA−high−energetic (meV) EA−cavity (meV)

as-grown 25.8±7.2 38.7±12.8
photonic crystal 21.5±6.1 21.2±6.3 67.0±13.8

Table 8.1.: Activation energy of Si0.7Ge0.3 islands in and out of a photonic band gap and
of Si0.7Ge0.3 coupled to a photonic crystal H3

energy inside and outside of a photonic band gap. This is reasonable as only the col-
lection efficiency is enhanced. The activation energy is at least three times enhanced
in resonance with the cavity indicating enhanced recombination properties. Here effects
like an enhanced photonic density of states and maybe a Purcell effect [Fox06] result in
a higher temperature stability.

8.3. Si0.7Ge0.3 islands as room temperature light emitter

In this chapter, we have successfully shown room temperature near infrared photolumi-
nescence using the strongly enhanced luminescence of type I Si0.7Ge0.3 islands coupled
to two dimensional silicon photonic crystals. At low temperatures, we have shown an
enhancement of approximately six to twelve when measuring on the patterned structure
compared to unpatterned islands. Even up to room temperature this enhancement is
observed which results in an intensity of approximately one photon per second over a
broad energy range. The experiments allow us to conclude that the radiative recombi-
nation rate of the Si0.7Ge0.3 islands is large enough to compete with the temperature
dependent non-radiative recombination rate up to room temperature.
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9. Ge island light emitting diodes

The possibility for room temperature luminescence in resonance with a photonic crystal is
a promising result for future device applications. However, most devices require electrical
current injection and, thus, diode structures are necessary. Electroluminescence from Ge
islands has previously been investigated by Apetz et al and other groups [Ape95, Bru00]
as a function of the injected current and temperature. Moreover, room temperature
electroluminescence from many stacks of islands has been observed in 2003 by Talalaev et
al [Tal03]. For our goal of an electrically contacted photonic crystal diode with embedded
Ge islands we will now first present a systematic electro-optical characterization of the
emitter properties of molecular beam epitaxy Ge islands fabricated on vertical SOI P -
I - N diodes. We will investigate the temperature stability and the dependence of the
luminescence intensity on the injection current.

9.1. Light emitting diode design

For electric charge carrier injection a P-I-N diode profile with highly doped p and n
regions is chosen to achieve good ohmic contacts and a high density of charge carriers.
The doping profile is sketched in figure 9.1. We have chosen Ge islands (see chapter 4) as
emitter morphology because of their lower emission energy compared to Ge hut clusters
which also allows for detection using an InGaAs CCD at our micro-photoluminescence
setup. The diode is fabricated according to the procedure in the appendix E.2 on top of
a SOI wafer with a buried oxide thickness of 3 µm and a thinned (see appendix C) device
layer of 50 nm thickness. The boron doped p-layer has a nominal acceptor density of
5·1018 cm−3. The p-layer is deposited at ≈ 330-340◦C. The Ge islands are embedded in
a 40 nm thick intrinsic layer. The growth temperature for the Ge islands is 430◦C at a
thickness of nominally six monolayers. For this growth temperature which is comparable
to that in chapter 4, we expect a bimodal distribution of pyramids and domes. Finally
the sample is capped using 115 nm of phosphorous doped silicon with a donor density
of 5·1018 cm−3 at a growth temperature of 400-330◦C. For this growth temperatures no
diffusion of dopants into the germanium islands is expected [Nüt95].
The doping results in a significant change of the band structure properties. In figure 9.2,
we present one dimensional band structure calculations of the diode design from fig-
ure 9.1. The gray shaded region is the intrinsic device layer. The blue region marks the
p-doped region. The orange region indicates the n-doped silicon. In white the intrinsic
region with the Ge islands is depicted. The simulation reveals a big drawback of the
device design as the p-doped region is sandwiched between two intrinsic regions. Thus,
injected charge carriers can diffuse to the intrinsic region at the back side, where they
recombine at the silicon dioxide interface. However, this cannot be circumvented as no
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9.1. Light emitting diode design

n-Si

p-Si

i-Si

SiO2

Si substrate

Material structure Doping profile

115 nm

40 nm

65 nm

50 nm

3 µm

650 µm 

i-Si with Ge islands

18 -3
N  = 5 x 10  cmD

18 -3N  = 5 x 10  cmA

Figure 9.1.: Layer structure and doping profile of a P-I-N diode with embedded Ge is-
lands. Taken from [Gei11].

doped SOI wafers are available from our suppliers. The band structure yields a type
II confinement for holes. This is in analogy to section 2.7 and section 3.2. The Fermi
energy crosses the heavy hole band at the position of the Ge islands. This agrees nicely
with the calculation of the electron and hole densities in figure 9.2 (b). Holes have a
six times higher density in the Ge islands (7.8 · 1018cm−3) than in the p-doped contact
region (1.4 · 1018cm−3). Electrons are only located in the n-doped region with a density
of 2.4 · 1018cm−3.
To verify the diode behavior of the sample, we determine the current voltage charac-
teristic (Figure 9.3) at room temperature and at 10 K in semi-logarithmic scale. The
diode characteristic is measured in the dark to prevent the excitation of photocarriers.
The data are corrected for the contact series resistance. This we determine at the limit
of a high voltage where a linear slope in the current voltage characteristic is observed.
As R = Rdiode + Rcontact and as the resistance of the diode approaches zero for large
voltages we can extract the contact resistance from the linear slope. The series resis-
tance is ≈ 200 Ω at room temperature and ≈ 740 Ω at 9 K, respectively. We find a clear
rectifying behavior which proves the existence of a diode. The leakage current at -1 V
is j=0.53 A/cm2. At +1 V it is j=1.56 A/cm2. Furthermore, we find that the conduc-
tivity of the diode is reduced by one order of magnitude from 300 K to 9 K caused by a
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9. Ge island light emitting diodes

n-Si

n-Sip-Si

p-Si

i-Si

i-Si

300K

a) b)

Figure 9.2.: (a) Band structure of a P-I-N diode in one dimension calculated with
nextnano++ at 300 K in growth direction. The black solid line indicates the
heavy hole band. The green doted line is the ∆(2) band and the red dashed
line is the ∆(4) band. The Fermi energy is included as black dashed line.
(b) Charge carrier density of electrons (red dashed line) and holes (black
solid line).

Vbi291K
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Figure 9.3.: (a) Corrected current voltage characteristic of a P-I-N diode in the dark at
9 K and 291 K. (b) Room temperature diode characteristic from -1 V to
1 V. The onset of the exponential increase is determined as built-in voltage
Vbi.
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9.2. Electro-optical properties of Ge islands in P-I-N diodes

reduction of the ionized dopants [Sze81].
Figure 9.3 (b) shows a zoom on the room temperature diode characteristic from -1 V to
1 V. At roughly Vbi ≈0.6 eV efficient charge transport across the P-I-N structure occurs.
This is the voltage at which flat band condition is reached. From our simulations, in
figure 9.2 we obtain a built-in field of Vbi=1.01 eV. The low experimentally determined
built-in field is an indication for a lower effective doping concentration which can occur
due to diffusion and/or interstitial lattice sites [Sze81].

9.2. Electro-optical properties of Ge islands in P-I-N
diodes

When applying a forward bias at the diode junction the built-in voltage reduces and
minority carriers are injected into the space charge region [Sze81]. Holes then occupy
the energy states in the germanium islands where they are efficiently trapped. These
trapped holes can spontaneously recombine with injected electrons resulting in light
emission. This effect we detect using an electroluminescence setup described in the
appendix B.4.1.

9.2.1. Temperature dependent electroluminescence

Electroluminescence measurements are performed as a function of the temperature for
a net current density of j=0.5 Acm−2. Due to the temperature dependence of the diode
conductivity the applied voltage varied from 2.7 V to 3.4 V. Figure 9.4 shows a waterfall
plot of the resulting spectra. From top to bottom the temperature is increased from 9 K
to 105 K.
No signal from the Si substrate is detected which is reasonable as Ge islands are placed
directly in the space charge region, where the radiative recombination takes places. Due
to the strong hole confinement there are no holes available inside the Si matrix.
Three peaks are observed at energies of ≈ 0.86 eV, ≈ 0.92 eV and ≈ 0.98 eV. With
increasing temperature all peaks exhibit a clear redshift and a reduction of the intensity.
Here the two higher energetic peaks vanish faster than the lower energetic peak. At 50 K
they are only visible as small shoulders in the spectrum.
The fact that the higher energetic peaks vanish faster than the lower energetic peak is

an indication for a weaker confinement. In addition, the peaks are separated by roughly
50 meV. This energy resembles the energy of a SiGe-TO phonon in a SiGe lattice [Dea67].
Thus, we attribute the two higher energetic peaks to a no-phonon and a transversal
optical phonon assisted recombination in the wetting layer [Wan01a, Wan01b]. This
argument is further strengthened as the full width at half maximum (FWHM) of the
lowest energetic peak is 65 meV, whereas the FWHM of the higher energetic peaks are
≈ 40 meV and ≈ 30 meV, respectively. Due to the island size variation, a larger FWHM
than for a flat wetting layer is expected [Leo95, Sei96].
This allocation is also reasonable as the sample consists of only six monolayers of nomi-
nally pure Ge. Previously, the existence of a wetting layer at such deposition thicknesses
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9. Ge island light emitting diodes

Figure 9.4.: Waterfall plot of temperature dependent electroluminescence spectroscopy
with a net current density of 0.5 Acm−2

Transition Ea (meV) α (eV/K) β (K)

Ge islands 3 3.48· 10−4 71.37
wetting layer TO 1 4.00· 10−4 59.74
wetting layer NP 0.8 1.00· 10−3 98.23

Table 9.1.: Quantitative activation energy and fitting parameters for the integrated in-
tensity and the peak energy of figure 9.4.

has been observed [Mie01].
We quantitatively analyze the peak energy and the integrated intensity by fitting all
three peaks with a Gaussian lineshape. From an Arrhenius analysis and equation 6.4 we
then deduce the activation energies and list them in table 9.1. We also list the Varshni
parameters, which we use to fit the peak energies according to equation 3.3. The acti-
vation energy of the islands is of the order of 3 meV. This is similar to the results in
section 3.3. The wetting layer luminescence has a three times lower activation energy
caused by a reduced dimensionality of the confinement. Thus, the intensity vanishes
faster than that of the islands.
In addition, the Varshni parameters are comparable to those in table 3.3. Again different
slopes occur for the transversal optical and the no-phonon transitions which is consistent
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9.2. Electro-optical properties of Ge islands in P-I-N diodes

with our results in section 3.3.

9.2.2. Current density dependent electroluminescence

At a constant temperature of 10 K and 40 K we now vary the amount of injected
current. This directly changes the applied voltage and, thus, the band bending. We
vary the current density from 0.05 Acm−2 to 5 Acm−2 corresponding to a voltage across
the diode between U≈1.7 V and U≈4.0 V at 10 K and from U≈1.3 V to U≈4.7 V at
40 K. In figure 9.5, we present two waterfall plots of electroluminescence spectroscopy
measurements at 10 K and 40 K for varying current injection.
From top to bottom the current density is decreasing. Three peaks are observed at
0.86 eV, 0.92 eV and 0.97 eV. According to our results in the previous section we attribute
the lower energetic peak to the island luminescence. The higher energetic peaks stem
from a transversal optical phonon assisted recombination and a no-phonon recombination
in the wetting layer. Due to the higher temperature, the luminescence signal is lower at
40 K for all investigated current densities as non-radiative recombinations have a higher
probability.
Moreover, the peaks show a clear blueshift for low current injections. At 10 K the islands
reveal a blueshift of 4.5 meV from 0.075-0.5 Acm−2. The transversal optical phonon
assisted and the no-phonon recombination yield a blueshift of 6 meV and 11 meV,
respectively. This is attributed to state filling effects [Bou01] and charge carrier induced
band bending [Bai94].
At a current density higher than 0.5 Acm−2 no further blueshift occurs. Thus, we expect
all islands to be fully occupied. At high current densities above 2.5 Acm−2 corresponding
to a voltage drop of U≈3.5 V the peaks stemming from the wetting layer merge and are
no longer distinguishable.
Figure 9.6 illustrates the integrated intensity of the island and wetting layer luminescence
in a double-logarithmic plot as a function of the current density for a temperature of
10 K. According to Chang et al, the relationship of the integrated intensity I and the
current density is described by I ∝ jm [Cha03b]. The exponent m then yields information
about the recombination mechanism. For the island luminescence, we obtain a slope of
m=1.67±0.20 and for the wetting layer emission slopes of m≈ 2 for current densities up
to 0.2 Acm−2. For larger current densities the slope is roughly 0.67 for all transitions. At
even higher current densities above 3 Acm−2 the island slope reduces to m≈ 0.19±0.09.
At high current densities there is a competition between Auger recombination with a
rate of ΓAuger ∝ n3 and the radiative recombination with a rate of Γrad ∝ n2, where
n is the hole or electron density [Häc94]. In the rate equation 2.11, this results in an
exponent of 0.67 which nicely agrees with the experimental obtained exponent of 0.66-
0.73 occurring for current densities between 0.25 Acm−2 and 3 Acm−2 indicating the
presence of Auger recombination. Above 3 Acm−2 the loss rate equals the radiative rate
and, therefore, the integrated intensity saturates.

The superlinear slope (m ≈ 2) of the integrated intensity for low current densities has
been reported for SiGe quantum wells by Apetz et al [Ape95]. For Ge islands a linear
dependence has been observed by Chang et al [Cha03a]. In contrast, for GaAs quantum
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a) b)

Figure 9.5.: Current dependent electroluminescence spectroscopy waterfall plot at 10 K
and 40 K.

dots an exponent of one is observed for the excitonic emission and an exponent of two
for the biexcitonic transition [Mat03].
A superlinear exponent of two is referred to the recombination from bound excitons
which form from free electrons and holes [Coo90, Sch92]. Under the condition of opti-
cal excitation this cannot be observed in the GaAs system as the relaxation processes,
which lead to the formation of excitons are in the ps timescale. Thus, in GaAs quantum
dots the excitonic recombination rate is independent of the population density. In the
SiGe system the type II band alignment prevents the direct formation of excitons. Holes
which are injected from the contacts are efficiently trapped in the islands. This gives
rise to a band bending, which depends on the amount of the confined holes. The band
bending then results in the accumulation of electrons. The following formation of bound
excitons then depends on the population density of electrons which are attracted by the
band bending and holes which induce this band bending. In summary, this results in
a quadratic increase of the recombination rate with the pumping power. A deviation
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9.2. Electro-optical properties of Ge islands in P-I-N diodes

Figure 9.6.: Double-logarithmic plot of the integrated intensity over the current density
at 10 K. Linear fits are included to extract the slope and to deduce the
presence of Auger recombination.

towards lower values might indicate that some charge carriers recombine before forming
excitons. We think that the good agreement between the experimental exponent and
the theoretical expected value of two is a direct measure for the high crystal quality. A
quantified analysis at 40 K reveals the same behavior as at 10 K.
In the next step we want to compare the efficiency of electroluminescence and photolu-
minescence. Using the Beer-Lambert law

I = I0e
−αx (9.1)

for absorption of light, where I is the absorbed power and I0 the incident power, and
an absorption coefficient of α=6.68·103 cm−1 [Vir11] for a wavelength of 532 nm, we
can estimate the amount of charge carriers created by photoluminescence. Assuming
an incident power of 3 mW, a reflectivity of 37% [Vir11] and a slab height of 270 nm
≈ 0.19 mW are absorbed inside the Si slab. Here back-scattering at the silicon-silicon
dioxide interface is neglected. We can calculate the amount of excited charge carrier per
second by assuming that each photon creates only one charge carrier. We normalize this
to the area of the excitation spot (≈100 µm) and receive a lower limit for the charge
density of nPL = 1.18 · 1019 s−1cm−2. This corresponds to an electrical current injection
of ≈ 1.89 Acm−2.
From figure 9.5, we deduce an intensity of ≈ 1 arb. unit at this current density. For a
similar undoped sample (see figure 4.1 430◦C) an intensity of 0.12 arb. unit was observed
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9. Ge island light emitting diodes

using optical excitation. Although there might be some uncertainties due to excitation
alignment and a different sample design with a mesa structure for electroluminescence,
we qualitatively conclude that electrical injection is more efficient than optical excitation.
The higher efficiency for electrical charge injection is based on five mechanism. First of
all hot charge carriers are injected rather than an excitation far above the band gap.
Therefore, no thermalization process occurs. Such a process can locally heat the sample
and, thus, enhance the probability for non-radiative recombination.
Moreover, in photoluminescence charge carriers created in the Si matrix have to diffuse
towards the islands whereas in electroluminescence the drift velocity induced by the
external electric field pulls the charge carriers through the space charge layer, where the
islands reside.
This also yields a reduced amount of charge carriers, which recombine in the Si-matrix
rather than in the islands explaining the absence of any phonon assisted recombination
stemming from the Si substrate in electroluminescence.
Furthermore, the band bending, which is shown in figure 9.2 yields the formation of a
triangular potential for electrons in the vicinity of the islands. Thus, electrons might be
trapped in one dimension resulting in a reduction of non-radiative recombination.
Finally, the band bending results in a shift of the hole probability density towards the
vicinity of the island. This increases the electron-hole wave function overlap and results
in a larger radiative recombination rate.

9.3. Summary and conclusion

In conclusion, we have successfully shown the fabrication of P-I-N diodes with embedded
Ge islands. Using Ge islands samples where only 6 ML of material are deposited we find
luminescence stemming from the islands and from a wetting layer. But no luminescence
from the Si substrate has been observed. This shows that the Ge islands efficiently trap
injected holes in the space charge region.
Furthermore,we deduce that electrical current injection is at least eight times more
efficient than optical excitation. This is done via a comparison of the luminescence
intensity of optical excitation and electrical current injection. At the same time we find
no difference in the temperature stability of different excitation methods. However, the
spectroscopy intensity is still very weak because of the low photon collection efficiency.
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10. Two dimensional photonic crystal
light emitting diodes with embedded
Ge islands

The final device idea, which we aim for in this chapter, is a Ge island P-I-N diode
patterned with a two dimensional photonic crystal resonator for collection efficiency and
cavity enhancement. Up to now such devices have been shown on GaAs substrate with
single InGaAs quantum dots as active emitters for an electrical tunable single photon
source [Lau09]. Light emitting diodes with photonic crystals have been shown in different
material systems like PbSe in silicon [Heo10] and GaN/InGaN [Kim07, Kim05]. Also
the implementation of organics in SiO2/SiNx two dimensional light emitting photonic
crystal diodes has been shown [Do03]. But up to date no such experiments have been
performed on the SiGe system.

10.1. Electrical characterization of photonic crystal diodes

A new sample has been prepared at a growth temperature of ≈ 470◦C within the island
layer. From previous growth studies (see chapter 4) we can deduce that such a growth
temperature results in a bimodal distribution of pyramids and domes. Using the proce-
dure from the appendix E.3 we fabricated a diode patterned with a photonic crystal.
Figure 10.1 (a) shows the diode mesa with several photonic crystals of different r/a ratios.
The r/a ratio is varied by changing the e-beam dose. The mesa size is smaller (300 µm
x 400 µm) than in the previous section to increase the current density. A zoom in on
one photonic crystal is shown in 10.1 (b). The photonic crystal consists of a triangular
pattern of air holes in the silicon slab. In the middle three holes in a row are omitted to
form an L3 cavity. Furthermore, the two neighboring holes along the cavity are shifted
outwards by 0.15a to optimize the quality factor [Aka03].
In figure 10.1 (c) we present the diode characteristic before (black squares) and after (red
circles) the patterning process at 300 K and after the patterning process at 10 K (blue tri-
angles). A nice rectifying behavior is observed with a leakage current of 3·10−1 mAcm−2

at 1 V for the unpatterned and 1 mAcm−2 for the patterned diode. In addition the
forward biased current decreases by a factor of four. Here the new area due to the re-
moval of the air holes is considered. The degradation of both the leakage current and of
the forward biased current is attributed to the fabrication process where the reactive ion
etching process creates surface defects within the air hole surface [Ben92]. The rectifying
behavior however proves the presence of a diode which can be used for optoelectronic
investigations.
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Figure 10.1.: (a) Diode mesa with TiAu front contact and several photonic crystals of
different r/a ratio. (b) Zoom in on the photonic crystal investigated in
figure 10.2. The r/a ratio is 0.33, the lattice constant is a=380 nm. In the
middle, an L3 cavity is observed where three holes in a row are omitted.
(c) Corrected diode characteristic for the here fabricated sample before and
after the patterning process at 300 K and at 10 K.

10.2. Micro-electroluminescence of two dimension
photonic crystals with embedded Ge islands

To investigate the influence of one photonic crystal, we perform micro-electroluminescence
and micro-photoluminescence spectroscopy measurements on a photonic crystal with a
lattice constant of a=380 nm and an r/a ratio of 0.33. From theoretical plane wave ex-
pansion calculation we deduce that the six cavity modes should be located at 0.856 eV,
0.901 eV, 0.937 eV, 0.944 eV, 0,952 eV and 0.982 eV. In figure 10.2, the experimen-
tal results of the electroluminescence and photoluminescence are plotted in figure 10.2.
The black line shows the micro-photoluminescence spectrum measured on the cavity
position at 14 K with an excitation power of 1 mW. The red line shows the micro-
electroluminescence spectrum measured at the cavity position with a current injection
of 2.1 Acm−2. The blue line is the micro-electroluminescence spectrum measured on the
unpatterned region.
Photoluminescence spectroscopy yields the presence of six cavity modes which are shifted
to the blue by approximately 20 meV compared to the theoretical predictions indicated
by vertical green lines. This shift can be explained by fabrication uncertainties like a
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Figure 10.2.: Micro-photoluminescence and micro-electroluminescence spectra of a pho-
tonic crystal P-I-N diode with a lattice constant of 380 nm and an r/a ratio
of 0.33. The embedded islands are pumped with 2.1 Acm−2 (EL) or 1 mW
(PL). The temperature is 14 K. The photoluminescence spectra is taken
on the cavity (black). The electroluminescence spectra is taken besides the
patterned region (blue) and on the cavity (red). Vertical green lines mark
the theoretical position of the cavity modes.

varying hole size or a non-cylindrical hole shape. The micro-electroluminescence mea-
sured besides the photonic crystal yields the presence of island luminescence from 0.8 eV
to 1.05 eV with an intensity of less than 0.5 counts per second.
This signal is strongly enhanced by a factor of at least three when detecting on the
photonic crystal region shown in red. Both the electroluminescence and the photolumi-
nescence demonstrate the presence of a band edge mode at ≈ 0.82 eV which proves the
existence of a photonic band gap in the measurement region [Yab91].
The strong enhancement when detecting on the photonic crystal region is due to a re-
distribution of the light emission resulting in an enhancement of the collection efficiency.
However, in contrast to the photoluminescence experiments no cavity modes are ob-
served which is quite astonishing as indeed photonic effects are present indicated by the
band edge mode and the luminescence enhancement.
Looking at the differences in the measurement principle, it is possible to explain the
absence of cavity modes in the electroluminescence. When exciting with a laser, charge
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carriers are only excited in the cavity region and, therefore, recombination hardly occurs
outside the cavity region as charge carrier diffusion is limited due to the surface states
at the air hole surface. Thus, light is emitted very locally. In electroluminescence charge
carriers are injected into the space charge region over the whole area. Therefore, light
is emitted from every island in the diode at the same time. Furthermore, the detection
spot size is approximately 12 µm which is much larger than the cavity size. Therefore,
much more light from the photonic crystal region is detected in electroluminescence than
in photoluminescence. Thus, it is possible that in electroluminescence the integrated in-
tensity from the photonic crystal region is more intense than the locally excited intensity
from the photonic crystal mode. Moreover, the etched air holes create an additional axis
resistance into the electrical system. Therefore, it is likely that charge carriers injected
into the diode cannot reach the cavity region. This assumption is supported by the
presence of the band edge mode indicating the presence of photonic effects.
The high axis resistance favors other cavity designs like the A1 cavity [Kra96] or simple
W1 waveguides [Lon00]. Such designs would allow for electrical access to the cavity
along the waveguide. The missing cavity of the latter waveguide design is compensated
by an emission from fabrication uncertainties [Top07].
First indication for cavity mode enhancement in micro-electroluminescence we achieved
with an L3 cavity in a p+nn+ diode where the intrinsic and n doped layers in figure 9.1
are replaced by 20 nm of n doped (NA = 2 · 1017 cm−3), 115 nm of NA = 5 · 1017 cm−3

and 20 nm of NA = 5 · 1018 cm−3 doped silicon. The Ge islands are still exactly at
the middle of the silicon slab. Furthermore, the diode was further scaled down to a
mesa size of 200 x 150 µm2 for even higher charge densities. In figure 10.3, we show the
micro-electroluminescence and micro-photoluminescence spectra when pumping with an
electrical current density of 8.3 Acm−2 (black curve) or an optical excitation power of
4 mW (red curve).
The photoluminescence spectra shows two modes at ≈ 0.93 eV and ≈ 1.00 eV. From
simulations we deduce that these are modes M4 and M5 of the L3 cavity. The electro-
luminescence spectrum is very noisy due to a low signal of only 0.3 counts per second.
We observe a clear peak at ≈ 1.00 eV which fits very nicely to the mode emission ob-
tained in micro-photoluminescence. We fit both peaks using a Lorentzian line shape
and extract a quality factor of 66 for the photoluminescence experiment and 89 for the
electroluminescence experiment. These two quality factors are in very good agreement
with each other.
Hence, we deduce that this result is a first strong indication for mode enhancement from
Ge islands coupled to an electrically contacted two-dimensional photonic crystal cavity.
This is a major step towards an efficient silicon-germanium based light source.

10.3. Conclusions about SiGe based device applications

In chapter 8 we have shown that photonic crystals strongly enhance the extraction effi-
ciency of Si0.7Ge0.3 islands in vertical direction. With the enhanced collection efficiency
we find that even without any photonic effects the radiative recombination rate can com-
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Figure 10.3.: Micro-electroluminescence (black curve) and micro-photoluminescence (red
curve) measured at 14 K with an electrical current density injection of
8.3 Acm−2 and an optical excitation power of 4 mW.

pete with the non-radiative recombination rate up to room temperature. Without any
photonic crystal the refractive index induced vertical confinement results in degradation
of the collection efficiency.
Furthermore, we have shown that electrical current injection in P-I-N diodes with Ge
based emitters offers the possibility for a higher current to photon conversion efficiency
compared to optical excitation. But a combination of both effects, photonic crystals
and electrical current injection, requires further experiments as the axis resistance of the
photonic crystal air holes prevents a good electrical access to the islands.
We think that on-chip applications, where the light is guided in in-plane waveguides
seem to be the most promising path for future applications. Here the low extraction
efficiency is circumvented by the waveguiding effect. Moreover waveguides can allow for
an efficient charge transport to the islands.
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Within this thesis we have investigated the radiative recombination properties of var-
ious (Si)Ge based three dimensional confinement structures as well as their coupling
with two-dimensional photonic crystals. In addition, we embedded Ge islands into P-I-
N diode structures to evaluate the effect of electrical current injection.
(Si)Ge islands, which form by means of a 4.2% lattice mismatch between Si and Ge,
have been comprehensively studied within the last 20 years. However, until beginning
of this thesis there has been no systematic investigation of the dominating parameters
influencing the radiative recombination properties and of the recombination properties
themselves. To fill this gap and to asses the potential of various (Si)Ge based light
emitters we, in the first part of this thesis, have presented a systematic epitaxial study
in different kinetic and thermodynamic regimes. In combination with a comparative
study of realistic band structure simulations and photoluminescence spectroscopy we
have evaluated both the real space and the k-space recombination properties of various
quantum dot and island morphologies. In summary, there is a strong correlation be-
tween the island dimensions and the alloy composition via the lattice mismatch between
Si substrate and SiGe alloy. Both parameters dominate the radiative recombination
properties but with a competing influence.
Qualitatively we experimentally and theoretically have found that a low Ge content
and a small quantum dot size is required for a large spatial electron-hole wave function
overlap. Furthermore, very small sizes are required for a quasi-direct recombination in
k-space.
To achieve a very small size we employed very low growth temperatures between ≈ 300-
400◦C resulting in limited surface kinetics for the adatoms with a small surface diffusion
length. This leads to the formation of Ge hut clusters. This quantum dot morphology
sustains a no-phonon transition from an electron in the ∆(4)-valley with a heavy hole
indicating that the hole wave function spreading is large enough to prevent a possible
three particle process with assistance of a phonon.
However, the low growth temperature also inevitably limits the intermixing of the hut
clusters with Si and, thus, nominally pure Ge hut clusters always have a high Ge content.
The small size and the high Ge content now provide a spatial type II band alignment
where electron and hole are spatially separated. This results in a very weak electron-hole
wave function overlap which we quantitatively calculate to a value of 3.7%. This is ap-
proximately 20 times lower than for III-V quantum dots resulting in a 400 times longer
radiative recombination time. This is consistent with published values of the radiative
recombination time where a difference of approximately 1000 is observed.
For a higher electron-hole wave function overlap a lower Ge content is required. An easy
approach to achieve this is an increasing growth temperature. Enhanced thermodynam-
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ics now increase both the surface diffusion length of adatoms and the interdiffusion with
Si. This results in the formation of a bimodal distribution of pyramids and domes as
surface kinetics are no longer limited. Indeed pyramids and domes obtain a lower Ge
content than Ge hut clusters but due to the correlation between Ge content and size
which is governed by the lattice mismatch the size is strongly reduced. This results in an
even further separation of the electrons and holes and, therefore, in a lower electron-hole
wave function overlap compared to nominally pure Ge hut clusters.
This nicely shows that small sizes induced by limited surface kinetics are necessary for
a high luminescence intensity. Therefore, growth schemes are required which allow the
independent tuning of the Ge content from the island or quantum dot size. We evaluate
the approach of Si and Ge co-deposition. This approach allows for low growth tem-
peratures, which maintain the limited surface kinetics. At the same time a reduction
of the supplied Ge adatoms results in a lower Ge content. This technique slightly lifts
the correlation between Ge content and size and, therefore, the fabrication of SiGe hut
clusters is possible which however show qualitatively the same radiative recombination
rate as nominally pure Ge hut clusters. The biggest advantage of SiGe hut clusters is
that the fine tuning of the Ge content allows for a larger flexibility in the adjustment of
the desired recombination energy.
Based on our experimental and simulation analysis we conclude that all these island mor-
phologies exhibit a type II band alignment inherently limiting the radiative efficiency.
At the same time Ge and SiGe hut clusters show a quasi-direct recombination revealing
an optimum spreading of the hole wave function in k-space.
For optimizing the spatial electron-hole wave function overlap we follow the path of
further reducing the Ge content by means of co-deposition of Ge and Si at high temper-
atures of 630◦C. The resulting Si0.7Ge0.3 islands, which are quantum well segments, offer
an eight times higher luminescence intensity. This we attribute to a spatial type I band
alignment. This conclusion we receive from realistic k*p band structure simulation where
no fit parameters have been used as input parameter. Instead of this the simulations
are based only on the experimental determined structural island properties size and Ge
content. The spatial type I band alignment is expected to result in a larger electron-hole
wave function overlap due to a stronger influence of the attractive Coulomb interaction
between the confined charge carriers. Because of the large size of these Si0.7Ge0.3 islands
the hole wave function spreading in k-space is significantly reduced. This allows for a
second radiative recombination channel including the assistance of a phonon.
In summary, the competitive connection between the Ge content and the island height
strongly limits the potential of Ge based light emitters. It seems not possible to opti-
mize the k-space and the real space recombination properties at the same time because
of the fact that it is so far not possible to fabricate small, type I emitters with a low Ge
content. This would require growth methods which allow for a completely independent
tuning of the Ge content and the size. This is something the here employed method of
co-deposition does not achieve. Such growth schemes might involve the implementation
of additional materials like carbon or tin for lattice constant engineering or the deposi-
tion on pre-strained strained substrates.
As a second part of this thesis we deal with embedding (Si)Ge based light emitters
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11. Summary and conclusion

into photonic crystals and P-I-N diodes. By combining Si0.7Ge0.3 islands with two di-
mensional photonic crystals we obtained additional information concerning the radiative
recombination rate. In resonance with the photonic band gap photoluminescence spec-
troscopy measurements reveal an intensity of at least one photon per second up to room
temperature over a broad energy range without any cavity. Without the photonic crys-
tal the luminescence already vanishes at 217 K. The fact that the improvement of the
collection efficiency without any further photonic effect is enough for such a strong en-
hancement indicates that the radiative recombination rate of the Si0.7Ge0.3 islands is
large enough to compete with the non-radiative recombination rate. This allows to de-
duce that the large refractive index difference is a major issue for future applications.
Thus, we assign the highest potential to a future in-plane device idea.
Furthermore, we have embedded Ge islands into vertical P-I-N diode structures to asses
the potential of electrical charge carrier injection which is necessary for future device
applications. By comparing photoluminescence intensities and electroluminescence in-
tensities of Ge islands we found that electrical injection of hot charge carriers is at least
eight times more efficient than optical excitation.
In combination with two dimensional photonic crystals the electroluminescence intensity
is enhanced by a factor of approximately three because of the redistribution of the light
emission. This is lower than for an excitation with photoluminescence. The reason for
this is a high axis resistance due to the photonic crystal air holes. So far this prevents a
strong cavity mode enhancement as charge carriers cannot diffuse into the cavity region.
However, first indication for mode enhancement has been observed and we expect better
results using a new diode design. Here we suggest the embedding of approximately 8 lay-
ers of Si0.7Ge0.3 islands rather than pure Ge islands in waveguide cavities. Eight island
layers would strongly enhance the charge trapping carrier efficiency while maintaining
the slab thickness. Moreover a waveguide cavity would allow the diffusion of charge
carriers into the cavity region. Furthermore, we could profit from the higher radiative
efficiency of Si0.7Ge0.3 islands compared to pure Ge islands.
In conclusion, we think that for a commercial impact in terms of an efficient silicon based
light source new fabrication schemes have to be invented, which allow the fabrication of
small and low Ge content quantum dots with a type I band alignment. Otherwise the
low radiative efficiency will always be too small for a commercial application. Therefore,
if no way is found to independently tune the Ge content from the island or quantum dot
size Ge heterostructures can only be used as an interesting model system in research but
not for an efficient silicon based light source in future silicon optical integrated circuits.
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A. K*p band structure simulations

Semiconductor crystals consist of a periodic lattice of nuclei and an immediate con-
sequence of this periodicity is the formation of an electronic band structure [Kit89].
This band structure consists of electronic bands with a non-zero density of states and
a band gap which is an energy region with a zero density of states. The band struc-
ture determines most of the electronic and optical properties of semiconductors [Sin93].
Therefore, deep knowledge of at least the lowest energetic conduction and valence bands
is required to understand occurring phenomena. During this thesis we performed ex-
tensive band structure calculations using the simulation software nextnano++ [Bir07]
which was developed in the group of Prof. Vogl at the WSI. In the following, we will
very briefly discuss the basic concept of the k*p approximation and the envelope func-
tion theory. For further reading we refer to the PhD thesis of T. Andlauer [And09] and
M. Zibold [Zib07].

A.1. Multi-band k*p effective mass approach

The periodic structure of atoms is mathematically described by a many-particle Hamilto-
nian [Kit89] where the mean field approximation [Pre99] allows to reduce the complexity
of the n-body problem to a one-body problem with the lattice periodic potential V(x+R)
= V(x). R is the Bravais lattice vector :

Ĥψn(x) =

[
p2

2m0
+ V (x)

]
ψn(x) = Enψn(x) (A.1)

Using Bloch‘s theorem [Blo29] we can rewrite the eigenfunctions ψn(x) as

ψn,k(x) = exp(ik · r)un,k(x) (A.2)

un,k(x) is the Bloch factor which contains the crystal periodicity un,k(x) = un,k(x+R).
By inserting equation A.2 into equation A.1 we obtain following relation:

Ĥ(k)un,k(x) =

[
p2

2m0
+ V (x)

]
un,k(x) = Enun,k(x) (A.3)

The solution of this relation results in the dispersion relation of the band eigenenergies
En as a function of the wave vector k in the first Brillouin zone.
However it requires numerical methods and simplifications to solve these n equations.
We will use the k*p method which simplifies the calculation by utilizing the fact that
charge carriers occupy only the conduction band minima and valence band maxima.
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A. K*p band structure simulations

The k*p method calculates the band structure only in a small interval surrounding the
high symmetry k-points k0. Close to k0, we expand Ĥ and un,k(x) around |k− k0|. Then
the Hamiltonian in equation A.3 splits in a constant extreme part and a k dependent
part. The Bloch factors un,k(x) then form a complete orthonormal basis of the infinite
dimensional equation system for all n energy bands. However, only a few of those bands
are occupied and, hence, physically relevant. In the following consideration, we only take
the physical relevant bands into account. All other bands are treated as perturbation.
Using this assumptions we end up with the following Hamiltonian:

Ĥ ′νµ(k) = Ĥνµ(k) +
∑
α

Ĥνα(k)Ĥαµ(k)

Eν(k0)− Eα(k0)
(A.4)

with

Ĥνµ(k) =

[
Eµ(k0) +

h̄2

2m0
(k2 − k2

0)

]
δνµ +

h̄

m0
(k− k0) · pνµ (A.5)

Here k0 is the wave vector where the energy bands have an extreme value, and pµν is
the momentum matrix element between the different band edge states [Sin93].
To solve this Hamiltonian, two different approaches are possible; The first approach
calculates the bands individually. This so called effective mass approximation (EMA)
reduces the matrix equation A.4 to a scalar by treating the perturbation with an effective
mass tensor m∗.

ĤEMA
n (k) = En(k0) +

h̄2

2m0
(k2 − k2

0) +
h̄2

m2
0

∑
α 6=n

|(k− k0) · pnα|
2

En(k0)− Eα(k0)

= En(k0) +
h̄2

2m0
(k− k0)T

1

m∗
(k− k0)

(A.6)

This approach is from computational point of view very fast compared to calculations
where several bands are involved. However, it only gives sufficient accurate results when
the energy difference between the individual bands is large [And09].
We only use this approach for calculations where we want to calculate the wave func-
tion and not the exact energy of the individual energy states. Especially for the p-type
degenerate valence bands we require a multi-band model, as the individual bands are
energetically coupled and suffer from spin-orbit coupling. Therefore, when not stated
otherwise, we use an eight band k*p approach when calculating the transition ener-
gies or the electron and hole probabilities. In this approach equation A.4 becomes an
eight×eight matrix where a relativistic correction term considers the spin-orbit interac-
tion [And09]. This is solved in an iterative process.
Thus, we get a good insight on the heavy and light hole as well as the split-off band
and the Γ conduction band. As nextnano++ is not capable of an 14 band algorithm, we
always calculate the X- and the L-band using the single band approach. We think this is
sufficient enough for qualitative conclusions as those conduction bands are energetically
well separated.
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A.2. Envelope function theory for non-periodic nanostructures

A.2. Envelope function theory for non-periodic
nanostructures

As stated above the electronic band structure is a direct result of the lattice periodic po-
tential. However, nanostructure like islands, break the translation symmetry and, thus,
the lattice is not completely periodic anymore. Bloch‘s theorem is no longer valid and
the previously stated method can no longer be used. The envelope function approxima-
tion (EFA), however, makes it possible to adopt this theory to quantum dots or other
nanostructures.
In this approach the charge carrier wave functions is a superposition of Bloch functions:

ψ(x) =
∑
n

Fn(x)ψn,k0(x) (A.7)

Fn(x) hereby is called the envelope functions which is assumed to vary slowly compared
to the lattice constant.
Using this Ansatz one can reformulate the Schrödinger equations. The exact math is
given in the PhD thesis of Till Andlauer [And09] and Tobias Zibold [Zib07]. Exemplarily,
for the conduction band in single band approximation one has to solve

HEMA,EFA = − h̄
2

2
∇ ·
(

1

m∗

)
∇+ Ec(x) + Vext(x). (A.8)

Here Ec is the conduction band energy and Vext is a possible external potential.

A.3. Modeling of Ge nanostructures in Nextnano++

To calculate the band structure a simulation model of the nanostructure has to be
defined. This model is based on following procedure:

1. defining global parameters

2. defining simulation grid

3. defining structure

4. defining simulation properties

The temperature, the substrate and the crystal directions are global parameters which
influence the material properties of silicon and germanium. In our case the temperature
varies between 10 and 20 Kelvin. The crystal geometry is x = {100}, y={010} and
z={001}. z is the growth direction throughout this thesis.
The simulation grid is very important as it determines the resolution of the calculation.
A smaller simulation grid results in a higher resolution but also leads to a much larger
computation time.
Next we define the structure were we use different geometrical objects like cuboids or
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A. K*p band structure simulations

obelisks of different sizes to model the desired structure. Each object has a size and an
alloy content. Furthermore, the alloy content can be modeled with a gradient to take
the intermixing of silicon into the germanium into account [Zha10]. Also the doping of
the structure is defined here. The doping library consists of different materials where
the exact binding energies and degeneracies are defined. In addition, for computational
reason a quantum region is defined. Only inside of this region the Schrödinger equation
is solved self-consistently saving computation time.
We always include strain into our calculations which can be modeled using two differ-
ent approximations: a minimizing model and a pseudomorphic model. The calculations
are based on the linear continuum elasticity theory [Pry98] were the minimizing model
minimizes the global strain of the system. The pseudomorphic model strains the nanos-
tructure according to the substrate.
For all calculations which involve small Ge quantum dots, we use the minimizing model.
For larger SiGe islands, which we present in chapter 6 we use the pseudomorphic strain
model as transmission electron microscopy images prove a pseudomorphic epitaxy.
The band edges and eventually the charge carrier densities are calculated in a classical
Poisson equation approach. For calculations concerning P-I-N diodes which we conduct
in chapter 9 the band structure is altered by the charge carrier transport and occurring
recombinations. Thus, we iteratively calculate the current transport using the Shockley-
Read-Hall model followed by the Poisson equation.
At last we calculate the Schrödinger equation for several bands, where we individually
decide, whether to use a multi-band k*p approach or the single band approach. k*p
calculations use a complex wave function as basis. Single band calculations imply a real
wave function. Thus, for calculating the overlap integral the single band approach is nec-
essary for the hole states to allow subsequent integration with the electron state of the
∆-valley which is always calculated in single band approach given the lack of a 14-band
k*p algorithm. Calculations of the transition energies in chapter 3, 4 and 5 use the
single band approach for calculation speed reasons. A comparison with k*p calculations
reveals that the single band approach is sufficient to qualitatively describe the observed
experiment trends. In chapter 6, the k*p approach determines the transition energy as
high accuracy is needed to prove the validity of the simulation model.
The material library listed in tables A.1 and A.2 can be altered but we use the predefined
values which have been taken from literature.
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A.3. Modeling of Ge nanostructures in Nextnano++

Parameter Value Reference

lattice constant 5.4304 Å [Spr12]
lattice constant expansion 1.8138· 10−5 Å/K [Spr12]

dielectric constant 11.7 Silvaco
elastic constants

C11 165.77 GPa [Spr12]
C12 63.93 GPa [Spr12]
C44 79.62 GPa [Spr12]

Γ-band
effective mass 0.156

deformation potential -10.39 [Wei99]
L-band

longitudinal effective mass 1.420
transversal effective mass 0.130

deformation potential -2.02 [Wei99]
uniaxial deformation potential 16.14 [VdW86]

∆-band
longitudinal effective mass 0.916 [Boe90]
transversal effective mass 0.190 [Boe90]

deformation potential 3.40 [Wei99]
uniaxial deformation potential 9.16 [VdW86]

valence-bands
heavy hole effective mass 0.537 [Boe90]
light hole effective mass 0.153 [Boe90]

split-off hole effective mass 0.234 [Boe90]
deformation potential 2.05 [Wei99]

uniaxial deformation potentialb -2.10 [Lau71]
uniaxial deformation potentiald -4.85 [Lau71]

Table A.1.: Complete list of all simulation parameters used for the band structures of
silicon.

109



A. K*p band structure simulations

Parameter Value Reference

lattice constant 5.6579 Å 298.15 K [Spr12]
lattice constant expansion 5.8· 10−5 Å/K [Sze81]

dielectric constant 16.2 [Spr12]
elastic constants

C11 128.53 GPa [Spr12]
C12 48.26 GPa [Spr12]
C44 66.80 GPa [Spr12]

Γ-band
effective mass 0.038

deformation potential -10.41 [Wei99]
L-band

longitudinal effective mass 1.57
transversal effective mass 0.0807 [Sch97a]

deformation potential -4.35 [Wei99]
uniaxial deformation potential 15.13 [VdW86]

∆-band
longitudinal effective mass 1.350
transversal effective mass 0.290

deformation potential 0.14 [Wei99]
uniaxial deformation potential 9.42 [VdW86]

valence-bands
heavy hole effective mass 0.316
light hole effective mass 0.0424

split-off hole effective mass 0.095
deformation potential -0.35 [Wei99]

uniaxial deformation potentialb -2.86 [Cha77]
uniaxial deformation potentiald -5.28 [Cha77]

Table A.2.: Complete list of all simulation parameters used for the band structures of
germanium.
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B. Experimental techniques

B.1. Atomic force microscopy

We use atomic force microscopy to determine the topological size distribution of surface
islands. An Asylum Research MFP 3D atomic force microscopy is used in tapping mode.
According to the specifications the tip radius is smaller than 10 nm.
The analysis of the images uses the open source software WSxM [Hor07]. With WSxM
sizes and densities are determined manually. All data points are determined by an
average of 30 islands on three different positions.
For the analysis in chapter 6 we use Gwyddion [Nec12]. Gwyddion is capable of an
automatic mechanism for quantitative analysis but only for a non-varying island shape as
it can not distinguish between different morphologies. The automatic algorithm averages
over several hundred islands. The error analysis includes the statistical size variation
and the systematical error of the non-zero tip size and of the measurement step size.
However, the systematic error is 2 orders of magnitude lower than the statistic error.

B.2. Transmission electron microscopy and energy
dispersive X-ray spectroscopy

All presented transmission electron microscopy and energy dispersive X-ray spectroscopy
measurements are performed in collaborations with Prof. Zweck from the Universität
Regensburg and with Dr. Döblinger from the Ludwig Maximilians Universität München.
The sample preparation and first experiments have been conducted at the Universität
Regensburg whereas the presented measurements have been conducted at the Ludwig
Maximilians Universität using a FEI Titan 80-300 with a operating voltage of 300 kV.
All presented measurements are taken in the HAADF-STEM mode which offers a high-Z
contrast.

B.3. Raman spectroscopy

Raman spectroscopy measurements are conducted in back-scattering geometry. The
514.5 nm line of an Argon Ion laser was used for the excitation. The excitation power is
3-4 mW with a focus diameter of approximately 1 µm. All measurements are performed
at room-temperature and under ambient conditions. The scattered intensity is spectrally
dispersed using a Dilor X-Y-triple spectrometer. The spectral resolution is between 1
and 3.8 cm−1. The detection is conducted using a nitrogen cooled CCD.
Raman spectroscopy does not directly reveal the Ge content. In fact it reveals the
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ωSi-Si

ωSi-Ge

ωGe-Ge

2TAX 2TAΣ

2TAL

Figure B.1.: Raman spectrum of a hut cluster sample and a crystalline Si reference. The
Si wafer has the same specifications as the substrate for the hut cluster
sample. The Intensities of both spectra are normalized to the intensity of
the Si-Si-LO phonon intensity.

frequency shift of the laser scattered at phonons. In a two atomic base the phonon
frequency is a function of the mass of both atoms [Kit89]. The phonon frequency in an
alloy depends on the neighboring atoms and, therefore, on the composition ratio of the
alloy species. In our system there are several possibilities: A Si atom can vibrate in a
Si matrix, a Ge atom can vibrate in a Ge matrix and a Si can vibrate in a Ge lattice or
the other way around. In the quantized phonon picture this results in SiSi, GeGe and
SiGe phonons.

Figure B.1 exemplarily shows the Raman intensities of Ge hut clusters deposited at
424◦C and of an unprocessed Si substrate wafer. The intensities of both graphs are nor-
malized to the maximum intensity of the Si-Si-LO phonon mode at ≈ 520 cm−1 stem-
ming from the Si substrate or capping layer [Gro97, Tan03]. Three modes at 225 cm−1,
301 cm−1 and 435 cm−1 are attributed to vibrations in the silicon substrate or the
silicon capping layer. According to the literature we label them as Si-TA-vibrations
of second order in L, X or Σ direction [Tan03]. The hut cluster sample yields two
additional features at 302.2 cm−1 and 421.9 cm−1. The first is a Ge-Ge lattice vi-
bration [Gro97, Tan03, Alo89]. The latter is a Si-Ge phonon. An additional peak for
localized Si-Si phonons is expected at ≈ 500 cm−1 [Gro97, Alo89]. However, this phonons
we do not observe in our samples.
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B.4. Photoluminescence and electroluminescence spectroscopy

For calculating the average Ge content we follow the method introduced by Dominique
Bougeard [Bou05, Tan03]. First we subtract the Si reference from the Ge hut cluster
sample to remove the influence of the Si substrate. It has been shown that the average
Ge content can be estimated by the frequency shift of the ωGe−Ge-LO mode relative
to the bulk material. Next we assume a fully strained island with an average strain
of approximately -3.5% [Bou05]. This strain results in a frequency shift of 13.5 cm−1

compared to the bulk germanium phonon mode at 300.8 cm−1. If one compares this
value with the experimental value of the Ge-Ge-LO mode the resulting frequency shift
is inserted in the empirical formula [Ren71]

ωGe−Ge(LO) = 263.8 + 37xGe(cm
−1) (B.1)

to deduce the average Ge content xGe.

B.4. Photoluminescence and electroluminescence
spectroscopy

For optical investigations we use two different setups which differ in their excitation spot
size. We use a macro-photoluminescence and a micro-photoluminescence setup. Both
setups can be applied for electroluminescence measurements.

B.4.1. Macroscopic-photoluminescence and electroluminescence

To conduct luminescence measurements on unpatterned structures, we use a so called
macro-photoluminescence setup. Here the excitation laser is either an Argon ion laser
with a wavelength of 514.5 nm or 488 nm and a maximum power of approximately
30 mW or a Diode pumped solid state laser with a wavelength of 532 nm and a maxi-
mum power of 200 mW. Furthermore, a second diode pumped solid state laser with an
excitation wavelength of 473 nm and a maximum power of 100 mW is available. For all
lasers the excitation energy is far above the band gap.
For later noise filtering the excitation signal is chopped at frequencies between 20 and
68 Hz. The laser light is directed on the sample using a cold mirror, which is transmis-
sive in the near infrared region and reflective in the visible. We focus the light on the
sample using an achromatic lens with a focus length of 7.5 cm. The diameter of the
excitation spot is ≈ 100 µm. The sample is placed in a liquid Helium flow cryostat from
Cryo Industries. The luminescence of the sample is collected and then focused on the
entrance slit of a Triax 550 grating monochromator using achromatic lenses. After the
spectral filtering, we detect the luminescence signal using a North Coast Ge Detector.
The detector output voltage is finally detected in Lock-In technique.
For electroluminescence measurements, we replace the optical excitation of the laser
with an electrical current injection using a Keithley 2400 DC bias source. In addition
the detection signal is directly chopped in front of the spectrometer entrance.
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B.4.2. Microscopic-photoluminescence and electroluminescence

As photonic crystal cavities are of micrometer size the detection and excitation spot need
to be of the same size. Therefore, an 100x near-infrared coated microscope objective
with a focus spot diameter of approximately 1 µm replaces the optical lens system. The
excitation uses a diode pumped solid state laser with a wavelength of 532 nm and a
maximum power of 200 mW. The luminescence signal is guided to the entrance slit of
a Triax 320 grating monochromator where it is spectrally dispersed. The detection is
performed using a nitrogen cooled InGaAs imaging CCD line array.
Here again, electroluminescence experiments require to replace the optical excitation
with an electrical current injection using a Keithley 2400 DC bias source.

114



C. Silicon on insulator and germanium
on insulator thinning procedure

This appendix shortly summarizes the wafer-thinning procedure for the preparation of
the silicon on insulator substrates. Such wafer-thinning is required as there are no
commercial available silicon on insulator wafers with a micrometer thick buried oxide
and a device layer of less than 50 nm. Also there are no such commercial silicon and
insulator wafers with a highly doped device layer needed for the P-I-N-diode structures
of this thesis. There are several possible methods for silicon wafer-thinning:

� Reactive ion etching

� Thermal oxidation with subsequent hydrofluoric acid treatment

� Isotropic wet etching

The thinned substrate has to fulfill a high standard of purity to allow subsequent intro-
duction into the molecular beam epitaxy chamber. Especially contaminations including
metal have to be avoided. Therefore, we exclude the first method because of possibly
unwanted surface contamination.

C.1. Wafer-thinning by thermal oxidation

Silicon in combination with oxygen leads to the formation of silicon-dioxide. Silicon-
dioxide is highly unstable against hydrofluoric acid treatment whereas silicon is stable
against hydrofluoric acid [Wil03]. The combination of both chemical processes can be
used to thin the device layer of a silicon on insulator wafer. Natural oxidation is a very
slow process but elevated temperatures can strongly fasten the oxidation process.
Basically there are two possible oxidation mechanism: Dry oxidation, which takes place
in pure oxygen atmosphere and wet oxidation, which takes place in humid oxygen at-
mosphere.
Dry oxidation is a gentle process which results in an interface with few defects and a
silicon-dioxide of high quality. Unfortunately this process is very slow with oxidation
rates of 0.2-0.3 nm/min at 900◦C 1.
Wet oxidation on the other side is fast. But it results in many defects within the silicon-
dioxide and at the interface [wik12]. As we anyway will remove the silicon-dioxide the

1Experimental result of S. Koynov
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C. Silicon on insulator and germanium on insulator thinning procedure

quality of the oxide is unimportant and, hence, we use the latter process. Wet oxidation
follows the stoichiometric equation:

Si+ 2H2O → SiO2 + 2H2(g) (C.1)

In the WSI a self made oxidation oven is available which reaches temperatures up to
1000◦C under dry or humid oxygen atmosphere. High temperatures are desired as they
result in an enhanced process speed. The thermal oxidation process follows the Deal-
Grove model [Dea65]:

t+ τ =
x2

B
+
A · x
B

(C.2)

Here x is the oxide thickness, t the reaction time and τ is a corrective term which ac-
counts for an already existing oxide barrier. B/A is the linear rate constant and B the
parabolic rate constant both depending on the oxidation mode, on the crystallographic
orientation and on the ambient partial pressure and temperature.
For our experiments, we use an oxidation temperature of 900◦C and an oxygen flow of
six arbitrary units 2. Preceding we remove the natural oxide with 5% hydrofluoric acid
to allow for a homogeneous oxidation. We confirm the resulting slab thickness with ellip-
sometry and reactive ion etching including subsequent atomic force microscopy measure-
ments. We find a silicon removal rate which is unstable although we carefully treated
the oxidation parameters. Also it is only of the order of approximately 0.4 nm/min,
which is much lower than the theoretical predicted 1.0 nm/min.
In addition microscope images yield that the subsequent hydrofluoric acid treatment in-
duces so called HF defects [Nau06] into the slab. These defects arise when hydrofluoric
acid diffuses through the surface layer into the buried oxide. The removal of the buried
oxide results in a breaking of the silicon slab. This degrades the surface quality for
subsequent epitaxy.

C.2. Wafer thinning by isotropic wet chemical etching

Another approach for the wafer-thinning process is isotropic wet chemical etching. This
requires the combination of an oxidizing chemical which in our experiments is 60% nitric
acid (HNO3) and an oxide removing acid which is 0.03% hydrofluoric acid (HF) diluted
in water. We mix nominally 348 ml of 69% HNO3 and 52 ml of 0.26% HF to obtain
such concentrations.
According to the stoichiometric formulas C.3, C.4, C.5 and C.6 the nitric acid first
dissociates to NO2 which oxidizes the silicon. Afterwards the hydrofluoric acid removes
the silicon-dioxide [Mic12].

HNO2 +HNO3 → 2NO2 +H2O (C.3)

2NO2 + Si→ Si2+ + 2NO−2 (C.4)

Si2+ + 2(OH)− → SiO2 +H2 (C.5)

2The flow meter does not give a more exact unit.
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C.2. Wafer thinning by isotropic wet chemical etching

Figure C.1.: Etching rate for SOI (black squares) and GeOI (blue triangles) wafers with
a mixture of HF/HNO3. The concentration for the SOI wafer is 0.03% HF
: 60% HNO3 and for the GeOI wafer 0.1% HF : 42% HNO3, respectively.

SiO2 + 6HF → H2SiF6 + 2H2O (C.6)

The surface quality is reasonable high for subsequent overgrowth with a roughness mean
square of approximately 5 nm. The etching rate is ≈ 3 nm/min and strongly depends on
the hydrofluoric acid concentration. This we deduce from figure C.1 where the etching
depths for several SOI etching runs are plotted. Experimentally it is rather difficult to
always mix the same concentrations. Thus, the etching rates are never the same.
Furthermore, we want to highlight that the etchant degrades over time with or without
the etching process. This is indicated by the saturation of the etching depth in figure C.1.
The degradation during the etching process is a result of the formation of H2SiF6 which
reduces the available fluorine atoms. The degradation without the etching process is
a result of a dissociation process in sunlight. The latter process is slow enough to not
to influence the etching rates throughout the process. Another big advantage of the
wet chemical etching process is that it is also suitable for the removal of germanium.
However, it is interesting to note that the etching rate for a standard intrinsic germanium
wafer is much higher than for a germanium on insulator wafer. For the first case we find
an etching rate of 1.7 nm/sec, whereas we find an etching rate of 0.6 nm/min for the
germanium on insulator wafer. The latter was etched with a higher HF concentration
of 1% and a nitric acid concentration of 42%. Exemplarily in figure C.1 we show the
etching depth for a GeOI. Furthermore, we want to highlight that the wet etching of
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C. Silicon on insulator and germanium on insulator thinning procedure

germanium strongly degrades the surface quality up to a complete loss of crystalinity.
We always use the wet etching process because of a faster etching rate.

C.3. Germanium hut clusters deposited on silicon and
silicon-on-insulator substrates

With exception of the chapter 3 and chapter 5 all samples have been fabricated using
SOI substrate for a possible integration in SOI photonic crystal slabs. This not only
requires changes in the technological preparation of the epitaxy. In fact a change of
the substrates is expected to change the epitaxy itself as SOI wafers have an intrinsic
non-zero strain [Poz05] component. To verify this we have performed X-ray diffraction
experiments using the asymmetric (224)-reflex. The resulting diffraction vector h in
reciprocal lattice units allows to calculate the in-plane and out-of-plane lattice constant:

A|| =
1

h||
· λ

2
·
√
h2 + k2 (C.7)

A⊥ =
1

h⊥
· λ

2
·
√
l2 (C.8)

Here h, k and l are the Miller indices of the corresponding reciprocal lattice point and λ
is the X-ray wavelength.
This analysis yields an in-plane lattice constant of a⊥=5.4351 Å and a lattice constant
parallel to the growth direction a||=5.4537 Å. This differs from the literature value

5.4307 Å [Hab90] and corresponds to a strain of 0.4% in growth direction and 0.8%
perpendicular to the growth direction. However sample cleaning and wafer-thinning
(see appendix C) results in a slight increase of the strain to e⊥=0.9% and e||=0.5%.
Furthermore, the oxide layer with its different thermal conductivity [Vir11] results in a
change of the growth temperature at the wafer surface.
This pre-strained and the different deviation in growth temperature at the substrate
surface result in a change of the quantum dot growth. Thus, in figure C.2 we compare
atomic force microscopy images of two hut cluster samples one deposited on silicon and
one on SOI. The growth temperatures are approximately 345◦C for both samples and
we deposited 8 times 8 monolayers of nominally pure Ge. We see that the pre-strained
SOI substrate leads to a slightly decreasing quantum dot density and an increasing size.
However, the changes are of minor significance and are not further regarded within this
thesis.
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Figure C.2.: Atomic force microscopy images of Ge hut clusters grown on SOI or silicon
substrate.
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D. Monomodal epitaxy of germanium
domes or pyramids

Pyramids and domes usually form in a bimodal distribution (see section 2.2 and chap-
ter 4). However, it is possible to fabricate monomodal distributions of pyramids or domes
by choosing proper growth conditions.
At a growth temperature of approximately 510◦C and a deposition of eight nominal
monolayers of germanium a homogeneous distribution of Ge domes forms. A reduced
growth temperature of 410◦C with a deposition of six monolayers results in the formation
of pyramids. Figure D.1 shows atomic force microscope images of the surface islands for
both samples. Figure D.1 (a) depicts a monomodal distribution of domes, which cover
the whole surface. Figure D.1 (b) denotes the formation of a monomodal distribution
of pyramids. Due to the reduced amount of material which we use for the growth the
density is comparable low and few pyramids have a slight elongated shape.

 33.6nm

1µm

 

6.7nm

200nm

a) b)

Figure D.1.: Atomic force microscopy image of a monomodal distribution of (a) domes
and (b) pyramids.
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E. Device fabrication

E.1. Fabrication of two-dimensional photonic crystals

The fabrication of two dimensional photonic crystals is sketched in figure E.1 which
shows an illustrated cross-section of a SOI wafer with embedded islands:
(a) The wafer consists of a 605 µm thick Si handle wafer. On top, there is a 3 µm thick

silicon dioxide layer. The device layer consists of 270 nm silicon with one layer of islands
in the middle. The device layer is epitaxially grown after a thinning procedure, which
is described in the appendix C.
(b) The fabrication of photonic crystals requires electron beam lithography as the struc-
tural size of the air holes is usually of the order of several hundred nanometers. After
a cleaning step using acetone and isopropanol a droplet of poly (methyl methacrylate)
(PMMA) [Mic01] 950K dissolved in anisol with a solid content of 3.75% is deposited
onto the sample. The spin coating takes 40 seconds at a rotation speed of 3500 rotations
per minute. This results in a resist thickness of approximately 180 nm. The spin coating
is succeeded by a three minute softbake on a hotplate at 180◦C.
(c) The desired structure is transferred into the PMMA using a RAITH eLine sys-
tem. We use an acceleration voltage of 10 kV with an aperture of 10 µm size. This
results in typical beam currents of approximately 22 pA. The exposure dose is set to
50-120 µAs/cm2. Norman Hauke determined the circular exposure method as the best
to form circular shaped holes [Hau12] and, thus, we continue using this method. After
the illumination, we develop the PMMA using the developer AR600-56 [All09] for 90
seconds. The developing is stopped by placing the sample in isopropanol for 30 seconds.
(d) We transfer the photonic crystal pattern into the silicon device layer with an induc-
tively coupled plasma reactive ion etching process. In the WSI, an Oxford PlasmaLab
80Plus [Oxf] is available. The parameters for the etching process are summarized in
table E.1. Here Si is etched according to the stoichiometric formula:

Parameter Value unit

SF6 flow 20 sccm
C4F8 flow 30 sccm

Etchant pressure 15 mTorr
RF power 15 Watt
ICP power 220 Watt

Temperature 25 ◦C

Table E.1.: Parameters for a highly anisotropic silicon reactive ion etching process.
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E. Device fabrication

3µm SiO2

Si substrate

Si+SiGe islands
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3µm SiO2
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Si+SiGe islands
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3µm SiO2
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d) e) f)remove PMMA Selective HF
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RIE etching
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Figure E.1.: Fabrication of a two dimensional photonic crystal with embedded SiGe is-
lands. (a) Fabrication starts with a standard silicon on insulator wafer with
one embedded layer of islands. (b) PMMA is spinned on the sample and
subsequent (c) electron beam lithography is performed to define a trian-
gular lattice of air holes. (d) Reactive ion etching transfers the PMMA
pattern into the silicon device layer. (e) PMMA is removed and finally (f)
the photonic crystal is under-etched using hydrofluoric acid.
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E.2. P-I-N-diode processing on SOI substrate

Si(s) + 4F (g)→ SiF4(g) (E.1)

The introduction of C4F8 into the etching chamber improves the anisotropy of the etch-
ing process. The carbon atoms form a passivation barrier which results in a reduction of
the horizontal etching rate. The combination of both methods with the used parameters
results in a silicon etch rate of approximately 4 nm/s.
(e) After the reactive ion etching the remaining resist is removed using acetone.
(f) To form a freestanding silicon membrane the underlying silicon dioxide is removed
using hydrofluoric acid (HF). Therefore, the sample is placed in 5-10% HF for 30 min-
utes. Silicon is highly stable against HF and, thus, not removed.

E.2. P-I-N-diode processing on SOI substrate

The fabrication of a diode requires several processing steps which are sketched in fig-
ure E.2. Due to the layer structure with a 3 µm thick oxide the samples cannot be
contacted with a global back contact. Rather than this both contacts have to be as-
sembled from the top. After a cleaning step in acetone and isopropanol the surface is
spin coated with photoresist S1818 at a rotation speed of 4000 rotations per minute
for 40 s (Figure E.2(a)). The resist is soft baked for 15 minutes at 90◦C. As indicated
in figure E.2 (b) the resist is then illuminated for 10 seconds and developed using the
developer AZ3518 for 20 seconds. Afterwards a hardbake is introduced at 120◦C for
subsequent reactive ion etching (figure E.2 (c)) were several mesa structures are defined
using the etching parameters from table E.1. With the reactive ion etching the p-doped
silicon layer is exposed. Thorough cleaning of the sample is required to remove the
remaining resist which hardens during the reactive ion etching step. Here we use an
ultrasonic bath in acetone followed by an isopropanol immersion. Remaining resist is
ashed using an oxygen plasma at 200 W for 60 seconds. Finally, the sample is placed in
hot acetone for up to 30 minutes and again immersed in isopropanol. Using this cleaning
procedure the diode quality was strongly enhanced.
A second lithography step is performed (figure E.2 (d) and (e)) to define the evaporation
mask for the contacts. The evaporation is preceded by a plasma asher step to remove
resist residua which can degrade the contact quality. Directly before the evaporation the
sample is placed in 10% diluted hydrofluoric acid for 30 seconds to remove the natural
oxide layer. Finally the contacts are evaporated. The contact consist of 5 nm titanium as
adhesion layer and 150 nm gold. The final lift-off is performed in acetone with ultrasonic
(figure E.2) (f). This design offers the major drawback of using reactive ion etching for
the mesa etching. Wet chemical etching using HF/HNO3 is expected to result in less
surface defects, which degrade the diode quality. But we found that the wet chemical
etching often results in short circuits as the side walls are not vertical. Furthermore, the
unstable etching rates in combination with the thin (65 nm) thick p-doped layer make
it difficult to always etch into the doped layer. Thus, all here presented samples are
fabricated using reactive ion etching.
In figure E.3(a) we show an array of P-I-N diodes fabricated on one sample. An individ-
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E. Device fabrication

a) b) c)

d) e) f)

n-Si

p-Si
i-Si

SiO2

Si substrate

i-Si with Ge islands

photoresist S1818

spin on photoresist optical lithography + 
develop photoresist

spin on photoresist optical lithography + 
develop photoresist

metal evaporation + 
lift-off

SF  - C F  6 4 8

RIE etching

Figure E.2.: Schematic of the P-I-N diode fabrication. (a) Spin on of S1818 photoresist
with (b) optical lithography and (c) subsequent reactive ion etching. After
cleaning (d) an additional spin on of photoresist takes place. The following
(e) lithography defines the mask for the (h) evaporation of Ti/Au contacts.
Taken from [Gei11].
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E.3. Fabrication of two-dimensional photonic crystal P-I-N light emitting diodes

ual diode (b) consists of a mesa which is indicated by the grayish part. The mesa size
is 800µm times 700µm. The p-doped silicon has a more purple to green color caused
by interference effects with the underlying layers. The top contact opens a window of
350µm times 550µm size for optical access. The large size allows for optical investiga-
tions using macro-photoluminescence rather.

a)

3
5
0
 µ

m

550 µm 8
0
0
 µ

m

700 µm

Ti/Au back contact

mesa

Ti/Au front contact

b)

Figure E.3.: Optical microscopy image of (a) an array of P-I-N diodes. The golden color
shows the TiAu contacts. The purple region is the p-doped silicon layer and
the grayish region is the n doped silicon layer. (b) shows the zoom on one
diode and illustrates the spatial dimensions.

E.3. Fabrication of two-dimensional photonic crystal P-I-N
light emitting diodes

Using additional fabrication steps illustrated in figure E.4 the diode structure is pat-
terned with a photonic crystal.
After the evaporation of the Ti/Au contacts the e-beam resist PMMA is spinned onto

the already fabricated diode (Figure E.4 (b). Subsequent e-beam lithography and devel-
opment (analog to section E.1) patterns the structure with the desired triangular hole
pattern. In figure E.4 (c), we show that in the vicinity of the mesa S1818 photoresist
is manually deposited. This is necessary to protect the mesa structure from the reac-
tive ion processing step. First experiments without the photoresist have shown that
the PMMA does not cover the sidewalls of the mesa and, thus, the reactive ion etching
process isolates the individual diodes from the p-layer.
Afterwards the triangular air hole pattern is transferred into the diode (figure E.4 (d)).
Figure E.4 (e) shows the under-etching of the silicon membrane using hydrofluoric acid.
Finally, figure E.4 (f) illustrates the removal of the remaining resist.
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Figure E.4.: Photonic crystal processing steps for a silicon P-I-N diode structure. (a)
Fabricated diode according to section 9.1. (b) Spin on off PMMA for (c)
subsequent e-beam lithography. The sidewalls of the mesa are capped
with S1818 photoresist for (d) reactive ion etching and (e) under-etching
of the buried oxide using hydrofluoric acid. (f) Removal of resist. Taken
from [Gei11]
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[Häc94] R. Häcker, A. Hangleiter, Intrinsic upper limits of the carrier lifetime in sili-
con, Journal of Applied Physics 75, 7570–7572 (1994)

[Ham76] R. B. Hammond, T. C. McGill, J. W. Mayer, Temperature dependence of the
electron-hole-liquid luminescence in Si, Phys. Rev. B 13, 3566–3575 (1976)

[Ham80] R. Hammond, R. Silver, Temperature dependence of the exciton lifetime in
high-purity silicon, Applied Physics Letters 36, 68–71 (1980)

[Hap02] T. D. Happ, I. I. Tartakovskii, V. D. Kulakovskii, J.-P. Reithmaier, M. Kamp,
A. Forchel, Enhanced light emission of InxGa1−xAs quantum dots in a two-
dimensional photonic-crystal defect microcavity, Phys. Rev. B 66, 041 303
(2002)

[Har05] P. Harrison, Quantum Wells, Wires and Dots (Wiley-Interscience, 2005), 2
edition

[Hau10] N. Hauke, T. Zabel, K. Müller, M. Kaniber, A. Laucht, D. Bougeard, G. Ab-
streiter, J. J. Finley, Y. Arakawa, Enhanced photoluminescence emission from
two-dimensional silicon photonic crystal nanocavities, New Journal of Physics
12, 053 005 (2010)

[Hau11] N. Hauke, S. Lichtmannecker, T. Zabel, F. P. Laussy, A. Laucht, M. Kaniber,
D. Bougeard, G. Abstreiter, J. J. Finley, Y. Arakawa, Correlation between
emission intensity of self-assembled germanium islands and quality factor of
silicon photonic crystal nanocavities, Phys. Rev. B 84, 085 320 (2011)

[Hau12] N. Hauke, Enhanced spontaneous emission from silicon-based photonic crys-
tal nanostructures (Verein zur Förderung des Walter Schottky Instituts der
Technischen Universität München, 2012), ISBN 978-3941650398, dissertation

[Heo10] J. Heo, T. Zhu, C. Zhang, J. Xu, P. Bhattacharya, Electroluminescence from
silicon-based photonic crystal microcavities with PbSe quantum dots, Opt.
Lett. 35, 547–549 (2010)

[Hor07] I. Horcas, R. Fernández, J. M. Gómez-Rodŕıguez, J. Colchero, J. Gómez-
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[Kös96] T. Köster, B. Hadam, J. Gondermann, B. Spangenberg, H. G. Roskos,
H. Kurz, J. Brunner, G. Abstreiter, Investigation of Si/SiGe heterostructures
patterned by reactive ion etching, Microelectron. Eng. 30, 341–344 (1996)

[Kra96] T. Krauss, R. De La Rue, S. Brand, Two-dimensional photonic-bandgap struc-
tures operating at near-infrared wavelengths, Nature 383, 699–702 (1996)

[Kre05] A. Kress, F. Hofbauer, N. Reinelt, H. Krenner, M. Bichler, D. Schuh,
R. Meyer, G. Abstreiter, J. Finley, Investigation of cavity modes and direct
observation of Purcell enhancement in 2D photonic crystal defect microcavi-
ties, Physica E: Low-dimensional Systems and Nanostructures 26, 351 – 355
(2005)

[Kur06] E. Kuramochi, M. Notomi, S. Mitsugi, A. Shinya, T. Tanabe, T. Watanabe,
Ultrahigh-Q photonic crystal nanocavities realized by the local width modula-
tion of a line defect, Applied Physics Letters 88, 041112 (2006)

[Lar03] M. Larsson, A. Elfving, P. Holtz, G. Hansson, W.-X. Ni, Photoluminescence
study of Si/Ge quantum dots, Surface Science 532-535, 832 – 836 (2003)

135



Bibliography

[Lau71] L. D. Laude, F. H. Pollak, M. Cardona, Effects of Uniaxial Stress on the
Indirect Exciton Spectrum of Silicon, Phys. Rev. B 3, 2623–2636 (1971)

[Lau09] A. Laucht, F. Hofbauer, N. Hauke, J. Angele, S. Stobbe, M. Kaniber,
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dem möchte ich dir für die Art danken, mit der du E24 am WSI leitest, da hier eine
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Kastl möchte ich mich daher für viele schöne Stunden und Tore, sowie für die ein oder
andere Prellung und Schürfwunde bedanken. Hat Spaß gemacht.
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verläuft. Ach ja danke nochmal für die Unterstützung beim HF ätzen...
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Schlußendlich möchte ich mich noch bei ein paar Menschen bedanken, die nichts mit
dem WSI zu tun haben, aber die mich immer unterstützt haben. Allen voran bei Tobi,
Johannes und meinem Schwesterchen mit denen ich schon sehr, sehr viel erlebt habe und
bestimmt auch noch sehr, sehr viel erleben werde.
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