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Abstract

IN the scope of the present thesis various aspects for the realization of spintronic
applications based on group IV semiconductors are discussed, with an emphasis

on the injection and detection of charge carrier spins. This work comprises a refined
material characterization of the magnetic semiconductor GeMn, for which promising
ferromagnetism with a high Curie temperature was found in the past. We furthermore
present efforts to utilize this material as spin injector for a Si-based optical spintronic
device, which include the detailed discussion of key questions concerning the optical
injection and detection of spins in Si and Si-based heterostructures.

The GeMn thin films that are subject to this thesis were fabricated by low-temper-
ature molecular beam epitaxy in a prior study, in which a self-assembly process of
roughly spherical Mn-rich GeMn clusters embedded in a single-crystalline Ge-rich
matrix was observed. Applying transmission electron microscopy and atom probe
tomography, we are able to resolve a vertical anisotropy in the self-assembly, leading
to the stacking of well-defined clusters in the growth direction. Three-dimensional
atom distribution maps confirm that clusters are built from a nonstoichiometric GeMn
alloy and exhibit a high-Mn-concentration core with a decreasing Mn concentration
toward a shell.

An amorphous nature of the cluster cores as well as the crystallinity of the shells,
coherent with the surrounding Ge lattice, are revealed in scanning transmission electron
microscopy. The quantification of Mn atoms incorporated within the amorphous and
the crystalline GeMn phase is achieved by channeling ion beam experiments. From the
comparison of the structural information about the present GeMn thin films with their
magnetic properties we find that the structural core-shell picture has a correspondence
in a magnetic core-shell picture: The large part of Mn atoms within the cluster cores is
magnetically inactive, whereas ferromagnetically coupled, diluted Mn atoms in the
shells conform the superparamagnetic moments of the GeMn clusters.

We localize a strain field surrounding each GeMn cluster by scanning transmission
electron microscopy. The importance of strain to the stacking phenomenon of the
clusters becomes clear in studies of Ge/GeMn superlattice structures, where a vertical
spatial correlation of clusters over 30 nm-thick Ge spacer layers is observed.

We present evidence that electrical transport properties of the p-type GeMn thin
films fabricated on high-resistivity Ge substrates are severely influenced by parallel
conduction through the substrate. Anomalous Hall measurements and large mag-
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Abstract

netoresistance effects are completely understood by taking a dominating substrate
contribution into account. It is shown that substrate conduction persists also for well-
conducting degenerate p-type reference thin films, giving rise to an effective two-layer
conduction scheme. Using n-type Ge substrates, parallel conduction through the
substrate can be reduced for the p-type thin films, as a consequence of the emerging
pn-interface junction. GeMn thin films fabricated on these substrates exhibit only a
negligible magnetoresistance effect.

Before integrating GeMn in an optical spintronic device, some key aspects important
for an understanding of the optical injection and detection of carrier spins in Si and
Si-based heterostructures are clarified in the second part of this thesis. In particular,
by including recent theory on spin-dependent selection rules for radiative transitions
in bulk Si, we adapt an expression for the magnetic-field-induced photoluminescence
polarization of direct band gap semiconductor materials of GaAs-type to Si. This opens
the possibility to a direct experimental verification of the selection rules. Measurements
within an applied magnetic field of the degree of circular polarization of phonon-
assisted photoluminescence of bulk Si for different doping are presented and compared
to the theory. We find an overall good agreement between the measured and calculated
results.

Similar experiments on the photoluminescence of Ge quantum dot ensembles
evidence a peculiarity for the spin-dependent selection rules for phononless radiative
recombinations. We propose a connection between this – a priori puzzling – finding
and the confined character of electrons that are involved in the transitions.

Furthermore, we try to optically inject and detect confined carrier spins in Ge
quantum dot ensembles. For nonresonant excitation these efforts are unsuccessful,
which we attribute to a hole spin relaxation that happens faster than the combined
capture of the hole by the quantum dot and the radiative decay of the hole. Experiments
employing quasi-resonant excitation are also discussed.

Finally, we employ the p-type GeMn thin film layers presented in the first part of
this work as spin-polarizing contacts for Si/SiGe-based light-emitting diodes with
the aim to inject spin-polarized holes. Preliminary results of a circularly polarized
electroluminescence of these devices propose the possibility of a successful hole spin
injection near liquid helium temperatures.
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Zusammenfassung

IM Rahmen der vorliegenden Dissertation werden verschiedene Aspekte für die
Realisierung von spintronischen Anwendungen diskutiert, die auf Halbleitern der

Gruppe IV basieren, mit Schwerpunkt auf der Injektion und Detektion von Ladungsträ-
gerspins. Diese Arbeit umfasst zunächst eine genaue Materialanalyse des magnetischen
Halbleiters GeMn, bei dem zuvor potentiell interessanter Ferromagnetismus mit ho-
her Curie Temperatur nachgewiesen wurde. Im Zusammenhang mit Bemühungen,
dieses Materialsystem als Spininjektor für ein siliziumbasiertes optisches Bauteil zu
nutzen, werden weiterhin grundlegende Fragestellungen zur optischen Injektion und
Detektion von Spins in Si und siliziumbasierten Heterostrukturen untersucht.

In einer vorangegangenen Studie wurden die hier untersuchten dünnen GeMn
Schichten mittels Molekularstrahlepitaxie bei tiefen Temperaturen hergestellt und die
Selbstorganisation von annähernd kugelförmigen manganreichen GeMn Anhäufungen
beobachtet, welche in eine monokristalline germaniumreiche Umgebung eingebettet
sind. Durch Transmissionselektronenmikroskopie und Atomsondentomographie wird
in dieser Arbeit eine in Wachstumsrichtung ausgeprägte Anisotropie der Selbstorgani-
sation aufgedeckt, die zum Stapeln von wohldefinierten GeMn Anhäufungen entlang
dieser Richtung führt. Dreidimensionale Atomverteilungskarten zeigen, dass die An-
häufungen aus einem nicht stöchiometrischen Gemisch von Ge und Mn bestehen und
weiterhin einen Kern mit hoher Mn Konzentration aufweisen. Dieser läuft in eine
Schale mit abnehmender Konzentration aus.

Eine amorphe Phase in den Kernen der Anhäufungen sowie die Kristallinität der
Schalen in Kohärenz zur umgebenden Ge Matrix werden mit Rastertransmissions-
elektronenmikroskopie nachgewiesen. Mit Hilfe von kanalisierten Ionenstrahlen wird
zudem die genaue Konzentration von Mn im amorphen und kristallinen Bereich be-
stimmt. Der quantitative Vergleich der verschiedenen strukturellen Informationen
über die GeMn Schichten mit ihren magnetischen Eigenschaften zeigt, dass sich das
Kern-Schale Bild der Struktur einer Anhäufung in ihrem magnetischen Verhalten
widerspiegelt: Der größte Teil der Mn Atome in den Kernen ist magnetisch nicht ak-
tiv, wohingegen ferromagnetisch gekoppelte, in den Schalen gelöste Mn Atome die
superparamagnetischen Momente der Anhäufungen ausbilden.

Rastertransmissionselektronenmikroskopie wird ebenso dazu eingesetzt, ein Ver-
spannungsfeld zu lokalisieren, das jede GeMn Anhäufung umgibt. Die Verspannung ist
eng mit dem Phänomen der gestapelten GeMn Anhäufung verknüpft, wie weiterfüh-

iii



Zusammenfassung

rende Studien an Ge/GeMn Übergitterstrukturen belegen. Dort umspannt die vertikale
räumliche Korrelation von einzelnen GeMn Anhäufungen Ge Zwischenschichten mit
bis zu einigen zehn Nanometern Dicke.

Es werden mehrere Anzeichen dafür präsentiert, dass die elektrischen Transpor-
teigenschaften der p-artigen GeMn Schichtproben erheblich von paralleler Leitung
durch die hochohmschen Ge Substrate beeinflusst werden, die bei der Herstellung
der Schichtproben verwendet wurden. Ungewöhnliche Ergebnisse bei Messungen
des Hallwiderstandes und der sehr große Magnetwiderstand können vollumfänglich
durch einen überwiegenden Beitrag des Substrats zur elektrischen Leitung erklärt
werden. Diese Substratleitung besteht auch bei sehr gut leitenden p-artigen Referenz-
schichten, was zu einem System von Leitung in zwei Schichten führt. Durch n-artige
Substrate ist es möglich, die parallele Leitung für p-artige Schichten als Folge einer
sich ausbildenden pn-Sperrschicht zu reduzieren. GeMn Schichten, die auf solchen
Substraten hergestellt wurden, weisen nur einen sehr geringen Magnetwiderstand auf.

Vor der Anwendung von GeMn in einem optischen spintronischen Bauteil werden
zunächst im zweiten Teil dieser Arbeit einige Kernpunkte für das Verständnis von
optischer Injektion und Detektion von Ladungsträgerspins in Si und siliziumbasierten
Heterostrukturen erörtert. Unter anderem wird ausgehend von der Beschreibung von
magnetfeldinduzierter zirkularer Polarisation von Photolumineszenz in galliumarse-
nidartigen Halbleitern ein entsprechender Formalismus für Volumensilizium abgelei-
tet. Dabei werden die spinabhängigen Auswahlregeln bei strahlenden Übergängen
in Si berücksichtigt. Dies eröffnet die Möglichkeit, die Auswahlregeln experimentell
nachzuprüfen. Messungen des zirkularen Polarisationsgrades phononenassistierter
Photolumineszenz von Volumensilizium mit verschiedener Dotierung werden inner-
halb eines angelegten Magnetfeldes durchgeführt und mit der Theorie verglichen.
Insgesamt ergibt sich dabei eine recht gute Übereinstimmung.

Ähnliche Experimente an der Photolumineszenz, die in Ge Quantenpunkten auf-
tritt, zeigen eine Besonderheit für die Auswahlregeln der phononenlosen strahlenden
Übergänge auf. Ein möglicher Zusammenhang zwischen diesem – zunächst unerwar-
teten – Verhalten und dem Einschlusscharakter der an den Übergängen beteiligten
Elektronen wird aufgestellt.

Des Weiteren werden Versuche präsentiert, eingeschlossene Ladungsträgerspins op-
tisch in Ge Quantenpunkte zu injizieren und detektieren. Bei nichtresonanter Anregung
bleiben diese Versuche erfolglos. Dies wird auf eine Lochspinrelaxationszeit zurückge-
führt, die kürzer ist als die Summe der Zeiten für den Einfang des Loches durch den
Quantenpunkt und die anschließende strahlende Rekombination. Experimente zur
quasiresonanten Anregung werden ebenfalls diskutiert.

Schließlich werden die im ersten Teil dieser Arbeit näher diskutierten p-artigen
GeMn Schichten als elektrische Spininjektionskontakte für Si/SiGe-basierte Leuchtdi-
oden verwendet mit dem Ziel, die Injektion von polarisierten Löcherspins zu realisieren.
Erste Ergebnisse der zirkularen Polarisation der Elektrolumineszenz dieses Bauteils
lassen auf eine erfolgreiche Lochspininjektion bei Flüssigheliumtemperaturen hoffen.
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Part I

Nanostructural and electrical transport
investigations of GeMn thin films





1
Introduction to magnetic

GeMn semiconductors

THE modern globalized world owes its during the past sixty years grown and still
increasing prosperity to the rapid and continuing progress in the development

of novel technologies in the fields of transportation, telecommunication, information
storage and processing, medical science, and, not to forget, consumer electronics, which
particularly has come to the fore in the turn of the past century. These developments
could not have been done without the invention of Si-based integrated circuits, most
importantly the milestone realization of a Si metal-oxide-semiconductor field effect
transistor (MOSFET), which still is the backbone of today’s billion-dollar semiconduc-
tor industry. To this day, the demand for faster and less power-consuming computation
devices has resulted in their extreme miniaturization down to the twenty nanometer
scale, essentially obeying Moore’s well-known empiric law. Clever device architectures,
such as Intel’s three-dimensional MOSFET, which recently has gone into mass produc-
tion, will keep up this pace for some time and allow to further utilize the controlled
motion of electric charges for logic operations. Eventually, however, entering the world
of quantum-effects, the development of novel concepts seems inevitable.

This is where the idea of manipulating the spin-degree of freedom of a charge carrier
instead of or in addition to the charge-degree of freedom comes into play. Stimulated
by the impact of the finding of the giant magnetoresistance effect in metallic multi-
layer systems by the groups of Grünberg1 and Fert2 and the following, outstandingly
successful commercial application of the associated spin-valves in hard disk drives,
the so-called spintronics, short for spin-based electronics, have been an active field of
fundamental research in the past two decades. Reviews illustrating the progress that
was made in this versatile field may be found in Refs. 3–7.
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In hard disk drives spins are essentially the units of information storage, while
spin-associated effects are exploited to read-out the information by electrical currents.
The processing of information using spins, which demands the initialization, manipu-
lation, transportation and detection of spin-states, however, is so far not realized and
would be a major achievement in the field of spintronics. The integration of spintronic
concepts into the existing semiconductor-based complementary logic technologies
is highly desirable. Thus, in large parts the focus of material research in the field
of spintronics was kept on realizing semiconductors exhibiting a nonvolatile spin
polarization of their charge carriers. Exotic material combinations have long been
known to exhibit semiconducting and ferromagnetic properties at the same time, yet,
the technologically relevant semiconductors Si, Ge, and GaAs are all diamagnetic.
The straightforward approach to make these materials ferromagnetic was to literally
introduce the magnetism by doping with elements of the periodic table that possess
a permanent magnetic moment, such as the transition metals Mn, Fe, or Co. Semi-
conductors doped in such way are addressed as diluted magnetic semiconductors
(DMS) in literature.8 It was concordant opinion that in a DMS ferromagnetic coupling
between the magnetic moments would happen for sufficiently large concentrations
of the incorporated transition metal ions, similarly as the Curie temperature of the
resulting ferromagnet should scale with the concentration. This held out the prospect
of room temperature ferromagnetism, which is attractive for realistic applications. In
contrast to this requirement, however, was the experimental fact of a low solubility of
transition metals in the technologically relevant semiconductors in their solid-state.
Thus, a milestone achievement was Ohno et al.’s9 demonstration of a ferromagnetic
(Ga,Mn)As solid-solution by low-temperature molecular beam epitaxy (LT-MBE). Its
promising Curie temperature of 110 K and hole-mediated, and with that gateable,
ferromagnetism made it the most intensively studied and best understood DMS so far.

The successful research on (Ga,Mn)As also promoted the application of LT-MBE to
other material classes. Park et al.10 were the first to claim the realization of ferromagnetic
GeMn, with a Curie temperature of up to 116 K and a hole-mediated mechanism of
magnetic coupling. Whereas the community undoubtedly profited from this first and
the successive early studies,10–14 some aspects of these pioneering works seem arguable
from today’s point of view. A major point of criticism is that the nanostructure of GeMn
thin films fabricated by LT-MBE was not investigated and therefore completely ignored
in the interpretation of the magnetization and magnetotransport measurements. With
the intense studies of recent years, it has now become clear that epitaxial GeMn,
although fabricated free of intermetallic secondary phases, in striking difference to
(Ga,Mn)As is far from being a DMS in the sense of a homogeneous solid-solution
of Mn with Ge.15–17 A prominent feature of GeMn thin films is the self-assembly of
nanometer-scale clusters with increased Mn concentration that are embedded in a
single-crystalline Ge-rich matrix. Depending on the epitaxy conditions, the shapes
of these clusters range from spheres of a few nanometers in diameter to columnar
objects extending over a few ten nanometer. The exact understanding of the nature
of these clusters, their formation mechanism and its driving forces is still in progress.
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Other magnetic semiconductor materials with similar self-assembly phenomena,18,19

for which GeMn can be considered as prototypical, might benefit from the deeper
investigation of these aspects.

The magnetism in GeMn thin films is directly related to their nanostructure because
the Mn-rich clusters act as single-domain ferromagnetic supermoments, each with
a Curie temperature lying close to or even above room temperature.15 Coupling of
these supermoments to a global ferromagnetism has been convincingly shown only in
rare cases,16,20 what leads to the question of the physical origins of ferromagnetism in
this material system, which is still not satisfactorily answered. Up to date, theoretical
models of magnetic coupling in semiconductors have mostly assumed a perfect DMS
structure and thus do not account for the actual conditions of GeMn.

It is a common observation that Mn incorporation in Ge has a p-type doping effect.
However, again in contrast to (Ga,Mn)As, the doping does not lead to as many free
holes as expected from the nominal Mn concentration values. Accordingly, a rather
insulator- and not metalliclike resistance is often observed for thin films of GeMn. In
a scenario of hole-mediated ferromagnetism the absence of free holes may be related
to the absence of global ferromagnetism. In turn, local magnetic coupling within the
GeMn clusters may be related to a scenario of an enhancement of itinerant holes locally
confined to the clusters. Both scenarios, the validity of which is by far not proven,
display only examples of the possible origins of magnetism in GeMn and illustrate
the importance to account for the nanostructure in investigating, interpreting, and
modeling transport properties of GeMn, including the effective bandstructure of this
compound material. This process has started with the later studies of the past few
years, and, still being in progress, no unanimous picture can be drawn so far.16,17,21,22

In Chapter 2, some generic properties of GeMn thin films will be addressed in more
detail. Recent work of the research group of the Walter Schottky Institut and competing
groups are displayed, whereas the focus will lie on those properties that will be of
interest in the course of the present thesis.

In Chapter 3 and Chapter 4, some key questions raised by these past investigations
concerning the morphology, nanostructure, and self-assembly of the GeMn clusters
will then be elucidated. We will report our results from state-of-the-art material
characterization methods.

In Chapter 5, we will show that the difficulties in learning more about the inter-
connection of magnetic and electrical transport properties of GeMn thin films and
a reason for the ambiguity of the results in literature can partly be traced back to a
peculiarity inherent to the epitaxy of Ge-related thin films on commercially available
Ge substrates.

Given the number of sparsely illuminated aspects and unanswered questions in-
dicated above, it is not surprising that despite almost ten years of research on GeMn
no implementation of this material system in any devices has been reported so far.
Here, in a first step we attempt to integrate a thin film layer of GeMn into a Si-based
light-emitting diode. We will come back to the results of this study in Chapter 11 of
Part II of this thesis.





2
Progress toward a magnetic

GeMn semiconductor

IN recent years, the search for technologically relevant magnetic semiconductors
brought considerable progress to the research on the GeMn material system. The

work group at the Walter Schottky Institut (WSI) finds itself among the leading research
groups to investigate the structural and magnetic properties of epitaxial GeMn thin
films completely free of any known MnnGem phases. The hitherto outcome of our past
investigations on these thin films is summarized in Section 2.1 because Part I of the
thesis at hand is based on that work. Additionally, in Section 2.2 and Section 2.3 an
overview on similar and related studies that were reported in literature is given with
the intention to put the findings of the present thesis in a more general context.

2.1 State of research at the WSI

The research on the GeMn material system at the WSI was taken up by S. Ahlers
essentially with the beginning of his dissertation in 2005. His thesis23 comprehensively
documents first results obtained in our research group, some of which we have pub-
lished in literature.15,24–26 The topics that are subject to the present thesis have to be
understood as complementary to the results reported by us so far, with the aim to
highlight key question raised by our previous research in more detail.

The fabrication of GeMn thin films was realized by the simultaneous deposition
of Ge and Mn on Ge substrates via solid-source LT-MBE in ultrahigh vacuum condi-
tions. Details on our molecular beam epitaxy (MBE) machine and growth of GeMn
thin films are described in Refs. 23 and 27. It was found that for a substrate tempera-
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Figure 2.1 | a, HRTEM image of a GeMn thin film with x = 2.8% and rGe = 0.08 Å s−1.
GeMn clusters (dark contrast) exhibit a slight elongation along the [001] growth direction.
b, In-plane magnetization of the same thin film as a function of an external magnetic field
for different measurement temperatures. The symbols correspond to experimental data,
whereas the solid lines are fits of the Langevin function to the data, assuming log-normal-
distributed supermoment sizes. From Ref. 23.

ture of TS = 60 ◦C the precipitation of intermetallic secondary phases – Mn5Ge3 and
Mn11Ge8 being the most important in the equilibrium binary phase diagram of Ge and
Mn – can be completely suppressed.15 As the possibility to employ growth rates rGe
between 0.08 Å s−1 and 0.25 Å s−1, and Mn concentrations x up to 11.7 % has shown,
this suppression is stable for a broad range of fabrication parameters.23 Transmission
electron microscopy (TEM) characterization showed a uniform and dislocation-free
diamond-lattice-type crystal structure for the GeMn thin films.

Although MnnGem precipitates are absent for these fabrication parameters, Mn
is nevertheless inhomogeneously dispersed. A self-assembly process leads to the
formation of Mn-rich regions on the nanometer scale, which are coherently bound to
an otherwise undisturbed Ge-rich matrix. The Mn-rich regions are always of circular
shape in the growth plane with typical diameters of 3 nm to 5 nm but, depending on the
fabrication parameters, can be elongated along the growth direction, leaving a slightly
nonspherical, elliptical shape. As an example, the nanostructure of a sample with
x = 2.8 % and rGe = 0.08 Å s−1 as obtained in high resolution transmission electron
microscopy (HRTEM) is depicted in Fig. 2.1a. For large x or rGe structural investigations
gave the impression that the elongation of the Mn-rich regions is seemingly as large as
a few ten nanometers leading to an almost cylindrical shape.23 We use the term GeMn
clusters in the framework of this thesis to describe the Mn-rich regions irrespective of
their shape, noting, however, that this must not be understood as a fixed stoichiometry
of Ge1Mn1 for the composition of Ge and Mn in the clusters. In Section 3.1 we present
our efforts to determine the nature of the slightly elliptical and elongated clusters by
three-dimensional mapping of the chemical composition of GeMn thin films.
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Ahlers23 observed that the self-assembly phenomenon of GeMn clusters is aniso-
tropic in the sense that it favors a short-ranged hexagonal order of GeMn clusters in
the epitaxy plane and a correlated vertical stacking of clusters parallel to the [001]
growth direction. Furthermore, X-ray diffraction evidenced that the formation of GeMn
clusters imposes a strain of about 2 % to the surrounding Ge matrix.25 Chapter 4 will
elucidate the connection between strain and the self-assembly process in more detail.

It was also demonstrated that the nanostructure of the GeMn thin film samples is
directly connected to their magnetic properties. Each GeMn cluster is a single-domain
ferromagnet with a Curie temperature close to or exceeding room temperature.15 The
magnetic moment of each cluster is of the order of a few hundred Bohr magnetons in
the whole fabrication parameter window. These supermoments are not blocked in any
direction and are essentially freely rotating. The magnetism of GeMn thin films is thus
described by superparamagnetism, whereas fitting the experimental magnetization
data with the corresponding Langevin function yields best results assuming a narrow
log-normal distribution of the supermoment sizes,23 as can exemplary be seen in
Fig. 2.1b. Surprisingly, it was found that irrespective of the growth conditions the
magnetic moment per Mn atom is only of the order of µMn = 0.3 µB to 0.45 µB,23 see
the right axis scale of Fig. 2.1b for example, and thus considerably smaller than the
3 µB expected for the substitutional incorporation of Mn in Ge. X-ray absorption
spectroscopy suggested that the diamond-lattice-type coordination of Mn in Ge is
actually disturbed on a local scale. In a preliminary conjecture, the magnetic inactivity
of Mn was connected to this local structural disorder.23,26 Thus, disorder in GeMn thin
films was one subject of particular interest to us and has been examined more closely
in the course of this thesis. Our findings are outlined in Section 3.2.

In the straightforward electrical characterization of GeMn thin films, Ahlers23

encountered difficulties when these were grown on high-resistivity Ge substrates.
These difficulties were related to parallel conduction through the substrate. By using
modified n-type buffer layers or n-type substrates, the problem of parallel conduction
was diminished, but at the same time the underlying concept of electrical insulation
by a pn-barrier limited the experimental and growth parameter range that could be
investigated with magnetotransport measurements. These studies raised the question
to what extent the epitaxy on Ge substrates of any kind whatsoever is suited for the
investigation of the intrinsic magnetotransport properties of GeMn thin films. Thus,
we will highlight the peculiar transport phenomena of Ge-based epitaxial thin films
that are related to parallel substrate conduction in more detail in Chapter 5 and discuss
the consequences on the interpretation of magnetotransport measurements from a
general point of view.

2.2 Overview on competing research

In the recent years, multiple synthesis methods, such as sputtering,28–30 solid-phase
epitaxy,31,32 furnace melting,33,34 ion-implantation,35–44 and MBE,10,45–61 have been



10 Chapter 2. Progress toward a magnetic GeMn semiconductor
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Figure 2.2 | a, TEM micrograph of a Ge0.95Mn0.05 thin film. The columnar features were
attributed to strings of vertically elongated GeMn clusters. From Ref. 17. b, Mn chemical
map of a Ge0.94Mn0.06 thin film derived from electron energy-loss spectroscopy showing
the formation of Mn-rich nanocolumns. From Ref. 16.

tried to provide a ferromagnetic GeMn semiconductor. Accordingly, the GeMn mate-
rial system exhibits a vast variety of structural and resulting magnetic and electrical
properties. Especially in studies lacking the information on the nanostructure, the
magnetism was often prematurely attributed to a DMS phase, i.e. the homogeneous
dilution of the magnetic impurity atom, exhibiting Curie temperatures about room
temperature, whereas the magnetization experiments in fact pointed to the presence
of well-known intermetallic, magnetic MnnGem precipitates. Up to date, LT-MBE
seems to be the most reliable method to completely suppress the precipitation of these
secondary phases. Aside our group, the groups at the Oak Ridge National Labora-
tory in cooperation with the University of Tennessee, Knoxville, USA13,14,17,20 and the
group at the Commissariat à l’énergie atomique et aux énergies alternatives, Grenoble,
France16,62–65 have repeatedly demonstrated the capability to provide GeMn thin films
by LT-MBE free of known intermetallic MnnGem phases.

Despite these successes, it has now become clear that the agglomeration of Mn
impurity atoms into nanometer-scale GeMn clusters seems to be an inherent property
of GeMn thin films fabricated by LT-MBE. The anisotropy in the shape of these clusters
and their vertical correlation, as observed by us, have been independently reproduced.
Some examples of the nanostructure of GeMn thin film samples published in literature
are depicted in Fig. 2.2. Figure 2.2a depicts a TEM micrograph of a GeMn thin film
sample, where the columnar features were attributed to the stacking of vertically
elongated GeMn cluster,17 very similar to the observations of Ahlers.23 The finding of
Ref. 17 of a Langevin superparamagnetism of individual, uncoupled ferromagnetic
GeMn clusters each exhibiting a high Curie temperature is also in close agreement.
Figure 2.2b shows an energy-filtered TEM image of another example of a GeMn thin
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film for which the formation of well-defined nanocolumns, spanning the entire film
thickness, with a composition close to stoichiometric MnGe2 was claimed. Thin films
containing these nanocolumns exhibited remarkable magnetic properties with a global
ferromagnetic order and Curie temperatures exceeding 400 K.16

So far, the realization of a DMS as such via MBE seems to be elusive unless the spe-
cial growth technique of ultracold, subsurfactant epitaxy20 is employed. For thin films
fabricated by this method, containing a homogeneously dispersed effective Mn con-
centration of only about 0.25 %, global ferromagnetic coupling of the Mn magnetic mo-
ments with a Curie temperature above 400 K was reported,20 similar to the observations
in Ref. 16. Whereas above mentioned studies in general support the results of our group
that it is possible, at least on the local scale, to realize ferromagnetic GeMn, they at the
same time raise the question of what triggers the global coupling of magnetic moments
in GeMn thin films and what is the connection between the magnetism and the nanos-
tructure. Hence, in the effort to shed more light on the nature of the self-assembled
nanostructures observed in GeMn epitaxy and by that presumably on their magnetic
properties, a thorough compositional analysis, the determination of the morphology,
and the investigation of the driving forces for the self-assembly phenomenon in GeMn
thin films have been pursued by us and are laid out in Chapter 3 and Chapter 4.

In the groundbreaking work on ferromagnetic GeMn semiconductors it was claimed
that the magnetism could directly be controlled through electrical gating, suggesting
that holes mediate the magnetic exchange interactions.10 Hence, every now and then
magnetotransport measurement have been employed for the purpose to investigate the
coupling of holes with the magnetic moments of diluted Mn atoms or GeMn clusters.
The magnetoresistance (MR) and the anomalous Hall effect (AHE) are considered an
important fingerprint of a magnetic semiconductor. In the same degree as a consistent
picture of the nanostructure of GeMn thin films has evolved, the interpretation of the
MR and AHE in this material system remains manifold and lacks such a coherent
description in literature. For example, MR effects reaching from several thousand
percent being positive16 to a few percent being negative14,17,42 have been reported.
Similarly, Hall effect measurements sometimes yield a large contribution of the AHE
on the one hand,14,66 but also a diminishing contribution washed out by the ordinary
Hall effect on the other.67 In many cases the interpretation of these results interestingly
is not correlated to the sample magnetization, particularly regarding its saturation
and hysteresis effects, which are often absent in transport measurements. In a recent
article by Yu et al.,21 a more detailed listing of the most relevant literature on transport
studies of GeMn thin films and the key points of their respective interpretations can
be found. Some of these studies come to the common conclusion that the transport
phenomena in GeMn thin films are not necessarily related to the magnetic nature
of the thin films in itself but are only a consequence of the doping of Ge with Mn
impurities. In Chapter 5 of this thesis, we highlight the alternative possibility that
the peculiar transport properties observed in some GeMn transport studies might not
only be caused by the alloying of Ge with Mn but by parallel conduction through the
employed substrates.
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2.3 Origins of phase separation

The observation of an inhomogeneous dispersion of Mn in Ge has brought up the
question of the growth mechanisms and driving forces responsible for the characteristic
nanostructure of GeMn thin films fabricated by epitaxial methods. For the (Zn,Cr)Te
and (Ga,Mn)N magnetic semiconductor systems Monte Carlo simulations of a static
Ising model of pair interactions between different atom species at neighboring crystal
sites have shown that the nanoscale agglomeration of the magnetic impurity atoms to
clusters is favored, because the effective chemical pair interaction between the magnetic
impurity atoms is attractive.68 For the restriction that only surface diffusion can take
place, as it is the prevalent case in MBE, the Monte Carlo simulations also predicted
a distinct elongation of the clusters in growth direction leading to the formation of
columnar structures,68 a result which was recently reproduced by taking also kinetic
effects into account.69 So far, such simulations have not explicitly been carried out for
the GeMn material system, but the theoretical finding of an attractive effective chemical
pair interaction for Mn atoms in Ge70,71 suggests that a simulation of the nanostructure
of GeMn would yield similar results to (Zn,Cr)Te and (Ga,Mn)N. The attractive pair
interaction, i.e. the fact that chemical bonds between two Mn atoms in a Ge lattice
are favored over bonds between one Ge host atom and one Mn atom, can thus be
expected to be one key factor in the formation of GeMn clusters. Indeed, the tendency
for agglomeration of deposited Mn impurity atoms on Ge surfaces was experimentally
observed.20

The authors of the early Monte Carlo studies used the term spinodal decomposition
to describe the observed phase separation,68 which in the following has been widely
adapted in publications on magnetic semiconductor alloys with similar phase separa-
tion phenomena18,19,72 including studies of GeMn.65,73,74 Strictly, however, spinodal
decomposition demands that for the given concentration x0 of the magnetic impurity
species in the alloy the Helmholtz free energy F of the alloy as a function of impurity
concentration x has a negative curvature, i.e. ∂2F

∂x2

∣∣
x0
< 0. Contrary, for nucleation

– the other possible mechanism for phase separation – the relation ∂2F
∂x2

∣∣
x0
> 0 holds.75

The knowledge of the dependence of the Helmholtz free energy on the magnetic ion
concentration under realistic experimental conditions is thus necessary to distinguish
between spinodal decomposition and nucleation as relevant phase separation process.
In a recent attempt, a phase separation diagram for (Ga,Mn)As has been determined,
which allows to calculate the Helmholtz free energy and make predictions on the
separation process.76 Up to date, for the GeMn material system a similar study is not
at hand, which makes it rather speculative to ascribe the formation of GeMn clusters
in GeMn thin films to a spinodal decomposition process. The observed nanostructure
of GeMn thin films reflects only the final state of a phase separation process whatso-
ever and is thus not very well suited to distinguish between nucleation or spinodal
decomposition.77 In fact, the investigation of the nanostructure may only then be help-
ful to the experimental determination of the phase separation process of solid solutions
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if carried out time-dependently, i.e. at different stages of the spinodal decomposition
or nucleation process.77 Such an investigation, however, is inherently difficult for epi-
taxial fabrication methods. As long as one is only interested in determination of the
parameters influencing the phase separation from a fundamental point of view, the
exact nature of phase separation is not really of importance because both processes
rely on the reduction of the Helmholtz free energy.77 This is, determining the parame-
ters contributing to the free energy is actually more useful in order to tailor physical
properties of epitaxial GeMn thin films. One of these parameters, as stated above, is
the energetics of the Ge-Ge, Ge-Mn and Mn-Mn chemical bonds. Due to the consistent
observation of strain in epitaxial GeMn thin films, the accumulation of strain energy
during the formation of GeMn clusters is apparently of importance as an additional
factor.





3
Morphology of epitaxial GeMn

ALTHOUGH the characterization of GeMn thin films made tremendous progress in
past years, the nature of the Mn-rich GeMn clusters is still under debate. Their

chemical composition, structural configuration and the driving forces leading to their
formation in the first place are three issues of particular interest because they determine
parameters important for the spintronic utilization of GeMn thin films and will thus
path the direction of future GeMn research. To gain deeper insight into these topics,
we employed state-of-the-art material characterizations methods. The results of these
studies are presented in this chapter and in Chapter 4. We will also relate them to the
magnetic properties of GeMn thin films. Our findings have been partly published in
Ref. 78.

3.1 Nanometer-sized GeMn clusters as smallest entities

3.1.1 String-of-pearls-like self-assembly of GeMn clusters

In the past, our group employed TEM in cooperation with A. Trampert from the Paul-
Drude-Institut für Festkörperelektronik, Berlin, as imaging method for the structural
analysis of GeMn thin films.15,24 Conventional and in particular analyticalÀ TEM in
general allow to gain not only spatially resolved structural but also chemical infor-
mation on samples. This is achieved with conventional dark field TEM (DFTEM)
by selection of a chemically sensitive diffracted beam, for example. In the pure Ge
lattice, the (002) diffraction spot is kinematically forbidden because the corresponding

À Under analytical TEM one comprises TEM-related techniques, like electron energy-loss spectro-
scopy or energy-dispersive X-ray spectroscopy, using special detectors for the sample analysis.
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Figure 3.1 | Cross-sectional (002) DFTEM image of a GeMn thin film sample with rGe =
0.08 Å s−1 and x = 7.3%. Bright contrast indicates the formation of GeMn clusters.

structure factor vanishes. For the presence of Mn atoms in the Ge lattice, however, this
restriction is lifted.

Figure 3.1 depicts such a chemically sensitive (002) DFTEM micrograph for the
〈110〉 cross section of a GeMn thin film with x = 7.3 % and rGe = 0.08 Å s−1. Bright
spots correspond to the characteristic self-assembled GeMn clusters,15 while dark areas
with little intensity of the diffracted electron beam are obtained for the Ge-rich matrix.
A strong anisotropy of the self-assembly leads to an alignment of GeMn clusters into a
string of pearls pattern in the [001] growth direction. Furthermore, while the diameter
of the GeMn clusters varies only between 3 nm to 5 nm in the (001) plane, there is a
wide range of length in the [001] direction. One can observe both roughly spherical
objects with dimensions of only a few nanometers as well as columnar objects with an
elongation along the growth direction of several tens of nanometers. The characteristic
string of pearls pattern is found within the entire fabrication parameter window of
rGe = 0.08 nm to 0.4 nm and x = 2 % to 11.7 %, whereas the self-assembly of columnar
shaped objects is suppressed for a combination of both small rGe and x.23

DFTEM was in the first place useful to get an impression of the spatial variation of
the chemical composition of our GeMn samples but did not allow for the quantification
of the local Mn concentration. For composite materials that exhibit local variations
of the chemical composition on a nanoscale, like epitaxial GeMn, the accuracy and
informative value of analytical TEM techniques, however, is limited, too. This is due to
the fact that the two-dimensional information provided by TEM is actually a down-
projection of information from the three-dimensional (3D) volume of the TEM foil
crossed by the electron beam. That is, depending on the specimen thickness one might
get varying results by a TEM characterization. We note that it might be possible that
the observation of columnar objects in the DFTEM micrograph stems from the 3D
overlap of spherical GeMn clusters in projection, too. Atom probe tomography is a
complementary technique to provide a chemical analysis with atomic resolution.79,80
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Figure 3.2 | APT data from a GeMn thin film sample with rGe = 0.25 Å s−1 and x = 2.0%. a,
4% Mn isoconcentration surfaces of a pane of the 3D APT reconstruction. Growth direction
is bottom to top, analysis direction is top to bottom. b, 1D Mn concentration profile along
the Mn-rich columnar feature in the lower left of a. The profile is generated by counting
the number of atoms of each species within a slice of the reconstructed data. The error
bars represent the uncertainty resulting from counting statistics.

3.1.2 3D chemical composition analysis

Atom probe tomography (APT) was conducted in collaboration with A. Cerezo and
D. W. Saxey from the Department of Materials, University of Oxford. Experimental
details on the APT studies are given in Appendix A.2. Here, we only want to emphasize
that APT, other than analytical TEM, is able to produce a true 3D map of the distribution
of different atom species. This unique ability of APT gives access to an accurate
quantification of the chemical composition of the GeMn clusters observed in TEM. APT
is thus well suited to determine their real morphology.

Figure 3.2a shows 4 % Mn isoconcentration surfaces of a GeMn thin film with
x = 2.0 % and rGe = 0.25 Å s−1, which were extracted from the 3D reconstruction of
the Mn and Ge atom distributions. The Mn is clearly incorporated in both isolated
GeMn clusters with dimensions of a few nanometers in all three spatial directions and
in columnar objects reaching several tens of nanometers in elongation. The isocon-
centration surfaces of columnar objects are not of perfect cylindrical but instead of
irregular and corrugated shape.

Figure 3.2b displays a one-dimensional (1D) Mn concentration profile along the
axis of such a columnar object, which is more than 20 nm in length. We observe large
variations in the Mn content of the column on the scale of 2 nm to 3 nm. This variation
demonstrates that columnar objects are in fact built from individual, nanometer-sized
GeMn clusters, which are closely stacked in growth direction. Each GeMn cluster
appears as a peak in Fig. 3.2b. Despite the close stacking, a low Mn content between
individual GeMn clusters is clearly resolved. The close stacking of individual clusters
also explains the very irregular shape of columnar objects which have been observed
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Figure 3.3 | APT data from a GeMn thin film sample with rGe = 0.25 Å s−1 and x = 2.0%.
1D Mn concentration profile through a single GeMn cluster along a direction in the (001)
epitaxial plane. The error bars represent the uncertainty resulting from counting statistics.

in the 3D reconstruction in Fig. 3.2a. Thus, the APT analysis confirms the string-of-
pearls-like self-assembly of GeMn clusters along the growth direction, which has been
indicated by TEM. Moreover it reveals that columnar objects can in fact neither be
considered as homogeneous nor continuous.

APT furthermore shows that the average Mn content varies from cluster to cluster.
We found the peak concentration to vary between 10 % and 20 % within the studied
clusters of the present sample. The concentration of Mn that is incorporated into the
Ge matrix is below xmatrix = 0.7 %.

Figure 3.3 shows a typical 1D Mn concentration profile, coplanar with the (001)
growth plane, through a single GeMn cluster. Starting from the matrix level below 0.7 %,
the Mn concentration steeply rises within 1 nm to 2 nm toward the cluster center. While
it may be possible that ion trajectory aberrations and surface diffusion have some effect
on these profiles, similar results are generated when taking concentration profiles along
the direction of field evaporation. This suggests that a real Mn concentration gradient
is present. This presence of a Mn concentration gradient is further illustrated in the
3D-reconstructed APT data by extending the isoconcentration surface plot of Fig. 3.2a
to a series, as depicted in Fig. 3.4a–c. Upon plotting increasing Mn isoconcentration
thresholds, we decrease the diameter of the GeMn cluster reconstructions. At high
concentration thresholds, only the cores of the clusters are visible.

The presence of a Mn concentration gradient as well as the fact that the Mn content
of the cluster cores noticeably fluctuates from cluster to cluster leads to the conclusion
that the clusters are formed of a random Ge1−αMnα, 0 < α < 1, solid-solution rather
than an intermetallic compound with fixed stoichiometry.

In summary, the APT analysis confirms the TEM implication of a string-of-pearls-
like self-assembly of GeMn clusters along the growth direction, while in the observed
columnar regions individual, roughly spherical GeMn clusters seem to be retained as
the smallest entities. APT also demonstrates that Ge and Mn assemble into random
alloy Ge1−αMnα clusters. These can either be very closely stacked or isolated. Irrespec-
tive of their configuration, they always exhibit a high Mn concentration in the core
with a steep concentration gradient.
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Figure 3.4 | APT data from a GeMn thin film sample with rGe = 0.25 Å s−1 and x = 2.0%.
a, 4%, b, 8% and c, 12% Mn isoconcentration surfaces of the same pane of the 3D APT
reconstruction illustrating the increasing Mn concentration gradient toward the cluster
cores.

3.2 Amorphous GeMn cluster cores

3.2.1 Localization of disorder

As mentioned previously, we expect the results of structural TEM characterizations
of GeMn thin films to depend on the thickness of the examined specimens. In well-
prepared specimens suitable for high-quality HRTEM studies, one can scarcely achieve
a specimen thickness smaller than 10 nm. Given the fact that the diameter of the GeMn
clusters according to the APT data is of the order of 3 nm to 5 nm in the epitaxy plane,
a cross-sectional specimen has a higher risk of containing a large portion of the Ge-
rich matrix surrounding the clusters. The structure of the matrix will consequently
contribute to the projected TEM image. For a plan view specimen, however, the fact
of the string-of-pearls-like self-assembly of clusters in growth direction enhances the
chance to increase the cluster-to-matrix volume ratio in a given specimen thickness.
To study the structural properties of the GeMn clusters in more detail, we therefore
conducted plan view TEM along the [001] growth direction of the GeMn thin films,
in collaboration with S. Stemmer and J. M. LeBeau from the Materials Department,
University of California, Santa Barbara. Experimental details on these TEM studies are
given in Appendix A.1.

Figure 3.5a and 3.5b show a comparison of HRTEM micrographs from thicker
and thinner parts, respectively, of the identical specimen of the GeMn sample with
rGe = 0.08 Å s−1 and x = 7.3 %. The micrograph of the thicker part seems to indicate
perfect crystal coherence between cluster strings and the surrounding Ge-rich matrix.
On the other hand, in the thinner part we observe that the centers of the GeMn cluster
strings are in fact amorphous. The seeming crystal coherence in the thick part of the
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Figure 3.5 | a, HRTEM image of a GeMn sample with rGe = 0.08 Å s−1 and x = 7.3%
recorded on a thick part of the specimen. b, HRTEM image of the same specimen as in a
but for a thinner part.

specimen in Fig. 3.5a is due to the above described overlap of the amorphous clusters
with the crystalline Ge matrix in projection. The thickness of the specimen at this part
is presumably of the order of 40 nm and more. Unambiguous interpretation of TEM
micrographs for this system thus requires plan view TEM foils with a thickness below
20 nm, as analyzed in Fig. 3.5b.

In addition to the HRTEM, we investigated a single cluster string with high-angle
annular dark field (HAADF) scanning TEM (STEM). It was conducted in high reso-
lution mode in order to resolve individual atomic columns. HAADF, also known as
Z-contrast, is sensitive to chemical fluctuations in the specimen. HAADF micrographs
thus allow a direct qualitative interpretation of bright-dark contrast variations of the
observed crystal structure, in contrast to the HRTEM micrographs depicted above, for
which in general simulations are necessary.

HAADF imaging, depicted in Fig. 3.6, shows a decreasing brightness of the scat-
tered electron beam from the Ge matrix toward the center of the string. The onset
of this decreasing brightness is marked with a dashed circle in the right panel of
the Fig. 3.6. The low brightness in the center indicates the presence of an increasing
amount of the lighter element Mn. Within the solid circle drawn in the right panel of
Fig. 3.6, the crystalline arrangement of the atomic columns of the Ge matrix cannot be
observed anymore. Instead, amorphous GeMn is clearly dominant. Note that while
the amorphization of GeMn, as observed in Fig. 3.5, might have been caused by beam
damage during HRTEM, such electron-beam-induced amorphization is essentially
ruled out for the STEM mode because of the short and only punctual exposure of the
material to the beam during the scanning process.81

The decrease of contrast between the two circles in the HAADF image can be
induced both by strained crystalline material as well as a progressive increase of the
Mn content toward the center of the cluster string. The latter would corroborate the
observation of a Mn concentration gradient through APT. This situation would be
indicative of a core-shell structure of GeMn clusters, revealing an amorphous core that
contains most of the Mn and spreads out into a crystalline, probably strained shell with
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Figure 3.6 | High resolution plan view STEM image of a sample with rGe = 0.08 Å s−1 and
x = 7.3% in HAADF. The right panel is a copy of the left panel containing white circles to
mark regions with contrast that differs from the Ge matrix contrast.

moderate Mn content. We note that the diameter of the larger, dashed circle is within
the range of the typical diameters of GeMn clusters as determined in APT and TEM.

3.2.2 Quantification of disorder

From the STEM study it is not feasible to quantify the fraction of Mn atoms in either
GeMn phase, that of the core and that of the shell, with respect to the nominal Mn
concentration of the whole thin film. This task can be fulfilled by employing channeling
Rutherford backscattering (RBS) and the related channeling particle-induced X-ray
emission (PIXE). RBS and PIXE were kindly performed by K. M. Yu from the Materials
Sciences Division, Lawrence Berkeley National Laboratory. The measurement principle
of the channeling experiments is further explained in Appendix A.3. With channeling
RBS or PIXE one can determine, on the one hand, the fraction of so-called nonrandom
Mn atoms fnr, i.e. Mn atoms incorporated on substitutional and interstitial lattice sites
of the Ge host crystal. On the other hand, Mn atoms sitting in neither of these lattice
sites give the random fraction of Mn, fr = 1− fnr, which we use as the measure for the
degree of structural disorder.

For the GeMn thin film sample with rGe = 0.08 Å s−1 and x = 7.3 %, which was
presented in Fig. 3.6, fr = 0.88. Thus, a vast majority of Mn is indeed incorporated in a
random manner within the Ge crystal during the epitaxy. This is in agreement with the
combined STEM and APT observations because they accordingly show that most of
the Mn forms an amorphous GeMn phase within the high-Mn-concentration GeMn
clusters. For amorphous GeMn one would also expect a random fraction of Ge atoms.
We note that the channeling measurements, however, did not indicate random Ge in
a substantial portion. We relate this to the fact that, firstly, the amorphous clusters
occupy only a volume fraction of about vclusters = 15 % of the thin film23 and, secondly
and more importantly, this thin film with a thickness of only 200 nm in turn makes out
only a small portion of the total volume that is probed by the channeling beam because
the beam penetrates deeply into the Ge substrate. Detecting the randomly placed Ge
atoms is thus beyond the resolution limit of the channeling analysis.
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The nonrandom fraction of Mn is quantified as fnr = 0.12. Recalling the HAADF
implication of crystalline shells that enclose the amorphous cores of the GeMn clusters
and apparently contain diluted Mn atoms, it is reasonable to attribute the nonrandom
Mn atoms to these shells. We cannot completely rule out that nonrandom Mn atoms
also sit within the Ge matrix. It is, however, unlikely that these make out the larger part
of the observed nonrandom fraction fnr, as an estimate shows: The global concentration
of nonrandom Mn is xnr = fnrx = 0.9 %. Under the assumption that all nonrandom
Mn atoms are located within the matrix and considering the volume fraction of the Ge
matrix of about vmatix = 1− vclusters = 85 %, an atomic Mn concentration in the matrix
of xmatrix = xnr

vmatix
= 1.1 % is obtained. This is clearly higher than the upper bound of

xmatrix as given by the APT measurements. The crystalline shells of the GeMn clusters
thus have to house a substantial amount of substitutional or interstitial Mn atoms.

So far, the combined results of APT, STEM and channeling RBS/PIXE provide strong
arguments for a structural core-shell layout of GeMn clusters: High-Mn-concentration,
randomly ordered cores are surrounded by low-Mn-concentration, crystalline shells.

3.3 Discussion of results regarding magnetic properties

3.3.1 Magnetic entities in GeMn thin films

The magnetic properties of the GeMn thin films that are subject to this thesis have been
previously reported15,23 and are not detailed here. We recall two facts at this stage: The
magnetic field response of the GeMn thin film samples is described by superparamag-
netism of mostly noninteracting, ferromagnetic single-domains with supermoments in
the range of µsp = 150 µB to 400 µB. The density nsp of these supermoments, as derived
by magnetization measurements, implies that the typical line density of supermoments
has to be 15 to 50 per thin film layer thickness, which is of the order of 80 nm to 200 nm
for our samples. Previously, both observations led to the conjecture that in average the
spatial size of the smallest magnetic entity is always of the order of a few nanometer
and are in contradiction with a magnetic entity that spans a few ten nanometers or
even the complete thin film layer thickness.23 This interpretation of magnetometry
is now directly supported with our findings: It is indeed nanometer-sized, roughly
spherical GeMn clusters that are, on the one hand, stacked in a string-of-pearls-like
pattern along the growth direction and, on the other, retained as individual units in
objects of seemingly columnar shape. Consequently, we identify these units as the
noninteracting, ferromagnetic single-domain particles.

3.3.2 Magnetic activity of Mn in GeMn thin films

Another interesting magnetic property of the present GeMn thin films is the mea-
sured magnetic moment per Mn atom µMn. For the example of the thin film with
rGe = 0.08 Å s−1 and x = 7.3 %, µMn = 0.3 µB.23 This is substantially smaller than
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the value of µMn = 3 µB that has so far been multiply predicted by independent the-
ories for substitutional or interstitial Mn in Ge10,70,71,82–88 and has been observed in
experiment,20 too. From the channeling experiments we know, however, that only
the fraction of 12 % of the Mn atoms is incorporated on such lattice sites. Assuming
that the remaining Mn atoms do not exhibit a net magnetic moment would yield an
average magnetic moment per Mn atoms of µMn = 0.12 · 3 µB = 0.36 µB, which is in
fair agreement with the measured value.

This observation establishes an evident connection between the magnetic inactivity
of Mn atoms and the structural properties of the GeMn thin films. We expect the
absence of structural order in combination with the high Mn content in the cores of
the GeMn clusters to be the origin of magnetic disorder. This disorder causes the
observed magnetic inactivity, for instance through a canting of magnetic moments of
randomly distributed Mn or antiferromagnetic (AFM) coupling of subensembles of
the Mn moments in the amorphous cluster cores. A strong AFM coupling between
Mn atoms is indeed predicted by theory for two Mn atoms occupying substitutional
nearest-neighbors sites in a Ge-lattice-type GeMn alloy.71,85,87,89–91 This general trend
may still hold for disordered GeMn, as its building blocks exhibit a similar, although
only short-ranged tetrahedral configuration.63 Under the high-Mn-concentration con-
ditions present in the cluster cores, the formation of n such AFM, nearest-neighbors
Mn-Mn dimers, where n is any natural number, is particularly favored over the corre-
sponding formation of 2n Mn-Ge bonds.88 In turn, uncompensated magnetic moments
at the surface of an AFM cluster core92–95 or small volumes of dispersed, ferromag-
netically ordered Mn atoms in the crystalline shell of a cluster lead to the observed
superparamagnetic behavior.

If this core-shell picture is plausible, it has to account, at least roughly, for the
measured values of different magnetic (µsp, nsp) and structural (x, fr, fnr, core radius
rc, shell radius rs) properties as well as their interrelation. We check this in a simple
model assuming a spherically shaped cluster with a Mn concentration profile x(r) as
depicted in the schematic of Fig. 3.7, in resemblance of the measured profile of Fig. 3.3.
In Fig. 3.7, xc is the atomic Mn concentration at the center of the cluster, while xs is that
at the core-shell interface. x(r) is thus parameterized as

x(r) =


xs − xc

rc
r + xc if 0 ≤ r ≤ rc,

xs

rc − rs
(r− rs) if rc ≤ r ≤ rs,

0 if rs ≤ r.

(3.1)

By integration, we derive an expression for the amount of Mn atoms in the core

Nc = 4πnGe

∫ rc

0
r2x(r) dr, (3.2)
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Figure 3.7 | Schematic of the radial concentration profile of a GeMn cluster in the core-shell
picture. The core with radius rc and center concentration xc contains the fraction fr of Mn
atoms, while the shell, ranging from rc to rs, with core-shell interface concentration xs
contains the nonrandom fraction fnr.

where nGe is the atomic density of Ge. The total amount of Mn in the cluster is

N0 = 4πnGe

∫ rs

0
r2x(r) dr. (3.3)

The condition that the core contains the random fraction fr of all Mn atoms in the
cluster imposes limitations to the value rs. We set rc = ars and xs = bxc for simplicity
and get by equating

fr ≡
Nc

N0
=

(1 + 3b)a3

a3 + b(1 + a + a2)
. (3.4)

This equation has only one physical solution for a as a function of fr and b. We
now choose some parameters in our calculations to be fixed and some to be free in
order to reproduce the properties of the GeMn sample with rGe = 0.08 Å s−1 and
x = 7.3 %. fr shall be fixed, with a value of 0.88 as determined by the channeling
experiments. Furthermore, we set xc = 60 %, which seems a reasonable estimate if
we extrapolate the value found by APT for the sample with rGe = 0.25 Å s−1 and
x = 2.0 %. The concentration gradient in the core shall be described by b = 2

3 . A
value of 0 µB and 3 µB is ascribed to the magnetic moment per Mn atom for the core
and shell, respectively. Fixing all these values, in order to get the measured average
supermoment of one cluster of µsp = 360 µB,23 now a core radius of approximately
rc = 2.2 nm is needed. Employing Eq. (3.4) then results in a shell radius of rs = 2.4 nm.
In this core-shell picture, the core radius of an average cluster has thus a reasonable
magnitude, whereas it is a factor of two larger than what the specific cluster depicted
in the HAADF micrograph of Fig. 3.6 would imply. Keeping in mind, however, that
the supermoment sizes follow a log-normal distribution and thus not every cluster
has to exhibit the average value µsp, the width of this distribution23 suggests that also
smaller clusters with smaller supermoment sizes would be described properly by the
core-shell picture. More surprising is fact that the shell radius is not as much larger
than the core radius, other than indicated by the HAADF image. Probably, the contrast
variations surrounding the specific cluster string in the HAADF image are in parts also
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due to the variations in the diameter along the string, which causes an overlap with
the Ge matrix in the TEM projection.

The volume fraction of the GeMn clusters vclusters can also be calculated in this
model by

vclusters = nspVcluster, (3.5)

where Vcluster = 4
3 πr3

s is the volume of one cluster. The supermoment density nsp
was determined with the help of magnetization measurements as 2.4× 1018 cm−3.23

This yields vclusters = 15 %, in good agreement with the estimates from structural
investigations.23 At last, also the nominal average Mn concentration of the whole thin
film of x = 7.3 % is reasonably described in this core-shell model by

xaverage =
vclustersN0

VclusternGe
= 5.4 %. (3.6)

Hence, from the plausible agreement between various values given by the APT and
STEM analyses, the magnetometry data, and the calculated values in the framework of
the core-shell model, we infer that the magnetically active part of Mn is located at the
surfaces, in the shells of the GeMn clusters, whereas theirs cores remain magnetically
inactive.

It is worthwhile to add that different concentration profiles than the one depicted in
Fig. 3.7 deliver overall worse agreement between the calculated and the observed pa-
rameters. For example, assuming the concentration gradient to be uniform throughout
the core and the shell would either demand xc = 120 % or rc = 2.8 nm while keeping
rc = 2.2 nm and xc = 60 % fixed, respectively, in order to reproduce the same average
magnetic supermoment of one cluster and the average Mn concentration of the thin
film. Both values seem quite unlikely. Assuming a constant Mn concentration in the
core while maintaining the linear gradient in the shell, which is equivalent to setting
b = 1 in Eq. (3.4), would allow to reduce the core radius down to rc = 2.0 nm, however,
such a profile would not be in line with the observation of a nonstoichiometric GeMn
alloy within the GeMn clusters.





4
Strain-driven stacking of GeMn clusters

IN the previous chapter, we concentrated on finding connections between the struc-
tural and magnetic properties of GeMn thin films. Here, we want to shed more light

on the characteristic string-of-pearls-like pattern of GeMn clusters that forms during
the self-assembly process. For this purpose, we first revisit properties of the previously
shown GeMn thin films, which were fabricated by the continuous codeposition of Ge
and Mn. Moreover, we will introduce samples with a Ge/GeMn superlattice structure
in Section 4.2.

4.1 Localization of strain in GeMn thin films

Extending the STEM investigation of the previous chapter, we examined a GeMn
cluster string of the GeMn sample with rGe = 0.08 Å s−1 and x = 7.3 % by low-angle
annular dark field (LAADF) STEM. Due to the low-angle deflection, this STEM mode
is not as sensitive to chemically induced contrast variations as HAADF but instead
more sensitive to strain-induced fluctuations.

In the LAADF micrograph, shown in Fig. 4.1a, the previously discussed dark image
contrast indicative of an amorphous phase in the center of the string is reproduced.
This is marked with the solid circle in the right panel of Fig. 4.1a. For comparison,
we once more depict in Fig. 4.1b the HAADF image of the very same cluster string,
already shown in the previous chapter. In addition to the amorphous core, the LAADF
micrograph exhibits a distinct, bright halo surrounding the center of the string. For
clarity, we marked this halo by the delimiting dashed circle in the right panel of Fig. 4.1a.
The halo indicates the occurrence of strain in the matrix material in the direct vicinity
of the GeMn clusters.
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Figure 4.1 | High-resolution plan view STEM images of a sample with rGe = 0.08 Å s−1 and
x = 7.3% in a, LAADF and b, HAADF mode. Both images were acquired for the same GeMn
cluster string. Right panels are copies of the left panels and contain white circles to mark
regions with contrast differing from the Ge matrix contrast. The white halo in the LAADF
micrograph of a indicates strain.

The presence of local strain confirms a prior work, where the average in-plane
strain was quantified to be 2 %.25 Such strain values are comparable to typical strain
values present in lattice-mismatched heterosystems exhibiting self-assembled island
formation.96 Given the short distances between two consecutive GeMn clusters in
the [001] growth direction, see Chapter 3, it is very likely that each cluster feels the
strain field of its predecessors, as it is known for stacked self-assembled semiconductor
islands.97,98 In these systems, the in-plane positions of self-assembled islands of the
first deposited layer serve as seeds for islands in consecutive layers, which by this
means experience an effective minimization of their strain energy. In the present GeMn
thin film system, the nonequidistant stacking of GeMn clusters is presumably the
result of the codeposition of Mn and Ge because thereby the formation and stacking of
the clusters follow a dynamic, uncontrolled manner. In order to further confirm that
the minimization of strain energy is a driving force for the vertical stacking of GeMn
clusters, samples with well-defined distances between the clusters would be helpful.
These would also allow to check whether clusters can be stacked over long distances
into a string of pearls pattern in GeMn epitaxy. Therefore, we have investigated
GeMn/Ge superlattice samples, as outlined in the following.
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Figure 4.2 | TEM micrographs of a GeMn/Ge superlattice sample with nominally 3 nm-thick
GeMn and 6nm-thick Ge spacer layers. a, HRTEM revealing the elongation of GeMn clusters
(dark spots) in growth direction with typical dimension of 4nm in growth and 3nm in
in-plane direction. b, BF (000) overview image of the same sample. The arrows exemplary
indicate positions in the specimen where a vertical correlation of GeMn clusters (bright
spots) can be observed. The numbers denote the first and last layer of the correlation.

4.2 Ge/GeMn superlattices

A test of strain-driven stacking of single GeMn clusters in (Mn,Ge) codeposition can be
made by interrupting the deposition of Mn, leaving the growth of pure Ge spacer layers.
If the thicknesses of the Ge spacer layers and the GeMn layers in a superlattice thin
film with several alternating GeMn/Ge layers are properly adjusted, an investigation
of the range of the strain field caused by the formation of only one GeMn cluster is
possible. We thus grew a set of samples containing each six GeMn layers separated
by five Ge layers. The thickness of the GeMn layers was kept fixed at 3 nm and the
Mn concentration of the GeMn alloy set to x = 7.3 %. The set consisted of five samples
with increasing Ge spacer layer thickness of 3 nm, 6 nm, 9 nm, 15 nm, and 30 nm. The
last GeMn layer in each sample was capped with 10 nm Ge. The growth rate was set to
rGe = 0.08 Å s−1, i.e. the parameters for the growth of the GeMn layers were similar to
those of the sample depicted in Fig. 3.1.

Figure 4.2a shows a HRTEM micrograph of the sample with 6 nm-thick Ge spacer
layers in cross section. Dark spots in the image confirm the formation of individual
GeMn clusters within the nominally 3 nm-thick GeMn layers. Interestingly, the GeMn
clusters do not exhibit a sharp interface with the Ge spacer layers, as the growth pro-
tocol would imply. In fact, their boundaries in growth direction seem to be washed
out to approximately 4 nm in average. With in-plane dimension of about 3 nm this
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results in a slightly elliptical shape, similar to that of GeMn clusters in the continuous
thin film shown in Fig. 2.1a. We relate this effect either to a segregation process, which
is known to be very effective for subsurfactant Mn impurity atoms in [001]-oriented
Ge crystals,20,99 or an interdiffusion process as a first consequence of relief of strain
energy accumulation. The latter would be in strong similarity to heteroepitaxial island
formation.100,101 In this context, we remark that the concentration profiles of the GeMn
clusters, which were depicted in Fig. 3.3, particularly regarding the rising concen-
tration toward the cluster cores, resemble the distribution of atom species in capped
semiconductor islands forming spontaneously in lattice-mismatched heterosystems.102

The HRTEM micrograph of Fig. 4.2a already suggests a vertical correlation of indi-
vidual GeMn clusters in adjacent GeMn layers, an observation that is further evidenced
by the overview bright field (BF) TEM image, selecting the directly transmitted (000)
electron beam, shown in Fig. 4.2b. In the BF (000) micrograph, GeMn clusters appear
as bright spots. The white arrows in Fig. 4.2b exemplary mark positions where GeMn
clusters are stacked, the numbers next to the arrows denoting the range of GeMn layers
that are involved in this vertical correlation. We observe a cluster correlation that
can span all six GeMn layers as well as only two layers. Also, individual apparently
nonstacked clusters are present in this sample.

In Fig. 4.3a, a BF TEM image, containing the (000) and diffracted beams, is depicted
for the sample with a Ge spacer layer thickness of 30 nm. The image quality is not very
good due to a poor specimen quality. Nevertheless, the formation of GeMn clusters
can be observed as dark spots in the image. In an effort to enhance the contrast for
a better distinguishability of the GeMn clusters from the surrounding Ge matrix, the
BF image was digitally post-processed. The result is shown in Fig. 4.3b. Now, an
apparent vertical correlation of GeMn clusters becomes visible, as indicated by the
double arrows in the figure. The post-processed image thus suggests that, despite the
relatively large GeMn layer distance, stacking of GeMn clusters is still possible, very
much like in the sample with only 6 nm-thick Ge spacer layers.

4.3 Discussion

From these first observations we infer that the minimization of strain energy is the only
reasonable cause for the stacking of GeMn clusters over such large distances. Clearly,
this result has to be confirmed in further TEM studies using better prepared specimens
and also including the other samples of the series with 3 nm, 9 nm, and 15 nm-thick Ge
spacers in order to enhance statistics. Yet, the superlattice studies consistently support
our conjectures from the combined APT, TEM, and STEM studies for the occurrence of
a string of pearls pattern in continuous GeMn thin films.

The fact that the strain-driven correlation of GeMn clusters of only a few nanometer
in extent apparently spans distances of at least up to 30 nm in GeMn/Ge superlat-
tices represents a difference to the well-known stacking phenomenon arising in the
heteroepitaxy of lattice-mismatched material systems, such as Ge/Si or InAs/GaAs.
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Figure 4.3 | TEM micrographs of a GeMn/Ge superlattice sample with nominally 3 nm-thick
GeMn and 30nm-thick Ge spacer layers. a, BF overview image showing the second to fifth
GeMn layer. Dark spots indicate the formation of GeMn clusters. b, Same image as in a
after application of digital post-processing filters to enhance contrast fluctuations. Double
arrows exemplary mark apparently vertically correlated GeMn clusters.

There, only islands with considerably larger in-plane base diameter can exhibit a
strain field strong enough to cause the vertical correlation of islands over such long
distances.98,101,103,104 This implies that in the case of GeMn epitaxy already small min-
ima in the surface strain potential, which are caused by the buried GeMn clusters, are
sufficient to trigger the seeding of subsequent GeMn clusters.

For clarification and to avoid confusion regarding the role of strain, we note that the
analogy between GeMn/Ge epitaxy and conventional lattice-mismatched heteroepi-
taxy is limited when it comes to the formation of clusters and islands, respectively. For
the latter the formation of 3D islands protruding from the epitaxy plane is the only
possible way to reduce the strain energy of deposited layers of the lattice-mismatched
material. For GeMn/Ge epitaxy it is not known whether the deposited GeMn would
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formally exhibit strain if maintained as such on the Ge substrate surface. If so, due
to the miscibility gap of the GeMn material system, it is in principle possible that the
deposited layers reduce their overall strain energy by the decomposition into Ge-rich
regions completely free of strain and small Mn-rich regions with increased strain. Then,
also in this material system, minimization of strain energy would cause the formation
of ‘islands’, yet, not protruding from but embedded in the epitaxy plane. One cannot
argue from our observations of a strain field surrounding the Mn-rich GeMn clusters,
however, that such a scenario is indeed given for the present GeMn thin films, because
these observations mark only the final situation after the decomposition has already
taken place. In the early stages, the formation of GeMn clusters could very well be only
the consequence of a self-assembly process entirely driven by the chemical energetics,
as introduced in Section 2.3. Mn agglomeration, as for example observed in Ref. 20,
could act as initial seed for the – subsequently – strain-assisted further development of
a GeMn cluster on top.

Regarding the crystalline order, which we presented in Chapter 3, it is unclear as to
whether such a seed of a GeMn cluster is already amorphous from the beginning or if it
initially adopts the cubic order of the Ge matrix. In (Mn,Ge) codeposition, the first case
corresponds to the parallel growth of an amorphous cluster embedded in a crystalline
Ge matrix that is seeded by the substrate. In the latter case, the in-plane strain induced
by the parallel growth of both the Ge matrix and a cubic GeMn cluster seed would
lead to an amorphization of the cluster during the epitaxy of the following layers.

An understanding of the thermodynamic driving forces of the very early stages of
the epitaxy, including Mn segregation in (Mn,Ge) codeposition, would be extremely
beneficial for the improvement of the control of the self-assembly and the crystallinity
of the GeMn clusters. Such control will have direct consequences on the magnetic
properties of the material, as we outlined in Chapter 3. Moreover, the degree of
crystallinity controls the resulting band structure and thus the electric properties of the
material. Tailoring these properties might become of importance in future spintronic
applications.

Further understanding of the origin of in-plane strain distribution promises to
enhance the control on the homogeneity of the distribution of the GeMn cluster along
a string. A dense and very homogeneous stacking of the clusters on a string would
increase the probability of magnetic coupling along a stack and could contribute to
global ferromagnetism, as for example observed by Jamet et al.16
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Interplay of electrical transport

properties of GeMn thin films and
Ge substrates

DURING the past decade, the intense study of epitaxial GeMn thin films has brought
about an increasingly converging picture of their nanostructure, which we

partly hinted at in the previous chapters. In contrast, the fingerprint of these thin
films in magnetotransport studies lacks such a coherent description. Particularly,
GeMn thin films fabricated on Ge substrates exhibit rather versatile magnetotransport
properties.14,16,17,42,67 In this context, it is interesting to note a fact often overlooked
and thus rarely addressed in literature on GeMn transport studies: While high-purity
substrates of semiconductors such as Si or GaAs exhibit room temperature (RT) resis-
tivities greater than 103 Ω cm, this is not the case for Ge substrates. RT resistivities of
Ge are intrinsically limited around 50 Ω cm because intrinsic conduction in Ge, due
to its small band gap, already becomes important around RT.105 This upper limit is
already reached with impurity concentrations as low as 1013 cm−3.106 Substrates with
higher purity are commercially not available.

We will show in Section 5.2 that the electrical properties of epitaxial GeMn thin
films fabricated by solid-source MBE on such high-purity Ge substrates can severely be
influenced by parallel conduction through the substrate. To furthermore demonstrate
the effects of parallel conduction, we present in Section 5.3 a system of nonmagnetic,
degenerately doped Ge:B epitaxial layers grown on these high-purity Ge substrates.
Some of these results have a remarkable resemblance to previously published data
on magnetic GeMn thin films,22,67 although our Ge:B films do not show any sign
of magnetism other than common diamagnetism. We will give a two-layer model
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Figure 5.1 | a, Scaled schematic of samples with Hall bar mesa. The setup for measuring
the longitudinal (Vxx) and Hall (Vxy) voltages as well as the total current (I) is also indicated.
b, Geometry of samples where the van der Pauw method has been employed. Dimensions
are given in units of millimeter.

accounting for the parallel conduction through the substrate, which sufficiently well
describes the experimental magnetotransport results in those types of thin films. We
will briefly address the influence of the sample geometry on the transport behavior
within the parallel conduction scheme in Section 5.4 and discuss possible solutions to
overcome the parallel conduction in Section 5.5. The contents of this chapter have been
published in Ref. 107.

5.1 Experimental

The investigated samples were fabricated with solid-source MBE under ultrahigh
vacuum conditions at a base pressure of 5× 10−11 mbar. We used high-resistivity Ge
(001) substrates with a RT resistivity larger than 40 Ω cm and thickness of approximately
500 µm. These substrates are specified to exhibit n-type conduction, due to antimony
impurities dissolved into the Ge crystal during its fabrication. However, we would like
to note that the vendors specification of this n-type conduction is only true about RT. In
fact, the substrate undergoes a transition to p-type conduction below RT. This indicates
the presence of a majority of residual acceptorlike impurities. Hence, the substrate
may suffer from considerable autocompensation. At RT, the conduction behavior is
dominated by intrinsic charge carriers, primarily by electrons due to their smaller
effective mass, and is therefore n-type.

Prior to the growth of all thin films a 80 nm-thick, undoped Ge buffer layer was
deposited. The GeMn sample was grown by codeposition of Mn and Ge at a Ge
growth rate of rGe = 0.08 Å s−1 and at a constant substrate temperature of TS =
60 ◦C in order to avoid the formation of intermetallic secondary phases. The film
thickness amounts to 200 nm with a total Mn concentration of x = 2.8 %. A thorough
characterization of the structural and magnetic properties of this sample may be found
elsewhere.15,23
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For comparison we also fabricated a nonmagnetic p-type Ge thin film using a boron
effusion cell. This sample was fabricated at rGe = 0.3 Å s−1 and TS = 360 ◦C with a
thickness of 200 nm. With 5× 1019 cm−3 the B concentration was chosen to be well
above the insulator-to-metal transition.108

For transport measurements an approximately 450 nm-high Hall bar (HB) mesa
was defined by standard lithography methods and wet-chemical etching. Geometrical
details are given in Fig. 5.1a. The longitudinal and Hall resistance, R and Rxy, were
determined by applying a current I along the HB and measuring the longitudinal and
Hall voltages, Vxx and Vxy, in a standard, quasi-dc lock-in setup using an additional
1 TΩ input impedance voltage amplifier before the lock-in. As will be introduced in
Section 5.4, some samples were also investigated via the van der Pauw method in the
geometry shown in Fig. 5.1b.

Temperature-dependent resistance measurements without applied magnetic fields
were performed with a heatable sample stick inserted in a liquid helium dewar. The
field-dependent measurements were performed in a variable-temperature-insert mag-
net cryostat, if the shown field range does not exceed 7 T, and in a 300 mK magnet
cryostat with a customized, heatable samplestick, if higher fields are shown. The mag-
netic field was applied perpendicular to the sample surface. Further information on
sample processing, realization of ohmic contacts and measurement issues is available
in Refs. 109 and 110.

5.2 Nondegenerate GeMn thin films on high-resistivity
Ge substrates

Figure 5.2 depicts the sample resistance of the bare high-resistivity Ge substrate sample
as a function of temperature T. We can identify the three distinct regions well known
for nondegenerate semiconductors, i.e. the freeze-out of extrinsic charge carriers, the
extrinsic and the onset of the intrinsic range.

Also shown in Fig. 5.2 is the resistance measurement of the GeMn thin film grown
on the high-resistivity Ge substrate. When comparing the two samples, we notice
that the resistance of both samples is of the same order of magnitude and has a very
similar temperature dependence. This becomes more evident in an Arrhenius plot of
the resistance depicted in the inset of Fig. 5.2. Both curves exhibit the same linear slope
in the extrinsic freeze-out regime, which corresponds to a thermal activation energy of
Ea = 10.9 meV for the dopant impurities.À This is in good agreement with the activa-
tion energy of shallow impurities in Ge.112,113 It does not correspond to the activation
energy of Mn in Ge because Mn is expected to be a two-level, deep band gap acceptor
with Ea = 160 meV and 370 meV, respectively.114 It rather seems that in both samples
the residual impurities dissolved in the Ge substrate dominate the measurements.

À The temperature dependence of the mobility has been neglected. Due to autocompensation we
fitted the data with an e(Ea/kBT) law, see e.g. Blakemore.111
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Figure 5.2 | Sample resistance versus temperature for the GeMn sample (green) and the
Ge substrate reference (blue). Inset: Same data as function of the inverse temperature 1

kBT .A straight line (grey), corresponding to an activation energy of Ea = 10.9meV, can be fitted
to the extrinsic freeze-out.

Figure 5.3a shows the MR effect of the GeMn sample versus external magnetic field
B for various temperatures, calculated according to the convention

MR [%] =
R(B)− R(0)

R(0)
× 100. (5.1)

The MR effect is positive and exhibits a paraboliclike dependence for weak fields
tending toward a linear dependence at higher fields, without any signs of saturation.
For higher temperatures the MR effect gradually decreases in its magnitude. Similar
results on the MR effect in GeMn have already been reported.16

The orbital MR of the semiclassical Boltzmann transport theory cannot be responsi-
ble for the positive MR effect depicted in Fig. 5.3a because the order of magnitude of the
MR is too large. In fact, an orbital MR effect would also not explain the nonsaturating
character of the observed MR at large fields.115 A connection of the MR to the magnetic
nature of the GeMn epilayer can be ruled out for the same reason because its magne-
tization saturates at fields about 2 T.15,23 Jamet et al.16 proposed the occurrence of a
geometrically enhanced MR effect116 to account for the large magnitude and the linear
increase at high fields of the MR in their GeMn sample, stemming from the presence
of highly conducting Mn-rich inclusions. Described by a resistance network, such
an inhomogeneous semiconductor can indeed exhibit extremely large, nonsaturating
MR.117–119 However, we obtain essentially equal results for the magnitude, field and
temperature dependence of the MR of the bare Ge substrate, as shown in Fig. 5.3b.
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Figure 5.3 | a, MR for various temperatures for the GeMn sample. b, MR for the bare
high-resistivity Ge substrate. c, Tangent of the Hall angle for the GeMn sample (left) and
the Ge substrate (right). The color code for the measurement temperatures is the same for
all panels.
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The left panel in Fig. 5.3c depicts the tangent of the Hall angle of the GeMn sample,
defined as ρxy/ρxx with ρxy and ρxx being the Hall and longitudinal resistivities, respec-
tively. The Hall angle gives a more direct estimate of possible magnetization-induced
contributions to the ordinary Hall effect than the common Hall curve. The Hall angle
increases steeply with field, tending toward a saturation at higher fields. Similar results
were found by other groups for the GeMn material system and were either attributed
to a magnetization-induced AHE16 or related to the multiple Mn acceptor energy states
leading to an effective two-band-like conduction.67 Our undoped, nonmagnetic Ge
substrate exhibits the same Hall angle behavior, as can be seen in the right panel of
Fig. 5.3c.

The data presented on the GeMn thin film in Figs. 5.2 and 5.3 show a strong
similarity to the underlying substrate. This suggests that neither the inhomogeneity,
magnetic nature, nor the presence of Mn acceptors in the GeMn thin film leads to
the observed transport properties in the present case. We conclude that the transport
properties of our GeMn sample do emerge from parallel conduction through the
substrate.

This dominating contribution of the substrate can be understood, when one consid-
ers the system of an epitaxially fabricated GeMn thin film on top of the high-resistivity
Ge substrate as two parallel conducting resistors. For an independent determination
of the transport properties of the epilayer without contributions from the substrate
layer, the resistance of the GeMn epilayer has to be at least a factor of 10 smaller than
that of the substrate. A comparison of the thicknesses of these two layers implicates
that the epilayer resistivity then has to be smaller by a factor of 104 than the resistivity
of the Ge substrate. Considering the RT value of the substrate resistivity of about
40 Ω cm this in turn means that the GeMn epilayer resistivity has to be in the 10−3 Ω cm
regime. For the present GeMn epitaxial layer, having a hole density around 1019 cm−3

(cf. Section 5.5), but nevertheless being nondegenerate, that would demand RT mobili-
ties on the order of a few 102 cm V−2 s. Yet, such a high mobility cannot be expected
because GeMn thin films exhibit a very inhomogeneous nanostructure, as we outlined
in the preceding part of this thesis. In fact, mobilities of that order of magnitude are
only reached in conventional p-type-doped Ge with similar hole concentrations, when
the dopants are homogeneously diluted in the host matrix.120 In essence, because of
the low conductivity of nondegenerate GeMn thin films, one can not determine the
transport properties of the GeMn epilayer in a straightforward manner, when it is
fabricated on high-resistivity Ge substrates.

5.3 Degenerate p-type Ge thin films on high-resistivity
Ge substrates

We now address whether an electrical transport characterization of degenerately doped,
p-type GeMn thin films on high-resistivity Ge substrates, i.e. thin films with carrier
concentrations clearly above 1019 cm−3, is feasible. In order to separate phenomena
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Figure 5.4 | Sample resistance of the Ge:B sample with a doping concentration of
5× 1019 cm−3 as function of the temperature. For comparison, the measurement of the
bare substrate sample is also depicted. The Ge:B sample is clearly affected by parallel con-
duction through the substrate. The inset shows a close-up for low temperatures, where the
metallic conductance of the Ge:B epilayer is revealed because of the increasing resistance
of the substrate.

related to the magnetization or nanostructure from those related to parasitic con-
duction through the substrate, we explored degenerately doped, nonmagnetic Ge:B
epilayers as a model system. Since B opposed to Mn is not a deep but a shallow
acceptor in Ge, a doping concentration of 5× 1019 cm−3 lies well above the Mott
insulator-to-metal transition, and is therefore sufficiently large to deliver thin films
with degenerate, metalliclike conduction properties. Figure 5.4 shows the temperature
dependence of the resistance of the Ge:B sample. Interestingly, only at temperatures
below approximately 10 K the measurements reflect the metallic character of the epi-
layer, as the resistance enters a constant value regime. Above this temperature the
curve quickly traces the measurement of the Ge substrate, which is also depicted for
comparison.

The magnetic field dependence of the longitudinal resistance of the Ge:B sample
is depicted in Fig. 5.5a for different temperatures. At temperatures below 9 K, the
resistance shows little field dependence, yielding a MR effect which does not exceed
3 % at 4.2 K and 7 T. At approximately 9 K, we observe the onset of the decrease of
the zero-field resistance with increasing temperature, as already depicted in Fig. 5.4.
However, the resistance now rises quickly with increasing magnetic field, hence giving
an increased MR effect. Eventually at high fields the resistance tends to saturate at
the 4.2 K value. With increasing measurement temperature this saturation is shifted
toward higher fields, while at the highest temperatures full saturation is not reached
anymore within the investigated field range.
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b
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Figure 5.5 | a, Sample resistance R and b, Hall resistance Rxy versus magnetic field of
the Ge:B sample. The dip of R at zero-field in a and the peak of Rxy at low fields in b
mark the onset of parallel conduction through the substrate at 9K. The color code for the
measurement temperatures is the same in both panels.

The Hall effect of the Ge:B sample is shown in Fig. 5.5b. Below 9 K we observe a
linear Hall effect. At temperatures of 9 K and above, the field dependence drastically
changes: For small field values we first observe a strong increase of the Hall slope. Upon
increasing the field, the Hall effect shows a peaklike maximum and then approaches
the Hall curve measured for 4.2 K asymptotically.

The transport behavior of the Ge:B film, depicted in Figs. 5.4 and 5.5 is not in
line with the metallic character of the epilayer. We can rather identify two distinct
temperature regimes with different properties below and above 9 K. Similar results
for the Hall effect and field dependence of the longitudinal resistivity, which can
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be separated into two temperature regimes, were found for degenerate GeMn thin
films prepared by ion implantation.22 They were interpreted in terms of a two-band-
like conduction scheme, accounting for possible electronic ground and excited states
of Mn in Ge.67 In contrast, our results in the two distinct regimes are naturally ex-
plained by assuming parallel conduction through the substrate: Below 9 K parallel
conduction is not present because the substrate resistance gets very large, whereas the
resistance of the metallic epilayer does not change. Assuming now that conduction
only takes place in the 200 nm-thick Ge:B epilayer, we can extract a hole density of
1.54× 1019 cm−3, in fair agreement with the nominal concentration value. Further-
more the carrier mobility amounts to the relatively small value of µ = 310 cm2 V−1 s.
Due to the general proportionality between the orbital MR and carrier mobility, the
small MR effect would therefore also be in line with conduction through the metallic
Ge:B epilayer. The transport measurements of the Ge:B sample can undoubtedly be
attributed solely to the Ge:B epilayer in the temperature regime below 9 K. For tem-
peratures above 9 K we need to include substrate contributions for an interpretation
of the magnetotransport data. At low fields, conduction will mostly take place in the
substrate because of its smaller resistance. At large fields, conduction through the
substrate will quickly cease because its MR gets larger. Then most of the current flows
through the epilayer. Thus, in the Hall as well as the MR measurement, we probe
the substrate properties at a small magnetic field and the Ge:B epilayer properties at
a high field, leading to the described peaking and saturation effects. The decreasing
tendency of saturation at a high magnetic field with increasing measurement temper-
ature comes from the weakening of MR of the Ge substrate. The Ge:B sample thus has
to be regarded as a system of two conducting layers with different galvanomagnetic
responses.

This phenomenological interpretation is supported by a description of the magne-
totransport data with a two-layer conduction model. It is based on the assumption
that each conducting layer can be described by its individual resistivity tensor, which
reduces to a 2× 2 matrix in the case where the magnetic field is normal to the plane of
carrier motion. Since the two layers are not equally thick, in the following expressions
we will give sheet resistivities rather than bulk resistivities to maintain generality. The
resulting components of the sheet resistivity tensor of the combined two-layer system
have the form

ρxx = ρyy =
ρ1,xx(ρ2,xx

2 + ρ2,xy
2) + ρ2,xx(ρ1,xx

2 + ρ1,xy
2)

(ρ1,xx + ρ2,xx)2 + (ρ1,xy + ρ2,xy)2

−ρyx = ρxy =
ρ1,xy(ρ2,xx

2 + ρ2,xy
2) + ρ2,xy(ρ1,xx

2 + ρ1,xy
2)

(ρ1,xx + ρ2,xx)2 + (ρ1,xy + ρ2,xy)2 .

(5.2)

The quantities with subscripts 1 and 2 correspond to the tensor components of the
Ge:B epilayer and the Ge substrate layer, respectively. We restrict ourselves to a semi-
empirical application of the above equations for a computation of the Hall and MR
effects of the Ge:B sample for different temperatures. The parameters ρ1/2,xx and
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ρ1/2,xy entering this computation are taken from measurements: The contributions
ρ1,xx and ρ1,xy of the Ge:B epilayer correspond to the 4.2 K measurement curves of the
Ge:B sample as were shown in Fig. 5.5a and 5.5b. We assume they do not vary with
increasing temperature, which is justified by the metallic character of this epilayer
(see also Section 5.5), therefore using them for all temperatures we investigate. The
contributions of the Ge substrate, ρ2,xx and ρ2,xy, are taken from the measurements
depicted in Fig. 5.3b and 5.3c for each corresponding temperature.

Figure 5.6 shows the results of the computation of ρxx and ρxy, in the left and right
panels, respectively, compared to the measured values for 15 K, 20 K, and 50 K. We also
included the ρ1/2,xx and ρ1/2,xy contributions of the Ge:B epilayer and the substrate in
the plot. There is good agreement between the two-layer conduction model and the
measurements of the Ge:B sample for both the ρxx and ρxy components. In particular,
the low-field domination of the Ge substrate layer as well as the saturation at the
Ge:B epilayer contribution for high fields can be reproduced well by Eqs. (5.2). Thus,
the model qualitatively demonstrates that parallel conduction through the substrate
is also present in a sample with a degenerate, metallic, well-conducting epilayer in
the extrinsic range of the underlying substrate. For the small quantitative differences
between the computed and the actual experimental results a major reason can be
made out. The model Eqs. (5.2) strictly apply for a two-layer system, where both
layers have the same in-plane geometry. Since the HB mesa, however, does not define
such a geometry for the substrate conduction channel, differences between theory and
experiment will occur.

From the results on the degenerate Ge:B reference sample we infer that in the case of
metallic GeMn thin films deposited on the high-resistivity substrate intrinsic properties
of the GeMn epilayer may be directly derived in the freeze-out temperature regime
of the substrate. For higher temperatures, however, care must be taken to separate
the intrinsic properties of GeMn from the aforementioned effects arising due to the
two-layer conduction.

We want to make a general note regarding the efforts to explain magnetotransport
properties of epitaxial Ge thin films in multi-channel conduction schemes, such like
the two-layer scheme presented here or the two-band-like scheme by Zhou et al.67

Essentially, both rely always on the same mathematical formalism and can thus equally
be applied to reproduce magnetotransport curves such as the ones presented here.
They correspond, however, to a completely different physical interpretation of the
measurements. Here, it is interesting to note that very recently another attempt to
describe magnetotransport properties of epitaxial GeMn thin films also employed the
multi-channel approach in order to model the resistance network picture of GeMn
thin films, which we mentioned above.21 The interpretation in this case is given in
terms of well-conducting GeMn inclusions sitting in the poorly-conducting Ge matrix
of the thin film. Which of the different interpretations of multi-channel conduction is
the correct explanation for experimentally observed magnetotransport curves of the
specific GeMn thin film system under investigation can only be judged by a careful
weighting of arguments supporting or ruling out either interpretation.
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Figure 5.6 | Sheet (left) and Hall resistance (right) of the Ge:B sample versus magnetic
field for different temperatures, illustrating the effect of parallel conduction through the
substrate. Shown are the measurements, the computations according to Eqs. (5.2), and the
individual contributions of the substrate and the metallic Ge:B epilayer.
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5.4 Influence of the sample geometry on magnetoresis-
tance measurements

It was previously shown in Fig. 5.3b that the high-resistivity substrate of very pure Ge
exhibits an extremely large MR effect up to 50 000 %. However, reports of magneto-
transport properties of high-purity Ge show that this large effect is not expected.121,122

To study the MR effect of the high-resistivity substrate further, we fabricated additional
samples using a van der Pauw (vdP) geometry, as depicted in the schematic of Fig. 5.1b.
Interestingly, the MR effect of the vdP sample presented in Fig. 5.7 is now more than
30 times smaller than for the corresponding HB sample. Evidently, the large MR effect
previously obtained in the HB geometry is not an inherent physical property of the
Ge substrate. The measurements taken in vdP geometry agree much better with the
above-mentioned magnetotransport studies of Ge.121,122

Up to now, we can only speculate about the reasons inducing the large MR effect
observed in Fig. 5.3 for the HB samples. Most probably, it is related to a redistribution
of the current lines upon applying a magnetic field, similar to the effect observed in
Ref. 116. Referring to the sample schematic depicted in Fig. 5.1a the relatively large,
metallized voltage probes 2, 3, 4, 6, 7, and 8 have to be considered as effective short
circuits within the sample volume if conduction through the substrate is present. In a
magnetic field, these short circuits may be diminished as the electric field and therefore
the current flow will get tangent to these areas. The result is an artificial increase of the
sample resistance. Additionally, the small length-to-width ratio of l/w ≈ 2, basically
given by the separation of contacts 1 and 5 and the width of contact 1, may also favor a
considerable Hall-effect-induced contribution to the intrinsic MR.123,124 Therefore, the
large MR effect of up to 50 000 % and with it also the anomalous shape of the Hall angle
have to be regarded as a purely extrinsic effects, which strongly rely on the specific
HB geometry and the extent of parallel conduction through the substrate. It should
be noted that attempts to fit these measurements by a two-carrier-type model, using
reasonable parameters for the mobilities and concentrations of the two carrier types
were not successful.À

We also reinvestigated the GeMn thin film sample in vdP geometry. Upon com-
paring it with the Ge substrate in Fig. 5.7, we now remark a pronounced difference
between the MR measurement above approximately 3 T for temperatures up to 80 K.
The MR of the GeMn sample follows a more linear behavior, while the MR of the sub-
strate still increases superlinearly above this field. At 100 K and higher temperatures
both samples exhibit the same MR effect. We infer from this behavior that at least below
100 K transport properties of the GeMn epilayer become visible in the measurement.
This may be due to the fact that in vdP geometry the volume of the epilayer is not
restricted to the in-plane dimensions of the etched HB mesa, but extends over the
whole chip area. Therefore the effective volume ratio of the epilayer to the substrate,

À In the case of a two-carrier-type model Eqs. (5.2) apply, when the sheet terms are replaced by their
respective bulk counterparts, using the well-known standard expressions for ρ1/2,xx and ρ1/2,xy.
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Figure 5.7 |MR for various temperatures for the GeMn sample (open symbols) and the
bare Ge substrate (filled symbols) using the VdP measurement geometry.

hence the conductance ratio, is increased in the vdP geometry as compared to the HB
geometry.

We thus conclude that a vdP geometry is to be favored over a HB mesa in the GeMn
material system with its high probability of parallel conduction through the substrate.
By using a vdP geometry the comparison of experimental data with an elaborate, ab
initio two-layer conduction model, extending the scheme outlined in Section 5.3, may
enable a derivation of inherent transport properties of GeMn thin films, in spite of the
dominant contribution of the Ge substrate.

5.5 GeMn thin films on n-type Ge substrates

The derivation of the transport properties of GeMn thin films would be much easier
if the substrate contribution could be further reduced. To this end we fabricated
another GeMn sample, which employs a Ge substrate with RT resistivity of 0.13 Ω cm
having a well-defined concentration of Sb donors. The build-up of a rectifying interface
between the p-type GeMn epilayer and the n-type substrate would isolate the epilayer
electrically from the substrate. The 80 nm-thick GeMn epilayer has a Mn concentration
of 10 %. To test the benefit of this concept, we again deposited a metallic Ge:B epilayer
on such a substrate. Transport measurements of these samples were made in vdP
geometry.

Figure 5.8 displays the temperature-dependent resistance of the second Ge:B sample
together with the employed substrate. The curve shape is now in agreement with
the metallic character of the Ge:B thin film over the entire temperature range and
is clearly different from the substrate behavior. Note that the substrate resistance is
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Figure 5.8 | Sample resistance versus temperature for the GeMn sample (green) and the
Ge:B sample grown on the n-type Ge substrate (blue). The GeMn sample is affected by
parallel conduction above 250K as the pn-barrier gets ineffective. The Ge:B sample is not
affected by parallel conduction and shows metallic conduction up to RT.

actually a factor of 10 smaller than the resistance of the epilayer for temperatures above
30 K, demonstrating the effectivity of the rectifying pn-barrier. The absence of parallel
conduction through the substrate is also reflected in Hall measurements (not shown),
which in contrast to the measurements depicted in Fig. 5.5 exhibit a linear Hall effect
up to RT corresponding to the nominal doping concentration of the thin film.

Also shown in Fig. 5.8 is the resistance curve of the GeMn sample grown on the
n-type substrate. Reliable measurement data are only available above 150 K because
the electrical contacts become nonohmic below this temperature. Nevertheless, in
the available temperature range we note a clear difference of the resistance of this
sample as compared to that of the substrate. The resistance quickly becomes larger,
suggesting the absence of parallel conduction through the substrate. Magnetotransport
studies of this sample reveal p-type conduction pointing toward the acceptor role
of Mn in Ge. Hole concentrations ranging from 5× 1018 cm−3 to 1.5× 1019 cm−3 for
temperatures between 150 K and 210 K could be deduced from the high-field slope of
Hall measurements (not shown). We could not identify any signs of a magnetization-
induced AHE. This could point toward a negligible contribution of spin-porized holes
to the transport at the accessible temperatures above 150 K and would be in line with
the fact that the magnetic response of these types of GeMn thin films decreases with
increasing temperature.15,78

Figure 5.9 depicts the MR of the GeMn sample for three different temperatures.
Interestingly, the MR changes only slightly with temperature and does not exceed 3 %
for the highest field, in contrast to a value of 120 % for the sample affected by parallel
conduction through the substrate, as depicted in Fig. 5.7. While this underlines the
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Figure 5.9 | MR for various temperatures for the GeMn sample grown on the n-type Ge
substrate.

immense influence of the substrate contribution, it also demonstrates that the MR in
our GeMn samples is apparently rather small. Its order of magnitude as well as the
parabolic curvature could very well originate from the ubiquitous orbital MR in a
low-mobility conductor.

The usage of an n-type substrate seems to unveil the intrinsic transport characteris-
tics of our GeMn thin film samples. Parallel conduction through the substrate is greatly
reduced, compared to thin films fabricated on the high-resistivity Ge substrate. For
degenerate epitaxial GeMn thin films a slightly n-type-doped Ge substrate seems to
be most adequate for transport studies. However, there are several drawbacks from a
general, straightforward application of this approach to nondegenerate samples: The
pn-barrier concept fails for higher temperatures, as indicated by the steep drop of the
resistance curve of the GeMn sample in Fig. 5.8 above 250 K. A RT characterization
of such devices is impossible because parallel conduction through the substrate will
be present.12 Furthermore, the formation of a space-charge region at the rectifying
pn-interface leads to a depletion of charge carriers in a certain volume of the epilayer,
depending on the carrier concentrations in the p- and n-type regions. In the present
case, conduction in the epilayer is not affected because of the large hole concentration,
whereas for lower carrier concentrations or rather thin epilayers, conduction in the
epilayer may be quenched. Moreover, a rapid thermal annealing process to obtain
ohmic contacts could not be used for these types of samples because this resulted
in a direct contact to the substrate that short circuits the pn-barrier. A laser-assisted
ultrashort-time annealing employed instead, however, did not provide ohmic contacts
that work down to cryogenic temperatures.110 More sophisticated approaches might be
explored to overcome this limitation and to also enable low-temperature measurements.
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Summary and concluding remarks

for Part I

IN Chapter 3 and Chapter 4 of this thesis, we elucidated some important but so far
unanswered questions for the molecular beam epitaxy of GeMn thin films free of

intermetallic precipitates, in particular regarding the nature of the nanometer-sized,
self-assembled GeMn clusters previously evidenced. We investigated the morphology
of these thin films on a nanoscale by state-of-the-art characterization methods.

The combined employment of transmission electron microscopy and atom probe
tomography revealed a vertically correlated stacking of GeMn clusters along the growth
direction, leading to a string-of-pearls-like arrangement. The 3D chemical mapping of
the Mn distribution showed, on the one hand, that the GeMn clusters are built from a
nonstoichiometric alloy of Ge and Mn with rising Mn concentration gradient toward
the cluster cores and, on the other, that even for close stacking of GeMn clusters these
are preserved as smallest structural entity.

Refined transmission electron microscopy studies exposed that the GeMn clusters
actually consist of amorphous cluster cores enclosed by strained crystalline shells.
Corresponding to this structural core-shell picture, the interpretation of the magnetic
properties in a magnetic core-shell picture of the GeMn clusters was done by quanti-
fying the fraction Mn atoms in the disordered and the crystalline GeMn phase with
the help of ion beam channeling experiments. The following picture evolved: The Mn
impurity atoms contained in the high-concentration cluster core remain magnetically
inactive, for which antiferromagnetic coupling of nearest-neighbors Mn-Mn bonds
seems most probable. Substitutional or interstitial Mn diluted in the shell is fully mag-
netically active and conform the superparamagnetic moment of the cluster through
ferromagnetic coupling.
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Strain occuring together with the presence of the GeMn clusters implied that it
plays an important role in the vertical correlation of clusters during the growth of the
continuous GeMn thin films. GeMn/Ge superlattices with different thicknesses of the
Ge spacer layers further confirmed this conjecture because stacking over distances of
at least 30 nm was observed.

From the aforementioned findings a deeper study and understanding of the ther-
modynamics of the growth of epitaxial GeMn, especially in the early stages when the
cluster nucleate, would be valuable to tailor the nanostructure in a controlled manner.
For example, the controlled realization of a dense and homogeneous stacking of GeMn
clusters might be the key to enhance the probability of global ferromagnetism as ob-
served by Jamet et al.16 Also of interest is the question whether the formation of GeMn
clusters with high Mn concentrations is inevitably accompanied by the development of
an amorphous phase in the core. Whereas the partially amorphous GeMn clusters may
be equally interesting for the experimental integration of selected spintronic applica-
tions as completely crystalline material, the realization of the latter is highly desirable
to allow a better understanding and modeling of electronic properties of GeMn from a
theoretical point of view.

In Chapter 5 we have shown that transport phenomena of nondegenerate GeMn
thin films with hole concentrations around 1019 cm−3 fabricated on high-resistivity Ge
substrates are not a consequence of the alloying of Mn with Ge. Instead it was found
that the transport studies are severely influenced by parallel conduction through the
substrate. This is in essence due to comparable resistances of the individual conducting
layers. In this context, findings of extremely large magnetoresistance effects up to
50 000 % are related to an unfavorable measurement geometry. Measurements of a
degenerate, p-type Ge:B reference sample showed that, despite the well-conducting
epilayer, parallel conduction through the substrate is also present, significantly altering
Hall and magnetoresistance measurements, which could only be understood in a
two-layer conduction model. Parallel conduction through the substrate has been fully
suppressed for the degenerate, p-type reference and partly for the GeMn thin film
sample, by using Sb-doped n-type substrates.

Our results on magnetotransport studies emphasize the importance of a thorough
characterization of the substrate properties in transport studies of GeMn thin films that
are fabricated on Ge substrates. An increasing awareness and proper understanding of
this problem may help to rule out possible misinterpretations. Such misinterpretation
may a priori be avoided by using semi-insulating GaAs substrates with a resistivity
larger than 103 Ω cm, delivering a small lattice mismatch to the Ge diamond lattice
structure. A few reports on magnetotransport of various types of GeMn thin films
employing GaAs substrates exist,10,20,32,49 however, out-diffusion of As or Ga is a
critical issue.45,125 It was recently shown that this type of unintentional codoping may
actually change the structural and also the magnetic properties of GeMn thin films.65

In the past, interest in the GeMn material system was also raised by predictions
of half-metallicity.70,83,126 Half-metallicity is a very interesting property because it
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opens the prospect to utilize GeMn as efficient spin-polarizer and consequentially as
spin-injector. Naturally, the spin injection from GeMn into Ge comes first to mind.
Previous efforts to assess the spin-polarizing potential of GeMn thin films by mea-
surements of the magnetoresistance of a spin-valve-like GeMn/Ge layer-type device
in perpendicular transport geometry, however, turned out to be challenging and re-
mained inconclusive.23 As shown in this thesis, this is in part related to the comparably
large intrinsic magnetoresistance effect of Ge itself,121,122 which potentially conceals the
signature characteristic for spin injection/rejection in magnetoresistance measurements
of the whole device structure. This problem may be circumvented in different mea-
surement schemes such as nonlocal, lateral probing of spin-diffusion-induced potential
differences.127–129

We will pursue a different approach for spin injection from GeMn, involving a
Si-based device concept. This bears a number of advantages: First, spin injection into
a Si-based device is interesting from a technological point of view. Realizing such
spin injection via a GeMn spin-polarizing contact would also prove the often-quoted
compatibility of both material systems. A Si-based device furthermore opens the
possibility to investigate spin-injection by optical means utilizing optically active SiGe
heterostructures. Thus for example, the electroluminescence of a light-emitting diode
structure was previously employed to verify spin injection from ferromagnetic metal
contacts.130–134

The basis for the detection of a spin-polarized carrier population in Si and Ge/Si
by optical means is a better understanding of optical spin physics in group IV semi-
conductors. Since this topic is rarely addressed in literature, a first focus of Part II
of this thesis will lie on reviewing, discussing, and developing a proper theoretical
foundation. Some all-optical experiments will be presented before we eventually come
back to the issue of injecting spin-polarized charge carriers from GeMn into Si.





Part II

Optical spin physics in Si, Ge/Si, and
GeMn/Si heterostructures





7
Introduction to optical spin injection and

detection in Si-based devices

THE fundamental principle of conservation of angular momentum has rendered
the method of optical orientation of charge carrier spins by the illumination with

circularly polarized light and the subsequent optical investigation of the injected spin
population a well-established approach to study various properties of the carrier spins
in direct band gap III-V and II-VI material systems. A good introductory survey of
the theoretical framework and different experimental schemes is given in a review
article by Hermann et al.135 or the book by Meier and Zakharchenya,136 whereas recent
achievements, also for heterostructures made of these materials, are summarized in its
sequel by Dyakonov.137

Due to unique properties of Si, like the small spin-orbit coupling, the inversion
symmetry of the crystal structure and the small nuclear decoherence field, spins in Si
are actually far more promising candidates for the implementation of spintronic devices
than spins in the III-V and II-VI material systems.4,5 Despite this fact, the development
of a theory for the optical injection and detection of an electronic spin polarization,
which would be a key factor to study and understand spin properties in Si by optical
means, has not been pursued for a long time, mainly because the unfavorable optical
properties of Si made it seemingly unattractive also for optical orientation experiments.
The optical investigation of spin physics, however, may form a competitive alternative
to electrical experimental schemes. Aside from an earlier approach almost three
decades ago,138 only very recently theoretical work on optical injection and detection
of spins in Si emerged,139,140 owing to the growing interest to take advantage of the
optical access. Correspondingly, also lacking this theoretical background, fundamental
properties regarding optical spin physics in Si, like polarization-dependent radiative
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transition probabilities, have not been experimentally studied in depth – a rather
astonishing fact, when one recollects that the very pioneering experimental work of
optical spin orientation and foundation to the established experimental schemes for
the direct band gap materials was in fact realized for the Si material system already
back in 1968 by Lampel.141

In Chapter 8, we first will shortly recall some general terms regarding optical spin
orientation with focus on luminescence experiments, and then develop and discuss
Si-specific aspects of spin orientation, which usually are not explicitly or not at all
addressed in literature. Based on an existing work on group III-V semiconductors,
we will adapt a theory for magnetic-field-induced luminescence polarization to Si
by taking the recent findings of Li and Dery139 for polarization-dependent radiative
transitions in bulk Si into account.

In Chapter 9, we will compare the theoretical description to our experimental
measurements of the field-induced circular polarization of photoluminescence in bulk
Si and will be able to give for the first time a quantitative experimental estimate on the
validity of Li and Dery’s work.

The three-dimensional confinement of charge carriers in nanoscale Ge/Si hetero-
structures has been discussed during the last years in literature as a possible way to
enhance the optical properties of group IV semiconductors.142 In addition, localized
charge carriers within such zero-dimensional, quantum dot structures would form a
natural playground for the field of solid-state-based quantum computation, as the elec-
tron or hole spin may ultimately act as single, controllable and addressable quantum
bit. Optical access to such spin quantum bits has been repeatedly demonstrated by
various methods for the direct band gap material heterosystems throughout recent
years.143,144 Although the Ge/Si heterosystem is widely proposed for quantum compu-
tational applications due to the aforementioned superior spin properties compared to
III-V heterosystems, research on optical access to spin properties of group-IV-based
quantum dot structures, however, is still scarce.

In Chapter 10, we report first efforts for the resonant and quasi-resonant excitation
of circularly polarized photoluminescence in ensembles of Ge quantum dots and dis-
cuss the observed peculiarities of the spin-dependent selection rules for the phononless
radiative recombination in this system.

The great part of recent experimental work with regard to spin injection into group
IV semiconductors focused on the electrical injection of electron spins into Si, which
now unequivocally has been demonstrated by a number of research groups using
different approaches. They share the concept of injecting spin-polarized electrons
into the Si material by using ferromagnetic metals (FM) either as the base in the hot-
electron transistor scheme145–147 or as the injecting contact in the tunneling barrier
scheme.128,129,148–155 The detection of the injected spin polarization in these FM/Si
structures is done electrically. Following the success of spin detection schemes in
direct band gap materials systems,156–160 some research groups concerned with the
spin injection in FM/Si systems replaced the electrical detection method. Instead,
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they established the circular polarization of electroluminescence generated by Si-based
light-emitting diode structures, the so-called spin LEDs, as an empiric figure of merit
to demonstrate spin injection.130–134 Being a ferromagnetic semiconductor, GeMn is an
alternative candidate as spin-aligning contact. The proof-of-principal demonstrations
of FM/Si spin LEDs suggest that a GeMn/Si-based LED may conform an adequate
system to investigate the spin-polarizing potentials of GeMn thin films.

In Chapter 11 we realize a first GeMn/Si-based spin LED device. Preliminary
results of electroluminescence experiments of this device, hinting at the successful
injection of holes spins into Si, make further efforts in that direction attractive.





8
Theoretical background

and Si-specific aspects

IN this chapter, general terms important to understand optical spin orientation are
outlined. This includes an introductory survey on the formalism known from direct

band gap III-V material and additionally a more detailed discussion of aspects specific
to Si. With this knowledge, we try to extend the theory on magnetic-field-induced
luminescence polarization to Si.

8.1 Degree of electron spin polarization versus degree of
luminescence polarization

Charge carriers sitting in the conduction or valence band of a semiconductor exhibit
in thermodynamic equilibrium, i.e. in the absence of an external magnetic, applied
electric, or irradiating electromagnetic field, no net spin moment. However, any of these
perturbations of the equilibrium may give rise to a steady-state nonzero polarization
of spins.

First we discuss the situation for electrons at the conduction band minimum because
here the spin-orbit coupling – in Si especially because of the small atomic mass, in
GaAs due to the s-like atomic wave function character of the conduction band – is
usually small. The more complicated situation for the valence band is addressed later
in Section 8.5.2.

For negligible spin-orbit coupling effects the wave function of a conduction band
electron can be written as a Bloch function, i.e. the simple product of a periodic part
only depending on the space coordinates and a Pauli spinor describing the spin state
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of the electron. Hence, this wave function is an eigenfunction to the spin operator,
expressing the fact that the spin quantum number s = 1

2 of the electron remains a valid
eigenvalue. This also allows to quantize the spin into spin-up, 〈Sz〉 = + 1

2 h̄ ≡↑, and
spin-down, 〈Sz〉 = −1

2 h̄ ≡↓, with respect to an arbitrary axis, meaning the parallel and
antiparallel alignment of the spin along this axis, respectively. The projection of the
spin quantum number s on this axis is thus either sz = 1

2 or sz = −1
2 . The quantization

axis, for example, can be given by the direction of light propagation in the case where
the electrons have been excited by an irradiating light beam or the luminescence of this
system is studied, or by the direction of a magnetic field if the system is exposed to
such. In either case, we choose this axis to lie along the z-direction throughout this
thesis. The degree of electron spin polarization Pe will then be defined by

Pe =
n↑ − n↓
n↑ + n↓

, (8.1)

where n↑ and n↓ denote the number of spin-up and spin-down electrons, respectively.
It should be kept in mind that the sign and magnitude of Pe always only refer to the
previously defined quantization axis.

For the case when Pe 6= 0, upon radiative recombination of the electrons their
net angular momentum will be transfered to the luminescence light that propagates
along this axis, as a consequence of the conservation of angular momentum.À A
measurement of this angular momentum is the degree of circular polarization of
luminescence Pl, defined by

Pl =
Iσ+ − Iσ−

Iσ+ + Iσ−
=

∆I
I0

, (8.2)

with Iσ+ and Iσ− being the intensities of the σ+- and σ−-polarized components of the
luminescence, ∆I = Iσ+ − Iσ− , and I0 = Iσ+ + Iσ− . Here, σ± polarization denotes
whether the photons carry an angular momentum or spin S = ±1h̄ with respect to the
given quantization axis. In Appendix B, a detailed explanation on how σ± photons
are connected to left- and right-circularly polarized light can be found. In principal,
by analyzing the luminescence in an experiment it is possible to learn about the spin
polarization, if the relation of the two quantities Pe and Pl is known.

8.2 Selection rules of phonon-assisted optical transitions

In order to quantitatively connect the degree of spin polarization Pe with the degree
of polarization of luminescence Pl, it is necessary to find the transition probabilities
for dipole transitions between the initial conduction band states and the final valence

À This actually only holds if finite spin-orbit coupling of the final states is present, which indeed is
the case in all realistic applications. Otherwise, the angular momentum is transfered to the final states,
whereas the luminescence is not circularly polarized. See also Section 8.4.
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Figure 8.1 | Selection rules of allowed optical dipole transitions involving circularly polarized
light for band edge transitions in III-V semiconductors of GaAs type. The numbers next
to the arrows indicate the relative intensities of the transitions. The projected angular
momentum quantum numbers sz and jz are given in the electron picture.

band states, which have to obey certain selection rules. It seems productive that we
shortly recall these transition probabilities for direct gap semiconductors in order see
the differences to Si. For semiconductors like GaAs or InAs, the direct band gap is
not only a prerequisite for the efficient conversion of electron-hole pairs into light
but furthermore allows a rather straightforward determination of these polarization-
dependent transition probabilities by applying Fermi’s Golden Rule, the fact that the
conduction and valence band states basically behave like atomic levels with angular
quantum numbers s = 1

2 and j = s + l = 3
2 , respectively, and the symmetry properties

of these states and the dipole momentum operator.161

Figure 8.1 depicts in a schematic the transition probabilities and corresponding
photon polarizations for allowed optical dipole transitions between the two degenerate
conduction band states and, on the one hand, the fourfold degenerate light-hole (LH)
and heavy-hole (HH) valence band states and, on the other, the twofold degenerate
split-off (SO) band states of bulk GaAs. A spin polarization of Pe = 1, i.e. 100% of the
electrons exhibiting spin-up, for example, will lead to the generation of three times
more σ−-polarized photons than σ+-polarized ones if relaxation into the energetically
lower lying SO band is neglected. Consequently, according to Eq. (8.2) Pl amounts to
(1− 3)/(1 + 3) = −1/2 or −50 %, the absolute value of which is the upper bound for
the degree of polarization of luminescence in GaAs-type semiconductors. Thus, for the
example of bulk GaAs, the simple relation

Pl = −
Pe

2
(8.3)

is valid. A close look at the above equation reveals that, apart from a sign, the polariza-
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tion of the luminescence is in fact nothing else than the average spin moment in units
of h̄ of an excited electron and thus equals the expectation value of the spin quantum
number sz:

Pl = − 〈sz〉 . (8.4)

For Si the determination of the transition probabilities is not that simple. Si is
an indirect band gap semiconductor, with a sixfold conduction band minimum at
approximately k0 = 0.85× 2π

aSi
× e〈100〉, the so-called ∆-points. aSi is the lattice constant

of bulk Si and e〈100〉 the unit vectors in the k-space along the 〈100〉 directions of the
cubic crystal. The valence band states lie at the Brillouin zone center k = 0, the Γ-point.
Hence, to account for the rather large k-momentum mismatch, optical transitions
of excited electrons residing in the ∆-valleys into the final states of the valence band
maximum have to be accompanied by the emission (or absorption) of a phonon carrying
the appropriate k-vector. Fermi’s Golden Rule has now to be extended to a second-
order perturbation.162 The three-particle nature of this transition does not directly
complicate the determination of the degree of luminescence polarization because
phonons do not couple directly to the angular momentum. However, the evaluation
of Fermi’s Golden Rule based on symmetry arguments gets more complicated than
for the direct band gap transitions, since the various phonon types with their different
symmetries will couple the initial and final states depending on their symmetry and
their spin state in a different manner. Furthermore, multiple pathways for excited
electrons to reach the same final state are now possible via the two intermediate states
in the valence band at k0 or the conduction band at k = 0. As highlighted by Li and
Dery, this leads to interference effects, meaning that transition amplitudes have to
be explicitly summed up in the proper quantum mechanical manner to calculate the
transition probabilities.139 Li and Dery very recently determined the spin-dependent
phonon-assisted optical transition probabilities in Si, with focus on the polarization
of luminescence, on the basis of pure symmetry arguments, on the one hand, but
additionally by applying numerical methods for the inclusion of realistic band structure
calculations and phonon mode dispersions, on the other. It should be mentioned that
a complimentary work with focus on the optical orientation by light irradiation by
Cheng et al.140 has succeeded Li and Dery’s study shortly afterwards but will not be
outlined in this thesis.

We briefly review some of the key results of Li and Dery, as we will need them later
on. As an example, Fig. 8.2 depicts a schematic of the selection rules and transition
probabilities in Si derived by symmetry arguments, similar to the one shown in Fig. 8.1
for GaAs. This schematic, however, shows only the possible transitions of spin-up
electrons that originate from the four ∆-valleys with axis of revolution perpendicular to
z, denoted as x- and y-valleys, and that are accompanied by transverse phonons with
wave vector k0. As indicated in the lower left panel of Fig. 8.2, for example, phonon
modes with components that transform like xz give rise to three different relaxation
paths, which emit σ+-polarized light along the z-direction. The relative transition
amplitude of the pathway ending in the +3

2 HH state (Γ+
8,“3/2′′) is

√
3/2. The two paths
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Figure 8.2 | Selection rules of allowed optical dipole transitions involving circularly polarized
light for band edge transitions in Si. Only transitions of spin-up electrons originating from
the x- or y-valleys and that are assisted by TA or TO phonons are shown. The left/right-
side panels show transitions yielding σ+- and σ−-polarized photons, respectively, whereas
the top/bottom panels show transitions involving phonon modes with components that
transform like xy and xz, respectively. The numbers next to the arrows indicate the relative
amplitudes of the transitions. Numbers in brackets correspond to transitions with the
same final state and have to be summed up to yield the total transition amplitude. The
number in the upper right corner of each panel gives the total relative transition probability
resulting from all transitions of the corresponding panel. From Ref. 139.

ending in the +1
2 LH state (Γ+

8,“1/2′′) have amplitudes of -1 and -1/2, respectively. The
latter two transitions interfere constructively. Thus, the total transition probability
of the decay channels depicted in this one panel amounts to (−1− 1

2)
2 + (

√
3

2 )2 = 3.
Similarly, the other decay channels can be evaluated. Together with the transitions
from the two ∆-valleys with axis of revolution parallel to the z-direction, the z-valleys
(not shown), the polarization of the luminescence accompanied by transverse acoustic
(TA) or transverse optical (TO) phonon emission due to an electron polarization of
magnitude Pe, only relying on symmetry properties of the electron wave functions and
phonon modes, are given by

Pl,TA = Pl,TO = −Pe

5
= −2

5
〈sz〉 . (8.5)

For the longitudinal optical (LO) and longitudinal acoustic (LA) phonon modes

Pl,LA = −Pl,LO = −Pe

4
= −1

2
〈sz〉 (8.6)

can be found in a similar manner. Interestingly, we see that, according to the work of
Li and Dery, in contrast to GaAs not only luminescence with polarization of differ-
ent magnitude but also of different sign is possible, depending on which phonon is
involved in the transition.
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The above given expressions were derived by Li and Dery under the approximation
that the dipole matrix elements of transitions via the intermediates states at k = 0 and
k0 are exactly the same. The numerical evaluation of Fermi’s Golden Rule revealed that
this is justified, yet, not precisely accurate because the polarization ratios calculated
by this approach slightly deviate from the above given.139 Table 8.1 shows a complete
survey of Pl for transitions between the band edge extrema of excited electrons with
Pe = 1, broken down by the individual valleys and phonon modes m = TO, LO, TA
and also giving the relative luminescence intensity I0,m for each transition. Thus,
Eq. (8.3) has to be generalized for Si as

Pl,m = ηmPe = 2ηm 〈sz〉 . (8.7)

The ηm denote the maximal attainable degrees of luminescence polarization, which are

ηTO = −0.188, (8.8)
ηTA = −0.235, and (8.9)
ηLO = 0.277. (8.10)

ηLA is not given because the LA-phonon-assisted transition has negligible intensity. In
particular, as one sees the polarization of the TA- and TO-assisted luminescence will
not be exactly the same, in contrast to what is expected by symmetry arguments. The
TO-related feature will exhibit a slightly smaller, whereas both the TO and LO phonon
replica a larger polarization degree than predicted by the symmetry arguments.

The TO and LO phonon replica lie spectrally close together (ETO = 57.8 meV and
ELO = 55.7 meV)163 and therefore usually cannot be resolved individually.164,165 In
an experiment, where typically the most intense TO feature is studied, the actual
polarization will be considerably smaller than the maximum possible value indicated
by Eq. (8.8) because the LO-phonon-associated transition will contribute with an
opposite sign, albeit with smaller intensity. Furthermore, Li and Dery139 have shown
that especially large p-type doping leads to an additional reduction of the luminescence

Table 8.1 | Light intensities (I0,m) and maximum degree of circular polarization (ηm) due to
transitions of spin-up electrons (Pe = 1). The light propagates along the z-direction. I0,m
is normalized with respect to the intensity of the TO-assisted recombination from x- or
y-valley electrons. The polarization factors γm, attributed to the recombination of + 3

2
hp

holes, are also given. See Section 8.5.2 for details on the calculation of the γm values. In
parts adapted from Ref. 139.

Δ-valley x, y z total
phonon modem TO LO TA TO LO TA TO LO TA

I0,m 1 0.115 0.086 1.41 0.23 0.092 6.82 0.92 0.53
ηm (%) −32.3 5.3 −36 0.01 50.1 0.7 −18.8 27.7 −23.5
γm (%) 50.0 0 50.0 0 −75.0 0 29.3 −37.5 32.5
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polarization. This stems form the increasing admixture of the SO band to the possible
hole states involved in the radiative recombination. The polarization ratios taking both
these effects into account can be found in Ref. 139.

So far, an independent experimental validation of the above reported selection rules
and resulting polarization ratios of luminescence light in Si has not been given and
will in part be the scope of Chapter 9.

8.3 Decay of optically oriented electron spins: Radiative
lifetime versus spin lifetime

As stated above, in Si a phonon is always involved in the generation of electron-hole
pairs by light to conserve k-momentum. This transition is a second order process and
therefore less likely to occur than the direct k-space transitions of first order in direct
band gap materials. As immediate consequence, the radiative lifetime τr of excited
electrons is considerably larger in Si. Table 8.2 lists typical values for radiative lifetimes
for intrinsic and doped Si for various temperatures. At room temperature the lifetime
spans over several hours in intrinsic Si and drops to a few milliseconds in doped
material. A decreasing temperature in general enhances the radiative recombination
and thus leads to a decreasing radiative lifetime.

On the other hand, spin lifetimesÀ τs are usually much shorter than τr. Experimen-
tally measured values of the electron spin lifetime τs are also given in Table 8.2. For
intrinsic Si the spin lifetimes are always larger than for doped material because mainly
momentum scattering by phonons and in smaller extent by impurities contributes to

Table 8.2 | Radiative (τr) and spin lifetimes (τs) for intrinsic and n-type Si for different
temperatures.

300K 77K 4.2 K
τs τr τr/τs τs τr τr/τs τs τr τr/τs

intrinsic Si 10nsa 4.6 hb 1.7× 1012 1µsa 16.3minc 1× 109 3 sd 1mse 3× 10−4
n-type Si 142psf 12µsg 8.3× 104 7.7 nsh 250nsg 32 10µsi 100nsi 10
a From Cheng et al.166
b From Yu and Cardona.162
c Extrapolated from the 300K value, using the temperature dependence of the radiative
recombination coefficient B by Trupke et al.167

d Single-electron spin T1 time for a temperature of 143mK, from Simmons et al.168
e From Hammond and Silver.165
f From Dash et al.,129 electron concentration n = 1.8× 1019 cm−3.
g Calculated from the radiative recombination coefficient B,167 using the relation τ−1r = Bn.
h From Sasaki et al.,154 electron concentration n = 5× 1019 cm−3.
i From Jonker et al.,130 electron concentration n = 2× 1018 cm−3.

À In the context of this thesis spin lifetimes are always associated with the T1 spin relaxation time.
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the Elliott-Yafet relaxation mechanism for spins.4 As a universal trend, the spin lifetime
will increase for decreasing temperatures because the phonon scattering processes
freeze out.166

In an experiment where luminescence is the tool to determine the degree of spin
polarization of injected electrons, only those carriers will contribute to the circular
polarization of the luminescence which maintain their nonequilibrium spin orientation
until they decay. The timescale τs should therefore not be much shorter than τr, in order
to be able to detect the spin polarization. The relation of the initial spin polarization Pi,
which is present directly after an optical pumping or electrical injection process, and
the final spin polarization Pe at the time of the electron decay is given by Dyakonov
and Perel161 withÀ

Pe = Pi
1

1 + τr
τs

. (8.11)

We combine this relation with with Eq. (8.7) to get the degree of circular polarization of
luminescence in Si due to an injection processes as

Pl,m = ηmPi
1

1 + τr
τs

. (8.12)

It is evident that the luminescence due to the recombination of initially spin-polarized
electrons will not be polarized for undoped Si at any temperature, because the radiative
lifetimes and hereby the ratios τr

τs
, as given in Table 8.2, are far too large. Pl,m will drop

to zero. Dopants will decrease both τs and τr. The reduction of the radiative lifetime
τr by doping, however, will be more efficient than the decrease of the spin lifetime
τs. From the values given in Table 8.2 we expect a reasonable trade-off between the
two lifetimes of about τr

τs
= 10 at cryogenic temperatures, which would yield a Pe

roughly a factor of ten smaller than Pi. If Pi is not too small, this renders also a finite
and measurable Pl,m possible.

The initial spin polarization Pi,m of the electrons after a photoexcitation process
assisted by phonon mode m in principle depends in the same way on the selection
rules for carrier recombination stated in Section 8.2, i.e.

Pi,m = ηmPinc, (8.13)

where Pinc denominates the degree of circular polarization of the incident light beam
and usually equals ±1. Thus, by taking the conversion efficiency of light polarization
into electron spin polarization (Eq. (8.13)), the subsequent spin decay (Eq. (8.11)),
and eventually the conversion of the spin polarization into luminescence polarization
(Eq. (8.7)) into account, we obtain an expression for the degree of circular polarization

À Equation (8.11) strictly applies only for p-type material. For n-type material Eq. (8.11) has to be
rewritten as Pe = Pi

1
1+ n

Gτs
, where n is the electron concentration and G the photoexcitation or injection

rate.4 Nevertheless, the subsequent conclusions are also valid from a general point of view.
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of luminescence
Pl,m = η2

m
Pinc

1 + τr
τs

. (8.14)

We can now give a figure of merit of the absolute value of degree of luminescence
polarization that can be expected for an all-optical spin injection and detection experi-
ment relying on luminescence, keeping in mind that τr

τs
= 10 and restricting ourselves,

for example, to TO-assisted processes:

Pl,TO ≈ 0.1882 · 0.1 ≈ 0.0035 = 0.35% (8.15)

Pl,TO in this scenario is extremely small. This value should be regarded as an up-
per bound because τr

τs
= 10 seems appropriate for doped Si, but the polarization

factor ηTO = 0.188 for intrinsic Si has been employed in Eq. (8.15), which in fact is
smaller for doped Si. Furthermore, if we also consider competing LO-assisted exci-
tation/recombination processes, which in particular will get important during the
excitation because this is usually not phonon-selective, the opposing selection rules for
LO-assisted transitions will then lead to an overall reduction of the initial spin polar-
ization. Our considerations lead to the conclusion that it is quite challenging to detect
a polarization of luminescence in an experiment where the nonzero spin polarization
of electrons has been created optically because basically the squared polarization factor
and the large ratio τr

τs
lead to an immense reduction of Pl,m in bulk Si.

8.4 Small spin-orbit coupling in Si

Spin-orbit coupling is another factor with impact on the magnitude of the degree
of spin polarization that can be achieved by optical pumping. From a fundamental
point of view, as the electromagnetic field of light only affects the orbital motion of
an electron by electromagnetic forces and cannot couple directly to the spin angular
momentum of an electron, optical spin orientation by an exciting light beam is only
possible because of finite spin-orbit interactions.161 Hence, if the spin-orbit coupling
strength becomes negligible with respect to the energy Eexc of the exciting light photons,
electron spins cannot be oriented by them. A measurement of the spin-obit coupling
strength is the energy separation ∆SO of the SO valence band from the LH and HH
band at the Brillouin zone center. For simplicity referring to the case of GaAs, we see
the consequences of negligible spin-orbit coupling from the spin-dependent transition
probabilities depicted in Fig. 8.1: If Eexc � Eg + ∆SO, where Eg is the energy gap, i.e.
if electrons are not only excited from the LH and HH bands but also from the SO
band, the resulting initial degree of spin polarization of these excited electrons is zero,
Pi = (3− 1− 2)/(3 + 1 + 2) = 0.

For GaAs ∆SO = 340 meV, whereas for Si ∆SO = 44 meV and is thus far smaller.
Optical orientation of electrons in Si thus demands that the exciting laser beam in an
experiment is closer to resonance with the fundamental band gap than in GaAs or Ge,
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where ∆SO = 290 meV. Similarly, recombination processes involving final states in the
SO band lead to a reduced luminescence polarization. As stated above, this becomes
relevant in heavily p-type-doped Si, since the Fermi energy will get closer to the SO
band. It should be noted that Pi does not drop abruptly to zero for Eexc ≥ Eg + ∆SO,
but that its energy dependence varies as the joint density of states. Nevertheless, it is
important to realize that the property of a weak spin-orbit coupling for Si is one of the
main reasons, why the optical orientation of electron spins in Si is difficult.

8.5 Spin polarization in a magnetic field

8.5.1 Luminescence polarization due to oriented electrons

An alternative way to impose an imbalance in the occupation of spin-up and spin-down
states on the electronic system is the application of an external magnetic field B. The
field lifts the Kramer’s degeneracy of the conduction band ground state with energy Ec
and defines new ground states with energies E↓ and E↑ for the spin-down and spin-up
states, respectively. These energies are shifted by the Zeeman energy EZ = ± geµBB

2 for
negatively charged sz = ±1

2 particles:

E↑(↓) = Ec + EZ = Ec ±
geµBB

2
. (8.16)

µB and ge denote the Bohr magneton and electron g-factor, respectively. In thermody-
namic equilibrium these new states are occupied according to the relevant electron
distribution function, which for nondegenerate electron systems, as in intrinsic or
p-type Si, can be approximated by the Boltzmann distribution at finite temperatures.
Hence, the energetically lower lying spin-down states with spin alignment antiparallel
to the magnetic field have a larger occupation number than the spin-up states, leading
to a field-induced spin polarization.

Under weak-field conditions the polarization-dependent selection rules and tran-
sition probabilities for Si will not differ much from the values without field given in
Section 8.2, so that in a first approximation it is justified to maintain Eq. (8.7). We
then have to find an expression for the mean projection of the electron spin quantum
number 〈sz〉 in a magnetic field, in order to give the luminescence polarization. In
the scenario described above, 〈sz〉 is equal to that of a paramagnetic j = 1

2 system of
negatively charged particles obeying Boltzmann statistics. The field and temperature
dependence of 〈sz〉 is thus given by the Brillouin function Bj(−x), x = jgeµBB

kBT , the
Boltzmann constant kB, and the temperature T:

〈sz〉 =
1
2

B1
2

(
−geµBB

2kBT

)
= −1

2
tanh

geµBB
2kBT

≈ −1
2

geµBB
2kBT

,
(8.17)
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where we have made use of the weak-field condition and expanded the hyperbolic
tangent in a first-order Taylor series. We can therefore rewrite Eq. (8.7) asÀ

Pl,m = 2ηm 〈sz〉

≈ −ηm
geµBB
2kBT

.
(8.18)

If the recombining electrons already come with a net spin moment along the field
direction, the terms in Eq. (8.12) and Eq. (8.18) should be summed up to get the total
degree of luminescence polarization

Pl,m = ηm
Pi

1 + τr
τs

− ηm
geµBB
2kBT

1
1 + τs

τr

. (8.19)

Following Ref. 170, we have introduced the factor 1
1+ τs

τr
in the second term of Eq. (8.19).

We thus ensure that for slow spin relaxation the spin orientation of the injected elec-
trons, i.e. the injected nonequilibrium spin polarization, determines the luminescence
polarization, whereas for fast spin relaxation only the field-induced component matters,
when the injected spins have assumed equilibrium conditions. As it becomes evident,
by considering a field-induced spin polarization, a direct access to an experimental
validation of ηm is now provided to us, despite a fast spin relaxation or even linearly
polarized pump beam (Pi = 0), under the premise of low temperatures or high mag-
netic fields. Then the Boltzmann factor geµBB

kBT gets large, meaning that Pl,m can take
larger values by a magnetic field than an initial electron spin polarization by optical
pumping would allow. The field-induced polarization therefore opens the way to an
easier experimental determination of ηm.

8.5.2 Luminescence polarization due to oriented holes

The role of holes in optical orientation experiments has not been addressed in the
preceding. This is due to the fact that the valence band states consist of p-type wave
functions and therefore experience considerable spin-orbit coupling effects. Although
spin-orbit coupling in Si is comparably small, it will lead to reduced hole spin relaxation
times. Unfortunately, reliable data on these relaxation times in bulk Si is not yet present.
Nevertheless, as the effect of spin-orbit coupling on holes is more dramatic than on
electrons, it can be inferred from Table 8.2 that the ratio of radiative lifetime to spin
lifetime for the former is even more unfavorable than for the latter. Thus, optically
oriented holes will quickly become unpolarized, explaining why their contribution to
a circular polarization of luminescence can be neglected in this context.

À A descriptive derivation of Eq. (8.18) is made by taking Eq. (8.7), replacing Pe by Eq. (8.1) and, plug-
ging in n↑(↓) = n0e−(EZ/kBT), as the appropriate terms for the occupation numbers due to a Boltzmann
distribution. Here, n0 is the occupation number without magnetic field. Essentially the same result is
also obtained in the work by Dyakonov and Perel, where explicitly the circular polarization in weak
magnetic fields of direct band gap semiconductors is theoretically treated.169
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However, for the reason of their short spin relaxation time, holes will get polarized
by a magnetic field quickly after injection. These polarized holes can then also lead
to a polarized luminescence when they recombine with electrons. We first want to
introduce the situation in direct band gap semiconductors of GaAs type, studied in
detail by Dyakonov and Perel,169 as we later extend their findings to Si. Dyakonov and
Perel demonstrated that, in linear approximation in the magnetic field, the origin of
polarized luminescence can be regarded as the recombination of polarized electrons
(holes) with unpolarized holes (electrons). According to them, both contributions
behave additive in the resulting total polarization, i.e.

Pl =
∆I
I0

=
∆Ie

I0
+

∆Ih

I0
= Pe

l + Ph
l . (8.20)

It should be mentioned that in the linear field approximation I0, being the total intensity
of the luminescence, equals the intensity without field169 and in the case of Si is thus
still given by the values in Table 8.1. Pe

l = ∆Ie

I0
denotes the electron contribution to the

polarization and is the same as given in Eq. (8.4), which we have shown to be described
by Eq. (8.17), in agreement with Dyakonov and Perel’s result.169 For the contribution
of holes, they find with

Ph
l =

∆Ih

I0
= 〈jz〉 (8.21)

an analogous expression as for electrons. Here, 〈jz〉 denotes the mean projection of the
angular momentum quantum number of the holes in the HH and LH valence band
states under the influence of a magnetic field. The mean angular momentum behaves
like that of a paramagnetic j = 3

2 system of negatively charged particlesÀ and is thus
again described for the nondegenerate case by a Brillouin function:

〈jz〉 =
3
2

B 3
2

(
−3ghµB

2kBT

)
≈ −5

4
ghµBB

kBT
. (8.22)

In total the degree of circular polarization of luminescence in a weak magnetic field is

Pl = − 〈sz〉+ 〈jz〉 . (8.23)

At this point, we want to highlight an important fact, scarcely addressed in literature:
In the case where the g-factor of the conduction and valence band and hereby the
mean values 〈sz〉 and 〈jz〉 have the same sign, the luminescence polarization due to
recombination of polarized holes has the opposite sign than that due to electrons. This

À The magnetic momentum of a real positively charged elementary particle, like a positron, points in
the same direction as its angular momentum. Thus, for a positive field B and hereby positive magnetic
momentum, jz would also be positive. The magnetic momentum of a hole in a semiconductor, on the
other hand, represents that of the remaining electrons of the valence band. Provided a positive valence
band g-factor, the magnetic momentum of these negatively charged particles point opposite to jz, i.e.
jz < 0 for B > 0, which is the reason to treat holes as ‘negatively’ charged particles in this context.
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Figure 8.3 | Zeeman-split energy diagram of the conduction and valence band extrema
in a magnetic field. A positive g-factor sign is assumed for both bands. Holes, indicated
by empty spheres, predominately occupy the electronic jz = +3/2 state and give σ− light.
Electrons, black spheres, mainly populate the energetically favorable sz = −1/2 state
and thus recombine with emission of a majority of σ+-polarized photons. The quantum
numbers are given in the electron picture for both bands.

is readily explained when we consider the energies of the band extrema in a level
structure under the influence of a magnetic field, as shown in Fig. 8.3. Positive g-factors
for the valence band and conduction band are assumed. Note, that this scheme does
in fact not apply to GaAs where the electron and hole g-factor are negative.171 Due to
the Zeeman exchange interaction the energy bands with positive quantum numbers
are shifted toward higher energies, those with negative quantum numbers shifted
downward. In the conduction band, thermalized equilibrium electrons mainly sit in
the spin-down states, leading to 〈sz〉 < 0. In the valence band, the states are filled
from the bottom with electrons, so that mostly the +3

2 states will be left empty. In the
electron picture, the lack of electrons with a positive quantum number in the valence
band corresponds to a negative net moment of the remaining electrons in the valence
band. This in turn can be attributed to the moment of the holes, i.e. in the hole picture,
the occupied states are described with negative quantum numbers. Where it matters,
we will introduce the superscript ‘hp’ to the quantum numbers given in the hole
picture, e.g. +3

2
hp

. In either picture, 〈jz〉 < 0 holds for the valence band (see also
Footnote À on page 70). Now, the recombination of holes will basically yield σ− light,
the recombination of electrons predominantly σ+ light, explaining the different signs
in Eq. (8.23).

For Si the electron g-factor is positive and lies close to the value for the free electron
ge = 2.172 The hole g-factor of free valence band holes amounts to gh = 0.56173 and is
also positive.À As a general trend, although the selection rules of Si are different from

À The hole g-factor in Si is sometimes given a negative sign in literature,174,175 using the relation
gh = 2κ, where κ is one of Luttinger’s valence band parameters176 and has shown to be negative.173,177

However, this equation is not correct and arises from the imprecise interpretation of κ. Indeed, the design
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those indicated in Fig. 8.3, we therefore expect that the above outlined, opposing con-
tributions of polarized electrons and polarized holes to the luminescence polarization
will occur for Si.

We now want to adapt Dyakonov and Perel’s findings for direct band gap semicon-
ductors, i.e. Eq. (8.20) or Eq. (8.23), to Si. As we have already previously shown, Pe

l is
then given by Eq. (8.7). We also have to modify the expression for Ph

l for Si, accounting
for the different, more restrictive selection rules in Si compared to GaAs, which will
yield a smaller value of Ph

l . With an additional polarization factor γm, accounting for
this effect and depending on the involved phonon mode m, the contribution of holes
writes as

Ph
l,m =

4
3

γm 〈jz〉 . (8.24)

We attribute γm to the maximum attainable difference of the intensities of σ+-
and σ−-polarized light, ∆Ih

m, relative to the total intensity, I0,m, that can occur in the
recombination of polarized holes. We thus have to consider the extremal case that the
angular momentum of the holes is fully oriented in the +3

2
hp

state. This would be in
close analogy to the meaning of ηm as the maximum possible polarization of the PL
due to the recombination of polarized electrons that all exhibit +1

2 spin. When we
deduce γm under this assumption from the transition probabilities of GaAs, we get
γm = 3

4 . Thus, we have introduced the additional prefactor 4
3 in Eq. (8.24), such that

it drops back onto Eq. (8.21), which is the valid expression for GaAs. In this sense,
the prefactor 4

3 in Eq. (8.24) for the hole contribution to the luminescence polarization
can be understood analogously to the prefactor of 2 for the electron contribution, see
Eq. (8.7).

Li and Dery do not explicitly calculate the values of γm in their numerical approach
to evaluate the spin-dependent transitions probabilities for Si. Hence, in finding these
values, we restrict ourselves to derive them from the transition probabilities that Li
and Dery established by strict symmetry arguments. Regarding the transverse phonon
modes m = TO, TA, we thus have to refer to Fig. 8.2. As we see, the only transverse-
phonon-assisted transition that starts in the +3

2
hp

state involves the xz components of
the phonon mode. With two x- and two y-valleys, it has four possible final states. We
obtain the intensity of σ+-polarized light as Ih,x

σ+,m = Ih,y
σ+,m = 9

16 Ix,y
0,m and of σ−-polarized

light as Ih,x
σ−,m = Ih,y

σ−,m = 1
16 Ix,y

0,m for each of these four transitions. Ix,y
0,m denotes the total

luminescence intensity due to all transitions depicted in Fig. 8.2 with final states in
the x- and y-valleys, respectively. Transitions ending in one of the two z-valleys (not
shown) do not originate from the +3

2
hp

state,139 and are thus disregarded by us in the
context of polarization. Nevertheless, these transition will contribute to the overall

of the Luttinger Hamiltonian of the valence band suggests that κ can be considered as the analogon to
a conventional g-factor with the relation |gh| = 2|κ|. But, to give the correct sign, one has to account
for the fact that Luttinger’s original Hamiltonian is not derived in the complete hole picture, i.e. sign
inversion of the energy scale and of the angular momentum, but only under sign inversion of the former.
Accounting for his convention, gh = −2κ is then the correct form and in fact yields a positive value for
gh.



8.5. Spin polarization in a magnetic field 73

luminescence with an intensity Iz
0,m. To give a more accurate value of γm, for Ix,y

0,m and
Iz
0,m we stick to the numerically derived values of Li and Dery. They are listed in

Table 8.2. We thus end up with

γTO =
∆Ih,

TO

I0,TO
=

Ih
σ+,TO − Ih

σ−,TO

I0,TO
=

2Ih,x
σ+,TO + 2Ih,y

σ+,TO − 2Ih,x
σ−,TO − 2Ih,y

σ−,TO

4Ix,y
0,TO + 2Iz

0,TO

=
4( 9

16 −
1

16)

4 + 2 · 1.41
= 0.293

(8.25)

and likewise with

γTA =
4 · 0.086( 9

16 −
1
16)

4 · 0.086 + 2 · 0.092
= 0.325. (8.26)

Similarly, after examining the transition probabilities of LO-assisted recombination
processes (not shown),139 we only have to consider the transitions ending in the two
z-valleys. Here, we get Ih,z

σ+,LO = 0 and Ih,z
σ−,LO = 3

4 Iz
0,LO, which yields

γLO =
2 · 0.23(0− 3

4)

4 · 0.115 + 2 · 0.23
= −0.375. (8.27)

Combining hole and electron contribution, we obtain as the most general expression
for a magnetic-field-induced polarization of luminescence in Si

Pl,m = 2ηm 〈sz〉+
4
3

γm 〈jz〉 . (8.28)

For nondegenerate electron and hole systems, under consideration of Eqs. (8.17)
and (8.22), this leads eventually to

Pl,m = −
(

ge

2
ηm +

5gh

3
γm

)
µBB
kBT

. (8.29)

Evidently, Pl,m is a linear function of the effective magnetic field µBB
kBT with a slope of

φm = −
(

ge

2
ηm +

5gh

3
γm

)
. (8.30)

As the information about the selections rules is contained in the slope φm, we get a
direct access to them by measuring Pl,m in Si as the function of an external magnetic
field.

Equation (8.29) has to be modified for strongly n- or p-type-doped Si because either
the electrons or holes get degenerate at sufficiently high doping levels, respectively. For
such a system, the population of the degeneracy-lifted states with different quantum
numbers is not approximated by the Boltzmann distribution anymore but given by the
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Fermi-Dirac distribution. The corresponding expressions for the mean of the angular
quantum numbers can be derived in the formalism of Pauli paramagnetism of free
carriers in paraboliclike bands, which yields

〈sz〉 = −
3
8

geµBB
Ee

F
(8.31)

〈jz〉 = −
15
8

ghµBB
Eh

F
. (8.32)

Ee
F and Eh

F are the Fermi energies of the degenerate electron and hole system, respec-
tively. As we show in the following chapter, by using degenerate samples it is also
possible to measure ηm and γm independently.



9
Field-induced spin polarization

in bulk Si

AS we showed in the preceding chapter, the application of an external magnetic field
will lead to a spin polarization of excited carriers and therefore to a polarization

of the recombination luminescence by itself. The measurement of such a field-induced
degree of circular polarization of luminescence, according to Eq. (8.28), gives a direct
experimental benchmark of the applicability of the selection rules for spin-dependent
optical transitions in bulk Si, as they were derived by Li and Dery.139

Furthermore, for some experimental schemes the application of an external field
is inevitable to demonstrate spin injection in Si. For the example of electrical spin
injection, such an external field usually has to be applied if the ferromagnetic, spin-
injecting contact does not exhibit a strong remanence magnetization or if its remanent
magnetization points to a different direction than the spin quantization axis that is
probed by the laboratory framework. In either case, due to the applied field, it is thus
possible that the observed degree of luminescence polarization only partly stems from
the recombination of the injected, spin-oriented carriers.

9.1 Experimental

In order to optically investigate the spin polarization of Si, photoluminescence (PL)
experiments were employed. The experimental setup and measurement procedure are
described in detail in Appendix A.4, and only a basic overview to PL measurements
is given here. The PL was excited by a diode-pumped solid-state laser emitting at
λexc = 532 nm with adjustable power Pexc, directed along the sample surface normal.
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The polarization state of the incident laser light could be changed between linear
polarization (LP), left-circular polarization (LCP), or right-circular polarization (RCP).
The PL was collected in backscattering geometry and analyzed with respect to LCP
or RCP. A 500 mm focal length spectrograph was used for the subsequent spectral
dispersion of the luminescence, which then was detected by a liquid-nitrogen-cooled
germanium photo-diode.

The samples were inserted into a magnet cryostat capable of magnetic fields from
−7 T to 7 T and temperatures from 1.4 K to 300 K. All measurements were performed in
Faraday geometry, i.e. the magnetic field axis was collinear to the light propagation axis.
The absolute field direction was carefully determined, which allows to unambiguously
attribute the LCP and RCP of the luminescence in the laboratory framework with σ+

or σ− polarization of the photons in the physical coordinate system, which is defined
by the magnetic field direction (see also Appendix B).

Bulk Si samples with different impurity concentrations are the subject of this chapter.
They were all cut from commercially available, single-crystalline, high-quality Si wafers.
High-purity Si with impurity concentration below 3× 1012 cm−3, referred to as intrinsic
Si (n-18), degenerately Sb-doped n-type Si (n-3), and degenerately B-doped p-type
Si (p-2) are investigated. Details of these samples are given in Table 9.1. The sample
surface normal is directed along the 〈001〉 crystal axis.

sample impurity
material name resistivity (Ω cm) atom concentration (cm−3)
intrinsic Si n-18 >1.5× 103 P <3.0× 1012
n-type Si n-3 ≈1.2× 10−2 Sb ≈8.0× 1018
p-type Si p-2 ≈0.5× 10−2 B ≈2.3× 1019

Table 9.1 | Bulk Si samples used in field-dependent photoluminescence experiments.

9.2 Circular polarization of photoluminescence

Intrinsic n-type Si

Figure 9.1 contains a normalized PL spectrum as a function of photon energy of the
intrinsic Si sample at a temperature of approximately 5 K in the absence of a magnetic
field. One can distinguish three individual, well-resolved main luminescence peaks,
each of which is accompanied by a broader side peak at the low-energy side. The
energetic positions of the main peaks are 1134.8 meV, 1095.7 meV, and 1031.8 meV.
They correspond in this order to single-phonon-assisted free-exciton transitions via
emission of k0-TA and -TO phonons, and to a double-phonon-assisted transition
via emission of a k0-TO phonon followed by an optical phonon transition at the Γ-
point (TO + OΓ).178,179 From the relative intensities of the spectral features observable
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Figure 9.1 | PL spectra of bulk Si of different doping type.

in low-temperature PL spectra in Si, one might expect a fourth prominent peak at
approximately 1136.6 meV and 0.15 times in intensity of the TO peak, attributed to the
k0-LO-phonon-assisted transition.163 This recombination process, however, is missing
as an individual peak from the present measurement, which we relate to the fact that
the spectral resolution of the setup is apparently not sufficient to resolve the small
energetic difference of the TO and LO phonon replica.164,165 Thus, the TO-denominated
peak will contain also the LO-related components, yet in much weaker intensity.

The side peaks, each at approximately 17 meV below its main peak, stem from the
recombination of electron-hole pairs that previously have condensed from the gaslike
phase of free-excitons into a liquidlike phase of highly correlated charge carriers. The
condensate is thus referred to as electron-hole liquid or electron-hole droplet (EHD).180

The smaller energy of EHD recombination compared to the excitonic luminescence
is caused by an effective band gap shrinkage due to strong interactions between the
electrons and holes in this high-density droplet.181

In Fig. 9.2 two PL spectra of the intrinsic Si sample are shown, obtained under
the same excitation conditions, but where the PL was analyzed with respect to its
circular polarization. The exciting laser light was linearly polarized for this experiment,
meaning that optical spin orientation is excluded. The intensities of the σ+- and σ−-
polarized PL obviously being same is thus expected. These measurements demonstrate
that the experimental setup does not introduce any circular dichroism as a constant
background to polarization-resolved measurements.

Figure 9.3 depicts the spectra of the σ+- and σ−-polarized components of the PL
of the intrinsic Si sample in the presence of an external magnetic field of −7 T. The
TO-related free-exciton peak clearly shows a circular polarization, the intensity of
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Figure 9.2 | σ+- and σ−-polarized PL spectra of the intrinsic Si sample without magnetic
field and with LP of the exciting laser beam. As expected, a circular polarization is absent.

Figure 9.3 | σ+- and σ−-polarized PL spectra of the intrinsic Si sample in a magnetic field
of −7T. The inset is a close up for the TA-related luminescence. Both the TO and TA
free-exciton peaks exhibit a positive circular polarization.
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σ+ being larger than of σ− light. The same qualitative observation holds for the TA
phonon replica, as the close-up in the inset of Fig. 9.3 reveals.

For a quantitative investigation of the degree of polarization Pl of the PL, as defined
by Eq. (8.2), and its field dependence, the TO replica will be studied in more detail
in the following. The larger signal-to-noise ratio compared to the TA peak allows for
a higher accuracy in determining Pl,TO. In principle, Pl,TO can of course be directly
extracted from the type of measurement depicted in Fig. 9.3, where a whole energy
spectrum is recorded. However, this is not favorable because of the experimental
reasons given in Appendix A.4.4. Instead, the circular polarization was measured
multiple times only for the TO peak energy for different magnetic fields in the manner
also outlined in Appendix A.4.4.

The resulting field dependence of Pl,TO is plotted in Fig. 9.4 for a temperature of
5 K. At −7 T, Pl,TO amounts to a value of approximately 7.9% and then decreases
linearly with increasing field, giving a minimum value of -7.9% at the maximum
available field of 7 T. Note that at zero-field the circular polarization indeed vanishes,
just like depicted in Fig. 9.2. A linear fit to the experimental data yields a slope of
mint,exp = −1.14 %/T.

Degenerate n- and p-type Si

The PL spectra for heavily n- and p-type-doped silicon are shown in Fig. 9.1 and
slightly differ from the intrinsic case. The three main peaks undergo a red-shift, which
is the result of a band structure renormalization and reduction of the band gap due
to the large doping concentrations.182–184 This also leads to the broadening of the
luminescence peaks and reflects the degenerate doping character of these sample.185,186

At these large doping concentrations the recombination peaks are not of excitonic
origin because of the strong screening of the attractive Coulomb potential between
electrons and holes. Under the present measurement conditions, we attribute them
to band-to-band transitions of free carriers, accompanied by TA, TO, and TO + OΓ

phonon emission.187 The luminescence peaks of the p-type Si sample being broader
and more red-shifted than for the n-type sample is in line with the higher doping
concentration of the former. We note that luminescence of phononless recombinations,
the so-called no-phonon (NP) line, can be observed in the n-type sample as a separate
peak around 1130 meV and in the p-type sample as a shoulder to the TA peak around
1111 meV. This is a consequence of the presence of a large number of dopants. The
behavior of the circular polarization of the NP PL will be discussed later in Chapter 10
in the context with PL experiments on low-dimensional Ge nanostructures.

The circular polarization Pl,TO of the TO peak of the heavily doped Si samples as
a function of the magnetic field is depicted in Fig. 9.4. Pl,TO of both samples exhibits
a linear dependency on the magnetic field, as it does for intrinsic Si. In contrast to
intrinsic Si, however, the gradient of Pl,TO is positive for the p-type Si sample, while
it remains negative for the n-type sample. It amounts to mp,exp = 2.81 %/T and
mn,exp = −0.45 %/T for the p-type and n-type case, respectively. The different signs
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Figure 9.4 | Magnetic field dependence of the degree of circular polarization Pl of the
TO-related PL peak of bulk Si of different doping type. The symbols give experimental
values. The dashed lines are linear fits to the data, while the solid lines are theoretical
calculations.

of the gradients of intrinsic and degenerate n-type Si in comparison to degenerate
p-type Si indicate that the predominant polarization mechanism of the luminescence is
qualitatively different in these two cases.

9.3 Comparison with theory and discussion

Intrinsic Si

The linear dependence of Pl,TO on the magnetic field suggests that we can apply the
formalism that we have outlined in Section 8.5 to the present case, i.e. that the weak-
magnetic-field approximation for the description of the field-induced polarization
is valid and that Pl,TO can be decomposed into separate contributions of polarized
electrons and holes. For intrinsic Si both contributions have to be considered be-
cause the electron as well as the hole system can be profoundly polarized. Hence,
Pl,TO is described by Eq. (8.29) and it is necessary to find the correct value of the
slope φTO = −( ge

2 ηTO + 5gh
3 γTO) for the TO-related recombination process studied

here, where ηTO and γTO represent the electron and hole contribution, respectively.
As previously mentioned, the TO-related peak origins in some extent also from LO-
phonon-assisted transitions. The PL of spin-polarized carriers that recombine via this
relaxation path possesses different polarization factors ηLO and γLO. To account for the
LO-induced contribution to Pl,TO, we determine φTO as an effective φ“TO” with effective
values η“TO” and γ“TO”.
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We calculate the effective polarization factor η“TO” by a weighted averaging over
the individual polarization factors ηTO and ηLO. The relative intensities I0,m of the TO
and LO peak are taken as weighting factors. For ηTO, ηLO, I0,TO, and I0,LO we use the
numerical values as given in the theory of Li and Dery,139 which we have introduced
in Section 8.2. These values are listed in Table 8.1. The weighting leads to

η“TO” =
ηTO I0,TO + ηLO I0,LO

I0,TO + I0,LO
=
−0.188 · 6.82 + 0.277 · 0.92

6.82 + 0.92
= −0.133. (9.1)

The effective polarization factor γ“TO”, attributed to polarized holes, can be obtained
by the same weighting procedure. We use the γTO and γLO values that we have
calculated from the transition probabilities, which Li and Dery established from strict
symmetry arguments. The γm values are also listed in Table 8.1. We get

γ“TO” =
γTO I0,TO + γLO I0,LO

I0,TO + I0,LO
= 0.285. (9.2)

Equations (9.1) and (9.2) can then be inserted in Eq. (8.30) which results in

φ“TO” = −0.067. (9.3)

For intrinsic Si thus the general expression of the field dependence of the degree of
circular polarization of PL is

Pl,“TO” = −0.067 · µBB
kBT

. (9.4)

A straight red line according to this theoretical calculation for a temperature of
T = 5 K is drawn in Fig. 9.4. The experimental data points lie close to the theoretical
prediction, considering the fact that no fitting parameters were used to calculate
the latter. The slope of the theoretical curve is mint,theo = −0.90 %/T, which gives
a deviation from the slope mint,exp of the best linear fit of the experimental data as
mint,theo
mint,exp

= 0.79. The finding of a negative sign of the slope of Pl,“TO” hints toward the
importance of the polarization of the hole angular momentum for intrinsic Si in a
magnetic field, which dominates the PL polarization.

Although the polarization of the TA peak has not been studied in detail, the −7 T
measurement depicted in the inset of Fig. 9.3 implies that it is slightly larger than the
corresponding TO polarization. Such an observation is in line with the fact that the
exact numerical evaluation of the transition probabilities yield a higher polarization
ratio for the TA peak,139 see Table 8.1.

Degenerate n-type Si

The heavy n-type doping of Si also leads to a negative, but steeper, slope of the
field dependence of the circular polarization of PL compared to the intrinsic case.
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This is explained by the degenerate character of the electron system, which now
obeys the Fermi-Dirac statistics: Qualitatively, for a degenerate electron gas only the
comparatively small fraction of electrons occupying the phase space of energies within
µBB around the Fermi energy Ee

F becomes polarized by the external field. As outlined
in Section 8.5 the mean spin of the electron system is then given by Eq. (8.31). On the
other side, for the holes the Boltzmann statistics still applies, and the expression for
their angular momentum does not differ from that of intrinsic Si. The PL polarization
in a field writes now as

Pl,“TO” = −3
4

geµBB
Ee

F
η“TO” −

5
3

ghµBB
kBT

γ“TO”. (9.5)

At the present doping concentration of about ND = 8× 1018 cm−3 and the low mea-
surement temperature, reasonable values for the electron Fermi energy lie around
Ee

F ≈ 20 meV,182 whereas the thermal energy kBT = 0.43 meV. Hence, the first term in
the summation of Eq. (9.5) is about 50 times smaller than the second, and we can neglect
it. For degenerate n-type Si the polarization of PL is therefore only a consequence of
the polarization of the excited holes.

Under this premise and taking the same value for γ“TO” as for intrinsic Si, the
field dependence of Pl,“TO” is plotted in Fig. 9.4 as a green line with slope mn,theo =
−2.68 %/T. The theoretical curve describes the measured field dependence very well
and differs from the best fit only as mn,theo

mn,exp
= 0.95.

Degenerate p-type Si

For p-type Si the situation is reversed to the n-type case. Now the hole angular
momentum has to be described in the degenerate picture, so that Eq. (8.32) applies and
hence

Pl,“TO” = −1
2

geµBB
kBT

η“TO” −
15
6

ghµBB
Eh

F
γ“TO”. (9.6)

Here, the second term is by far smaller than the first, the Fermi energy of the hole
gas being likewise in magnitude to that of the degenerate electron gas in the n-type
doping case.183 We can therefore neglect the hole contribution to the luminescence
polarization. Additionally, we have to take into account that the polarization factor
η“TO” now differs from that of intrinsic Si, because at heavy p-type doping the influence
of the SO band increases, owing to its proximity to the Fermi energy. Given the doping
concentration of about NA = 2.3× 1019 cm−3, Li and Dery’s numerical treatment of
polarized luminescence yields η“TO” = −0.035.139

The blue straight line in Fig. 9.4 marks our calculation based on above considera-
tions. In accordance with the experiment, the slope mp,theo = 0.47 %/T is now positive,
revealing the dominant contribution of the spin-polarized electrons. Its deviation from
the linear fit of the experimental data points is only as small as

mp,theo
mp,exp

= 1.04.
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Discussion and Summary

Each sample being studied, intrinsic, degenerate n-type, and degenerate p-type Si,
shows a very good quantitative agreement between the magnetic field dependence of
the degree of circular polarization derived by experiment and that predicted by our re-
spective calculation, particularly keeping in mind that no fitting parameters were used
in the calculations. This evidences that the spin-dependent selection rules and resulting
transition probabilities given by Li and Dery139 are accurate. Our measurements can
be considered as the first experimental verification of spin-dependent transition proba-
bilities in Si. Although Li and Dery derived their theory in the absence of a magnetic
field, our approach to use their results in our adaptation of a magnetic-field-dependent
description of the circular polarization of luminescence seems justified. The consistency
between experiment and theory in the presence of a weak external field thus suggests
that merely the band population depending on the angular momentum is changed by
the field, whereas the matrix elements of the dipole and the phonon-assisted transitions
between the individual bands, which mainly rely only on the band symmetries, are
not affected.

Doping plays a vital role for the magnitude of the field-induced polarization effect.
The cases of strong p- and n-type degeneracy, studied here, should be considered as
the extremal points. We could completely disregard either holes or electrons in the
analysis of the data because of their relatively large Fermi energies. Moderate doping
concentrations about the Mott transition, however, may lead to significant contributions
of the corresponding carrier type to the field-induced circular polarization. Therefore
we can imagine doping concentrations for which the electron and hole contribution
to the polarization may cancel out. For a large doping range, well below the Mott
transition, in which the carrier population is only governed by Boltzmann statistics,
the results obtained for intrinsic Si can be considered as representative.

As we showed, the absolute value of the luminescence polarization, depending
on the doping intensity, roughly varies as 0.5 %/T to 3 %/T near liquid He tempera-
tures. Accordingly, considerable values of luminescence polarization are obtained in
moderate fields. Equation (8.19) shows that this forms an additive contribution to the
luminescence polarization due to the injection of spin-polarized electrons. Hence, in Si-
based spin injection experiments that utilize luminescence as a quantitative verification
of the degree of spin injection and that are performed in a similar temperature regime,
one has to take care in the interpretation of the data, if a magnetic field is present.

In this context, we want to compare the results at hand with available data in
literature, among them the spin LED experiment by Jonker et al.130 being the most
prominent. The electroluminescence that was studied in their paper stemmed from
spin-polarized electrons that were recombining with holes in the heavily p-type-doped
substrate with NA & 1× 1019 cm−3,139 and had been injected from a ferromagnetic
Fe contact. A magnetic field was applied to orient the Fe magnetization and hereby
the electron spins in the proper direction. Thus, similar conditions were present as
for the degenerate p-type sample investigated by us. Jonker et al., however, quote a
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value of only about 0.1 %/T for the field-induced circular polarization at a temperature
of 5 K, which is more than a factor of four smaller than the value found in this thesis.
In principle, since the field-induced polarization scales inversely with temperature, a
profoundly increased, nonequilibrium carrier temperature might explain the reduced
polarization in their experiment. The temperature needed for such a situation, as high
as about 20 K, however, seems very unlikely. We cannot resolve this disagreement at
this point. As Jonker et al. also performed their measurements for temperatures as
high as 80 K, where the field-induced contribution is strongly suppressed, the general
conclusions of their work and the possibility to efficiently inject electron spins into Si,
should not be questioned.

It is interesting to note that the luminescence of the EHD that has formed in the
intrinsic Si sample does not show any signs of a circular polarization up to the available
fields of 7 T. This can be seen in Fig. 9.3. The EHD is a high-density condensate of
correlated electrons and holes and thus obeys Fermi-Dirac statistics. The base width
of the EHD peak is a good measure for the sum of the two quasi-Fermi levels of the
electrons and holes. It can roughly be extracted from the spectra as ≈ 25 meV. The
quasi-Fermi energy of the holes accounts for approximately two third of this value,
due to their larger effective density of states mass.188 That means both electrons and
holes in the droplet experience comparable conditions to the degenerate n- and p-type
samples, respectively. Hence, both species of the droplet do not exhibit a relevant
angular momentum polarization in the magnetic field if spin relaxation is fast enough
to establish equilibrium conditions, after electrons and holes have been captured in the
droplet from the polarized excitons and before radiative decay occurs. This condition is
likely fulfilled: The radiative decay time in the droplet will be of the same order as that
in highly doped n-type Si, i.e. about 0.1 ms according to Table 8.2. The spin relaxation
time of electrons in the droplet, however, can be expected to be even shorter than
that of electrons in n-type-doped material and of the order of the hole spin relaxation
time. This is due to the simultaneous presence of a large number of electrons and holes
within the droplet, such that mutual spin-flips by the Bir-Aronov-Pikus mechanism4,189

are very efficient in reducing the electron spin relaxation time.



10
Optical spin detection by

Ge quantum dot ensembles

OPTICAL processes in bulk group IV semiconductors are inefficient in terms of
the conversion of photons into electron-hole pairs and also of photon spins into

angular momentum of the created carriers. As outlined in Chapter 8, the main cause for
this inefficiency is the need of phonons that enable radiative transitions by conserving
k-momentum. Consistent with Noether’s theorem, the k-momentum conservation
through phonons is, however, partly relaxed in structures with broken translational
symmetry. In a semiconductor, symmetry breaking of the periodic lattice can occur
due to impurities, compositional fluctuations in alloys, or heterostructure interfaces.

In this chapter we pursue the latter approach of a heterosystem to achieve phonon-
less radiative recombinations in a Si-compatible material system. As we discuss later,
such a system seems to be more feasible than bulk material for gaining an optical
access to spin physics in group-IV-based devices. Ge islands of only a few nanometer
in spatial extent that are embedded in a crystalline Si matrix are subject to this chapter.

10.1 Introduction to Ge quantum dots in Si

The Ge/Si samples that we used for our purposes had been previously fabricated at
the WSI by solid-source MBE. The growth, morphology, composition, and electronic
band structure of these specific samples are documented in detail in Ref. 190. For
general properties on Ge islands the reader is also referred to the aforementioned work
and the literature referenced therein. We give only a brief summary on the properties
important to us.
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Growth and morphology of Ge hut-clusters

The fabrication was realized by the deposition of nominally 8 monolayers of pure Ge on
[001]-oriented Si substrates at a temperature of around 310 ◦C. During the pseudomor-
phic growth phase the mismatch of the lattice constants of the Ge and Si crystal causes
compressive strain of the Ge layer. In order to reduce the strain energy of the pseudo-
morphic grown Ge material, the formation of well-defined, faceted pyramids with a
rectangular base is favored after a thin wetting layer has established. This self-assembly
process leads to a densely packed ensemble of pyramids, which are rather uniform
in size and shape with typical base-edge lengths of about 15 nm to 20 nm and heights
of about 2 nm. Owing to its shape, such a pyramid is commonly called hut-cluster.
In the present sample, 80 Ge hut-cluster layers were fabricated, each overgrown by
25 nm-thick Si spacers. Only minor intermixing of Si and Ge within the Ge hut-clusters
occurs, leaving a Ge hut-cluster core that consists of at least 80 % Ge.

Carrier confinement in Ge quantum dots

Ge has a smaller band gap as compared to Si. Heterostructures of these two materials
therefore exhibit a band edge offset at the Ge/Si interface. The band edge alignment of
the present Ge/Si heterostructure is of type-II, i.e. both the conduction and valence
band edge offsets point in the same direction. Both have a positive sign, whereas
the offset of the valence band edge is much larger than of the conduction band edge.
Due to the arising potential well, holes are repelled by the surrounding Si matrix and
confined to the Ge volume. The 3D confinement within that volume of very small
spatial extent leads to a quantization of the hole energies. Therefore, we will denote a
hut-cluster also as quantum dot (QD). In the context of this thesis, both nomenclatures
are utilized interchangeably. Contrarily to holes, electrons are pushed off by and are
not confined within the Ge QDs. Detailed calculations of the electronic band structure
in consideration of the structural and compositional properties and thereby accom-
panying strain effects, however, showed that electrons can still be weakly confined
within a triangular potential well formed in the Si matrix at the Ge hut-cluster apex.
Such a calculation is depicted in Fig. 10.1. Tensile in-plane strain of the Si material at
the hut-cluster apex lifts the sixfold degeneracy of the ∆ conduction band minimum in
Si within growth direction. The emerging ∆(2) band is shifted down in energy and
forms the weakly confining potential well for electrons. The attractive character of this
potential extents roughly 6 nm to 7 nm into the Si matrix.

Luminescence of Ge quantum dots

Figure 10.2 depicts a typical PL spectrum of the Ge hut-clusters for continuous wave
illumination with the 514 nm line of an Ar-ion laser. At this excitation energy, which
lies above the Si band gap, electron-hole pairs are most likely created in the Si spacer
layers or in parts of the Si substrate due to their larger volume. In addition to the PL
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Figure 10.1 | nextnano++ simulation of the band edge alignment of a 20nm× 15nm base
diameter, {105}-faceted Ge hut-cluster with Ge content of 80% embedded in a Si matrix,
including a 3-monolayer-thick, 80% Ge wetting layer beginning at 0nm. Shown is the 1D
energy diagram along the [001] growth direction through the center of the hut-cluster. The
probability densities for the electron and hole ground state are also given.

Figure 10.2 | PL spectrum of a sample containing 80 layers of Ge hut-clusters, each
separated by 25nm-thick Si spacers. The strong luminescence around 750meV is due to
the recombination of electron-hole pairs that are bound to the Ge QDs.
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phonon replica peaks of Si around 1050 meV, we observe a clear PL signal centered
around 750 meV. It stems from excitonic recombinations of electrons that are trapped
within the shallow confining potentials of the Si spacer layers and holes that are trapped
within the confining potentials of the hut-cluster cores. The inhomogeneous broadening
of the excitonic recombination line is attributed to a multimodal size variation of the
hut-clusters within the ensemble.

10.2 Radiative and spin lifetimes in Ge quantum dots

In the following we want to review and discuss the radiative and spin lifetimes associ-
ated with Ge QDs in more detail because these quantities are of particular interest in
the context of optical spin orientation.

Radiative lifetimes

PL from low-dimensional Ge/Si heterostructures is argued to be predominately arising
from NP recombinations of photoexcited electrons and holes.191–195 The fundamental
physical reason behind NP recombinations always lies in the breaking of translational
symmetry. Several aspects of this symmetry breaking may be employed separately to
explain the possibility of a phononless transition, yet, the picture drawn by Fukatsu
et al.192 is probably the most adequate for the present case of 3D confinement of carriers:
The localization in real space is synonymous with the description of the carrier wave
function as standing wave, which has to be built from multiple Fourier components
of the k-space. This means that for the corresponding quantum-confined state the
description by a single k-vector cannot be valid, and thus k-momentum is not a good
quantum number. For this reason, in contrast to the bulk energy spectrum, the quan-
tized energy levels in fact intrinsically lack any k-momentum dispersion. This allows
the seeming violation of k-momentum conservation and hence NP recombinations.
Radiative transitions between the initial and final states in Fukatsu et al.’s picture
simply reduce from a second-order to a first-order process. The corresponding matrix
element W of such a transition is simply of the form

W ∝ 〈ψv |p̂|ψc〉 . (10.1)

Here, p̂ denotes the quantum mechanical dipole operator. ψc and ψv are the wave
functions that form the confined states of the electron and hole, respectively. The
hole state is built from the valence band wave functions belonging to the Γ+

8 ≡ ψv
representation (under negligence of contributions from SO valence band states) with
p-symmetry, whereas the electron state is built from wave functions that are members
of the ∆1 ≡ ψc representation with partial s-symmetry. It is worthwhile noting that in
this description we expect the selection rules of spin-dependent radiative transitions for
Ge QDs to tend toward those of GaAs-like semiconductors, because in GaAs radiative
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transitions are similarly described by a first-order process between states with s- and
p-like symmetry.

In the present case of type-II alignment of the band edge offsets for Ge QDs, the
supposed enhancement of the radiative recombination rate due to the reduction of
the recombination mechanism to a first-order process, however, comes at the price
of spatial separation of the electron-hole pair comprising the recombining exciton.
The spatial separation leads to a small overlap integral of the electron and hole wave
functions, which can drastically impair the transition matrix element and cause pro-
longed radiative recombination times. The available studies on the PL decay dynamics
in Ge/Si-based heterostructures containing 3D nanostructures do not allow to give
definite conclusions on whether the radiative recombination times are enhanced or di-
minished compared to the values possible for bulk Si and Ge.192,196–199 This ambiguity
is caused by the fact that for low-dimensional structures of indirect band gap semicon-
ductors, just as for the bulk material, the time dependence of transient PL data cannot
be assigned to the radiative recombination due to the presence of competing decay
mechanism like the Auger recombination200 or the Shockley-Read-Hall recombination.
The latter is of particular importance in Ge/Si heterostructures where a considerable
amount of crystal defects was introduced during fabrication.201,202 Based on the find-
ings of Refs. 192, 197, and 199, we nevertheless want to give an order of magnitude for
the excitonic radiative lifetimes in Ge QDs around liquid He temperatures with

τr ≈ 10 µs. (10.2)

It should be mentioned that the radiative lifetime may actually decrease for experi-
mental conditions such as increased temperature or large excitation power, because
a quasi-type-I spatially direct exciton recombination can then be induced.203–205 This
affects especially the high-energy tail of PL light, where it leads to τr ≈ 0.2− 1 µs.197,199

In any case, the aforementioned values indicate a smaller radiative lifetime in Ge QDs
compared to undoped bulk Si and Ge and match those of strongly doped material, as
shown in Table 8.2.

Spin lifetimes

The growing interest within the past decade to exploit the spin degree of freedom of
electrons or holes confined in self-assembled heterostructure QDs as spin quantum bits
has brought about considerable progress in the determination of the spin dynamics
of confined carriers. Theoretical and experimental work consistently showed that the
3D confinement leads to enhanced spin relaxation and spin coherence times compared
to the bulk material.143,144,206–209 However, this statement is actually restricted to be
intensively proven only for the well-studied material class of group III-V QDs, which
took most research efforts due to their natural suitability for optical experiments. We
want to point out here that it cannot a priori be generalized to the group-IV-based Ge/Si
QD systems, because the premises for a particular relaxation mechanism that was
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being investigated and shown to be diminished by quantum confinement in a III-V
system may be absent or less pronounced in the Ge/Si material system, as remarked
by Khaetskii and Nazarov.210 For example, an increase of the spin lifetime that relies
on the reduction of the consequences of bulk-inversion-asymmetry-induced spin-orbit
interactions of the Dresselhaus type does not apply to Si. On the other hand, spin
relaxation related to the randomness of spin-orbit coupling of Bychkov-Rashba type
in III-V heterostructures with structural inversion asymmetry may be equally or even
more significant for group IV heterostructures.211

Studies explicitly focusing on the spin dynamics of electrons and holes confined
at Ge QDs are only recently evolving. Electron spin resonance experiments for strain-
confined electrons yield spin lifetimes at liquid He temperatures of about212,213

τe
s ≈ 10− 20 µs. (10.3)

These spin lifetimes are much shorter than those observed for donor states172 or for
electrons in electrostatically defined single QDs,168 and are of the order of spin lifetimes
of doped bulk Si. This difference has been related to a weaker spatial confinement of the
electrons to the self-assembled Ge QDs.213 Specifically, it was proposed that the large
density of dots may allow tunnel-hopping processes of the electrons to neighboring
QDs. The asymmetric structure of the Ge QDs then causes the electrons to experience an
effective, fluctuating Bychkov-Rashba field during a sequence of tunneling processes,
which in turn leads to an increased spin-flipping rate.214

Concerning holes confined within Ge QDs, no experimental data on spin lifetimes
is available yet. Some theoretical aspects determining the hole spin lifetime for III-V
QD systems, however, have a general validity also for Ge QDs, irrespective of the
precise spin relaxation mechanism. Most important among these is the fact that the
relatively large out-of-plane quantum confinement due to the small QD size in growth
direction lifts the degeneracy of the HH and LH band states very efficiently in Ge
QDs. This lifting can further be promoted by strain. As a consequence, the spin-orbit-
coupling-mediated mixing of HH and LH states is very weak,215 leaving a ground
state that is predominately built from the HH states, and excited states that have
increasing admixtures from LH and SO states.190 Spin-flip transitions between these
states are now strongly suppressed because the spin-flipping mechanism has to obey
energy conservation. Explicit theoretical investigations for Ge QDs show that the small
admixture of LH states to the QD ground state is responsible for hole spin lifetimes of
at least a few milliseconds if only single-phonon-mediated spin relaxation processes
are considered.216 However, this value should be regarded as an upper bound because
in dense QD ensembles, similar to electrons, a tunnel-coupling-based spin relaxation is
also applicable to the holes and limits the hole spin lifetime to comparable magnitudes
of about217

τh
s ≈ 10 µs. (10.4)

This smaller value would still be a profound increase compared to the hole spin
relaxation time in bulk Ge, which was recently found to be of the order of 100 ps.218



10.3. Circular polarization of phononless radiative recombination 91

As we outlined, the hole and electron spin lifetimes in Ge QDs, see Eqs. (10.3)
and (10.4), can be expected to be very similar to the excitonic radiative lifetimes, see
Eq. (10.2). Thus, in optical spin injection and detection experiments with Ge QDs,
contrary to bulk material, the hole spin may not be neglected for resonant excitation
conditions, i.e. if the hole is created within the confining Ge QD potential. The hole
spin may then still be preserved upon radiative recombination, which would promote
a larger circular polarization of luminescence light.

To summarize, the favorable ratios of spin lifetimes of electrons and holes to the
radiative lifetimes in Ge QD structures should a priori render the optical injection and
subsequent detection of a spin population possible, at least from the viewpoint of spin
decay. Furthermore, from the NP nature of the recombination of excited electron-hole
pairs we can expect an enhancement of the conversion efficiency of the spin polarization
into circular polarization of PL as compared to bulk material. The spin-dependent
selection rules will presumably tend to be similar to those of a direct band gap III-V
semiconductor material.

In this context, the quantization of hole energies in the Ge QDs becomes of particular
interest. For bulk III-V material the opposite polarization of photons stemming from
recombinations with the degenerate HHs and LHs limits the degree of PL polarization
to 50 %, as has been derived in Eq. (8.3). As we mentioned before, the confinement
effect in Ge QDs, however, leads to a hole ground state that is mostly built from
the HH valence band states, whereas the next excited state with a considerable LH
contribution of about 30 % lies already 60 meV higher in energy.190 Accordingly, for
excitonic recombination, which mainly takes places between the electron and hole
ground states, the circular polarization can reach much higher values than 50 %.

10.3 Circular polarization of phononless radiative recom-
bination

Before we turn to the actual optical orientation experiments for Ge QD ensembles,
we first investigate the circular polarization of Ge QD PL caused by a magnetic-field-
induced spin population. The analogous measurements of the circular polarization of
bulk Si PL of TO-phonon-assisted transitions have been outlined in the preceding Chap-
ter 9. From the direct comparison we can thus qualitatively discuss the consequences
of the NP character of the Ge QD luminescence on the spin-dependent selection rules
and test whether these rules indeed behave similar to those of direct band gap III-V
semiconductor radiative transitions.

The experimental scheme was in principle similar to the one introduced in Chapter 9
and outlined in detail in Appendix A.4. The PL was excited with the 514 nm line of
an Ar-ion laser. The incident laser beam had LP, and the circular polarization of the
resulting PL with respect to the quantization axis defined by the positive magnetic field
direction was analyzed. The measurements were carried out at a temperature of 10 K.
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Figure 10.3a and 10.3b depict the polarization-resolved PL spectra of the Ge QD
sample in a magnetic field of 7 T and −7 T, respectively. There is a clear difference
of the intensities of the σ+- and σ−-polarized components of the luminescence. We
note that the sign of the slope of the polarization Pl(B) = Iσ+−Iσ−

Iσ++Iσ−
of the PL is negative.

Because of the small signal-to-noise ratio, we deduce the magnitude of the degree of
circular polarization from the difference of the peak amplitude of two Gaussian curves
that were fitted to the data sets of both polarizations. This yields a figure of merit of
about Pl(±7 T) = ∓(10.2± 1.1)%.

For an interpretation of the negative slope of Pl(B) for the Ge QDs, we recall the
formalism derived in Section 8.5 for field-induced luminescence polarization for bulk
Si and specifically Eq. (8.28). Hence, we have to determine the signs of 〈sz〉, 〈jz〉, ηm,
and γm.

It is reasonable to assume that the field-induced spin polarization of both electrons
and holes contributes to the polarization of PL and neither of them can be neglected,
because the present sample is nominally not doped. The electrons that are taking part in
the recombination are localized in Si, and hence their g-factor and hereby field-induced
spin polarization 〈sz〉 are similar to those of bulk Si. For the holes, on the contrary,
we must account for the fact that they are localized within the Ge hut-clusters, the
cores of which are a Si1−xGex alloy with x = 0.8.190 The hole g-factor of bulk Ge was
shown to have a negative sign,177,219 and thus has the opposite sign to that of Si (see
also Footnote À on page 72).

Two effects, however, should be addressed to give an estimate on the sign of the
hole g-factor in low-dimensional Ge structures. These are the alloying of Ge with
Si and the quantum confinement of the holes. Studies show that both effects can in
principle lead to an increase of the hole g-factor, which could result in a sign change
from negative to positive.220,221 Nevertheless, given the parameters of the present Ge
QD structures, we believe that the increase is only of minor importance and thus the
hole g-factor still remains a negative quantity. We note that no experimental verification
on the hole ground state g-factor of Ge hut-clusters is at hand, but experiments on
larger GeSi islands indeed suggest the negative g-factor.222 Hence, while the electron
spin orientation in a magnetic field of the Ge QDs behaves similar to that of pure bulk
Si, the hole spin orientation is reversed in comparison to Si. In other words, for a
positive field we maintain the negative sign for 〈sz〉, whereas we get a positive for 〈jz〉.

The magnitudes and signs of ηm and γm follow from the spin-dependent proba-
bilities of NP transitions in Ge QDs. So far, calculations of these do not exist. As we
highlighted in Section 10.2, the matrix element

〈
Γ+

8 |p̂|∆1
〉

may be used as a starting
point to qualitatively determine the selection rules for Ge QDs. The Γ+

8 valence and ∆1
conduction band states in the Ge/Si QD system share, at least partly, the same p- and
s-symmetries as the valence and conduction band states in GaAs-like semiconductors.
Hence, the selection rules for GaAs-like radiative recombinations might qualitatively
apply to the Ge QDs. These are similar to those of Si TO recombinations in the sense
that both predict that the photon spin predominantly points in the opposite direction as
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Figure 10.3 | a, Circular-polarization-resolved PL spectra of a sample containing 80 layers
of Ge hut-clusters each separated by 25nm Si. The spectra were acquired in a magnetic
field of 7 T and at a temperature of about 10K. b, Same as in a but in a field of −7T. The
quantization axis is defined by the positive magnetic field direction.
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Figure 10.4 | a, Circular-polarization-resolved PL spectra of an n-type-doped Si sample.
The spectra were acquired in a magnetic field of 7 T and at a temperature of about 5K. b,
Same as in a but in a field of −7T. The quantization axis is defined by the positive magnetic
field direction. The insets in a, b are close-ups of the high-energy regions of the spectra,
containing the TA peak around 1110meV and the NP peak at 1130meV. The NP peak has
an opposite polarization compared to the TA and TO peak.
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the predominant electron spin orientation and in the same direction as the predominant
hole spin orientation. That is, NP recombinations would correspond to a negative value
for ηm and a positive for γm. Under this premise and also taking our considerations
regarding the signs of 〈sz〉 and 〈jz〉 into account, we come to the conclusion that from
Eq. (8.28) a positive slope of the degree of polarization of the Ge QD PL as a function of
the external magnetic field is expected. The measurements shown in Fig. 10.3, however,
contrarily yield a negative slope.

Further evidence for the unexpected behavior of NP luminescence in indirect band
gap materials comes from PL measurements of doped bulk Si. Figure 10.4a and 10.4b
depict the polarization-resolved PL spectra of heavily doped n-type Si in a magnetic
field of 7 T and −7 T, respectively. The field dependence of the circular degree of
polarization for the TO luminescence line was studied in detail in Chapter 9. In
accordance with the transition probabilities for TO recombinations in bulk Si, we
were able to quantitatively describe the magnitude and sign of the polarization of
this recombination pathway. Here, we want to highlight the NP luminescence feature,
which lies approximately at 1130 meV. Despite the bulk character of this Si sample, NP
luminescence becomes possible due to the large number of impurities in the sample,
which provides breaking of the translational symmetry on a local scale. Interestingly,
the sign of the degree of polarization of the NP line is different from that of the
transverse-phonon-related luminescence features, which can readily be seen for both
magnetic field directions by a close-up of the NP luminescence region depicted in the
insets of Fig. 10.4. This behavior is consistent with our finding of the inverted sign of
the polarization of the NP luminescence of the Ge QDs.

In consequence, we infer from our experimental facts that the selection rules gov-
erning spin-dependent dipole transitions of NP recombinations have to be distinctively
different from that of GaAs-like direct band gap recombinations. A possible explana-
tion may lie in the quantum confinement of the electron wave function ψc within the Si
material. Fukatsu et al.192 suggested that for the electrons the short-range confining
potential can in principle lead to an admixture of the Γ−6 states of the Brillouin zone
center to the ∆1 states that form ψc. Γ−6 states in Si, however, have a predominant
p-symmetry, other than the corresponding states in GaAs of s-symmetry. Now, Nastos
et al.223 have recently highlighted in a theoretical work that for this reason the role of
σ− and σ+ light for spin-dependent transitions of the form

〈
Γ+

8 |p̂| Γ
−
6
〉

at the direct
band gap is inverted in Si in comparison to the same transitions in GaAs.

Thus, if the admixture of the Γ−6 states to ψc is large enough, it can lead to the
counterintuitive sign of the polarization that we observe. A prerequisite for this
scenario is that the coupling of the Γ−6 and ∆1 band is not impaired too much by the
energy difference of both bands. Also, the dipole matrix element

〈
Γ+

8 |p̂| Γ
−
6
〉

has to be
sufficiently large. Whether or not an admixture of different bands to the electron wave
function is really responsible for our peculiar observations for NP luminescence can
thus only be answered by the precise modeling of the electron and hole wave functions
in the presence of a confinement potential. The nextnano++ tool is not suited for this
task because its 8-band k · p̂ algorithm cannot couple the ∆1 with the Γ−6 band.
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Figure 10.5 | Circular-polarization-resolved PL spectra of a sample containing 80 layers
of Ge hut-clusters each separated by 25nm Si at a temperature of about 10K. The RCP of
the exciting laser beam corresponds to σ+-polarized photons. The hut-cluster PL does not
exhibit a detectable circular polarization.

10.4 Optical orientation of spins in Ge quantum dots

In the following, we will discuss our efforts to impose an imbalance to the spin popula-
tion of the electron and hole systems of Ge QD ensembles by optical orientation and to
detect it by the circular polarization of the QD PL. For these all-optical spin orientation
experiments, without applied magnetic field, the exciting laser beam always had RCP.
The measurements were carried out at a temperature of 10 K.

10.4.1 Nonresonant excitation

In a first attempt, we used the 514 nm Ar-ion laser line to excite the PL. Figure 10.5
shows the circular-polarization-resolved NP PL spectra of the Ge QD sample. The
propagation direction of the exciting light beam is now chosen to define the quantiza-
tion axis, and with respect to this direction the RCP of the incident light corresponds to
σ+-polarized photons. The intensities of the σ+- and σ−-polarized components of the
PL are obviously similar within the signal-to-noise ratio.À We would have expected

À For accuracy we note that for the present experimental conditions, as depicted in Fig. A.4, the
quantization axis, now given by the propagation direction of the incident laser light, lay antiparallel to
the quantization axis of the field-dependent measurements presented before. Hence, the terms σ+ and
σ− are reversed for the two opposite polarization directions probed by the fixed laboratory framework.
See also Appendix B.
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the σ−-polarized component to have a larger intensity than the σ+ component because
in principle the same selection rules as observed for the NP recombination in the
field-dependent case should apply.

The absence of any circular polarization in the PL suggests that these selection rules
and hereby spin-dependent phenomena cannot be probed by the employed excitation
wavelength of 514 nm equivalent to a photon energy of about 2.41 eV. This excitation
energy lies considerably above the indirect band gap of Si. Hence, spatially direct
creation of electron-hole pairs within the Si spacer layers is likely to occur. As we
pointed out in Section 8.4, the small spin-orbit coupling in Si then makes the optical
injection of electron spins impossible. In fact, Cheng et al.140 demonstrated very recently
in a theoretical work that the degree of electron spin polarization is already negligible
for excitation energies only as low as 300 meV above the indirect band gap. Due to the
fundamental conservation of angular momentum, the spins of the incident circularly
polarized photons then have to be transferred solely to angular momentum of the
holes created in the Si spacer layers. The absence of any circular polarization of the
QD luminescence indicates that the relaxation of the angular momentum of these holes
in the Si layers takes place on a faster timescale than both the capture of the holes
by the confining potential of Ge QDs and the subsequent radiative recombination.
The initial spin information is thus lost and missing from the PL. The conclusion we
can draw from our observations is that the optical injection of neither spin-polarized
electrons nor holes into the Ge QDs is possible for the present nonresonant, high-energy
excitation.

10.4.2 Quasi-resonant excitation

By quasi-resonant excitation we understand sufficiently small photon energies Eexc that
do not allow excitation from the SO valence bands of Si. For cryogenic temperatures
and transitions via the excitation of a TO phonon this corresponds to Eexc < Eg +∆SO +
ETO = (1170 + 44 + 58)meV = 1272 meV or wavelengths λexc > 975 nm. We chose
an infra-red wavelength of λexc = 1464 nm or Eexc = 847 meV emitted from a single-
mode fiber-coupled, diode-pumped solid state laser with a maximum output power
of 150 mW. The laser photon energy is so small that excitations over the fundamental
band gap of Si cannot occur. Hence, only electrons from the quantum-confined hole
states of the Ge QDs, which lie within the fundamental Si band gap, can be excited
into the conduction band states of Si. The relatively large spin-orbit coupling energy
in Ge of about ∆SO = 290 meV now guarantees that states with a profound fraction
from the SO valence band do not contribute to the excitation process. In fact, quantum
calculations show that transitions from up to the seventh excited hole state are possible,
for which the admixture of the SO band is only as low as 15 %.190 Furthermore, all the
contributing hole states are primarily built from HH valence band states. Thus, in the
same way as the magnitude of the degree of polarization of luminescence profits from
the quantum-confined nature of the hole states, as described at the end of Section 10.1,
also the optical spin injection efficiency for quasi-resonant excitation may as well.
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Figure 10.6 | PL spectra of the Ge QD sample for quasi-resonant (red) and nonresonant
(green) excitation. For comparison a PL spectrum of an intrinsic bulk Ge sample (blue) is
given for quasi-resonant excitation.

The PL spectrum of the Ge QD sample for quasi-resonant excitation is depicted in
Fig. 10.6. For comparison a spectrum for an intrinsic bulk Ge sample is shown, obtained
under the same illumination conditions. A PL spectrum of the Ge QDs obtained for
Ar-ion laser excitation is included Fig. 10.6 to indicate the spectral range in which a PL
signal can be expected. The bulk Ge sample clearly shows various phonon replica PL
lines around 710 meV and 730 meV (the peak maxima lie out of the axis scale). The Ge
QDs do not exhibit any PL signal in the expected spectral range above the noise level.
The peak at 782 meV corresponds to laser light that has Raman-scattered at Si phonons
of the Brillouin zone center and does not reflect any PL. This absence of a PL signal
indicates that the integral absorption of the incident laser light power in the Ge QD
sample is by far smaller than in the bulk Ge sample. From the near infra-red absorption
edge around Eexc = 847 meV we can estimate the penetration depth of the laser beam
to be about α−1 = 400 µm in the Ge bulk sample.224 Since the sample thickness d is
of the same order of magnitude, practically the entire laser power that has not been
reflected at the sample surface is absorbed within the volume of the bulk specimen and
can thus excite the PL. If we take a value of 0.025 a.u. of the detector signal in Fig. 10.6
as a conveniently detectable lower limit, we can estimate from the peak height of the
Ge phonon replica PL that we still could detect PL from up to 100 times thinner pieces
of such a bulk Ge crystals. In other words, for materials with different absorption
coefficients and thicknesses we should obey the relation α · d & 0.01 as a lower-limit
figure of merit in order to be able to detect a finite PL signal with our present setup.
Approximating a single Ge QD layer as a slim, homogeneous 3D layer, all 80 layers of
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Ge material forming QDs in the Ge QD sample roughly sum up to a total thickness
of only d = 100 nm. Employing our figure of merit, the absorption coefficient of the
Ge QD sample should therefore be around α = 103 cm−1. We should keep in mind,
however, that this value is already a very optimistic approximation, given the fact that
the optically active region in the Ge QD sample, due to the type-II band alignment
and the resulting spatially indirect creation of electron-hole pairs, may actually be
considerably less than 100 nm. If we assume a ten times smaller optically active length,
we end up with α = 104 cm−1 as the minimum absorption coefficient needed. This is
already in the order of magnitude of the absorption coefficient at the direct band gap of
GaAs,225 for example. It is doubtful that, although the radiative lifetime in the present
Ge QD sample can be expected to be decreased in comparison with bulk Ge, such a
high absorption coefficient is reached.

In order to be able to access PL with sufficient resolution to carry out polarization
experiments, the setup has to be technically enhanced or light absorption/extraction in
the Ge QD sample improved. Enhancements of the setup could be: Using a microscope
objective as focusing lens to increase the power density of the incident laser beam and
also the collection efficiency of the PL. This, however, requires major reconstructions of
the used magnet cryostat itself; Laser sources with higher output powers than 150 mW
could also be an option but are hardly commercially available for the necessary near
infra-red wavelength region; Although we consider the Ge photo-diode detector to be
quite sensitive, alternatively InGaAs photomultiplier tubes may be tried.

Improvements of the QD samples itself seem only hardly feasible. Structuring
of waveguides or even photonic crystal cavities to the sample may enhance light
absorption/extraction but will in the end have direct consequences on the polarization
of the luminescence and do not help in understanding optical orientation in Ge QDs
from a fundamental point of view. Growth of samples with a considerably increased
number of Ge QD layers is not possible with our MBE machine.

A completely alternative approach to spin orientation experiments lies in meth-
ods like Faraday and Kerr rotation, which use the measurement of spin-dependent
absorption. These type of measurements could get rid of the long timescale of radiative
transitions that is an obstacle in PL experiments of group IV materials. In addition,
Faraday and Kerr rotation are usually employed in such an experimental way that
they deliver a direct differential measurement of the spin polarization and are thus
inherently more sensitive. In the past, especially ultrafast Faraday spectroscopy has
been an important tool to investigate spin properties of III-V and II-VI semiconductors
and also to get direct access to their spin dynamics.226 The Ge QD sample discussed in
this chapter is currently studied by Faraday rotation in a collaboration with the group
of M. Betz, Technische Universität Dortmund.
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Spin injection from GeMn into Si – spin

light-emitting diodes

IN the preceding chapters of Part II of this thesis, we have concentrated on laying
the foundation for the comprehension of the optical injection and detection of

spin-polarized charge carriers in bulk Si and Ge/Si-based heterostructures. We have
demonstrated the general potential to optically verify a spin-polarized carrier pop-
ulation with these group IV materials. In this chapter, we try to utilize the optical
detection to examine the spin-polarizing potential of the semiconducting GeMn thin
films, addressed in Part I of this thesis, with their promising magnetic properties. To
this end, we study GeMn thin films acting as electrical contacts to inject possibly spin-
polarized carriers into a SiGe quantum well (QW) embedded in a Si-based pin diode
structure. By measuring the circular polarization of the resulting electroluminescence
(EL) upon carrier recombination in the QW, a spin polarization of the injected carriers
can be detected.

This so-called spin light-emitting diode (LED) is well established as a detection
tool of spin-polarized electron currents injected from a ferromagnetic metal (FM)
into optically active, direct band gap semiconductor materials156–160 and has also
recently been applied to verify spin injection from FMs into Si-based devices.130–134

In general, however, it is not possible to directly inject a spin-polarized electrical
current from a spin-polarized material of high conductivity, like a FM, into a material
of small conductivity, like a semiconductor, over useful length scales. This fact, firstly
highlighted by Schmidt et al.227 and known in literature as the conductivity mismatch
problem, is further promoted if the weakly conducting material exhibits long spin
relaxation times or large spin scattering lengths, as it is the case for Si.227 Hence, in
spin LED studies it is common practice that the FM is not directly deposited onto the
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semiconductor heterostructure. Instead, a nanometer-thin, highly insulating oxide
layer is inserted between the interface of the FM contact and the semiconductor. The
oxide layer acts as tunneling barrier and thus forms, by the nature of the quantum
mechanical tunneling process, a spin-dependent, high in-series resistance for charge
carriers crossing the junction. As proposed by Rashba,228 this junction type meets the
necessary properties to overcome the conductivity mismatch problem and allows the
spin injection from a highly conducting into a poorly conducting material over length
scales of more than a few nanometer.

In our case, the incorporation of an additional oxide layer will not be necessary
because the GeMn thin films are not metallic. The conductivities of these, still semi-
conducting, layers can be tuned by conventional doping and will be matched to the
conductivity of the Si structure, as will be outlined below. In fact, regarding spin
injection, this is one of the key benefits of a ferromagnetic semiconductor over a FM
contact. It should be mentioned that due to the p-type nature of the GeMn thin films,
hole spin injection rather than the usual electron spin injection is investigated here.

11.1 Growth and characterization of GeMn/Si-based
spin LED structures

11.1.1 Molecular beam epitaxy of spin LEDs

We utilized a MBE-grown Si0.7Ge0.3 QW embedded in the middle of the intrinsic region
of a Si-based pin diode as the optically active region of the spin LED. A very similar
structure was recently used to successfully detect spin injection from the remanent
state of a ferromagnetic Co/Pt contact.133 Despite the fact that epitaxy of high-grade
SiGe QWs is very well documented in literature and has also a long history in the
Abstreiter group at the WSI,229–231 the fabrication of reliable, optically active samples
took a lot of effort. The optimization process of growth parameters is in part comprised
in Appendix C.1. Here, we present only the final sample structure. A highly Sb-doped,
[001]-oriented Si wafer was used as the substrate. The substrate forms the n-region of
the diode and acts at the same time as the back contact of the final device. 30 nm-thick
undoped Si was grown as the first intrinsic spacer layer. Subsequently, nominally 40
monolayers of a Si0.7Ge0.3 alloy were deposited at a substrate temperature of about
TS = 615 ◦C, forming the fully strained, pseudomorphic, 5.6 nm-thick QW. This step
was succeeded by the growth of again 30 nm intrinsic Si material as the second spacer
layer, before 100 nm of B-doped, p-type Si with a B concentration of about 5× 1018 cm−3

were deposited. For the final GeMn contact layer, the growth was interrupted and
the substrate temperature was reduced to TS = 60 ◦C, in order to match the growth
conditions of the thin films presented in Part I. At a total growth rate of rGe = 0.25 Å s−1,
a Ge0.88Mn0.12 thin film of 80 nm thickness was grown by codeposition of Ge and Mn,
which from hereon shall be denoted only as GeMn thin film for brevity. The GeMn
thin film was simultaneously codoped with B at a concentration of 5× 1018 cm−3.
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Figure 11.1 | a, Layer scheme for the GeMn contact spin LED. In a reference sample, the
GeMn layers were replaced by corresponding p-type Ge:B layers. b, Microscope image of
the actual device.

Eventually, in a 3 nm-thick capping layer the B concentration in the GeMn alloy was
raised to 3× 1019 cm−3 to allow for an easy electrical contacting. The sample design is
schematically depicted in Fig. 11.1a. A reference sample, similar in the layout but with
omission of Mn, was also fabricated.

11.1.2 Magnetism of spin LEDs

The pseudomorphic growth of high-content Ge layers on Si is only possible for a very
limited thickness, due to the rapid accumulation of strain energy in thick Ge layers.
The GeMn film thickness of 80 nm clearly exceeds the critical thickness for which
plastic relaxation of the strained epilayer occurs. Hence, the morphology and structural
quality of GeMn layers grown on top of a Si structure can be expected to be different
from that of GeMn grown on Ge substrates. A recent study of heteroepitaxial growth
of low-temperature GeMn on Si substrates has shown that despite a large number of
point and line defects, which are introduced at the interface between the Si substrate
and GeMn, and an overall increased surface roughness, the growth of GeMn clusters
embedded in a crystalline Ge matrix that is known from the homoepitaxial growth is
not affected.59,60

In order to verify that the structural properties of the GeMn thin film have not
changed in such an extent that the ferromagnetic properties of the GeMn clusters
in the contact layer are absent, we conducted magnetization measurements in the
out-of-plane sample geometry. The magnetization versus external applied field for
different measurement temperatures is plotted in Fig. 11.2. We find a weakly remanent
magnetization for temperatures below approximately 15 K and an unblocked super-
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Figure 11.2 |Measurement of the sample magnetization versus external magnetic field.
The magnetic field was applied along the out-of-plane direction. The supermoments µsp
obtained from fits of simple Langevin curves to the data for 50K, 100K, and 150K are given
in the legend. The full measurement loop for 5K clearly exhibits a hysteresis. Note that the
offsets in the curves for 50K and 100K around 4T and 3T, respectively, are measurement
artifacts.

paramagnetism for higher temperatures, in accordance with our prior findings for
GeMn films grown on Ge substrates and both representative for the presence of the
ferromagnetic clusters.15,23 The supermoments µsp we obtained from simple Langevin
fits to the measurement curves (see the legend of Fig. 11.2), are roughly by a factor of
two larger than those of thin films grown on Ge substrates. Also in agreement with
the prior findings for the chosen growth conditions of the GeMn contact layer is the
absence of any signature of the ferromagnetic Mn5Ge3 secondary phase in field-cooled
magnetization measurement versus temperature (not shown). Hence, we conclude
from the magnetization measurements that GeMn growth on Si substrates delivers the
expected magnetic features.

11.2 Device fabrication and electroluminescence experi-
ments

The LED devices for EL measurements were obtained in a first step by photolitho-
graphic definition of roundly shaped mesas and subsequent wet chemical etching of
the sample. In a second lithography step, areas for the top contacts were defined to
parts of the mesas, leaving circular windows in the mesa centers for the extraction of
the luminescence. The top contacts were fabricated by deposition of 5 nm Ti succeeded
by 100 nm Au. The specimen was mounted with conductive silver paint to a chip
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Figure 11.3 | EL spectrum of the Ge contact reference LED showing distinct NP and TO
luminescence features of the QW.

carrier, such that the degenerate n-type backside of the substrate could act as a global
back contact of the device. Individual, ultrasonic ball-bonding of the top contacts
made the selection of different mesas as active light emitters possible. The experiments
presented in the following were conducted for the mesa with a base diameter of 400 µm
and a window diameter of 360 µm. Details of the fabrication process are given in
Appendix C.2. A picture of the final device is shown in Fig. 11.1b.

The EL was excited by applying a 50/50 duty cycle, square-waveform, ac voltage to
the spin LED sample, alternating between 0 V and a peak voltage in forward direction
of about 4.3 V. The corresponding peak current density was approximately 62 A cm−2.
The same magnet cryostat setup as used for the PL measurements shown in the
previous chapters was employed for the EL measurements. Magnetic-field-dependent
measurements were carried out in Faraday geometry with the sample surface normal
being parallel to the field axis. Details of the setup are described in Appendix A.4.

Figure 11.3 depicts an EL spectrum of the reference LED sample at a tempera-
ture of 10 K. In addition to the small EL peak at 1075 meV, which is a signal arising
from electron-hole recombinations in bulk Si, we can distinguish two separate peaks
at the low-energy side of the Si luminescence. These belong to recombination pro-
cesses attributed to the Si0.7Ge0.3 QW. The peak around 977 meV corresponds to NP
recombinations, while the red-shifted peak at 925 meV stems from TO-phonon-assisted
recombinations. In the following we concentrate on the study of the spectral region of
the QW luminescence.
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Figure 11.4 | (left axis) EL spectra of the Ge contact reference LED in a magnetic field of 7 T
for the σ+- and σ−-polarized component. (right axis) Spectrally resolved degree of circular
polarization Pl. A change of sign of Pl occurs for the NP and TO recombination line. The
large-amplitude polarizations at the peak tails are artifacts due to the small signal-to-noise
ratio.

11.3 Circularly polarized electroluminescence – an out-
look to spin injection

As can be seen from Fig. 11.2, the remanent magnetization of the GeMn thin film
does not exceed the order of 20 % of the saturation magnetization. Thus, in order to
maximize the circular polarization of the luminescence stemming from the possibly
spin-polarized injected holes, we measure the EL in an external field to fully orient
the magnetization of the GeMn thin film. As we learned in the preceding chapters the
applied field, however, inevitably leads to a circular polarization of luminescence of
bulk Si and Ge QDs by itself. We can see in Fig. 11.4, where the polarization-resolved
EL of the reference sample in a field of 7 T and at temperature of 5 K is depicted, that
this also holds for the luminescence of the Si0.7Ge0.3 QW.

At this stage, we briefly remark that the sign of the degree of polarization of the
NP luminescence of the QW is not the same as of the TO luminescence. We easily see
this in Fig. 11.4 from the spectrally resolved degree of circular polarization (blue curve,
right axis), which crosses the zero-line for an energy in between the TO and NP part of
the EL spectra. This fact is in line with the observations for bulk Si NP and Ge QD NP
luminescence and supports the implication of qualitatively different selection rules for
NP and TO transitions as discussed at the end of Chapter 10.
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Figure 11.5 | Degree of circular polarization of the NP EL versus magnetic field for both
the Ge contact reference LED and the GeMn contact spin LED.

The field dependence of the degree of circular polarization of both the sample with
the reference Ge and GeMn contact was recorded for the peak energies of the respective
NP EL signals and for the down-sweep direction of the magnetic field. The results are
depicted in Fig. 11.5. Every data point is an average of 100 readings of the detector
output signal. This procedure was pursued primarily to reduce the noise arising in
the signal acquisition process. Corresponding error bars, assuming a Gaussian noise
distribution, are also indicated in Fig. 11.5. We want to note, however, that a larger
form of error is introduced to the measurements by an ubiquitous, nonmonotonic drift
of the EL signal, the reasons of which are not completely understood.

We can see in Fig. 11.5 that the degree of circular polarization of the LED sample
with the reference Ge contact exhibits a linear dependence on the magnetic field with
a negative slope. A similar behavior and the same order of magnitude is found for
the degree of circular polarization of the EL of the GeMn contact spin LED, although
it is apparently a little smaller for negative field values and larger for positive field
values than that of the reference sample. The observation of an entirely field-induced
EL polarization for the reference sample suggests that in the case of the GeMn spin
LED such a polarization will form an additive background contribution to a possible
polarization stemming from injected spin-polarized carriers. In Fig. 11.6 we thus plot
the polarization curve of the GeMn contact spin LED after point-by-point subtraction
of the polarization curve of the reference Ge contact LED. The figure also includes the
corresponding 5 K out-of-plane magnetization curve. If spin-polarized carriers were
successfully injected into the QW, due to the orientation of the magnetization of the
GeMn layer by the external field, the spin LED polarization should track the Langevin-
like s-shaped magnetization curve. Despite the widely scattered data points, we are
inclined to identify this s-shaped curvature in the remaining polarization curve of the
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Figure 11.6 | (left axis, red) Degree of circular polarization of EL versus magnetic field of
the GeMn contact spin LED after subtraction of the reference data. (right axis, blue) For
comparison the corresponding magnetization loop is also plotted.

spin LED EL because, at least in part, it resembles the plotted magnetization. We can
consider this observation a first indication for the injection of holes that indeed have a
predominant, nonequilibrium alignment of their angular momentum, and therefore
must have been polarized within the GeMn contact layer.

For final conclusions, however, several control experiments are necessary: First
of all, the same kind of EL measurement should be carried out with higher magnetic
field resolution, in order to verify that the field dependence of the EL polarization
is really described by the magnetization curve. Particularly, it should also exhibit a
hysteresis. In context with the drifting EL signal described above, this seems only
productive after a further modification of the experimental setup to reduce errors.
Then it has to be checked that the circular polarization of the luminescence is not just
artificially introduced by a possible magnetic circular dichroism (MCD) of the GeMn
layer while the photons cross the GeMn contact window. To this end, recombination
of nonpolarized carriers injected into the QW has to be investigated, for which two
approaches seem adequate. On the one hand, there is the excitation of PL in the
QW. First attempts to excite the QW PL from the topside with an Ar-ion laser were
unsuccessful, which we connect to the strong absorption of the exciting laser light
within the 80 nm-thick GeMn layer. Note that excitation from the topside may in
general not be ultimately conclusive, because the exciting light beam might itself
undergo dichroic absorption in the GeMn layer. Thus, exciting the PL from the backside
of the sample while observing it from the topside should be favored, which however
would require extreme thinning of the specimen. Alternatively, using EL as proof or
disproof of an MCD effect, one could try to inject nonpolarized carriers by selectively
contacting the highly doped p-type Si layer, which lies in between the GeMn layer and
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the QW, in a refined lithography process. Upon current injection the holes would then
not pass the GeMn layer, while photons still have to exit through the GeMn layer. Of
course, stand-alone experiments for the quantification of the MCD of GeMn thin films
may also be helpful.

In addition to the necessary, further experimental efforts to investigate the possibly
successful hole spin injection from GeMn into Si, it is necessary to highlight some
aspect of this problem by theory, too. Two mayor topics come to mind here. On the
one hand, the spin coupling mechanism of itinerant holes with the magnetic moments
within the GeMn layers has to be investigated in more detail. This determines the
direction of the angular momentum of holes that are injected into the Si part of the
spin LED. Our preliminary results suggest that their angular momentum alignment is
opposite to the field-induced alignment in the QW, because the absolute value of the
degree of polarization is reduced for the GeMn spin LED in comparison to the reference
sample. Such a study has to account for the real nanostructure, the resulting electronic
band structure, and origins of ferromagnetism of the GeMn thin film. In large extents,
these factors are themselves still not satisfactorily or not at all treated by theory. The
other point, also relying on an improved and realistic theoretical description of the
properties of the GeMn material system, is a detailed investigation of the conductivity
mismatch between the ferromagnetic GeMn clusters, the surrounding Ge matrix, and
the optically active Si-based device. Although we tried to equalize the global charge
carrier density in the GeMn layer and the Si p-type side of the diode by doping, this
does not automatically guarantee that the conductivity of the GeMn clusters for the
possibly spin-polarized holes is actually matched to the conductivity of the Ge matrix or
the Si material. Numerical estimates on the consequences of the conductivity mismatch
on the spin diffusion length have to make assumptions on the spin relaxation times
or spin scattering lengths of the involved materials.227 For realistic estimates of the
conductivity mismatch problem, theory thus also has to take the presumably large
number of crystal defects in the present GeMn contact layer into account because such
defects are known to act as a source of additional spin scattering.130 We remind that for
the present GeMn spin LED hole spin injection into Si is studied. Hole spin relaxation,
also for Si, is in general faster than electron spin relaxation and thus may be obstructive
to spin injection from GeMn into Si over wide distances. From a realistic treatment
of this device by theorists, including above mentioned factors, we would extremely
benefit in judging whether the observed polarization of the spin LED luminescence is
a true consequence of spin injection.
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Summary and concluding remarks

for Part II

Part II comprised our multifaceted approach to optically detect a carrier spin polariza-
tion in group-IV-based semiconductor materials. As a first focus, we sketched a way to
study spin-dependent transition probabilities in bulk Si. To this end, the possibility
to optically detect a magnetic-field-induced spin polarization was illuminated. The
field-induced polarization can basically be traced back to the Boltzmann distributed
population of Zeeman-split conduction and valence bands. For sufficiently low tem-
peratures or high fields the imbalance in the spin population is large enough to be
observable in luminescence experiments. We derived a formal description for the
resulting degree of circular polarization of the photoluminescence as a function of
the applied field and temperature by including recent theory on the spin-dependent
selection rules of phonon-assisted radiative transitions in bulk Si. The importance
to account for both an electron- and a hole-induced luminescence polarization was
outlined.

Experiments on field-induced photoluminescence polarization were presented for
intrinsic, degenerate n-type, and degenerate p-type Si. The obtained results were in
excellent agreement with our theory, the photoluminescence showing a linear depen-
dence of its degree of circular polarization on the magnetic field. In bulk Si the effect
of doping is crucial to explain the reversed sign of the slope of this field-induced
luminescence of polarization upon comparison of intrinsic or n-type Si with p-type
Si. In the former two, the polarized luminescence is mainly due to the recombination
of field-polarized holes, whereas the contribution of electrons is only marginal. The
opposite is true for p-type Si. In general our findings confirm the recent theoretical
predictions of the selection rules and the magnitudes of the corresponding transition
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probabilities for phonon-assisted spin-dependent radiative transitions in Si, including
the effect of doping on these theoretical quantities. Thus, one might consider our study
as their first experimental verification.

We also investigated the field-induced photoluminescence polarization of phonon-
less luminescence features provided by quasi-zero-dimensional Ge quantum dots
embedded in Si and revealed a remarkable and so far not documented property:
We found a sign reversal of the degree of photoluminescence polarization for these
spin-dependent phononless radiative transitions compared to the transverse-phonon-
assisted transitions of Si type or the direct transitions of GaAs type. Independent
confirmation of this observation came from similar results on phononless transitions in
degenerate n-type Si as well as SiGe quantum wells. This points to a generic property
of the phononless transitions in Si-based structures. We proposed that it may be related
to the confined character of the electron wave function. The hereby possibly resulting
admixture of direct to indirect band gap states might lead to a qualitative change of
the spin-dependent selection rules. Further input, particularly from the theory side, is
needed to resolve the exact origins of the observed effect.

Moreover, it was discussed that the direct optical injection of electron spins in
bulk Si in the absence of a magnetic field and the subsequent optical detection via
luminescence experiments are very challenging, basically because of the long radiative
recombination times that lead to the decay of any spin information long before carrier
recombination. A rather optimistic estimate showed that no more than 0.35 % of circular
polarization can be expected in an all-optical injection and detection experiment. Such
an all-optical approach seems more feasible when the phononless optical transitions of
Ge quantum dots are utilized. The exitonic radiative lifetimes and the electron/hole
spin lifetimes are expected to be of comparable orders of magnitude. Yet, we have
shown that spin injection of carriers confined to the Ge quantum dots is not possible
for an excitation energy, 2.41 eV in our case, well above the indirect band gap of Si. For
such nonresonant excitation wavelengths electrons and holes are both created first in
the Si material surrounding the quantum dots and not within the confining potentials
of the dots. Due to the small spin-orbit coupling of Si, upon this carrier injection the
photon spin polarization is expected to be transferred in large parts to the hole system.
However, this information seems to be lost during the capture of the holes by the
quantum dots’ confining potentials because the resulting luminescence was completely
unpolarized.

We presented also efforts to excite electron-hole pairs quasi-resonantly, i.e. creating
carriers within the confining potentials attributed to the quantum dots. An excitation
energy of 847 meV was employed, whereas the ground state excitonic luminescence
lines of the quantum dots in the ensemble were centered around 755 meV. Unfortu-
nately, there is no conclusive result whether the quasi-resonant spin injection yields
a finite polarization of photoluminescence because its intensity has been too weak
to be observed by the current measurement setup. Although improvements of the
setup are conceivable, it seems equally instructive to study spin injection in Ge quan-
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tum dots by the complementary technique of Faraday rotation. In collaboration with
M. Betz, Technische Universität Dortmund, we have started first experiments in this
direction by measuring the transient sample absorption in a pump-probe setup for
quasi-resonant excitation. So far, only two-photon absorption for zero delay time of
pump and probe beam is observed indicating an extremely small absorption of the
sample in this wavelength range.

Enclosing this thesis, we finally tested the functionality of a superparamagnetic
GeMn layer as spin-injecting electrical contact. To this end, an group IV all-semicon-
ductor spin light-emitting diode was fabricated by depositing a layer of p-type GeMn
on a pin Si diode with embedded SiGe quantum well as optical emitter. Although
further experimental confirmation is needed, the first result of the field-dependent
electroluminescence curve tracking the sample magnetization curve seems to indicate
the successful injection of spin-polarized holes.
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A
Experimental techniques

THIS appendix details information about the experimental techniques that have been
used in the course of this thesis, a part of which employed in collaboration with

coworkers. Also background information on certain techniques is given.

A.1 Transmission electron microscopy

TEM was done in collaborations with S. Stemmer and J. M. LeBeau, Materials De-
partment, University of California, Santa Barbara, USA, for the STEM and HRTEM
micrographs depicted in Figs. 3.5, 3.6 and 4.1, with A. Trampert, Paul-Drude-Institut für
Festkörperelektronik, Berlin, Germany, for the DFTEM micrograph shown in Fig. 3.1,
and with J. Zweck, Universität Regensburg, Regensburg, Germany for the BFTEM
micrographs depicted in Figs. 4.2 and 4.3.

Samples were prepared by standard wedge polishing techniques followed by Ar
ion milling. An FEI Titan 80–300 kV S/TEM operating at 300 kV was used for STEM
and HRTEM imaging. STEM in HAADF mode was done with a ring-detector at inner
semiangle of 65 mrad, for the LAADF mode the inner semiangle was 23 mrad. For
DFTEM a Jeol 3010 microscope operating at 300 kV with a spatial resolution of 0.18 nm
was employed.

A.2 Atom probe tomography

The pulsed-laser APT study was carried out in collaboration with A. Cerezo and
D. W. Saxey, Department of Materials, University of Oxford, Oxford, U.K. The initial
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preparation of APT specimen needles was kindly performed by V. Lang in a cooperation
with H. Cerva, Siemens AG, Corporate Technology MM 7, Munich, Germany.

A.2.1 Background

Pulsed-laser local-electrode APT is a method suitable to project spatial atomic positions
of a sample specimen in form of a sharp needle layer-by-layer onto a large-scale
detector. Spatial resolution on the atomic scale is reached because the magnification
in APT essentially relies only on the ratio of the radius of curvature of the needle and
its distance to the detector. The basic principle is as follows: A large electric field is
applied between the specimen needle and a local electrode placed near the tip of the
needle. With the help of a laser pulse the topmost atomic layer of the specimen is
sequentially evaporated, whereas the evaporated atoms are ionized during this process.
In each evaporation step, the ions are accelerated through the applied electric field to
a velocity that corresponds to their individual mass-to-charge ratio. By time-of-flight
mass spectrometry the ion species can thus be distinguished during their flight to a
position-sensitive detector. Here, events of arriving ions are recorded in a sequential
data stream. Accounting for the geometry of the experiment, the data is reconstructed
to a 3D spatial distribution map of atom species in the needle. Detailed reviews on this
experimental technique can be found in Refs. 79 and 80.

Figure A.1a depicts a scanning electron microscopy (SEM) image of a prefabricated
Si micropost, which acts as the base for APT specimen needles. In a first preparation
step, an approximately 100 nm-thick layer of Ni followed by 1 µm Pt was deposited
onto the sample in situ of a focused ion beam chamber. Such a metal capping serves by
default as a protective layer against ion implantation during subsequent processing
steps. Then, a lamella was cut from the sample wafer with the help of a dual beam
focused ion beam and lifted out. The roughly 3 µm× 3 µm× 8 µm-sized piece of the
sample attached to the micropost is shown in Fig. A.1b. Prior to the APT analysis
the needle was sharpened by Ga ion milling, as depicted in Fig. A.1c. With a second,
low-energy milling process, usually intended to form a smooth shape and needle
surface, the complete Pt/Ni cap was purposely removed, see Fig. A.1d. This turned
out to be necessary because first runs of APT revealed that field evaporation through
the Ni layer causes the fraction of the specimen.

A.2.2 Experimental

APT was conducted using an Imago LEAP 3000X HR instrument232 in a pulsed-laser
mode. The laser had a wavelength of 532 nm and a beam spot diameter at the specimen
of less than 10 µm. The laser pulse repetition rate was 100 kHz with a pulse duration
of a few picoseconds and pulse energy of approximately 0.1 nJ. The average field
evaporation rate was controlled at 0.005 ions per pulse. Specimens were held at a
temperature of 23 K during the acquisitions in order to avoid surface diffusion of atoms
prior to field evaporation. Evidence of surface diffusion on the specimen tip was
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Figure A.1 | SEMmicrographs taken at different stages of the processing of APT needles. a,
Bare Si micropost serving as base for the specimen needle. b, Unshaped specimen lamella
attached to the post. The Pt and Ni layers are clearly visible, while the GeMn/Ge interface
cannot be resolved with SEM. c, Sharpened specimen after the first ion milling with the
metal layers still lying on top. d, Final specimen after the low-energy, second milling.

observed when performing the analysis at temperatures above 23 K and at higher laser
energies. The known thickness of the epitaxial layers was used to correctly scale the
reconstructed data.

A.3 Ion beam channeling

The channeling RBS and PIXE analysis was kindly performed by K. M. Yu, Materials
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, USA.
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A.3.1 Background

In RBS a sample specimen is bombarded with a beam of high-energetic, positively
charged ions of a light element, usually H or He. The kinetic energy of these ions is
typically in the MeV range. If these ions come close to the atomic cores of the specimen,
they are scattered by the strong Coulomb interaction. As Rutherford observed, the
scattering angle in principle only depends on the energy of the ion beam, the atomic
species of the beam, and that of the scatterer. Hence, by placing an energy-sensitive ion
detector at a given detection angle one can deduce a chemical information about the
specimen from the peak-like energy spectrum of the scattered beam and identify, for
example, impurities in a semiconductor crystal. If the impurity atom is heavier than the
host atom, the ions scattered at the impurity have larger energies than ions scattered at
the host. The opposite is true for lighter impurity atoms. For thick specimens, however,
the incident ions can undergo multiple scattering events and hereby lose energy before
they are scattered back to the detector. Therefore, in reality, the peak-like energy
spectrum at the detector is often convoluted with a depth information. Particularly
identifying light impurity elements in a heavy-atom host, such as Mn impurities in
Ge, is then not easy. In order to do this, PIXE can be employed. In addition to being
scattered, the incident ion beam can also excite electrons from the inner atomic shells
to higher-order shells. The resulting X-ray emission is specific to the scattering atom
species and does not depend on the energy of the incident ion beam, as long as it
has enough energy to excite the electrons. A PIXE spectrum thus always contains
well-defined element-specific X-ray emission lines.

A.3.2 Channeling

Channeling RBS/PIXE is a very useful tool to characterize defects in a crystalline host
material. A good introduction to the channeling technique can be found in Ref. 233,
for example. In channeling ion beam analysis one exploits the phenomenon that if
the ion beam is incident parallel to a high-symmetry axis of a crystalline host, Ge in
our case, the scattering of ions at the host atoms is highly suppressed. Only the host
atoms in the first layer of the specimen can contribute to scattering events, whereas the
host atoms in underlying layers are shadowed by the first atomic layer. Hence, along
high-symmetry axes the majority of the crystal appears ‘empty’ to the ion beam, i.e.
only a small area surrounding the host atoms, mainly given by the atomic radius, has
a finite scattering cross section with the beam. The larger part of the area facing the
beam, given by the interatomic distances, has zero scattering cross section. The ion
beam is said to be channeled by the atomic columns or planes. For a beam direction
that is parallel to the 〈hkl〉-axes of high symmetry, the yield of backscattered ions or
X-ray emission Y〈hkl〉

min,Ge is minimal. In contrast, tilting the beam to a random orientation
with respect to the specimen results in a maximum yield Yr,Ge. In a first approximation,
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Figure A.2 | Schematic of the different interstitial sites in a Ge lattice. a, Two (equivalent)
tetrahedrally coordinated interstitials. b, Hexagonally coordinated interstitial.

the quantity

χ
〈hkl〉
min,Ge ≡

Y〈hkl〉
min,Ge

Yr,Ge
, (A.1)

referred to as the normalized minimum yield, depends only on the specimen material
and is of the order of only a few percent for high-quality crystals of Ge.233 Every
perturbation of the perfect crystal periodicity leads to an increase of χ

〈hkl〉
min,Ge.

Because of the element-specificity of RBS/PIXE, the normalized minimum yield
of impurity atoms that are incorporated in the host crystal, Mn in our case, can be
determined separately. If these impurities are incorporated in a random manner in the
crystal, i.e. neither on a substitutional nor interstitial site, χ

〈hkl〉
min,Mn will always be larger

than χ
〈hkl〉
min,Ge because the Mn atoms are not shadowed. On the other hand, if they sit

on interstitial sites, the value of χ
〈hkl〉
min,Mn depends on the orientation of the crystal with

respect to the ion beam because in certain directions these interstitials are shadowed, in
other directions not. There are two possible, tetrahedrally and hexagonally coordinated,
interstitial sites in the Ge lattice, as depicted in Fig. A.2a and A.2b, respectively. In the
following we assume only tetrahedrally coordinated interstitials.

In Fig. A.3 the three main channeling directions, 〈100〉, 〈111〉, and 〈110〉, for
diamond-lattice-type crystals, such as Ge, are depicted. Also shown is a multitude
of tetrahedrally coordinated interstitial Mn atoms. For channeling along the 〈100〉
and 〈111〉 directions the tetrahedral Mn interstitials are shadowed by the Ge host
atoms, as one can see in Fig. A.3a and A.3b, respectively. Of course, the same holds for
substitutional Mn. Thus, an increase of χ

〈100〉
min,Mn or χ

〈111〉
min,Mn must be to due randomly
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incorporated Mn atoms. For both these directions one defines now the quantity

fnr ≡
1− χ

〈hkl〉
min,Mn

1− χ
〈hkl〉
min,Ge

(A.2)

as the nonrandom fraction of Mn atoms and correspondingly

fr = 1− fnr (A.3)

as the random fraction of Mn atoms.
It is now possible to distinguish the nonrandom fraction fnr further into a substitu-

tional, fs, and interstitial, fi, fraction of Mn atoms. This is can be done by channeling
along the 〈110〉 directions, as shown in Fig. A.3c. Here, the interstitials are completely
visible to the beam and contribute to scattering effects. They cause an increase of
χ
〈110〉
min,Mn, whereas substitutional Mn atoms are still shadowed. The increase of χ

〈110〉
min,Mn,

however, is not solely due to the presence of interstitials but in part also due to the
so-called flux-peaking effect. The flux-peaking effect describes the fact that because of
the channeling of the ion beam by the atomic columns, its flux density is increased in
the center of a channel and, in turn, decreased nearby the atomic columns. Thus, the
tetrahedral interstitial Mn atoms, which sit near the center of the channel, experience a
higher beam current than substitutional Mn atoms would. For a correct quantification
of fi, one includes this effect by a numerical parameter F, which is empirically derived
or calculated from simulations of the flux distribution.233 The connection between the
χ
〈110〉
min,Mn, fi, and fs is then given by234,235

χ
〈110〉
min,Mn = fr + fs · χ〈110〉

min,Ge + fi · F. (A.4)

On the other hand, Eq. (A.3) has to be modified to the new relation

fr + fs + fi = 1. (A.5)

Now, Eq. (A.4) and Eq. (A.5) allow to independently solve for fs and fi.

A.3.3 Experimental

For the present analysis a He ion beam with primary ion energy of 2 MeV was used.
The RBS and PIXE detectors were located at 165° and 135° with respect to the ion beam,
respectively. χ

〈hkl〉
min,Ge was determined from the region in the RBS spectra corresponding

to the expected main peak for Ge, whereas χ
〈hkl〉
min,Mn was quantified from PIXE scans of

the MnKα line. The nonrandom fraction fnr is calculated as the average of the values
obtained from 〈100〉 and 〈111〉 channeling scans. A flux peaking effect of F = 1.5
was assumed in Eq. (A.4). In order to distinguish between tetrahedral and hexagonal
interstitials, careful angular scans around the different axial channels would have been
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Figure A.3 | a, 〈100〉, b, 〈111〉, and c, 〈110〉 channeling directions for a Ge lattice with
tetrahedral Mn interstitials. The interstitials are shadowed in the 〈100〉 and 〈111〉 directions
but exposed in the 〈110〉 direction.
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necessary, but were not conducted. Thus, the measurement results only evidence the
presence of Mn atoms at some interstitial position. F = 1.5 accounts for something in
between the two possible sites.235 The results of this study are summarized in Table A.1.

A.4 Photo- and electroluminescence spectroscopy

A.4.1 Basic setup

For luminescence measurements we employed the experimental setup schematically
depicted in Fig. A.4. The samples were inserted in an Oxford Instruments SM4000-8
split-coil magnet cryostat where magnetic fields ranging from −7 T to 7 T and tem-
peratures between 1.4 K and 300 K are available. The setting of a positive value for
the magnetic field at the magnet power supply corresponded to the field direction
indicated in Fig. A.4. For field-dependent measurements this direction was chosen
as quantization axis, for optical orientation, i.e. circularly polarized excitation, the
quantization axis was given by the propagation axis of the incident light. In the latter
case, for an alignment as shown in Fig. A.4 the finite angle θinc between the incident
and the luminescence light generally reduces the detectable circular polarization of the
luminescence. The degree of the polarization scales with cos θt, where θt is the angle
between the luminescence beam and the incident beam transmitted into the sample.
In small-angle approximation, cos θt ≈ cos (θinc/nSi) = 0.998, where θinc = 12° and
the refractive index of Si nSi = 3.4 were used. Thus, the small θinc is without any
consequences here.

PL was excited in the visible spectrum either with an Ar-ion laser or 532 nm diode-
pumped solid-state (DPSS) laser. For excitation in the infra-red spectrum, a high-power
1464 nm DPSS with a maximum output power of approximately 150 mW was used.
The cw-laser beam was chopped with a 50/50 duty cycle chopper in order to allow
detection of the PL by lock-in technique. A chopping frequency of 66 Hz was chosen.
This is high enough to avoid jitter annoying the experimenter and at the same time low
enough for the response time of the detector. The laser powers Pexc given throughout
this thesis were determined for the unchopped cw-beam in the beam path directly
before the cryostat.

Table A.1 | Results of the channeling RBS/PIXE analysis of the GeMn thin film sample with
rGe = 0.08 Å s−1 and x = 7.3%.

sample Mn conc. χmin,Ge χmin,Mn
fr fs fi

SIMSa RBSb 〈100〉 〈111〉 〈110〉 〈100〉 〈111〉 〈110〉
R1631 7.3% 6.0% 0.103 0.11 0.093 0.88 0.89 1.02 0.88 0.09 0.03
aQuantified by secondary ion mass spectrometry (SIMS).
b Estimated from the PIXE signal intensity and the sample thickness as deduced from the RBS
spectrum.
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Figure A.4 | Schematic of the experimental layout for PL and EL measurements
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Similarly, a 50/50 duty cycle square-wave voltage was applied to the sample for
measurements of EL. Using an ac voltage to excite the EL of the spin LEDs instead of a
dc voltage followed by chopping of the EL was favored in order to reduce the heat load
to the cryostat. Thus the liquid helium consumption during the very helium-consuming
low-temperature measurements is reduced.

The adjustment of the circular polarization of the excitation in PL and of the polar-
ization analysis of the detection path in both PL and EL were done by a combination of
Glan-Thompson linear polarizers and achromatic zero-order quarter-wave retardation
plates. To switch between RCP and LCP, the quarter-wave plate was manually rotated.
The precise relative alignment of the optical axes of these polarization optics had been
previously determined in an independent setup in Faraday isolator geometry.

The luminescence was spectrally dispersed in a Jobin-Yvon Triax 550 spectrometer
by a motorized 600 lines/mm grating blazed at 1500 nm. The spectrometer slits were
maximally opened to 2 mm to allow for large signals, which were more important than
high resolution for the measurements presented here. For the large-bandwidth spectral
scans shown in this thesis, rotation steps of the grating nominally corresponding to
1 nm or 2 nm resolution were typically employed. The luminescence was detected with
a single-channel, liquid-nitrogen-cooled North Coast EO-817 Ge photo-diode. The
luminescence-induced ac voltage output signal of the Ge diode was recovered and
transformed to a dc signal by a lock-in amplifier.

A.4.2 Signal filtering

Due to cosmic-rays penetrating the detector area, the output of a Ge diode generally
contains sharp, large-amplitude voltage spikes.236 In our experiments, these overlaid to
the actual luminescence-induced signal and drastically reduce the spectrum quality. To
remove these spikes, the lock-in-recovered dc voltage signal was electronically filtered
in a so-called muon-filter, which is an electronic trigger-sample-hold circuit. The spikes
in the raw ac voltage output of the Ge detector work as a trigger for an adjustable
hold time period, during which the lock-in dc signal is replaced by a matched sample
voltage generated by muon-filter. The filtered signal is then further smoothed in an
integration circuit and the so-processed signal is output by the muon-filter. It is actually
this signal that is read with a digital voltmeter (DVM) and digitally recorded. Typically,
a hold time of 300 ms and an integration time of 1000 ms was chosen for the muon-filter.
The trigger threshold was adjusted to a setting of 30 dB, which corresponds to a spike
amplitude of 30 mV that had to be exceeded for a trigger event to occur. It is important
to set the lock-in integration time constant shorter than the hold time of the muon-filter
to allow an effective filtering. Otherwise, the voltage spikes in the lock-in-recovered
signal are smeared out in time and exceed the hold time of the muon-filter. Usually, a
time constant of 30 ms was set for the lock-in.
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Figure A.5 | Longpass filtering of the infra-red 1464nm laser by an interference filter with
1500nm cut-on frequency. Filtering after the silica fiber (red) allows the laser to undergo
Raman scattering in the fiber, which is drastically reduced by filtering before the fiber
(green). For comparison a laser spectrum without using any fiber (black) to guide the light
to the spectrometer is given. Note that for these test measurements the intensity of laser
light incident on the fiber was much higher than in actual PL measurements.

A.4.3 Laser filtering

Particularly for excitation with the infra-red 1464 nm laser diode, it was important in
our experiments with Ge hut-clusters to filter the laser light from the luminescence.
As indicated in Fig. A.4, this was done, on the one hand, by removing sidebands of
the laser well exceeding 1464 nm from the excitation spectrum by bandpass filtering
and, on the other, by blocking light with wavelengths above 1500 nm from entering
the spectrometer by longpass filtering. Here, it was important to not only put longpass
filters directly before the spectrometer but also at least one additional before the multi-
mode silica fiber. Otherwise, the 1464 nm laser excited the very broad Raman band of
the silica material and was dispersed to wavelengths up to 1700 nm, which cannot be
distinguished from the typical wavelengths of Ge hut-cluster PL. This phenomenon is
illustrated in Fig. A.5.

A.4.4 Field sweep measurements

Spectral scans of the luminescence were acquired in a stepwise manner, i.e. a starting
wavelength was set, the PL data recorded for this wavelength, the next wavelength set
according to the chosen resolution width, the data recorded, and so on. The adjustable
wait time between these steps has a minimum value of approximately 300 ms, limited
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Figure A.6 | Influence of the wait time between scanning steps on the shape of spectral
scans of the luminescence.

by the cumulated setup response time of one acquisition step. The choice of the wait
time has direct consequences on the shape of the PL spectra. Figure A.6 depicts a
comparison of Si TO PL spectra acquired with three different wait times. Clearly, for
the shortest wait time the PL peak is smeared out and its energetic position shifted into
the scanning direction. A precise spectrum is only achieved for wait times of 2000 ms
and above, given a setting of 1000 ms for the integration time of the muon-filter.

Thus, for an accurate determination of the energetic position and intensity of sharp
luminescence peaks, which is necessary to determine the degree of polarization in
polarization-resolved measurements, quick scanning is not desirable. On the other
hand, for these kind of measurements long wait times are also not an option because
they prolong the overall acquisition time of one spectrum. Determining the field-
dependence of so-measured polarization ratios then takes several hours. Due to drifts
in the luminescence signal (see below), the comparability of polarization ratios for
the different field values is impaired and in general of bad statistical significance.
For field-dependent measurements we recorded only one luminescence spectrum in
high resolution and with sufficient wait time to determine the energetic position of
the peak maximum. Then, at this photon energy the PL signal for one field value
and one polarization direction was typically measured 50 or 100 times in intervals of
1000 ms to increase the signal-to-noise-ratio. Subsequently, the opposite polarization
sense was analyzed before the next magnetic field value was approached and the
switching/measurement procedure repeated. The degree of circular polarization is
determined from the statistically averaged values. The error bars in Fig. 11.5 are
determined assuming a Gaussian distribution of the measured values.
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Particularly EL signals undergo a nonmonotonic drift on the minute time scale, the
origin of which is not completely clear. It might be related to Eddy currents arising in
the samplestick during the field sweeps and causing micrometer movements of the
sample. Indeed, we believe this drift makes already the larger error than statistical
fluctuations of the measured value, such that longer averaging and thus smaller
statistical error bars would not be of help to obtain cleaner measurements.

An improvement of the setup may lie in an automatic, motorized switching of the
polarization analysis. This would allow to change between the two circular polarization
states on a time scale shorter than the drift time scale, while it would maintain the
possibility to reduce noise by a multiply repeating of the switching procedure. In this
context, we want to note that the experience with standard liquid-crystal variable wave
retarders were highly discouraging because of their strong chromatic aberration and
poor polarization characteristics.





B
Circular polarization of light

HERE we specify the meaning of the terms right-circularly, left-circularly, σ+-, and
σ−-polarized light wave or photon that we adopt throughout this thesis. We do

so because there is, firstly, a differing convention for the usage of the terms right-circular
polarization (RCP) and left-circular polarization (LCP) to describe the polarization
sense of light in the field of wave optics, on the one hand, and quantum optics, on the
other. Moreover, RCP and LCP are often used as synonyms for σ+- and σ−-polarized
photons, which is incorrect in the general case.

In the framework of this thesis, RCP and LCP denote whether the x-y-plane projec-
tion of the electric field vector of a circularly polarized light wave at a fixed point in
space as seen from the light source describes a clockwise or counterclockwise rotation,
respectively, around the light propagation direction k as time progresses. Within this
convention, the electric field vectors ERCP and ELCP for these two cases, given that the
wave travels in positive z-direction with a frequency ω and an electric field amplitude
E, are parameterized by

ERCP(z, t) =
E√
2

(
1
+i

)
ei(kz−ωt) and (B.1)

ELCP(z, t) =
E√
2

(
1
−i

)
ei(kz−ωt). (B.2)

These two polarization states are depicted in Fig. B.1a and B.1b, respectively. RCP
and LCP denote the circular polarization states with respect to a laboratory framework
and are directly adjustable/measurable with our experimental setup once the polariza-
tion optics have been properly adjusted. Yet, RCP and LCP cannot be related to any
physics without further knowledge of the experimental conditions.
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Figure B.1 | Evolution of the electric field vector of a light wave with a, RCP and b, LCP as
defined by Eq. (B.1) and Eq. (B.2), respectively, for a fixed time and propagation along the
positive z-direction.

In contrast, σ+ and σ− polarization of a photon indicate the value of the projection of
the photon spin onto a quantization axis. For a value of +1 h̄ we speak of a σ+-polarized
photon and, accordingly, of a σ−-polarized photon for a projected value of −1 h̄. If
the spin quantization axis is given by the propagation direction k of the photon, the
spin of a σ+-polarized photon points into the same direction as k. In conformity with
particle physics, the photon is called right-handed, which by definition corresponds to
a light wave with RCP. Analogously, a σ−-polarized photon is then left-handed and
corresponds to LCP. The spin quantization axis can coincide but has not to coincide
with the propagation direction of the photon. For example, when one is interested
in the mutual relationship between the magnetic-field-oriented or optically oriented
spin of an electron and that of a photon created upon the electron recombination, it
is sensible to choose the direction of the magnetic field B or propagation direction
of the incident light beam kinc as the physically relevant quantization axis. That is,
‘σ+-polarized’ or ‘σ−-polarized’ is actually the significant nomenclature of polarization
and does not dependent on a laboratory framework. In Table B.1 we comprise the
relationship of σ+/σ−-polarized photons to RCP/LCP for the different alignments of
k, kinc and B that are of practical relevance in experiments.

Table B.1 | Relation between RCP/LCP of a light wave in the laboratory framework, as
defined in the text, and σ+/σ−-polarized photons in the physical framework. The physical
framework is either given by B or kinc. k is the propagation direction of the observed light,
e.g. luminescence. Their relative alignment is indicated by the arrows, (↑↑) meaning parallel
and (↑↓) antiparallel alignment. Black and red color code correspond to the observation of
a σ+- and σ−-polarized photon, respectively.

B kinc
↑ ↓ ↑ ↓

k
↑ RCP LCP RCP LCPLCP RCP LCP RCP
↓ LCP RCP LCP RCPRCP LCP RCP LCP



C
Light-emitting diodes

THE way to the fabrication of reliable SiGe QW emitters embedded in LED structures
is sketched in the following, including the processing recipes for the preparation

of LED devices.

C.1 Growth optimization

C.1.1 Temperature issues

In the beginning of our spin LED study, we had to recover the knowledge about the
growth of optically active SiGe QWs, exhibiting distinct TO and NP luminescence lines.
We aimed at growing a nominally 40-monolayer-thick, single Si0.7Ge0.3 QW, sand-
wiched between 30 nm-thick intrinsic Si barriers. 40 monolayers of this pseudomorphic
alloy correspond to approx. 5.6 nm. In analogy to a similar, multi-QW structure that
was previously fabricated in the Abstreiter group, we chose a growth temperature
around TS = 615 ◦C as measured by the thermocouple on the wafer manipulator of the
MBE machine.230 In a first try, we directly integrated this sandwich into a nip Si diode
structure (R1840), as depicted in Fig. C.1a. The growth of a SiGe alloy on nonrotating
wafers results in a concentration gradient due to the asymmetric position of our Si and
Ge electron beam sources with respect to the wafer center. Consequently, the actual
composition of the QW and hereby the luminescence energies change with wafer
position, whereas the nominal composition is only valid for the center (cf. Ref. 237).
We thus characterized many pieces of this first sample taken from different positions of
the wafer. In what follows, the nomenclature of the positions of these pieces is always
identical and is indicated in the wafer map depicted in Fig. C.1b.
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Figure C.1 | a, Schematic of the first layout of nip diodes. b, Wafer map indicating the SiGe
concentration gradient.

The corresponding PL measurements are shown in Fig. C.2. Several features can
be noted: The wafer pieces G3–6 and G9–13 exhibit distinctive QW NP and TO lumi-
nescence. As expected, for increasing Ge content these features become red-shifted.
On the other hand, the pieces B, F1–6, and E1–3 do not exhibit these two distinct
luminescence lines but only one very broad red-shifted feature, encircled in the figure.
These features lie at energies that are a priori not in line with the recombination of
electron-hole pairs that were quantum-confined within a 5.6 nm-thick QW. The broad
feature is furthermore antisymmetric, exhibiting a low-energy tail. The remaining
wafer pieces exhibit a mixture of both the QW luminescence and the broad feature.
Note that the NP line of wafer piece A and its associated TO line have a large and
unexpected blue shift.

By the fabrication of control samples we excluded that the origin of the broad
feature is a consequence of the growth on p-type substrates (R1843), p-type buffers
(R1850), or the capping with n-type Si layers (R1858). Particularly for the center of the
wafers, all control samples shared the absence of QW luminescence. Furthermore, also
a sample where the Si0.7Ge0.3 was replaced by 25-monolayer-thick (3.4 nm) Si0.8Ge0.2
QW (R1871) exhibited QW luminescence only away from the wafer center.

We fabricated another Si0.7Ge0.3 reference sample (R1866), omitting all capping
layers of the QW. The surface topography of this sample was characterized by atomic
force microscopy (AFM). Two AFM scans for a 10 µm× 10 µm pane and a 1 µm× 1 µm
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Figure C.2 | PL spectra of different wafer pieces of a sample containing a nominal Si0.7Ge0.3
QW. The QW NP and TO luminescence are indicated by the dotted lines, red-shifting with
increasing Ge content. Possible PL features of a wetting layer are marked with arrows,
whereas possible PL from large SiGe islands is encircled.

close-up are shown in Fig. C.3a and C.3b, respectively. Surprisingly, AFM evidences
the formation of well-defined, well-ordered pyramids, oriented parallel to the 〈100〉
crystal directions. The height of these pyramids is on the 30 nm to 50 nm scale.

The uncapped sample cannot directly be compared to the overgrown samples.
However, particularly if the temperature during the overgrowth is not sufficient to
allow interdiffusion of subsequently deposited Si and hereby flattening of the surface,
it is reasonable to assume that the pyramidal features are in some extent preserved
in overgrown samples. This may very well be the case due to two facts: At substrate
temperatures around 600 ◦C, a distinctively darker glow of the center of 3-inch wafers
is clearly visible during the growth in the MBE machine, hinting at a cold spot in the
wafer center. Additionally, with the intent to diminish dopant segregation in the n-type
Si layer, for all QWs discussed up to here the growth protocol contained a rather rapid
temperature drop directly after the QW layer, corresponding to a power decrease of
the manipulator heater from 53 % to 36 % in 90 s.
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Figure C.3 | AFM topography of 40 monolayers of a Si0.7Ge0.3 alloy deposited at a temper-
ature around 615 ◦C on a Si (001) surface.

Thus, we believe that the broad luminescence is connected to the pyramidal SiGe
islands which apparently are still present in nominal QW samples. The red-shift might
be caused by their large dimensions and the thus resulting reduction of quantum
confinement effects. The asymmetric shape of this feature could be the consequence
of a merging NP and TO line. Finally, the blue-shifted luminescence peaks of piece A
in Fig. C.2 might arise from a narrow wetting layer. These conjectures suggest that a
continuous QW as such is not realized for the present growth conditions and that the
observed QW luminescence is rather due to flattened islands acting as ‘QW’ segments.

The above describe preliminary observations, particularly regarding the occurrence
of well-ordered SiGe island arrays, are currently investigated in more detail in the
course of the dissertation of T. Zabel, WSI.238

In order to obtain a better and more reliable yield of QW-like luminescence for
our spin LED experiments, we adapted the growth protocol and introduced a smooth
temperature ramp during a slower growth of the intrinsic Si layer that followed the
QW. The power decrease of the heater in this new protocol was only 53 % to 36 % in
580 s.

C.1.2 Phosphorus segregation

After the realization of working nip LEDs, we turned to the fabrication of pin LEDs,
i.e. diodes with a p-type capping, because these were necessary to integrate the p-type
GeMn on top for the final spin LEDs. In our first attempt, we basically inverted the
structure shown in Fig. C.1a. Figure C.4 shows PL scans for different wafer pieces
of this first pin sample (R1907). Aside from luminescence peaks of the n-type Si
substrate, neither QW nor island luminescence could be observed. This effect is
possibly related to the P-doped Si buffer layer that was included in the sample structure.



C.1. Growth optimization 135

Figure C.4 | PL spectra of different wafer pieces of a sample containing a Si0.7Ge0.3 QW
embedded in a pin diode structure. Only PL signals from the n-type Si substrate are visible.
The QW PL is quenched, most likely due to P segregation.

Figure C.5 | PL spectra of different wafer pieces of a sample containing a Si0.7Ge0.3 QW
embedded in a pin diode structure. No n-type buffer layer was grown in this structure. QW
luminescence is clearly visible.
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The buffer was grown at moderate temperatures around 320 ◦C, but the QW growth
made a strong increase of the substrate temperature during the following 30 nm of
intrinsic Si necessary. It is known that the segregation of h is promoted by increasing
temperatures.239 We believe that such segregation of P atoms into the QW leads to the
quenching of PL, probably due to an enhancement of nonradiative decay mechanisms.

In the final sample layout, which we also used to implement the spin LEDs, the
growth of a buffer layer was omitted. The first 30 nm-thick intrinsic Si layer was
directly deposited onto the substrate, after the usual deoxidization step. As shown in
Fig. C.5, QW PL is present, also in pieces cut from the center of the wafer (R1915).

C.2 Process technology

For device processing we always used 4 mm× 5 mm-shaped wafer pieces as dies.

Sample cleaning In order to remove dust from the chip surface, they were cleaned
in an ultrasonic acetone bath, while manually wiping the surface with a Q-tip. The
sample pieces were removed from the bath in a constant flush of isopropanol and
subsequently blown dry with nitrogen. Immediately before spinning of the photoresist
in each photolithography step an additional cleaning step was carried out directly in
the spinner:

• spinning at 4000 rpm, 0 s acceleration, 30 s duration

• 10 s rinsing in acetone

• smooth transition to 10 s rinsing in isopropanol

• drying with nitrogen

Photolithography of mesas In lack of a photoresist with larger spinning thickness,
the spinning and soft-bake procedure was carried out three times:

• photoresist Microposit S1818, in order to completely cover the samples edges 2–3
drops were used

• spinning at 4000 rpm, 0 s acceleration, 40 s duration

• soft-bake: 2 min at 115 ◦C on a hotplate, samples lay on a clean microscope slide

• exposure: 40 s in hard-contact mode, 380 W lamp

• development: 30 s in AZ351 developer (1:5 DI water), stopping in DI water,
drying with nitrogen

• hard-bake: 3 h at 120 ◦C in an oven
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Mesa etching First attempts to employ reactive ion etching to define the mesa were
unsatisfactory. The etch rates were not reproducible and highly sample-dependent. In
addition, already the etching on a single die was extremely inhomogeneous. We thus
switched to conventional wet-chemical etching:

• etchant: 20 parts of 0.5 % HF and 90 parts of 69 % HNO3

• etch-time: 10 min

Usually the etching of Ge or GeMn in above given etchant was very fast, whereas the Si
material needed distinctively longer etching times. For the sample structure depicted
in Fig. 11.1a, 10 min etching resulted in the removal of approx. 600 nm material.

Photolithography of contacts The photolithography mask for the metallized contacts
consisted of a guard-ring-like metallized area circumventing the mesa window and
including an attached bond pad area. In the same lithography step another bond
pad area with a small bar extending into the mesa window was created. This second
bond pad would have allowed selective contacting of a circular contact centered on the
mesa window that could optionally be defined and which was intended to deposit a
transparent contact. This option was not used for the devices presented here.

• sample-cleaning (see above)
• photoresist Microposit S1818, 2–3 drops
• spinning at 4000 rpm, 0 s acceleration, 40 s duration
• soft-bake: 10 min at 90 ◦C in an oven
• exposure: 10 s in hard-contact mode
• development: 20 s in AZ351 developer (1:5 DI water), stopping in DI water,

drying with nitrogen
• soft-bake: 10 min at 90 ◦C in an oven, primary purpose of the second-soft bake

was to fix the samples with photoresist to a microscope slide

Evaporation of contacts The metal contact were fabricated by thermal evaporation
in a vacuum chamber:

• adhesion layer: 5 nm Ti
• contact layer: 100 nm Au

Direct ultrasonic ball-bonding to these contacts was possible on a day-to-day as well
as sample-to-sample basis. Also, a Cr/Ti/Au layer structure was tried as contact,
yet, without any benefit for bonding. The exact Au layer thickness was not crucial
to provide working contacts. As the optional transparent contact window was not
deposited, both pads were held at the same potential for EL measurements. The highly
conducting n-type substrate was exploited as the back contact of the finished device.
To this end, the processed die was glued onto a conducting chip carrier with silver
conductive paint.
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