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Zusammenfassung
Diese Forschungsarbeit behandelt mit Molekularstrahlepitaxie gewachsene InSb-Quantentopfheterostrukturen, die aus unterschiedlich gestalteten Überbrückungsstrukturen und Barrieren bestehen. Beschrieben werden optimierte Wachstumsbedingungen und -techniken, mit
welchen sowohl die beste Kristallqualität, als auch die besten Elektronentransporteigenschaften erzielt werden können. Der Einfluss des Designs verschiedener Pufferschichten wird
mit der Ladunsträgermobilität bemessen und den Merkmalen in der Widerstandsmessung
im Magnetotransport zugeordnet. Von unseren InSb-Quantentopfproben mit sehr hoher
Elektronenmobilität, welche zusätzlich gutes Transportverhalten aufweisen, entnehmen wir
mehrere materialspezifische Eigenschaften und legen die verbleibenden, mobilitätslimitierenden Streumechanismen offen. Speziell konzipierte InSb-Heterostrukturen ermöglichen es uns,
gatebare Hall-Bar Bauelemente zu fabrizieren und dementsprechend die Transportcharakteristiken unserer Strukturen tiefgründiger zu analysieren. Mit diesem Design der Strukturen
haben wir Tunnelexperimente an Supraleiter-Halbleiter Hybridbauelementen durchgeführt.
Die anfallende Komplexität der Heterostruktursysteme, die erforderlich ist um die Gitterkonstante von InSb zu erreichen, suggeriert verschiedene Pufferstrategien zu untersuchen, wenn
auf GaAs-Substraten gewachsen wird. Wir folgen der Idee einer schrittweisen Vergrösserung
der Gitterkonstante, indem wir AlSb und GaSb als erste Zwischenpuffer und Variationen der
ternären Verbindungen In1−x Alx Sb und In1−x Gax Sb als zweite Zwischenpuffer anwenden, um
die von uns standardmässig eingesetzten In0.9 Al0.1 Sb-Barrieren zu erreichen. Wir untersuchen
richtungsweisende Pufferdesigns mit Methoden der Rasterkraftmikroskopie, Transmissionselektronenmikroskopie und Röntgenbeugung, um jenes System zu identifizieren, welches die
beste Kristallqualität erzielt. Gleichzeitig vergleichen wir dieses mit exakt gleichgewachsenen Proben auf GaSb-Substraten. Aus der Analyse können wir folgern, dass man die besten
Proben erhält, wenn GaSb als erster Zwischenpuffer und ein In0.7 Al0.3 Sb-Materialübergang
zu einem zweiten Zwischenpuffer bestehend aus In0.7 Al0.3 Sb/In0.9 Al0.1 Sb-Zwischenschichten
eingesetzt wird. Zieht man den GaAs-Substraten GaSb-Substrate vor, kann die Oberflächenrauhigkeit weiter reduziert werden.
Die höchsten erzielten Beweglichkeiten in diesen optimierten Pufferstrukturen sind 2.30 ·105
cm2 /Vs bei einer Elektronendichte von 3.05 ·1011 cm−2 für auf GaAs gewachsene, antisymmetrisch δ-dotierte InSb-Quantentöpfe, gemessen bei kryogenen Temperaturen. Auf GaSbSubstraten gewachsene, antisymmetrisch δ-dotierte Proben erzielten eine Beweglichkeit von
2.39 ·105 cm2 /Vs mit einer Elektronendichte von 4.00 · 1011 cm−2 . Symmetrisches δ-Dotieren
der Quantentöpfe erhöht die Beweglichkeit des InSb-Kanals auf 3.49 ·105 cm2 /Vs bei einer
Elektronendichte von 4.9·1011 cm−2 , und somit zu den höchsten je publizierten Werten gehört.
Raumtemperaturmessungen der besten Proben zeigen Beweglichkeiten von 58’000 cm2 /Vs
iii
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bei Dichten von 1.04 · 1012 cm−2 und nähern sich somit dem intrinsischen Materialwert von
77’000 cm2 /Vs an.
Die Magnetotransportdaten dieser Proben hoher Qualität zeigen quantisierte Hall-Plateaus
und regelmässige Oszillationen im Längswiderstand. Messungen der Zyklotronresonanz erlauben es uns die effektive Elektronenmasse zu bestimmen, welche Werte zwischen 0.0226 me
und 0.0254 me annimmt. Mit einer Analyse der Landau-Niveauausdehnung und der ZeemanSpinaufspaltung, kann der effektive g-Faktor auf zwischen |g ∗ | = 38.4 und 49.9 abgeschätzt
werden. Die kurzen Zyklotronresonanzzerfallszeiten τcr , welche sowohl gemessen als auch
gefittet wurden, deuten an, dass die Elektronen von Störpotentialen beeinflusst werden. Wir
haben daher die vorliegenden Streumechanismen in unseren hochbeweglichen Proben untersucht, indem wir sowohl die mittlere freie Weglänge mit strukturellen Dislokationsdichten verglichen haben, als auch Dingle-Plots an unsere Daten gefittet haben, um die Quantenstreuzeit
τq zu erhalten. Des Weiteren haben wir die Transportlebensdauer für temperaturabhängige
Beweglichkeitsmessungen modelliert. Der Dingle-Faktor in unseren Proben beträgt ungefähr
38, was impliziert, dass der Hauptbeitrag zu den Störpotentialen von ionisierten Verunreinigungen stammt, welche sich entfernt vom Quantentopf befinden. Limitierungen der Beweglichkeit durch strukturelle Probleme können daher ausgeschlossen werden.
Optimierte Heterostrukturen mit oberflächennahen Quantentöpfen vereinfachen die Zugänglichkeit zu den Eigenschaften der Elektronen in InSb. Es ist jedoch mit abnehmendem Abstand zur Oberfläche zunehmend schwerer die hochqualitative Leistungsfähigkeit des Systems erhalten zu können. Wir haben daher eine Reihe von Proben gewachsen und im Magnetotransport untersucht, bei denen der 2DEG-Abstand zur Oberfläche kontinuierlich von
140 auf 5 nm reduziert wurde, während gleichzeitig Wachstumsparameter der aktiven Zone
beibehalten wurden. Die Proben wurden mit Metallgates ausgestattet, sodass gate- und
temperaturabhängige Messungen durchgeführt werden konnten. Mit abnehmendem Abstand
nimmt der Einfluss der Oberflächenunordnung zu, was sich durch schwach lokalisierte Elektronen im Kanal bemerkbar macht. Dementsprechend kann eine dramatische Verringerung
in der Beweglichkeit beobachtet werden. Das Metallgate ermöglicht es den Quantentopf
aufzufüllen, was ein Zweikanalsystem zum Vorschein bringt. Der hochmobile Kanal in einer
Probe mit 2DEG-Abstand von 50 nm zur Oberfläche erreicht eine angesteuerte Beweglichkeit
von 2.5 ·105 cm2 /Vs bei einer Dichte von 3.1·1011 cm−2 , während der tiefmobile Kanal eine Beweglichkeit von 3’000 cm2 /Vs aufzeigt bei ungefähr gleicher Dichte. Bei 5 nm Distanz zeigt der
hochmobile Kanal eine Beweglichkeit von 6.0 ·104 cm2 /Vs bei einer Dichte von 4.9 ·1011 cm−2
und ein tiefmobiler Kanal mit 6’500 cm2 /Vs und einer Elektronendichte von 3.2 ·1011 cm−2
ist beobachtbar. Beide der Proben zeigen quantisierte Landau-Fächer. Von der Temperaturabhängigkeit der Oszillationen im Längswiderstand kann die effektive Elektronenmasse mit
0.0196 me bestimmt werden. Dieser Wert nähert sich zunehmend dem intrinsischen Wert von
0.0135 me an. Zusätzlich können wir den effektiven g-Faktor mit |g ∗ | = 59.2 abschätzen.
Um mehr Einblick in die Kopplungsfähigkeiten von InSb-Quantentöpfen an Supraleitern zu
erhalten, haben wir Tunnelexperimente auf oberflächennahen 2DEG-Proben durchgeführt,
welche Abstände von 15 und 5 nm aufweisen. Wir können aufzeigen, dass mit der externen Deposition von Aluminium durch Elektronenstrahlverdampfung dünne, supraleitende Schichten
von hoher Qualität auf unsere Halbleiterheterostrukturen aufgebracht werden können. Ein
speziell fabriziertes Bauelement ermöglicht es uns Elektronen vom Supraleiter in den Halbleiterquantentopf zu tunneln. Die dabei gemessenen I − V Kennlinien und differentiellen
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Leitfähigkeitsdaten zeigen eine klare Kopplung in diesen Supraleiter-Halbleiter Hybridbauelementen auf, indem eine weiche Energielücke von ∆ = 91 − 105 µeV mit einem kritischen
Magnetfeld von 4 mT entsteht.
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Abstract
This thesis features a study of molecular beam epitaxially grown InSb quantum well heterostructures consisting of different buffer and barrier designs. Optimized growth conditions
and techniques yielding both the best crystal quality and electron transport properties for
each heterostructure design are described. The influence of various buffer designs is assessed
by the charge carrier mobility and correlated to features in the resistance traces of magnetotransport measurements. From samples exerting a very high mobility and additionally show
high-quality electronic transport behavior, we deduce several material specific properties of
our InSb quantum wells and reveal the remaining mobility-limiting scattering mechanisms.
Specially conceptualized InSb heterostructures allow us to fabricate gated Hall bar devices and
thus to more profoundly analyze the transport characteristics of our structures. With this
design of structure, we have conducted electron tunneling experiments on superconductorsemiconductor hybrid devices.
When growing on GaAs substrates, the arising complexity of the heterostructure system that
is necessary to reach the lattice constant of InSb suggests to investigate several different buffer
strategies. We thus follow the concept of incrementally increasing the lattice constant by
investigating AlSb and GaSb buffers as first intermediate buffers and variations of In1−x Alx Sb
and In1−x Gax Sb ternary compound second intermediate buffers to reach the by us standardly
used In0.9 Al0.1 Sb barrier. We analyze benchmark buffer designs by AFM, TEM and XRD
to identify the system yielding the best crystal quality and compare it to identically grown
samples on GaSb substrates. From this analysis we can conclude that the best samples are
attained when implementing a GaSb first intermediate buffer with an In0.7 Al0.3 Sb transition
to a second intermediate buffer consisting of In0.7 Al0.3 Sb/In0.9 Al0.1 Sb interlayers. The surface
roughness is further decreased if GaSb instead of GaAs substrates are used.
The highest mobilities achieved at cryogenic temperatures with the optimized buffer structures
are 2.30 ·105 cm2 /Vs at an electron density of 3.05 ·1011 cm−2 for single-side δ-doped InSb
quantum wells grown on GaAs. For single-side δ-doped samples grown on GaSb substrates
the corresponding values are 2.39 ·105 cm2 /Vs in mobility and 4.00 ·1011 cm−2 in electron
density. When symmetrically δ-doping the quantum well, the mobility of the InSb channel
can be raised to 3.49 ·105 cm2 /Vs at a density of 4.9 ·1011 cm−2 which belongs to the highest
values that have been reported for these quantum well systems. At room temperature, the
best performing sample reached a mobility of 58’000 cm2 /Vs at a density of 1.04 · 1012 cm−2 ,
which is close to the bulk value of 77’000 cm2 /Vs.
The magnetotransport data of these high-quality samples reveals nicely quantized plateaus in
the Hall trace and regularly spaced oscillations in the longitudinal trace. From cyclotron resvii
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onance measurements, we have retrieved the electron effective mass to be between 0.0226 me
and 0.0254 me . Together with the analysis of the Landau level broadening and Zeeman spin
splitting, the effective g-factor is estimated to be of between |g ∗ | =38.4 and 49.9. The short
cyclotron resonance decay times τcr , which are measured as well as fitted, suggest that the
electrons are influenced by disorder potentials. We have conducted an analysis of the present
scattering mechanisms in our high-mobility samples by comparing mean free paths with the
structural dislocation densities, fitting Dingle plots to our data to obtain the quantum scattering lifetime τq and implementing a transport lifetime model to a temperature-dependent
measurement of the mobility. The Dingle factor in our samples is roughly 38, which indicates
that the main contributor to disorder arises from ionized impurities remote to the quantum
well. Limitations of the mobility originating from structural problems are hence negligible.
Optimizing the heterostructure to have a quantum well residing near the surface opens the
door to easier accessibility of the electron properties in InSb. It is however increasingly difficult to preserve high-quality performance with decreasing 2DEG-to-surface distance. We have
therefore grown a range of samples with 140 nm down to 5 nm distances between the two while
keeping the parameters of the active region constant and we analyzed their magnetotransport
behavior. The samples were equipped with a metal gate, such that gate- and temperaturedependent measurements were made possible. With decreasing distance the influence of the
surface disorder increases noticeably which is expressed through weakly localized electrons
in the channel. Hence a dramatic reduction of the electron mobility can be observed. With
the metal gate we can replenish the quantum well and we found, that a two-channel system
evolves. The high-mobility channel for a 2DEG-to-surface distance of 50 nm reaches a gated
electron mobility of 2.5 ·105 cm2 /Vs at a density of 3.1 ·1011 cm−2 while the low-mobility channel exerts 3’000 cm2 /Vs with roughly equal density. At 5 m distance the mobility of the highly
mobile channel shows a high mobility of 6.0 ·104 cm2 /Vs at a density of 4.9 ·1011 cm−2 and a
low-mobility channel with 6’500 cm2 /Vs at 3.2 ·1011 cm−2 electron density can be observed.
For both of the samples nicely quantized Landau fans are observed. From the temperature
dependence in the oscillations of the longitudinal resistance, the effective mass of these samples is found to be 0.0196 me . This value increasingly approaches the bulk value of 0.0135 me .
We are also able to extract the effective g-factor by estimating it to be |g ∗ | = 59.2.
To gain more insight into the coupling capabilities of InSb quantum wells to superconductors, we have performed tunneling experiments on near-surface samples with 15 nm and 5 nm
2DEG-to-surface distance. We can show that with the deposition of aluminum by ex-situ
EBPVD, high-quality superconducting thin films on our semiconductor heterostructures can
be achieved. A specially fabricated device allows us to tunnel electrons from the superconductor into the semiconductor quantum well. The obtained I − V curves and differential
conductance data reveals clear coupling in this superconductor-semiconductor hybrid device
with the emergence of a soft energy gap of size ∆ = 91 − 105 µeV and critical magnetic field
of 4 mT.
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Chapter 1

Introduction
Previously eclipsed by more predominant topics such as astrophysics or high-energy particle
physics, solid state physics has probably surpassed their decades and centuries lasting reign
to develop into the field of modern physics that impacts our way of life the most on an
everyday basis. Highly sophisticated semiconductor technologies have evolved from intense
research on the solid state of matter and are readily accessible in computers, smartphones,
lasers and digital cameras. Other examples such as solar cells and very recently devised solid
state batteries increasingly gain importance by tackling humanity’s energy and environmental
problems. Solids in the form of semiconductor crystals hence provide an excellent platform
to experimentally investigate fundamental phenomena of quantum physics and thus open the
door for many exciting and quickly progressing research branches within the field.
Few developments other than the technique of molecular beam epitaxy are capable of controlling a solid’s growth down to atomic precision. With this exquisite mastery of high-purity
layer-by-layer crystal growth, the quantum mechanical properties of charged particles such
as electrons became available according to the experimentalist’s desires. The vast variety
of material combinations that can be joint with this technique not only allows to tailor the
properties of electrons within a semiconductor system, but also to reach out and evoke quasiparticles or exotic states of matter like topological phases. The latter of which holds the
promise of dissipationless transistors as an example, a possible building block for computers
of the new generation, utilizing the quantum spin Hall effect and the quantum anomalous
Hall effect to its advantage. It is due to these and many other groundbreaking characteristics and capabilities of semiconductor crystals, that they are pushed to the very pinnacle of
contemporary fundamental research and will remain for decades to come.
Very recently, the properties that electrons exert when residing in high-quality III-V semiconductor crystals which endow them with a large spin-orbit interaction and a large Landé
g-factor, have opened rapidly growing branches like the one of spin-based electronics (spintronics) and have also led to a veritable hype around the dream of building a quantum computer
on the basis of the solid state of matter. The feasibility of this sublime technology seems to
have come into reaching distance after the discovery of signatures of the elementary Majorana
bound state when combining s-wave superconductors with InSb nanowires [1, 2]. It is with the
controlled manipulation of this quasi-particle over large distances that quantum information
processing shall be realized. This inevitably puts the spotlight on two-dimensional platforms
1

2

CHAPTER 1. INTRODUCTION

which compared to the one-dimensional nanowires are superior in terms of crystal quality
and thus properties of electronic transport, but more importantly provide easier scalability to
large networks for Majorana fermion devices. It is therefore the prime candidate InSb with
its most extreme material properties amongst all the common III-V semiconductors that has
sparked our motivation to grow high crystal quality two-dimensional quantum wells with the
benchmark characteristics of a high electron mobility. Beside the fundamental context of
Majorana fermion creation, high-quality InSb quantum systems are also greatly desired in
forefront research of high-speed electronics [3], magnetic sensing [4], spintronic devices [5],
thermal imaging or optical devices working in the far infrared.
The high-quality molecular beam epitaxial growth of InSb quantum well heterostructures still
comprises a great challenge to the community, which is why the electron mobility seems to
have found a temporary boundary of just below 400’000 cm2 /Vs. In this thesis we investigate
a range of factors that contribute to limiting further improvement of this quantity. Even
so, by optimizing the growth of this heterostructure system the fundamental properties of
electrons in InSb become increasingly accessible, which enables us to press forward and explore
Majorana favorable devices in preliminary experiments, truly disclosing the prospects that
InSb quantum wells have to offer.
Structured to describe the growth, measurements and experiments conducted, the outline of
the thesis features six chapters as follows:
• Chapter 2: The theory of epitaxial crystal growth along with the electron behavior in
crystals is covered. To describe the experiments in chapter 7, a suited introduction to
the theory of superconductivity is given.
• Chapter 3: In this chapter, the experimental setup of the main character in the thesis is
presented: the molecular beam epitaxy system. Furthermore, the versatility of a large
range of crystal growth characterization methods is explained.
• Chapter 4 and 5: Experimental results regarding the structural optimization of samples
are described in both of these chapters. A variety of mechanisms that influence the
quality of the semiconductor crystals are analyzed by means of magnetotransport as
well as AFM, XRD and TEM measurements.
• Chapter 6: Key attributes that allowed to increase the electron mobility, the mobilitylimiting factors and main electron property characteristics of our InSb quantum wells
are consolidated in this chapter.
• Chapter 7: Subject to this chapter are the experimental results of semiconductorsuperconductor tunneling experiments of especially designed InSb quantum well heterostructures. Along with a thorough magnetotransport analysis, the interesting material characteristics with regards to possible Majorana devices are promoted.

Chapter 2

Theory
This chapter is devoted to outline theoretical fundamentals for the general understanding
of the experimental work presented in this thesis. By no means does it cover a complete
discussion of the underlying theories. An emphasis is put on the principles of crystal growth
and on aspects of charge carrier transport in III-V semiconductor heterostructures. In the
end, a brief excursus on the phenomena in hybrid superconductor-semiconductor junctions is
given.

2.1
2.1.1

Epitaxy of Crystals
Defining Crystals

When atoms coalesce a chemical bond, well defined states of equilibrium form which are
characterized by the minimal total energy. In a solid with equal constituents this minimum
energy can only be achieved if the surroundings of each individual atom are identical, which
means that the assembly is periodic in three dimensions and its state of matter is thereby called
crystalline. The same is valid for solids consisting of components with multiple elements,
which are built from larger groups in a periodic manner. Periodicity is linked to many
fundamental properties in solid state physics. But at the same time it is a major simplification
of the physical reality in solids, for which a deviation of the periodic behavior is regarded as a
disruption. How the constituents of a crystalline structure arrange depends on the materials
and the conditions under which a solid is formed.
Three-dimensional structures of atoms can be realized in various ways. The fundamental
underlying system, however, is based on translational grids consisting of periodically arranged
points in space. These lattices are classified according to their Bravais lattice, which comprises
the unit cell to build the grid. Once the points in space are occupied with atoms, ions or
molecules, the unit cells become building blocks (called the basis) which can be shifted by a
~ to be continuously stacked and thus form the periodic crystal.
vector R
A coordinate system is defined by the base vectors of the unit cells. This allows to determine
directions and planes within the crystal by adopting integer multiples of the Miller indices h, k and l - on the base vectors. The unit cells and base vectors for three basic cubic lattices
3
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Figure 2.1: Three basic crystal lattices of cubic form. From left to right: Primitive cubic, bodycentered cubic (bcc) and face-centered cubic (fcc).

are shown in Fig. 2.1. A basis may consist of one single atom or a more complex arrangement
of atoms. In the context of this thesis, the diamond crystal lattice is of utter interest. It
consists of two face centered cubic (fcc) lattices intertwined in such way that their individual
base atoms are diagonally shifted by a/4 × (1, 1, 1). If these atoms are different elements, the
nature of the crystal structure is zincblende. All of the discussed crystals in this thesis are
of zincblende type, composed of a positively charged cation (e.g. gallium or indium) on the
one site and a negatively charged cation (e.g. arsenic or antimony) on the other site of the
respective fcc basis. This leads to each ion in the zincblende structure being tetrahedrally
surrounded by four ions of the other polarity.
A very important role in crystallography and the physics of crystals is taken by the reciprocal
lattice. If the Fourier transform of a crystal lattice is taken it evokes a grid in momentum
space, also known as k-space. Similar to real space with the Bravais lattice the reciprocal
space is spanned by unique zones, from a single of which all the physics of the system can
be derived. These Brillouin zones emerge while connecting a lattice point in reciprocal space
with all its nearest neighbors and outlining the smallest surface created by the conglomerate
of normal planes through half the distance of the lattice point connections. In real space
this process yields the Wigner-Seitz cell. High-symmetry points in the reciprocal lattice are
labeled. For example in the fcc lattice, where Γ is the center point at k = 0 or the X-point is
located at (0,1,0).
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Figure 2.2: Schematic representation of crystal growth on the basis of a Kossel crystal. (1) Adsorption
of an impinging atom. (2) Diffusion along the surface or across a single atomic layer step. (3) Atomic
nucleation on the surface. (4) Incorporation in a kink site. (5) Filling of voids (modeled on the basis
of [7, 9])

2.1.2

Epitaxial Growth

Stemming from the old Greek epi (’above’ or ’on top’) and taxis (’order’ or ’orientation’),
epitaxy deals with the deposition of crystalline layers on top of a crystalline substrate. Homoepitaxy is the term for the case that layers of equal material are being deposited on top
of each other, whereas heteroepitaxy describes the deposition of layers of different material.
The formation of an epitaxial crystal is controlled by the kinematics and thermodynamics
during the growth process. In the special case of molecular beam epitaxy (MBE), kinematic
processes outweigh the urge of the system to allow growth at a classical thermodynamic
equilibrium in such way, that the growth is governed by the dynamics of the actual positioning
of individual atoms on and near the surface. The terrace step kink (TSK) model [6] comprises
these dynamics by describing the building blocks of a crystal by cubes - which may be stacked
and placed directly on top of or adjacent to one another - and their bonding strength is
determined by the number of neighboring atoms at the position of incorporation. This model
is based on developments from the early last century and finds a good visualization in the
Kossel crystal [7, 8], as is shown in Fig. 2.2. There is a variety of different mechanisms
characterizing the growth process. Once atoms impinge onto the substrate (1) they may
diffuse (2) along the surface in the quest of finding the energetically most favorable site to
be incorporated. The dynamics of this process comes to a halt when atoms are thermally
re-evaporated, nucleate at the spot of impingement (1), form an island with other atoms (3)
or if they are incorporated into preexisting islands, surface steps (2) or crystal defects (5).
Pristine crystals emerge when the growth conditions are provided in a way that the majority
of the growth takes place at kink sites of a surface step (4). It is here where an atom is
able to strongly bond with three sites of the lattice, resulting in advancing terraces in stepflow growth mode. This mode resembles the ideal layer-by-layer growth devised by F. Frank
and J. van der Merwe in 1949. The initial crystal terrace or step on a substrate is quite
naturally given by a slight off-cut with respect to the (001) overgrowth direction, stemming
from the fabrication process. If the conditions for the Frank-van der Merwe growth mode
are not met, defects resulting in screw like dislocations and a spiral growth mode around
them may emerge, causing the crystal to build in an island-like fashion which is referred to
as Volmer-Weber growth mode. For overgrown materials with different lattice parameters
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than the substrate, the Volmer-Weber growth mode becomes dominant and can inhibit high
quality crystal growth. This will prove vital for the InSb system and is explained in chapter 4.

2.1.3

Pseudomorphic Epitaxy

A great deal of semiconductor science performed in recent years takes place on and in epitaxial
crystal structures of different material combinations grown by heteroepitaxy. The various
lattice parameters and thermal expansions of the different materials - even if having the same
crystal structure in absence of a common interface - pose additional difficulties to a successful
combined crystal growth. If a material with a relatively small difference in lattice constant to
a thick substrate is epitaxially grown on top of the later, it pseudomorphically continues its
growth in the vertical direction. By keeping the standard volume of the unit cell equal, the
atoms of the overgrown layer with intrinsic lattice constant aL will laterally adapt the lattice
constant aS of the substrate to form a coherent - yet strained - interface. This in-plane strain
parallel to the interface is denoted by k and is accompanied by an expansion (aS < aL ) or
contraction (aS > aL ) of the overgrown lattice parameter in growth direction, hence allowing
a pseudomorphic, defect-free growth (cf. Fig. 2.3). Due to the large thickness of the substrate,
it remains virtually unstrained and the misfit f - i.e. the lattice constant mismatch - between
the two crystals is expressed by
aL − aS
f=
.
(2.1)
aS
For growth with elastic relaxation of the strain and without formation of crystal defects, the
misfit becomes equal to the lateral strain of the epitaxial layer, hence f = k . The material
specific Poisson’s ratio
dtrans
ν=−
,
(2.2)
daxial
in which the dimensionless trans and axial represent the transversal and axial strain, allows to
characterize this phenomenon in pseudomorphic growth even further. Strained solids contain
strain energy comparable to springs which undergo tension and stress. For a strained solid,
this can be modeled by a harmonic approximation of Hook’s law for compressible springs in which an exerted force is proportional to the extension of the spring - and translates to an
elastic strain energy density of
6
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Est
1 XX
=
Cik i k .
V
2

(2.3)

i=1 k=1

Here, the proportionality constants Cik reflect the material-specific stiffness tensor and i as
well as k are strain elements along the respective x-, y- and z-directions for (i,k)≤ 3 and shear
strain elements for (i,k)> 3. If a cubic, biaxially strained pseudomorphic layer is allowed to
elastically relax according to Poisson’s ratio, the elastic energy density is then given by [10]
1+ν
Est
= 2G2k
,
AtL
1−ν

(2.4)

where A is the area, tL is the strained layer thickness and the shear modulus G depends on
the crystal structure as well as the crystallographic orientation at the interface. According
to Eq. 2.4, the areal density of the elastic strain energy in the layer increases linearly with
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Figure 2.3: Pseudomorphic alignment of crystal lattices at a transition of materials with different
lattice constants. The lattice of the overgrown layer (L) tends to stretch along the growth direction
(left), when the lattice constant aL is larger than the one of the substrate aS and is compressed in the
other case (right).

the strained layer thickness tL and contains the in-plane strain k quadratically. This implies
that the areal strain energy increases with increasing strained layer thickness. At a certain
critical thickness tc this energy becomes larger than the energy needed to form structural
defects, which will cause the upcoming layers to relax the strain by adopting their original
lattice structure and incorporating dislocations. This plastic relaxation reduces the overall
strain even though the dislocation energy is now non-zero.
Many models were developed to determine and calculate the critical thickness tc of a pseudomorphic epitaxial layer depending on the misfit f . Early work described the relaxation
process with an array of parallel, equally spaced misfit dislocations [11, 12, 13] or with a
2D grid of dislocations at the very interface [14]. A simpler description for critical thickness
predictions considers a force equilibrium between the stress on the epitaxial layer and the
tension of dislocations [15, 16]. The numerically solvable expression found by Matthews et
al. [16] then is


b(1 − ν cos2 α)
tc
tc =
ln
+1 .
(2.5)
2πf (1 + ν) cos λ
b
This equation was refined to give more accurate values and reads [17]
 
b(1 − ν cos2 α)
ρtc
tc =
ln
,
8π|f |(1 + ν) sin α cos β
b

(2.6)

which includes the length of the Burgers vector b (cf. section 2.1.4), the angle α between
the Burgers vector and the dislocation line vector, the angle β between the plane of the
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interface and the glide plane of the dislocation, and the strain energy at the core of the
dislocation ρ. The quantity λ is the angle between the Burgers vector b and the direction
that is perpendicular to the line of intersection of the slip plane and the interface plane.
With the crystal structures presented in this work (cf. Fig. 2.1) the Burgers vector b is
assumed
[16], such that with the Miller indices h, k and l, b = kbk =
√ to be of type <110>
√
a/2 · h2 + k 2 + l2 = a/ 2 and the angles λ = α = 60◦ and β = 54.7◦ [17, 18], respectively.
ρ is assumed to be 4 [17] and the Poisson’s ratio is approximated well by ν = 1/3 [19, 18, 20].
Because of the many assumptions made on the individual parameters, the actual results for
the critical thickness tc retrieved from Eq. 2.6 should be treated as rough estimates rather
than exact values. For example, in section 3.2.4 we will see that there is an accurate way to
determine ν. However, the change in the quantity tc is marginal for the materials presented
here, such that ν = 1/3 is an adequate assumption.
It is not exceptional for material systems to grow layers exceeding their theoretical critical
thickness by nearly an order of magnitude showing little to no lattice relaxation [21], in particular in the case of growth of low misfit films (f . 0.5%) [20]. In zincblende semiconductors
with a low dislocation mobility, this fact is attributed to the difficulty of generating misfit
dislocations [22, 23], especially since the highly crystallographic substrates inhibit nucleation
of new dislocations.

2.1.4

Crystal Defects

Perfect crystallographic order like the one drawn in the previous sections is far from reality.
Mechanical and electrical properties of solids are substantially governed by alterations in the
periodic crystal structure. In real crystals a vast variety of imperfections can be implemented
during growth procedures, some of which are shown in Fig. 2.4. A classification of these
defects is done in three categories: point defects, line defects and surface defects. The latter
of which usually stems from contaminated crucibles and may be incorporated early during the
crystal growth to form bulges for subsequent layers. Our focus is set on point defects and line
defects, because they are the most common types of imperfections in our heterostructures.
When a defect consist of only one or very few atoms it is assigned to as localized point defect.
Point defects do not necessarily have to be formed from atoms foreign to the desired crystal.
They may be created by a vacancy of an intrinsic atom from an ordinary crystal lattice site
(Fig. 2.4d) which is reincorporated close-by on an off-lattice site (Fig. 2.4c) to form a so-called
Frenkel-pair. This Frenkel-defect costs energy since the atom on the off-site is less strongly
bound. Nonetheless it is favorable for these defects to be formed at higher temperatures,
because their creation is connected to the increased entropy during crystal growth. Frenkeldefects are of importance in our zincblende crystals, since an ion vacancy can be charged
depending on the Fermi level. An additional charge originating from other ions to neutralize
the structure is then missing, rendering this site a potential trap for electrons in the active
region (cf. section 5.2.3). The same is valid for the self-interstitial atom of the Frenkel-pair
in ionic crystals. An additional type of defect occurring in our zincblende structures, is a
replacement of an atom by an ion of the opposite kind. As a consequence, these antisite
defects may be doubly charged. An example of a joint defect of multiple vacancies is given
by Fig. 2.4f.
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Figure 2.4: Simple schematic illustration of several crystal defects, reprinted from Föll et al. [24].
(a) Interstitial impurity atom. (b) Edge dislocation. (c) Self interstitial atom. (d) vacancy/void. (e)
Precipitate of impurity atoms. (f) Vacancy type dislocation loop. (g) Interstitial type dislocation loop.
(h) Substitutional impurity atom.

Point defects of extrinsic origin are caused by the incorporation of impurity atoms. This may
happen interstitially (Fig. 2.4a) or by taking over a single vacancy site (Fig. 2.4h) as well as
a cluster of vacancies (Fig. 2.4e). The role of extrinsic point defects is two-fold. Depending
on the ion they replace and their number of valence electrons, they may act as charged traps
within the material on the one hand. Based on the proximity of these charged traps to the
active region of the structure, they may considerably reduce device performance. On the other
hand, they are the basis of intentional incorporation to exploit their capability of donating
or accepting electrons as a source of charge carriers for the active part of the structure. It is
this duality that makes charged point defects simultaneously a blessing and a curse.
Along with point defects there are line defects manifesting themselves as dislocations within
the crystal. Two quantities characterize these defects, namely their line vector l and their
Burgers vector b. While l is the vector along a dislocation line, the Burgers vector b describes
the misalignment step obtained as a result of the defect. The direction and strength of the
Burgers vector are determined by an arbitrary closed loop (Burgers loop) around a line defect.
By comparing the positions of the atom at which the loop has been closed for a crystal with
and without dislocation line, the Burgers vector denotes the missing vector to complete the
loop in the ’perfect’ crystal (see Fig. 2.5). With the angle α between l and b the type of
dislocation is determined:
• α = 0◦ : Screw dislocation
• 0◦ < α < 90◦ : Mixed dislocation
• α = 90◦ : Edge dislocation
The formation of edge dislocations is particularly then facilitated and enhanced, when the
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Figure 2.5: Left: Schematics of a cubic lattice with a edge dislocation located exactly above the line
vector l , which points into the plane. The arrows indicate the Burgers circuit. Right: The equivalent
circuit without dislocation is shown, including the Burgers vector b which closes the circuit. l is
therefore perpendicular to b, with α = 90◦ .

strain energy of a pseudomorphic layer exceeds a threshold value, forcing the overgrown
crystal to grow with its original lattice constant. This happens by insertion or omittance
of an extra crystal plane in growth direction (Fig. 2.4b). A screw dislocation is formed,
because the alignment of b and l results in a screw-like behavior of a loop around a line
defect for each atomic layer, effectively causing a partial shift by b of the crystal with respect
to its remaining part. Between the two boundary types lots of random mixed types exist,
which even make a continuous transition from one ideal dislocation to the other possible.
In our highly mismatched zincblende crystals, the most common type of dislocations are
at an angle of α = 60◦ , whereas 30◦ -dislocations are more common in systems of smaller
lattice mismatch [25]. Dislocations play a substantial role when it comes to deformation of
crystals. If for example shear forces act parallel to an atomic plane in growth direction,
it is energetically more beneficial to grow an edge dislocation at the surface of the crystal
instead of disconnecting multiple atoms and moving the layers back into place. The edge
dislocation is therefore pushed along the growth direction and manifests itself as a threading
dislocation (TD). Dislocations of any kind disturb the periodicity of the crystal and act as
a scattering source for charge carriers if they reach the active region of the heterostructure,
thus degrading the performance of devices considerably. It is hence a great challenge to find
structural solutions to force their termination.

2.2

Semiconductor Fundamentals

One of the more vital characteristics of crystals is reflected by the abundance of charge
carriers (electrons) within them. Not only are they necessary for the formation of the actual
atomic bonds which define the crystal, but they are also the objects of desire for building
blocks of electronics in a wide range of modern technologies and - more importantly - for
fundamental research. Different materials and their combinations with which a crystal lattice
is formed impose various material-unique conditions on the properties of charge carriers. It
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is exactly with its material specifics that InSb has therefore gained increasing interest in the
field of semiconductors, where quasi-particles - such as the exotic Majorana particle - may
lead to groundbreaking discoveries for device applications in the near future. The theoretical
background and basic principles on how to gain access to the electrons within semiconductors
is discussed in the following.

2.2.1

Band Structure

A starting point for each electronic description of a solid is given by its band structure. It
arises from solutions of the Schrödinger equation


~2
Hψ(~r) = − ∗ + V (~r) ψ(~r) = Eψ(~r)
(2.7)
2m
for non-interacting electrons in the periodic landscape formed by the crystal. Owing to the
~ such that
periodicity of the crystal, the potential is invariant for translational shifts in R,
~ The eigenvalues En (~k) of Schrödinger’s equation are a manifold of energy
V (~r) = V (~r + R).
states which the electrons in the crystal theoretically may have for a given momentum vector
~k in the Brillouin zone as well as a given band index n. The latter defines the dispersion
relation for En (~k), which in the lowest order takes the form
~2~k 2
.
E(~k) =
2me

(2.8)

The collection of all eigenvalues En (~k) forms an arrangement of energy bands, as is shown
by the band structure for the case of InSb in Fig. 2.6. Bloch’s theorem allows for a solution
of Schrödinger’s equation and therefore provides a description of the motion of the electrons
in a crystal. It is based on the periodicity of the potential V (~r) and states that the wave
function of the electrons in a periodic potential take the product form of a plane wave and a
periodic function. This leads to
~
ψ~k (~r) = eik~r un~k (~r) ,
(2.9)
for which
~ = u ~ (~r) .
un~k (~r + R)
nk

(2.10)

Bloch’s theorem expresses the periodicity of the wave functions in ~k as
ψ~k (~r) = ψ~k+K
r)
~ (~

(2.11)

over the Brillouin zones.
The level of occupation of the energy bands is determined by the Fermi energy EF [28]. It
denotes the highest energy that a particle in a many-body system of fermions has when the
whole system is in its ground state. At a temperature of T = 0 K all energy states below
EF are fully occupied, but no states above contain electrons. This is a direct consequence of
Pauli’s exclusion principle and the therefore finite density of (energy) states (DOS). If energy
is brought into the system, i.e. the temperature is increased, EF denotes the energy for which
the occupation probability - determined by the Fermi-Dirac distribution function - of states
is exactly 50% at thermodynamic equilibrium.
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Figure 2.6: The band structure of the semiconductor InSb (reprint from Cohen and Chelikowsky
[26]) calculated with the pseudopotential method [27]. The lower axis denotes the wave vector ~k of
unique crystal directions in reciprocal space. Brillouin zones are indicated by the vertical lines between
high-symmetry points.

The degeneracy of En (~k) in high symmetry points in ~k-space arising from the free electron
model is lifted in real materials, resulting in a band of forbidden energy states (also known as
the energy band gap) for which the Schrödinger equation has no solution. It is however exactly
this gap that determines the conductive nature of a material. The energy band above the
band gap is called the conduction band EC whereas the ones below are assigned to as valence
band EV . Only when there are unoccupied states in an energy band electrical conduction
is possible, in such a way that a rearrangement of the states signifies a current flow. This
on the other hand also implies that great importance is attributed to the location of the
Fermi energy level. If EF lies inside at least one energy band at thermodynamic equilibrium,
the material is denoted a metal or semimetal. In insulators and semiconductors EF lies
within a band gap, rendering a population of the conduction band with electrons impossible.
However, since for semiconductors the bands on either side of the gap are near enough to
the Fermi level, electrons (or holes) may be thermally excited across the gap and therefore
can contribute to conduction. Semiconductors usually have a fair amount of occupied states
in the conduction band and/or free states in the valence band. These missing electrons are
recognized as quasi-particles and called holes.
Fundamental to the science of semiconductor technologies is the possibility of introducing
small amounts of dopants to the material. These are atoms that differ in the number of
valence electrons from the material they are incorporated in and are therefore regarded as
impure to the host material, hence the name impurity. Once incorporated, the impurity atoms
are capable of shifting the conduction or valence bands closer to the Fermi level EF , thus
allowing intermediate states in the band gap. If the newly introduced energy levels are close
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Figure 2.7: Ionization energies for a range of impurities in the most common semiconductor material
Ge, Si and the compound GaAs. The levels above the gap center (dashed lines) are donor-like, the
ones below have acceptor behavior. Levels marked with ’D’ are deep donors, whereas levels marked
with ’A’ are acceptor levels near the conduction band. This is a reprint form an early edition of S. M.
Sze [31]

to EC they are able to donate electrons and vice versa accept electrons if they reside in the
proximity of EV . A variety of donor and acceptor materials are shown in Fig. 2.7 for the three
very common semiconductors silicon, germanium and the compound gallium arsenide. If the
bonding energy of the impurity is strong a deep donor DX -center may emerge. This mid-gap
energy state commonly appears in ternary semiconductor materials, such as Alx Ga1−x As and
scales with x [29, 30].
Electrons moving in periodic crystal potentials change their behavior in comparison to freely
moving electrons. The band structure and Bloch’s theorem impose the periodicity of the
lattice on the electron wave function, yielding a quasi-particle with an slightly modified mass
from the one of a free particle. The effective electron mass m∗ can be derived in analog to
Newton’s second law in a semi-classical way with Bloch waves. As a result, m∗ is inversely
proportional to the curvature of the dispersion relation. If the energy dispersion relation is
parabolic at the extremal points of the conduction (or for holes valence) band, the effective
mass is constant in ~k. Some materials may exert a non-parabolic band dispersion, as is shown
in Fig. 2.8b in a comparison of InSb and GaAs. The dispersion relation may be retrieved from
simple 8 k·p simulations, which our group have standardly implemented and are described
nicely in [9]. More importantly, we will encounter how to extract m∗ from cyclotron resonance
measurements in section 6.2.2 and from transport data in section 7.1.2.
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Lattice constant at 300 K (Å) [37]
m∗ (Γ) (m∗ /me ) [37]
Band gap at Γ (eV) [37]
α(Γ) (meV/K) [37]
β(Γ) (K) [37]
Bowing parameter c [34]
Elastic constants [38, 39]
C11 (1010 Pa)
C12 (1010 Pa)
Built-in potential (meV) [40]

AlSb
6.1355
0.14
2.386
0.420
140
-

GaSb
6.0959
0.039
0.812
0.417
140
-

InSb
6.4974
0.0135
0.235
0.320
170
-

In1−x Alx Sb
x-dependent
x-dependent
see Fig. 5.2a
0.43

8.94
4.43
-

8.84
4.03
-

6.70
3.65
190

-

Table 2.1: A summary of material parameters of relevant III-V semiconductors.

2.2.2

Energy Gap of Ternary Compounds

All above considerations are expandable from single atomic crystals to binary and ternary
compounds. A collection of material parameters for the important compounds encountered
during this thesis is given in Tab. 2.1. The dependence of the band gap energy Egalloy on an
alloy composition x for a ternary material compound A1−x Bx C is assumed to fit the simple
quadratic expression [32]
Egalloy (x) = xEgBC + (1 − x)EgAC − cx(1 − x) ,

(2.12)

where EgAC and EgBC represent the measured band gap energies for the individual binaries AC
and BC, and the bowing parameter c accounts for the deviation from the linear interpolation
between them. The latter has its origin in disorder effects created by the presence of various
cations in the crystal [32]. In principle, the bowing parameter can depend on temperature and
is typically positive, which reduces the alloy band gap compared to the linear interpolation.
Consequently, Eq. 2.12 can be written as [33, 34, 35]




αBC T 2
αAC T 2
BC
AC
= x Eg (0) −
+ (1 − x) Eg (0) −
− c(T )x(1 − x) .
T + β BC
T + β AC
(2.13)
Here, Eg (0) represents the band gap energy at zero temperature of the respective binary
compounds and, α as well as β, are adjustable parameters, both with proposed functional
forms [33, 36].
Egalloy (x, T )

2.2.3

Two-Dimensional Systems

It is the high art of semiconductor technologies to combine single or compound materials to
a heterostructure complex of high quality and align their respective band structures. If this
band alignment is done by choosing material combinations wisely, it is possible to energetically
capture electrons (or holes) in a two-dimensional sheet of material, making their materialspecific physical properties accessible for a large variety of fundamental experiments and
interesting electronic devices. The confinement potential hence limits the motion of the
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(a)
(b)

Figure 2.8: Left: Schematics of a single-side δ-doped QW energy band alignment, built from two
types of semiconductors. EC and EV denote the conduction and valence band, respectively and W
the band offset. Right: Comparison of the energy dispersion at the Γ-point of electrons in two similar
QWs for InSb and GaAs. Both show parabolic behavior for small k values.

electrons to two dimensions, which prompts the name two-dimensional electron gas (2DEG)
or, in the case of charge carriers of opposite polarity, two-dimensional hole gas (2DHG).
This thesis is based on the special case of InSb quantum wells (QW) which are incorporated
between two barrier materials in narrow-gap semiconductor heterostructures. The barriers
have a larger band gap and higher conduction band energy than the QW itself, as is shown in
Fig. 2.8a. The problematics that accompany the choice of InSb as QW material are described
in chapter 4. As mentioned in the previous section, a layer of ionized doping atoms (in our
case a δ-doping layer, due to its negligible expansion) is capable of introducing excess electrons
to the system. Ideally the conduction band of the system is pulled down by the dopants and
tuned by their number to an energy right above the Fermi level. With the small set back
distance s (spacer distance) it is then energetically favorable for the electrons to tunnel to
the QW instead of residing close to their host atoms. The Fermi level of the system is usually
pinned to the surface in such a way that a typical arrangement as in Fig. 2.8a exists.
Due to the narrow quantum confinement the energy spectrum in the conduction band is split
into discrete energy levels - referred to as the subbands - which for materials with parabolic
energy dispersion are well separated by
E(k) = En +

~2 k 2
.
2m∗

(2.14)

m∗ is the effective electron mass of the charge carriers in the QW material and k = k(x, y) is
their in-plane momentum.
~2  nπ 2
En =
(2.15)
2m∗ d

16

CHAPTER 2. THEORY

is the energy of the n-th subband that arises from the particle in a box of width d [41]. The
inverse proportionality in d reflects the interplay between spacing of the subband energy levels
and the QW width d. If a constriction in a specific dimension restricts the motion - which
is expressed by the second term on the right-hand side of Eq. 2.14 - of the electrons to a
comparable size as the de Broglie wavelength
λ= √

h
,
2m∗ E

(2.16)

then the individual subbands will become distinguishable.
The height W of the conduction band between the barrier and the QW may be calculated
from
! s
r
m∗ En d2
m∗ W − En
=
(2.17)
tan
∗
2~2
mbarrier En
for even n and
r
cot

m∗ En d2
2~2

s

!
=

m∗
m∗barrier

W − En
En

(2.18)

for odd n [42]. These equations are however only valid in the case of symmetric QW doping.

2.2.4

Diffusive Classical Transport

On the verge of the first mathematical description of electron transport through electrical
circuits stands Georg Simon Ohm who in 1826 found the linear behavior between Voltage
and Current known as Ohm’s law : U = RI. The proportionality constant R is the very
incarnation of the arduousness for charge carriers to travel through an electrical element,
hence the name electrical resistance. Since the electrical resistance depends strongly on the
geometry of an electrical element (typically being a conducting material, i.e a wire), R is not
suited for the description of transport properties and Ohm’s law is therefore often expressed
through its local form
~ r) ,
~j(~r) = σ E(~
(2.19)
~ r) being
where ~j(~r) is the electrical current density, σ the electrical conductivity as well as E(~
the electric field.
The geometry and time dependence of the current density is given by
|e|N
|e|ne l
|~j| =
=
At
t

(2.20)

with the total charge |e|N passing through a cross-section A in time t and the electron density
ne = N/V = N/(Al) for a length l. The two above equations can be combined, such that
σ=

1
|e|ne vD
=
= |e|ne µ .
ρ
E

(2.21)

ρ is the electrical resistivity and vD is the velocity with which the electrons drift through the
conductor. Of great importance to the field of semiconductor hetero- and nanostructures is
the electron mobility
vD
µ=
(2.22)
E
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which is nothing else but the average drift velocity in an electric field E. The electron mobility
is the benchmark quantity for the transport characterization of our samples. In the classical
Drude model, vD can be related to the average scattering time τtr , which basically describes
the diffusive electron movement in a crystal between scattering events. Now, the mobility
becomes
|e|τtr
µ=
.
(2.23)
m∗
This equation embodies the importance of µ and its ability to describe the quality of a crystal
with respect to electron transport, because of its inverse proportionality to the frequency
of occurring scattering events. The more the electrons bounce off crystal defects and other
scattering potentials, the lower the mobility will be. It is therefore a direct measure for the
total disorder in the system.
The characteristic length scale on which scattering events take place is therefore le = vF τtr ,
with the Fermi velocity vF = ~kF /m∗ . Hence, we can relate the average length a charge
carrier travels in a conductor until it participates in a scattering event to the resistivity or
the mobility through [43]
r
h
2π~2 ne µ2
le = 2 √
=
.
(2.24)
e2
ρe 2πne

2.2.5

Scattering Mechanisms

Scattering events in 2DEGs are pervasive, manifold in nature as well as temperature-dependent.
Pertinent to the samples presented in this work we narrow the collection down to the following
mechanisms:
• Phonon scattering (τop and τac ):
Phononic excitations can be split into polar optical and acoustical phonons. Scattering
from optical phonons naturally becomes the dominant process for high temperatures, at
which vibrations of the atoms in a lattice produce polarization effects. Polar semiconductor crystals cause the electrons in the 2DEG to scatter as a reaction to the exerted
Coulomb field from the lattice polarization waves. Acoustical phonons arise due to a
deformation potential or a piezoelectric field. Both these mechanisms depend differently
on temperature.
• Remote ionized impurity scattering (τrii ):
As the name suggests, this type of scattering mechanism is caused by ionized impurities.
In our case, the major contribution is attributed to the intentionally incorporated donor
atoms which lie at a distance s to the QW.
• Charged background impurities (τcbi ):
Background impurities originate from residual gases within the experimental setup or
from the material in the sources (effusion cells, see section 3.1.2) and are divided into
two categories, neutral and charged. These impurities are unintentionally incorporated
into the heterostructure and while both impurity types cause scattering, the charge
involved causes additional Coulomb interaction.
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• Interface roughness scattering (τint ):
This mechanism is exclusive to heterostructure systems and accounts for the roughness
at the interface between the QW and the barrier material. It can lead to a change in
energy of the electron wave packet and is strongly dependent on the width of the QW.
• Alloy scattering (τalloy ):
For heterostructures with ternary barrier materials, the mobility can additionally be
diminished by the atomic disorder potential.

The individual mechanisms contribute to τtr (Eq. 2.23) with their respective scattering rates
as is reflected in Matthiessen’s rule
X1
1
1
1
1
1
1
1
=
=
+
+
+
+
+
.
(2.25)
τtr
τi
τop τac τrii τcbi τint τalloy
i

The single scattering times τi are derived from Fermi’s golden rule in first order perturbation
theory
2π
0
0
Wnm (ϕ) =
|hm~km
|U (ϕ)|n~kn i|2 δ(En (~kn ) − Em (~km
))
(2.26)
~
which describes the probability of an electron in a quantum mechanical state n scattering
into a state m [27]. Fermi’s formalism incorporates the scattering angle ϕ, which is different
in magnitude for each scattering mechanism. In the picture of the Drude model, from which
we have derived the transport scattering time τtr , the charge carriers are regarded as classical
particles which makes scattering at large angles much more influential. The average scattering
time τtr is therefore given by the integral over the solid angle of Eq. 2.26
Z 2π
1
Wnm (ϕ)(1 − cos(ϕ))dΩ .
(2.27)
=
τtr
0
This is the basis for the calculation of the individual scattering times.
In the following outline we assume that intersubband scattering is absent as well as that our
QW is symmetrical, i.e. equally doped on either side. For a QW of width w0 , scattering by
polar optical phonon absorption of quantized electrons bound to the well yields a characteristic
scattering rate [44, 45]
1
e2 ω0 N (ω0 )m∗2 w0
=
,
(2.28)
τop
4πp ~2
−1
−1
where −1
p = ∞ −s with ∞ and s being the high-frequency and static dielectric constants,
~ω0 is the optical phonon energy and with the Boltzmann constant kB ,
−1
 ~ω
0
kB T
N (ω0 ) = e
−1
(2.29)

gives the number of phonons.
Acoustic phonon scattering is determined by the deformation potential constant Ξ, the crystal
density ρd and the longitudinal sound velocity vs . The scattering time for acoustic phonons
then is [46]
1
3m∗ Ξ2 kB T
=
.
(2.30)
τac
2~3 ρd vs2 w0
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Within the Born approximation, the remaining individual momentum relaxation times for a
two dimensional system are given by the Stern-Howard formula [47]
Z

1
~
=
τi
2πεF
=

2kF

0
Z 2π
∗
m

2π~2

0

q2
h|Ui (q)2 |i
p
dq
2
4kF 2 − q 2 (q)
h|Ui (qϕ )2 |i
(1 − cos(ϕ)) dϕ ,
(qϕ )2

(2.31)
(2.32)

where εF is the Fermi
p energy, kF is the Fermi wave number, (q) is the dielectric matrix and
0
~
~
qϕ = |k − k | = k 2(1 − cos(ϕ)). Since the electrons contributing
√ to conduction are close to
the Fermi energy, the wave vector k can be set equal to kF = 2πns with the sheet carrier
density ns . We include the screening effect through the Thomas-Fermi approximation [27]
such that (q) = 1 + qT F /q, where qT F = 2/a∗B denotes the Thomas-Fermi wave vector and
me
a∗B = aB m
∗ is the effective Bohr radius of the 2DEG carrying material. The averaged squared
matrix element of the random potential h|Ui (q)2 |i is specific to the individual forms of disorder
[48].
We account for the symmetry of our square QWs by using the symmetric wave function ψ(z)
in growth direction as

ψ(z) =

2
w0

1/2


sin

πz
w0


, 0 ≤ z ≤ w0

(2.33)

and zero for all other z. This leads to the squared matrix element of the random potential
induced by remote ionized impurities located at a spacer distance s to the well of
e2
2s 0 q



2

h|Urii (q)| i = nd

2

Frii (q, zi )2 .

The form factor comprises the finite thickness of the problem with
Z +∞
Frii (q, zi ) =
|ψ(z)|2 e−q|z−zi | dz
=

−∞
4π 2

1 − e−qw0 −qzi
e
qw0 4π 2 + q 2 w02

(2.34)

(2.35)
(2.36)

and satisfies Frii (q → 0) = 1. Here, nd denotes the density of ionized impurities in the doping
plane, zi accounts for the distance between the impurity layer and the QW, and s is the
static dielectric constant of the host material.
For homogeneously distributed charged background impurities in the QW with a 3D density
NB , the random potential takes the form [49]


2

h|Ucbi (q)| i = NB w0
with
1
Fcbi (q) =
w0

Z

e2
2s 0 q

2
Fcbi (q) ,

(2.37)

+∞

−∞

dzi F (q, zi )2 .

(2.38)
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The surface roughness of the interface between the barrier and the QW can be described by
the function f (x, y) = f (~r) =: ∆(~r), such that the QW width w(~r) = w0 + ∆(~r) fluctuates,
where w0 denotes the intended QW width. For the assumption of zero vertical electric field
[50] and of infinitely high barriers to the QW, the ground state energy E0 = π 2 ~2 /2m∗ w02
varies as [51]
∂E0 (0)
π 2 ~2
δE0 (~r) =
∆(~r) = − ∗ 3 ∆(~r) =: Fint ∆(~r) .
(2.39)
∂w(~r)
m w0
This results in the random potential for interface roughness scattering of the form
 Z
2
1
2
i~
ρ~
r
2
d r Fint ∆(~r)e
h|Uint (~
ρ)| i =
A
Z
1
0
= Fint d2 rd2 r0 h∆(~r)∆(~r0 )iei~ρ~r ei~ρ~r ,
A

(2.40)
(2.41)

in which A is a normalizing area for the two dimensional integral. Since in our samples only
the statistical properties of ∆(~r) are of importance, we chose for the fluctuation correlation
h∆(~r)∆(0)i = ∆2 exp(−r2 /Λ2 ) with the correlation length Λ as outlined in Prange et al. [52].
With this correlation and the Fourier transform of the integral, the random potential then
results in [50]
2
h|Uint (q)|2 i = πFint
∆2 Λ2 e−

q 2 Λ2
4

.

(2.42)

Alloy disorder (AD) is characterized by the strength parameter VAD and the unit cell a3 of
the ternary alloy by [53, 48, 54]
h|UAD (q)|2 i = x(1 − x)
where FAD =

R

a3 2
V FAD ,
4 AD

(2.43)

dz|ψ(z)|4 is the AD form factor.

Quantum Scattering Time
When treating scattering mechanisms quantum mechanically it is ineluctable to include all
angles. A particle then scatters according to
Z 2π
1
=
Wnm (ϕ)dΩ
(2.44)
τq
0
from one quantum mechanical state into another by the quantum scattering time τq . It is
with this time scale and its angle dependence that the possible location of a disorder potential
in the structure can be narrowed down. This information is given by the fraction τtr /τq and
is referred to as the Dingle ratio [55, 56, 57].
If the deflection of the charge carriers from their path through a sample is strongly affected
through Coulomb potentials located close to the 2DEG, both scattering times are dominated
by large angles and their fraction tends towards unity. However, if the deflection disorder
potential is far away from the channel or has little affect on the carriers’ path, the scattering
event is dominated by small angles which lowers τq considerably, yet barely affects τtr . The
Dingle ratio thus becomes much larger than 1. We will see in section 6.3 how the Dingle
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ratio can give a good indication on the dominant angle of scattering in the 2DEG and what
it induces on optimizing the growth processes to dampen the effect of the disorder on the
electron transport.

Weak Localization
Within the above presented model a quantum mechanical treatment of scattering events at
impurity potentials is considered. A coherent motion between single or multiple scattering
events on the basis of the physics of electron interference was neglected however. If included,
phase-coherent multiple scattering between the charge carriers leads to an enhancement of
backscattering and thus to an increase of the resistance at zero magnetic field in samples of
lengths much larger than the electron coherence length, L  lφ . It manifests itself through
constructive interference as a resistance peak of logarithmic shape and is known as the weak
localization effect [58].
The probability of two time-reversed paths of scattering electrons in a system to return to
the starting point is set by the complex quantum mechanical amplitudes A+ and A− with
∗

∗

|A+ + A− |2 = |A+ |2 + |A− |2 + A+ A− + A+ A− ,

(2.45)

where the first two terms in the equation are the classical contribution. In time-reversal
symmetry and at zero magnetic fields, A+ = A− =: A. This yields a quantum mechanical
return probability of Pqm = 4|A|2 and is therefore enhanced by a factor of 2 compared to
the classical contribution, hence the increased resistance in the system. Considering classical
diffusion of electrons in two dimensions to describe this correction that stems from the weak
localization effect [59], the normalized quantum correction to the Drude conductivity is then
given by [27]
δσqm
τϕ
1
≈−
ln
.
(2.46)
σ
kF le
τe
√
Here τϕ is the quantum coherence time, τe the electron scattering time and kF = 2me EF /~
the Fermi wave vector. This negative conductance correction is of logarithmic shape and
solely a result of weakly localized electrons which constructively interfere.

2.2.6

Electrostatics in Heterostructures

When considering an InSb/InAlSb heterostructure - as is shown in Fig. 5.1a - we are interested
in its electrostatics and follow the outline of well established theory [27]. If we choose the zaxis to face downwards and orthogonal into the structure, we may define z = 0 at the interface
of the InSb QW and the upper barrier. The doping layer therefore resides at a distance −s
in the structure and the surface is then at a distance −rs − s from the heterointerface of the
QW.
The distribution of the doping atoms takes the form
Nd (r(x, y), z) =

X
i

δ(r − ri )δ(z + s) = Nd δ(z + s) + C(r)δ(z + s) ,

(2.47)
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where ri denote the positions of the doping atoms in the plane and Nd is the doping density.
We take advantage of the simplified layout of the problem by splitting the distribution into
a constant, r-independent and spatially averaged part, as well as a fluctuating part governed
by C(r). Within the jellium model the fluctuating part is disregarded and the doping plane
becomes translationally invariant.
If now Gauss’ law of electrostatics is applied for a cylinder overlapping the interface at the
boarder of the InSb QW and the InAlSb barrier, the electric field in the spacer layer is found
to be
|e|ns
E=
.
(2.48)
0
Here, ns denotes the charge carrier density in the QW. The corresponding electrostatic potential is
|e|ns
φ(z) = −
z
(2.49)
0
for −s < z < 0. Expanding the Gauss-cylinder beyond the doping plane, the electric field
and electrostatic potential are
|e|(ns − Nd )
and
(2.50)
0
|e|ns
|e|(ns − Nd )
φ=
s−
(z + s)
(2.51)
0
0
for −s − rs < z < −s. The effective potential for negative charge carriers in the conduction
band is then given by Ec (z) = −eφ(z).
E=

Let us assume that on top of the structure a metal layer, i.e. a metal gate, had been deposited. Due to Fermi level pinning at the interface of the metal and the semiconductor, the
electrochemical potential adopts the energy value
µG = Ec (−s − rs ) − Φb ,

(2.52)

with Φb being the built in potential (cf. Tab. 2.1). The electrochemical potential of the
electron gas in the QW consists of the quantization energy and the Fermi energy, such that
µ2DEG = E0 (ns ) + EF (ns ) .

(2.53)

Consequently, we may find the relationship between an applied gate voltage UG and the
2DEGs chemical potential to be
− |e|UG = µG − µ2DEG = −

e 2 ns
e2 (ns − Nd )
s−
rs − Φb − E0 (ns ) − EF (ns ) .
0
0

(2.54)

In the case of QWs the approximation of a particle in the box is made, such that we assign
the quantization energy to the zero energy as
~2  π 2
,
(2.55)
E0 (ns ) = E0 =
2m∗ d
where d is the QW thickness and m∗ the effective mass of the electrons in the confinement.
With the Fermi energy EF (ns ) = ns π~2 /m∗ , we can now express the electron density in the
2DEG as

2
~2
π 2
+ e N0D rs
−φB − 2m
∗
d
ns (s) =
.
(2.56)
π~2
e2
0 (s + rs ) + m∗
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Magnetotransport

Magnetotransport measurements play a vital role when investigating fundamental properties
of our samples. The interactions of the 2DEG with magnetic fields during charge carrier
transport induces measurable responses in voltage and current, which contributes to the
understanding of the active system and the effects on electrical transport of different grades
of quality of a sample’s crystallinity.

2.3.1

Classical Hall Effect

Nearly two decades before the discovery of the electron itself by J. Thomson [60], Edwin
Hall made the fundamental discovery of the classical Hall effect in 1879 [61]. Hall found that
when driving a current I through a simple metal conductor while applying a magnetic field B
perpendicular to the direction of the current, a voltage UH builds up perpendicular to both
and its magnitude behaves as
UH = RH BI .
(2.57)
The ’Hall coefficient’ RH is a proportionality constant between the quantities. An additional
finding was that the longitudinal voltage U is independent of the magnetic field strength.
The Hall effect can be understood microscopically by knowing that the electrons traveling
through the conductor will be deflected under the influence of the Lorentz force, once entering
the magnetic field area. As they accumulate on one side of the conductor, an electric field
builds up perpendicularly to the direction of the current and the magnetic field, progressively
repelling oncoming electrons. This generates a compensating electric field emerging form the
Coulomb force until an equilibrium state is reached. If the two forces which act in opposite
direction are in balance, the connection between the electric and magnetic field is
~ = −q(~v × B)
~
qE

(2.58)

from which we identify the drift velocity ~v from the Drude picture. Within the Drude model
of electrical conduction, the Hall coefficient RH of a three-dimensional sample finds a relation
to the electron density n by
1
3D
RH
=−
(2.59)
n|e|d
with d being the thickness of the conductor in direction of the magnetic field. For thin metal
conductors the Hall voltage is typically very small, since the electron density is very large.
This stands in contrast to semiconductors, in which the electron density can be considerably
smaller such that large Hall voltages are achieved. In our samples with two-dimensional active
regions, the thickness d becomes irrelevant and the charge carrier density translates to a sheet
concentration ns . Thus, the two-dimensional system shows a Hall behavior with
2D
RH
=−

1
.
ns |e|

(2.60)

This makes the electron density of the system easily accessible through magnetotransport
2D is the slope of the measured Hall voltage U
measurements (see section 3.2.6), since the RH
H
when increasing the magnetic field.
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We obtain the electron density from measurements of the Hall resistivity ρxy via
ns =

1
q(dρxy /dB)B=0

(2.61)

and the electron mobility is then given by
µ=

2.3.2

(dρxy /dB)B=0
1
=
.
qns ρxx (B = 0)
ρxx (B = 0)

(2.62)

Landau Quantization

In aspiration of solving the Schrödinger equation (Eq. 2.7) for two-dimensional QW systems,
we simplify the quantum mechanical effective mass Hamiltonian for a parabolic band in a
magnetic field to
~ 2
(~
p + |e|A)
H=
+ VQW (z) ,
(2.63)
2m∗
in which VQW (z) is the confinement potential in growth direction. In our case this potential
arises from the combination of band alignment and modulation doping within the active quan~ = (−By, 0, 0) is a possible vector potential of an external, perpendicular
tum well region. A
~
magnetic field B = (0, 0, Bz ). The Hamiltonian is separated into
Hz = −

~2 ∂ 2
+ VQW (z) ,
2m∗ ∂z 2

(2.64)

depending only on the z growth direction, but not on the magnetic field, as well as
Hxy =

(px − |e|Bz y)2 + p2y
,
2m∗

(2.65)

which is independent of the confinement potential and describes the in-plane behavior. As
expected, the eigenvalue problem in z-direction results in bound states which are independent
of the magnetic field. In the quantum limit of a 2DEG, merely the lowest state will be
occupied.
The in-plane equation can be solved by using the variable-separating Ansatz ψ(x, y) =
eikx x η(y), which leads to an eigenvalue problem
"

 #
p2y
~kx 2
1 ∗ 2
+ m ωc y −
η(y) = Eη(y) .
(2.66)
2m∗ 2
|e|Bz
This equation resembles the one of a one-dimensional harmonic oscillator with a kx -depending
center coordinate y0 (kx ) = ~kx /(|e|Bz ) and the cyclotron frequency
ωc =

|e|B
.
m∗

(2.67)

As a result, the eigenvalues of the Schrödinger equation are given by quantized energy states
in the xy-plane


1
.
(2.68)
En = ~ωc n +
2
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This defines the Landau quantization for all states of same n (and different kx ), which define
the Landau energy levels. If Zeeman splitting of electronic levels is taken into account, the
Landau levels are further split according to the spin properties of the electrons within the
confinement. This adds the Zeeman energy to the Landau level energy by further splitting
En into


1
1
En,s = ~ωc n +
± g ∗ µB Bz ,
(2.69)
2
2
depending on the spin direction properties of the electrons. The effective g-factor g ∗ characterizes the effective magnetic moment and µB is the Bohr magneton. Each of the split
Landau levels is degenerate in kx , such that the number of allowed kx states per unit sample
area is nL = |e|B/h. If the electron density ns of the system is known, the number
ν=

ns
hns
=
nL
|e|B

(2.70)

reveals how many Landau levels are occupied at a given magnetic field at zero temperature.
Hence, ν is called the filling factor.
The remnants of the eigenvalue problem in z-direction are a set of subbands j with individual
subband energy levels, each resulting in a constant energy shift Ej,0 of the Landau fan for
each level, which has to be added to En,s (see for example [27]).
Spin-Orbit Interaction
A further mechanism shifting the Landau quantization energy is connected to the zero field
spin-splitting, which is caused by spin-orbit interaction - a relativistic interaction of a particle’s
spin with its own motion in an electrical potential. In the description of special relativity,
the electron experiences a magnetic field regarded from its own rest frame. The resulting
splitting of Landau levels is enhanced by the additional term in the Hamiltonian
HSO =

g~
(∇V (~r) × p~) · σ .
8c2 m20

(2.71)

For free particles g ≈ 2. For our samples of the III-V semiconductor material family, the
effects of the internal electric field can be elicited by the Dresselhaus and the Rashba effect
[62].

2.3.3

Landau Level Broadening

An important quantity in regard to the physics discussed so far is the energy-dependent
density of states D(E). The general definition for a parabolic dispersion in three dimensions
is
1 X
D(E) =
δ(E − En~kσ ) ,
(2.72)
V
n,~k,σ

with V being the volume of the crystal, n the band index, ~k the wave vector and σ = ±1/2 the
spin quantum number. The quantity D(E)dE is the number of quantum states in the energy
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interval [E, dE] normalized to the volume V and the functional form of the DOS depends
only on the energies En~kσ . By definition, the DOS is a sum of contributions of the individual
energy bands. For semiconductor QW samples, D(E) is highly degenerate in ~k. For our
2DEG system described above, the DOS takes the form
D2D (E, B) =


|e|B X 
δ E − En(σ) .
h n,σ=±

(2.73)

In the absence of a magnetic field the DOS is constant (cf. Fig 2.9). The degeneracy can be
lifted by increasing B and the DOS starts to behave δ-like. This marks the interplay between
the magnetic field and the DOS, i.e. the occupancy of the Landau levels by electronic quantum
states.
In real samples where disorder potential fluctuations are omnipresent, the long- and shortrange nature of scattering effects limit the lifetime of an electron in a certain quantum state
differently [63]. As a result, the Landau levels experience an energy broadening Γ, which is
linked to the quantum scattering lifetime τq via
r
1
~
Γ=
~ωc ,
(2.74)
2π
τ0
and τ0 = τ0 (D2D (τq )) is the zero magnetic field quantum scattering rate. The shape of the
broadening is set by an assumption and can for example take a Gaussian form [64]
r


2
−2(E − E0 )2
D(E) = nL
exp
(2.75)
πΓ2
Γ2
for short-range scattering processes. In the case of long-range scattering, the DOS is broadened according to the nature of the distribution function from the disorder potential.

2.3.4

Shubnikov-de Haas Effect

At cryogenic temperatures (usually below the liquid nitrogen temperature of 77 K), an oscillatory behavior in the longitudinal resistivity ρxx of a conductor may be observed when
increasing the magnetic field strength while driving a constant current perpendicular to the
field (see eg. red traces in Fig. 6.4). Referred to as the Shubnikov-de Haas effect (SdH), this
phenomenon was first discovered in 2DEGs in conductance measurements by Fowler et al. in
1966 [65] and is a direct manifestation of the Landau quantization discussed above.
The effect can be visualized and understood by the schematic picture shown in Fig. 2.9. In
the absence of a magnetic field all quantum states are filled by charge carriers up to the Fermi
level (left figure). Once the magnetic field is turned on, the degeneracy is lifted (2nd ) and the
states are filled according to Pauli’s exclusion principle. The disorder of the system broadens
the levels (3rd ). With increasing magnetic field the levels rise in energy due to the dependency
of the individual quantities (Eqs. 2.67 and 2.68). As a Landau level passes the Fermi energy
it starts to get depopulated (4th ). In this condition, diffusive scattering into and out of the
quantum state is possible, leading to an increased resistivity in the system. Accordingly, ρxx
is largest at the peak center of the DOS, since it is here where most electrons are affected

2.3. MAGNETOTRANSPORT

27

Figure 2.9: Schematic evolution of the Landau level quantization shown by the DOS for a semiconductor 2DEG sample. Dark red shaded areas signify occupied quantum states below the Fermi energy.
Left: Constant DOS without magnetic field applied. 2nd : Lifted degeneracy after applying a magnetic
field. 3rd : Broadened Landau energy levels due to scattering events. 4th : With increasing magnetic
field - i.e. increasing ωc - the levels start to rise in energy. A half filled state enables dissipative
transport. 5th : High magnetic fields aid emptying almost all occupied states below EF .

by diffusive transport between levels. This process is continuous for increasing B and leads
to the well-known oscillatory behavior, which is periodic in 1/B. The SdH effect is therefore
directly linked to the electron density in the system through
ns =

2|e|
· f1/B ,
h

(2.76)

where f1/B is the frequency in 1/B. If the spin degeneracy is lifted (see Eq. 2.69), the factor
two is to be omitted. If a second subband were occupied, the Landau levels would undergo a
second splitting due to the spin nature of the charge carriers in the second band. This would
result in a superposition of the Landau levels of the two carrier systems and thus would be
a noticeable feature in the oscillations of ρxx , hence revealing two separate densities of each
channel.
At very small magnetic fields (~ωc  EF ) many Landau levels are occupied, since their energy
separation scales with B (cf. Eq. 2.68). It is reasonable to assume that the oscillations in
ρxx become resolved when the level broadening is exceeded by the cyclotron energy, if the
broadening of the Landau levels has no significant thermal contribution [66]. Then Γ is simply
given by
~eBSdH
Γ=
,
(2.77)
m∗
in which BSdH (or Bc1 ) denotes the measured (critical) magnetic field at which the oscillations
become resolved. This line of thought is similarly valid for the onset of spin-split oscillations.
A critical field Bc2 defines the onset for which the energy ∆Ez related to the Zeeman splitting
exceeds Γ.
The simplified picture above is problematic to some extent. If the system is in a state where all
levels are completely filled and the Fermi energy is between Landau fringes, zero conductance
and therefore infinite resistance is to be expected. In addition, the lack of quantum states
between Landau levels would lead to jumps of the Fermi energy from the lower part of a
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level to the upper part of the underlying one (see for example 5th in Fig. 2.9), resulting in
a discontinuity of the carrier density function and therefore in visual peaks in ρxx . This is
however not the case in measurements of real samples, in which the abundancy of crystal
defects as well as incorporated impurities is not only responsible for level broadening, but
also for local shifts in the Landau level distribution, allowing for previously stateless gaps to
be occupied. While this explains the continuity of the conductance with regards to the DOS,
the flow of current has to be explained differently.
In strong magnetic fields the quantum states at the border of the broadened Landau levels
become localized. This can be described by means of Anderson localization, where in the
framework of the tight binding model the electron wave functions are strongly localized around
the disorder potential landscape in the sample and can therefore not contribute to the current
flow. The resistance remains infinite if the Fermi level lies within these states. Around
the center of a Landau level however, extended states may contribute to the conductance,
since their probability amplitude becomes non-zero and allow for a seeping escape from the
potential trap. It is with B. Halperin’s recognition of the nature of states at the edges of
a sample that the controversy described here can be lifted [67]. Towards the edge of the
sample, a confinement potential Vc (y) ensures that electrons remain in the sample. The
resulting eigenvalues of Eq. 2.66 are hereby changed to


1
En (kx ) = ~ωc n +
+ Vc (y(kx )) ,
(2.78)
2
and are degenerate in kx . With aid of the edge potential, the Landau levels are bent upwards
in energy resulting in a crossing with the Fermi energy level. Quantum states which were once
bound are now able to contribute to the conduction and their group velocity is proportional
to the slope of the Landau energy:
vx =

1 ∂En (kx )
1 ∂En (kx ) ∂y
=
.
~ ∂kx
~ ∂y
∂kx

(2.79)

Conduction therefore primarily takes place in the extended edge states along the perimeter of
the sample if the system is in a state where the Fermi level is between Landau levels. Charge
carriers in the edge states are therefore bound to the condition of movement in one direction
only, which establishes an either clock- or anticlockwise motion in the sample and is referred
to as chiral. This movement is free of dissipation and one-dimensional. Backscattering within
the edge states is in principle suppressed, but can however be possible through bulk states
at the peak energy of a single Landau level. A schematic visualization of the edge states is
depicted in Fig. 2.10 or found in literature [27].

2.3.5

Quantum Hall Effect

The quantum Hall effect was discovered by K. von Klitzing nearly 100 years after the classical
Hall effect [68]. It emerges at cryogenic temperatures when the transverse resistivity ρxy - i.e.
perpendicular to the current through the sample - is measured as a function of the magnetic
field B. At small magnetic fields the system behaves classically with linearly increasing Hall
resistivity. Once a certain magnetic field threshold is surpassed, clear plateaus of constant
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(b)

(a)

Figure 2.10: Illustration of edge channels in a sample. Energy Levels En beneath the Fermi energy
level find themselves crossing EF at the edge of the sample (red circles in (a)) caused by confinement.
These are then able to contribute to conduction over the whole sample, as is seen in (b).

resistance arise. The plateau values are fixed at
ρxy =

RK
h
=
2
ie
i

(2.80)

where i = 1, 2, 3... is an integer leading to the name integer quantum Hall effect (IQHE).
Thus, in terms of accuracy, ρxy only depends on the individual accuracies of the physical
constants h and e, which form the von Klitzing constant RK = h/e2 (also called resistance
quantum).
A connection between the magnetic field and the electron density is obtained with an extrapolation of the linear classical Hall resistance. Ideally the quantum Hall plateaus are then
pierced at values of
ns h
Bi =
(2.81)
i|e|
which means that the quantum Hall plateaus and the minima in ρxx occur whenever ν =
ns /nL = i and are periodic in 1/B. The integer i counts the number of occupied Landau
levels, hence the plateaus occur when the filling factor ν is close to an integer i.
The interplay between the IQHE and the longitudinal resistivity may be understood in the
picture described before. Conduction through the bulk of the sample is only possible if the
Fermi level is close to the center of the DOS of an individual Landau level. Independent of the
magnetic field strength, extended (one-dimensional) edge channels enable conduction through
the sample even when the Fermi level is between Landau levels. Within the Landauer-Büttiker
formalism [69, 70], percolation of charge carriers in the plane of the sample defines a finite
probability of reflection back into their contact pad of origin. Not only does this lead to
a finite value of the longitudinal resistivity, but also to an additional disappearance of the
quantization of the Hall resistivity, effectively leading to a jump in resistivity between plateaus.
The plateaus in ρxy remain stable as long as the number of edge channels is unchanged and
no extended states through the bulk connect different edge channels.
The fractional quantum Hall effect (FQHE) was first discovered by Tsui et al. [71, 72] an
occurs when the filling factor ν is a fraction of an integer. A more detailed explanation of
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this effect occurring in GaAs heterostructures in terms of the two pictures (hierarchial and
composite fermion models) describing it can be found elsewhere [27, 73]. We investigate on
this matter in chapter 6.2.

2.4

Superconductivity and Semiconductors

The history of superconductivity starts in 1908, when K. Onnes liquefied helium for the first
time and thus opened the door to one of the most spectacular cooperative phenomenons in
the field of condensed matter physics. In 1911 during temperature-dependent measurements,
Onnes found the electrical resistance of mercury to suddenly drop to a non-measurable value
after cooling below a certain temperature, hence the name superconductivity. This critical
temperature Tc proves to be different for each material which is capable of exhibiting the
superconducting state at low temperatures. The desire to increase it by forming various
kinds of material combinations has not ceased to continue up to date. Typical bulk Tc values
at normal pressure for a range of materials interesting to the (MBE) semiconductor field
are listed in Tab. 2.2. A thin film of superconducting material may have a slightly different
critical temperature, Ttf .
As a consequence of the vanishing resistance - i.e. infinite conductance - Ohm’s law (Eq. 2.19)
is rendered meaningless. Maxwell’s 3rd equation (Faraday’s law of induction)
~ = −∂t B
~
rotE

(2.82)

~ = 0. This thermodynamic problem can be solved for superconductors
therefore yields ∂t B
~
(SC) if B = 0, which was experimentally shown by Meissner and Ochsenfeld with the so-called
Meissner effect. The penetration depth λL of the magnetic field into the SC is however nonzero and is given by London’s gauge and reads λ2L = me /(4πe2 ns ). The exact field at which it
~ = 0) is called the critical magnetic field Bc
is repelled from the SC (i.e. the magnetization M
and the material is hence denoted a type I superconductor. Some materials behave like type
I SCs with increasing magnetic field up to a lower bound Bc1 and exhibit a continuous decay
in magnetization up to an upper bound Bc2 . They are referred to as type II superconductors.
The microscopic theory of superconductivity is based on the formation of Cooper-pairs [76].
For a small range of frequencies, the vibrations of the lattice (phonons) can provide an attractive interaction potential and allow for two electrons with opposite momentum and spin
Element
Al
Ga
In
Mo
Nb
Ti

Tc (◦ C)
1.175
1.083
3.408
0.915
9.25
0.40

Ttf (◦ C)
1.15-5.7
2.5-8.5
3.43-4.65
3.3-6.7
6.3-10.1
1.3 (max)

Emin (T = 0) (µeV)
340
330
1050
270
3050
-

Table 2.2: Critical temperatures Tc (for thin films Ttf ) of a range of interesting materials [74] as well
as the superconducting energy gap ∆(T = 0) for bulk material [75].
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to form the quasi-particle. Depending on the symmetry of the pair’s orbitals the SC is declared to have s-, p-, d- (etc.) wave character. As part of the Bardeen-Cooper-Schrieffer
(BCS)-theory [77] the superconducting state
Y
Y
|ψBCS i =
ψ(~k) =
uk |0, 0ik + vk |1, 1ik
(2.83)
~k

~k

marks the basis for the description of the many-body problem. |1, 1ik and |0, 0ik denote
momentum states in which ~k ↑ (spin up) and −~k ↓ (spin down) are simultaneously occupied or unoccupied, respectively. uk and vk are prefactors depending on the state of the
superconducting system, where u2k + vk2 = 1.
At a temperature T = 0 the ground state ψBCS of the system is reached, for which vk2 = 1
and the according DOS is then given by
DSC (E) = Dn (EF ) √

E
.
− ∆2

E2

(2.84)

Dn denotes the DOS of a normal conductor. An excited state in the SC at T = 0 can be
reached if a single electron state ~k0 ↑ is occupied with the condition that −~k0 ↓ stays empty.
In reality this can only take place if the Cooper-pairs start splitting up. The minimal energy
cost to realize this breakup is Emin = 2∆, which is the characteristic energy gap of the SC.
Bulk values for a range of materials are listed in Tab. 2.2.
The most elegant way to detect the band gap in the energy spectrum is carried out with
tunneling experiments between a SC and a normal conducting material. It was first conducted
in Al/Al2 O3 /Pb films by I. Giaever in 1960 [78]. The idea of the experiment becomes clear
when considering the DOS of the components in the ground state at a temperature of T = 0,
as is schematically depicted in Fig. 2.11. Between the superconductor (left) and the normal
conductor (right) is a thin, electrically insulating barrier. It is apparent that a tunneling
current may flow, if a bias voltage of at least V = ∆/e is applied to the structure.
For the interpretation of the experimental results we make use of the tunneling equation in
the single particle approximation
Z∞
It = A

|T |2 NSC (E)Nn (E + eV ) [f (E) − f (E + eV )] dE ,

(2.85)

−∞

where A is a constant, T the tunneling matrix-element, Ni (E) the DOS and
1

f (E) =
exp



E
kb T



(2.86)
+1

is the Fermi-Dirac distribution function. In the model presented in Fig. 2.11 only NSC (E) is
energy dependent and we may therefore write
2

Z∞

It = A|T | Nn (EF )
−∞

NSC (E) [f (E) − f (E + eV )] dE .

(2.87)
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Figure 2.11: Energy spectrum in dependence of the density of states of a superconductor (left) and
a normal conductor (NC, right) with an insulating layer in between. Half of the energy band gap ∆
as well as the single densities of states NSC (E) and Nn (E) are denoted. The system is in the ground
state at T = 0.

Figure 2.12: Left: The energy dependence of the tunneling current for a hybrid structure of a SC
and a normal conductor at temperatures of T = 0 and T > 0. Above Tc the system shows ohmic
behavior. Right: The differential conductance for the tunneling experiment shown in Fig. 2.11.
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Experimentally, the differential conductance
dIt
∂It
=e
= eA|T |2 Nn (EF )
dV
∂V

Z∞



∂f
dE
NSC (E) −
∂E

(2.88)

−∞

is of interest. Since the integral of the energy derivative of the Fermi-Dirac distribution takes
the form of a δ-function δ(E − eV ) at T = 0, the differential conductance becomes
dIt
(T = 0) = eA|T |2 Nn (EF )NSC (eV )
dV

(2.89)

and is therefore a direct measure for the energy dependence of the DOS of the SC.
Figure 2.12 shows the energy dependence of the tunneling current for the above described
experiment. For T = 0 the curve reflects the schematics shown in Fig. 2.11, only allowing
a current to flow when the energy gap has been breached with a large enough bias voltage.
Increasing the temperature flattens the sharp edge until a normal ohmic behavior of the
system can be observed. The differential conductance shows half of the energy gap at T = 0.
For T > 0 the curve softens and will eventually take a constant value due to the derivative of
the linear ohmic behavior above Tc .
Of course the above derived picture can be adapted to our semiconductor (Sem) heterostructures, where in the ideal case the normal conducting material is the QW. We will see in
chapter 7.2 how the SC tunneling gap is made visible through the interaction with the 2DEG.
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Chapter 3

Experimental Setup
It is nearly impossible to cover all the aspects of the extremely complex and highly sophisticated system that was the basis of all of the work conducted over the course of this thesis. The
sheer magnitude of the system compared to the size of the product it is capable of delivering
forces the eye for detail to never rest, as the physics we are interested in happening on the
nanoscale is utmost influenced by the handling of the setup and the designing of production
procedures. Our intent in this chapter is to give a rough overview of the components and
processes involved to attain high sample quality.

3.1

Molecular Beam Epitaxy

The origins of molecular beam epitaxy (MBE) date back to times when beams of atoms and
molecules were used to confirm a variety of theoretical predictions through scientific experiments. Very famous are the experiments conducted by W. Gerlach and O. Stern in the early
1920’s, which verified the antecedent ideas of quantized momentum [79, 80] or studies of the
nuclear magnetic spin resonance. Crucial to the success of these experiments was a collisionfree beam of non-interacting molecules. Early examples provided by Joyce and Bradley in
1966 are concerned with the use of molecular beams for semiconductor crystal growth by nucleation of silicon atoms on silicon substrates [81]. While the system was constantly evolving
and improving, the epitaxial incorporation of gallium and arsenic atoms onto GaAs surfaces
became feasible. This eventually opened the door for the crystallographic epitaxy of various
III-V material compounds, the formation of heterostructures and ultimately to the fabrication
of semiconductor devices under ultra-high vacuum (UHV) conditions. It is difficult to pin
down the transition from premature versions to today’s highly sophisticated MBE systems.
However, widely acknowledged are UHV systems developed by Arthur and Cho at the Bell
Labs in the late 60’s and early 70’s to have kicked off the modern era [82, 83].
Already featuring adjacent UHV chambers for sample loading and preparation, mass spectrometers, substrate heating units and in-situ surface analysis techniques such as reflection
high-energy electron diffraction (RHEED, see section 3.2.1) and Auger electron spectroscopy,
the technology of MBE was irresistibly campaigning through research laboratories. With the
UHV environment ensuring that the arrival rate of unwanted impurity atoms is rendered neg35
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ligible compared to that of the material beams, it became possible to grow epitaxial crystal
layers of unprecedented purity. The superiority over other techniques like metalorganic vaporphase epitaxy (MOVPE, also known as MOCVD) or liquid phase epitaxy (LPE) and the quick
technical evolution led to a transfer of MBE to industry where - originally for the production
of semiconductor lasers - an upscaling of the system made it expedient for commercial use as
well. Nowadays substrate dimensions used for research purposes are between 2 and 3 inches,
whereas in industry the implementation of circular 8 inch wafers is not uncommon practice.
The central part of a MBE system is the growth chamber, which shall be discussed in more
detail in the following. In our group at ETH Zürich we rely on a modified Veeco Gen-II MBE
system, a schematic representation of which is shown in Fig. 3.1. Once the substrate holder
including the substrate (1) is brought into the growth chamber through a sealable valve (8),
it is mounted onto a heatable manipulator that can be rotated and flipped (2). The UHV is
then provided by cryogenic pumps and liquid nitrogen cooled shroud panels (3). When the
substrate faces the effusion cells (4) it is ready for the deposition of the material contained in
the crucibles of the cells. Through a heated view port (5) visual contact of the substrate is
possible. This port is however mostly used for pyrometer to measure the temperature during
growth. Further (unheated) ports (6) allow to gain visual on the insides of the chamber
through windows and are many times the only observation option during maintenance. We
use either the lower or upper left ones as additional ports for band edge thermometry and
blackbody spectrometry. On one of the ports a mass spectrometer is installed as well as
a pressure gauge. An electron gun and a fluorescent screen are installed on opposite sides
(7) such that the surface of the sample can be characterized and observed in-situ with this
RHEED system.

3.1.1

Reaching Ultra-High Vacuum Conditions

As already recognized during the historical development of MBE systems, the most vital
requirement to grow highly pure crystals is the vacuum condition in the growth chamber,
which is why we devote a separate section to it. Highest purity crystals are grown when
the conditions allow for the mean free path of the molecules participating in the growth
to considerably exceed the distance between the material source and the substrate. The
quantity that influences this the most is the amount of undesired atoms and molecules in the
background environment, which is directly linked to the pressure in the chamber. Ingenious
methods have therefore been developed in the system to reduce the background pressure in the
main chamber to such extent that pressures of roughly 1.5·10−11 mbar can be reached in standby mode, suitably abbreviated with UHV mode. Remarkably, this roughly corresponds to the
atmospheric pressure on the moon and translates to a mean free path of several kilometers!
Apart from guaranteeing material beam-like conditions, the reduction of the overall amount
of unwanted atoms has the additional advantage of preventing them from being incorporated
into the crystal as impurity atoms, commonly referred to as background impurities.
In operation mode of our MBE system, the standard pumping unit is a big 400 mm cryogenic
pump (cryopump), which passively collects the ballistic moving background impurities by
condensing them onto a cooled element which is fabricated from activated carbon. Light
elements like helium or nitrogen can only be captured by the cool head of the cryopump
if it reaches temperatures of as low as 10 K. Low temperatures like these can be achieved
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Figure 3.1: Sketch of the relevant components of the growth chamber in our MBE system (courtesy
of Ch. Reichl [73]). (1) Heatable manipulator with mounted substrate holder and substrate. (2) Flip
and rotation axis for the manipulator. (3) Liquid nitrogen cooled shroud panels. (4) Effusion cells
with crucibles and shutters. (5) Heated view port used for pyrometry. (6) Additional ports. The lower
left is used for band edge thermometry, while others are used for mass spectrometry, pressure gauges
or as simple viewing ports (windows). (7) RHEED system with an electron gun and a detection screen
on opposite sides. (8) Valve at the entrance of the chamber.

when compressing helium in an external cooling cycle, which is thermally connected to the
cold head. The shrouds which cover the insides of the chamber walls (3) work in exactly
the same manner as the cryopump. Their operating temperature lies at the liquid nitrogen
level of 77 K. Thus, their main purpose is to collect molecules composed of heavier elements
originating from the effusion cells which missed the substrate target and henceforth do not
participate in the growth process. An important aspect to keep the abundance of impurities
at a low level is the material choice of all working parts in the system. The chamber is
therefore made from extremely stable stainless steel, which diminishes out-gassing and hence
impurity introduction. All other mobile parts are fabricated from UHV compatible tantalum,
molybdenum or pyrolytic boron nitride (PBN). To truly seal the chamber from the outside
ambient, all adapters (conflated flanges) connecting useful hardware or windows are equipped
with oxygen-free, silver-plated copper rings. Two slightly shifted cutting knife edges are driven
into these gaskets from either side to obstruct any flow of gas through these connection points.
The UHV conditions as described above are not just reached in a time frame of mere minutes
or hours, but are obtained through the process of constant pumping over a period of days,
weeks or months. Even then the system constantly improves during the years of operation. A
direct breaking of this vacuum to air has therefore to be prevented at all cost, even if a new
sample is introduced for a fresh growth run. This is only possible with an elaborate system of
pre-chambers and pumping systems as is shown in Fig. 3.2a, which allow to gradually adapt
to the low pressure of the main chamber. The samples are prepared and loaded into a first
UHV chamber, suitably referred to as the loadlock (Fig. 3.2d). An argon gas feed line ensures
that a constant flow of gas out of the small UHV chamber can be guaranteed, such that the
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contaminating effects from opening towards air can be dampened. Once the samples on their
holders are loaded on a specially designed trolley (Fig. 3.2f), the swing door is closed and a
metal scroll vacuum pump evacuates the loadlock. With a set of sorption pumps the pressure
can be reduced even further in a second pumping stage, before the valve of the cryopump of
the loadlock is opened. Like this, pressures of 10−9 mbar can be comfortably reached. The
loadlock is now baked out at a temperature of 200◦ C with the aid of heating filaments, which
are located within the chamber. This process reduces the concentration of water and other
common contamination gases appearing after sample loading, such that a pressure of roughly
2 · 10−10 mbar is reached. Now the sample trolley is transfered to a second pre-chamber called
the buffer chamber, that exerts pressures of as low as 1.5 · 10−11 mbar. Here the samples
are individually baked out on a heating station, which is located directly above a further
cryopump. Temperatures of around 500◦ C are reached at this stage and thus make it possible
to free the samples and their holders of any remaining residues of water as well as to desorb
the protective oxygen layer on the wafer (see section 3.1.3). The sample holders are now ready
for the final transfer into the growth chamber. With the just described procedure, stable and
high quality UHV conditions in the main chamber are guaranteed and maintained over long
periods of time.
A variety of very accurate detection methods to analyze the quality and composition of the
vacuum conditions are installed on the main chamber. The base background pressure is
measured by an ion gauge, which measures the ion current created from heating its tungsten
filaments and the thereof emitted electrons. Its measuring range goes down to 10−12 mbar. A
more detailed analysis of the remaining atoms and molecules in the chamber is provided by
a quadrupole mass spectrometer. This residual gas analyzer (RGA) is capable of analyzing
particles of masses between 1 and 300 amu. With the aid of an electron multiplier which
amplifies the signal, extremely small amounts of an individual element can be detected. A
typical RGA spectrum of our main chamber showing the mass to charge ratio is displayed
in Fig. 3.3. It shows the status of the main chamber after a 12 hour pumping period in
standby mode. The ambiguity involved in the spectrum’s analysis due to possible multiply
charged ions or limited measurement capability of the RGA of molecules makes a correct
interpretation of the spectrum difficult at times. Even more so by knowing that not all
elements are deleterious to successful growth, but that their amu could be overlapping with
elements or molecules that are.

3.1.2

Material Sources and Cell Related Defects

Probably the most sensitive part of the whole MBE system for a successful sample growth
is the source of the materials and with it the cell block of the chamber, which is shown in
the rear view of the growth chamber in Fig. 3.2b. To evaporate clean and homogeneous
beams of material onto the substrate (Fig. 3.1 (1)) the source cells are facing the manipulator
concentrically (Fig. 3.1 (4)). The materials are loaded into effusion cells (for example Knudsen
cells with conical types of crucibles) which are especially designed according to the material
specifics (liquid, solid) and the cell placement on the cell block. The general working principle
of a cell containing either group III or group IV materials is to heat a PBN crucible in
which the source materials reside. The hereby created low-pressure vapor is then directed
towards the substrate. A beam flux gauge is mounted onto the back side of the manipulator
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(d) Sample preparation area and loadlock.

(a) Front view of the MBE system and its main
components.

(e) Substrate holder with a mounted wafer residing on a trolley.

(b) Rear view of the MBE system. The effusion
cells are labeled according to their content.

(c) Old antimony cell.

(f ) Sample holder trolley on a rail.

Figure 3.2: MBE system at ETH.
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Figure 3.3: RGA spectrum acquired in standby mode, roughly 12 hours after the last growth run.

(Fig. 3.1 (2)) which - once flipped towards the cell block - allows to detect the individual
material fluxes by measuring their partial pressures at the location of the sample. Since the
group III elements are in liquid form, they are usually located at the bottom half of the cell
block in upwards facing cells to prevent overspilling. Group IV materials are located at the
upper half in downwards looking cells, since far lower temperatures are required to evoke
a sufficiently large vapor, thus keeping the source material in solid form. The two doping
materials carbon and silicon are in principle sublimated by driving a current through small
pieces of the material, where the electrical resistance in the material causes it to heat up and
slowly dissolve over time.
Since the amount of evaporation is determined by the disclosed material surface area in the
cell, the group III materials and the doping materials allow for a very continuous flux due
to their very stable surface during a growth run. Group IV materials on the other hand are
contained in cells with a valved cracker zone, which enables increased control of the material
flux. At operating temperatures of between 300◦ C and 450◦ C these materials become brittle
(even powder-like) and their surface area - hence evaporation rate - can change more swiftly.
Both, antimony and arsenic, sublimate as tetramers Sb4 and As4 . The cracking zone of these
cells makes it possible to break down the tetramers into dimers or even ions. This however
requires intense heat of the cracker and causes the close surroundings to be heated as well,
thus introducing an additional source of impurities to the system. We therefore operate the
arsenic cracking zone at such temperatures that the material does not deposit on the PBN,
but that the material flux consists of As4 tetramers. The high temperatures needed to grow
high quality GaAs (cf. section 4.2) require a relatively large partial pressure of arsenic of
around 1.33 · 10−5 mbar. However, this comes at a cost expressed through a memory effect.
Figure 3.4a shows the RGA spectrum of the MBE system 3 hours after GaAs growth. A
considerable signal of atomic arsenic (amu 75) and its single (amu 37.5) and double (amu
25) charged ions can be seen. This may be a preferable condition of the vacuum to grow
further arsenic based heterostructures, however, it is unclear what the effects of arsenic and
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its ions are on the electrical properties of InSb when growing a full InSb heterostructure in
the same time frame (cf. section 4.3). Especially the charged ion peaks of arsenic can be
detected for hours or even days. For antimony based materials we found Sb2 dimers to yield
the best sample quality. The cracker is therefore operated at roughly 700◦ C which creates
a fifty-fifty beam flux composition of dimers and tetramers [84]. Despite this high operating
temperature, antimony slowly gets deposited on the cracker crucible such that it may clog the
opening. The antimony cracking zone is thus frequently baked out at very high temperatures.
This not only frees the valve and the cracking zone, but also starts to dissolve the PBN. This
can be nicely seen in the mass spectrum shown in Fig. 3.4b which shows the detected masses
during a bake out at roughly 1200◦ C. Note the largely increased signal at amu 14 and 28,
indicating a high presence of nitrogen in the vacuum ambient. In the MBE system at ETH
Zürich we rely on two types of antimony cells. A front loading (old) cell shown in Fig. 3.2c
and a rear loading (new) cell shown on the left of Fig. 3.2b. In addition, each cell is equipped
with shutters (Fig. 3.1 (4)). With the latter the material beam can be controlled on the basis
of milliseconds, allowing us to grow heterostructures and layers of atomic precision.
Material condensation close to the orifice of the cell’s crucible can lead to unwanted and
uncontrolled defect deposition on the substrate. An example of a crucible coated with droplets
is shown in Fig. 3.5a by the indium cell. Due to the constant beam flux out of the bulk of the
crucible, clusters of material from these droplets are transfered onto the sample’s surface and
can produce defects, which in the case of gallium are commonly known as oval defects due of
their shape [73, 85] (see Fig. 3.5c). Surface defects related to the indium cell take pyramid-like
form as is indicated in Figs. 3.5d and 3.5e. This could be caused by the very high surface
mobility of indium, which thus makes a drop to adapt the distinct crystal directions as edges
of the pyramids. Some of our group III cells are therefore equipped with separate bulk
and tip heating (dual filament cells), such that the formation of droplets can be minimized
or completely inhibited. Fig. 3.5b shows a heated tip of a gallium cell during a cleaning
process, where only two droplets are left at the orifice. Operating the cell with a hot tip
assures smoother and defect-free surfaces, but it may be accompanied with lower sample
performance, i.e. lower mobility. The shift of the hot spot closer towards the substrate can
heat areas of the chamber that are less frequently heated and therefore set impurities free
which would elsewise be sticking to the shrouds. It is a constant weighing of preferences by
the grower, which is considered more important for the specific sample.
The MBE system is driven to working mode once all cells are running at the desired capacity.
This consequently introduces a further origin of impurities, as the source materials themselves
can only be produced to a certain purity level. Typical values range between 6N and 7N5.
Similar as with the vacuum described in the section before, time is a factor here as well.
A cell operating for months or even years starts to gradually clean itself through impurity
segregation or evaporation, thus leading to improved material purity and hence better sample
quality. This brings forth the importance of the double function of the shroud surrounding the
cells (Fig. 3.1 (3)), which is to prevent cross-contamination between the cells, in addition to
collecting material as part of vacuum quality improvement. The importance of material purity
cannot be adequately emphasized, since all the effort put into creating ideal vacuum conditions
is at stake if an impure material lot is loaded into the system. Even though impurities may
not be detected by standard characterization methods beforehand, the sample’s electronic
behavior is crucially sensitive to ever so slight amounts of them. It is therefore a matter of
trust and a great endeavor to procure adequate materials from suppliers.
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(a) RGA spectrum aquired 3 hours after GaAs growth.

(b) RGA spectrum acquired during an antimony cracker zone bake out.

Figure 3.4: Typical RGA spectra in operation mode of the MBE system.
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(a) Indium cell with droplets located at the tip
close to the orifice.
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(b) Tip-heated gallium cell with two gallium
drops condensed at the orifice.

(c) Overgrown oval crystal defect originating from
the gallium cell.

(d) Pyramid-like defects originating from the indium cell.

(e) Similar pyramid-like defects as in Fig. 3.5d
but overgrown, at 100 fold magnification.

Figure 3.5: Material cells and cell related defects on sample surfaces.

44

3.1.3

CHAPTER 3. EXPERIMENTAL SETUP

Substrates

High quality crystal growth requires using pure substrates of high crystalline quality. We
therefore rely on GaAs and GaSb wafers provided by a commercial supplier. The bulk GaAs
and GaSb crystals are grown by vertical gradient freezing methods and a modified Czochralski
process, respectively. From these bulks, 2 inch wafers are cut in (100) direction and oxidized
on their surfaces for protection during transport and storage.

Sample Preparation
To introduce the substrates into the MBE system, they are glued to UHV compatible tantalum
sample holders utilizing liquid gallium which is then mounted on the sample holder trolley
(Fig. 3.2f). The liquid between the holder and the substrate ensures good thermal conduction
as well as homogeneous temperature distribution over the full diameter of the wafer. Wetting
of the back side of GaAs wafers is straightforwardly done by placing a single drop of gallium
on the holder and then rubbing the sample across the latter. The heat applied during bake
outs and growth ensures a uniform distribution of the gallium (see Fig. 3.6a). While this
technique works well for GaAs wafers, the preparation of GaSb wafers has to be slightly
adjusted. With the same mounting technique the back side of a GaSb wafer is poorly coated
with gallium, as can be seen in Fig. 3.6b. This leads to an uneven temperature distribution
and in the end to unideal growth conditions for the parts that are not wetted. The impact of
this is seen in Fig. 3.6d, where the exact image of the unwetted area develops a hazy spot on
the front side of the sample - a proof of poor crystalline quality. Proper wetting with gallium
is needed before mounting the wafer onto the holder. This is done using a clean tantalum
sheet and distributing larger amounts of gallium on the back side of the wafer (see Fig. 3.6c),
which then provides sufficient coverage. Even when ideally preparing the sample as described
here, it is not uncommon to encounter hazy areas on the sample surface. After growth, the
back side of GaSb samples prepared with gallium is very rough, which is not encountered
when handling GaAs wafers [9].

Oxide Desorption
For ideal crystal growth, the protective oxide layer of the wafers has to be removed. It can
be beneficial for the quality of the epitaxially grown layers to reduce the thickness of the
oxide chemically before introducing it into the MBE system [86, 87]. However, we desist
from using chemicals beforehand and desorb the oxide thermally inside the system. Once the
sample holders are introduced to the system and the loadlock bake out has taken place, the
desorption process takes place in two steps. Firstly, they are baked out further on a heating
station in the buffer chamber. With the intension to introduce less impurities into the growth
chamber, the protective oxide layer is ideally almost completely removed at this stage. This
process has to be carried out with care, though, since no protective group V atmosphere can
be provided in the buffer chamber to prevent the non-congruent sublimation of the group V
materials contained in the wafer. A balance between oxide desorption and the prevention of
group V sublimation can be found at roughly 580◦ C for GaAs and below 500◦ C for GaSb
substrates. If these temperatures are exceeded, the protective oxide layer evaporates in an
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(a) Well distributed gallium on the back side of a
GaAs wafer, after growth.

(c) Well wetted back side of a GaSb wafer with a
thick layer of liquid gallium, before growth.

(b) Insufficiently wetted back side of a GaSb
wafer, after growth.

(d) Impact of a insufficiently wetted wafer on the
crystal growth.

Figure 3.6: Different wafer coating techniques for sample preparation.
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(b) Holes in parts of a GaSb wafer.
(a) Partially desorbed GaSb wafer, as a result of intense heating during growth.

Figure 3.7: Damaged wafers resulting from antimony desorption.

uncontrolled fashion such that group V element desorption sets in. This leaves rough sample
surfaces behind and in the worst case gallium drops on the surface as well. In the case of GaSb
substrates, this can even lead to severe substrate damage as is shown in Fig. 3.7. Here small
parts of the substrate experienced too much heat and dissolved completely, leaving behind
holes.
The remaining oxide after the first desorption step is removed by thermal evaporation inside
the main growth chamber. Here the substrates are heated beyond the characteristic desorption
temperatures under a constant arsenic or antimony stabilization pressure to prevent noncongruent sublimation of the group V materials [88]. For GaAs, a beam equivalent pressure
(BEP) of roughly 1 · 10−5 Torr is applied from the arsenic cell and BEPs of antimony of
between 1 and 2 · 10−6 Torr when desorbing oxide from GaSb wafers [89]. This process can
be observed by RHEED (see section 3.2.1) yielding a spotty pattern which indicates a rough
surface after oxide desorption. Atomic force microscopy pictures confirm this observation, as
is shown in Fig. 3.8 on the example of GaAs.

3.1.4

Temperature Control

By far the biggest impact on the crystal growth dynamics is set forth by the temperature of
the substrate. Its control is thus extremely important and destines the surface chemistry and
kinetics, and hence the quality of the resulting crystal (see section 2.1). Our main growth
chamber of the MBE system therefore has a range of different measurement devices which
allow to monitor the temperature with high precision.
On the manipulator a thermocouple is installed which makes contact to the sample holder
from the rear and measures the temperature utilizing the Seebeck effect. This measurement
method may be the most imprecise, since the element measuring the temperature is at a
distance to the wafer. In addition, if the contact between the holder and the thermocouple
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Figure 3.8: AFM measurements of GaAs substrates before (left) and after (right) desorbing the
native oxide layer for 1 × 1 µm2 sized windows.

is insufficient or solely due to different thermal conduction properties of different holders,
this temperature reading can vary considerably from the actual temperature on the wafer.
Nonetheless, the method can provide a quick and rough estimate of the temperature.
More precise measurements are based on the black body radiation of the substrate, which is
expressed through Planck’s law. The light emitted from the black body is measured by the
spectral radiance
2hc2
1
I(λ, T ) = aT 5 hc/λk T
+C,
(3.1)
B
λ e
−1
where  is the material emissivity, λ the wavelength of the emitted light and C is a constant
background. aT is a tooling factor that accounts for the system’s geometry and accounts for
sensitivity factors as well.

Pyrometry
We take advantage of two infrared pyrometers which measure the absolute intensity of the
thermally emitted radiation from the substrate at different wavelength ranges. An IRCON
2000 is capable of measuring the wavelength band of between 0.7 µm to 1.0 µm, which corresponds to temperatures of 400◦ C to 1300◦ C. If a lower temperature read is required, an
Impac 120 with a wavelength range of 2.0 µm to 2.8 µm is installed. This allows us to measure temperatures of between 100◦ C and 700◦ C.
The accuracy in measuring the temperature with these pyrometers depends on  and aT ,
the two prefactors in Eq. 3.1. System-specific inaccuracies can be minimized by keeping the
window of the heated view port at a stable high temperature. This prevents material deposition and hence short- or long-term changes in transmissivity of the window. Additionally,
stray light of alien sources can falsify the temperature reading. A bigger problem is posed
when growing heterostructures containing materials of considerably different emissivity. The
reading not only depends on  of the individual material compositions of the epitaxial or the
underlying layers, but also on the layer thickness.
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While pyrometry in the form presented here is less of an issue for heterostructure systems
consisting of similar materials which are grown in a narrow temperature range, the structures
presented in this thesis require a more accurate temperature measurement method. This is
mainly due to the fact that a large variety of different materials are used for which the optimal
growth temperatures are considerably different than those of the substrate.

Band Edge Spectrometry
The by far most accurate and trustworthy method to measure the temperature of the substrate
is conducted by band edge spectrometry. It images the physical and temperature-dependent
property of a semiconductor by measuring the material’s band edge. When shining white
light through the heated view port (Fig. 3.1 (5)) onto the substrate, the photons with wavelengths corresponding to energies larger than the energy band gap of the semiconductor will
get absorbed by the material. This creates a sharp edge in the intensity spectrum, which is
measured by a spectrometer located at another view port (Fig. 3.1 (6)). Due to the temperature dependence of this phenomenon given by the position of the edge on the wavelength axis,
a very accurate value can be measured. The measurement method is independent of stray
light, material emissivity or the tooling factor as long as good calibration data is available.
Most importantly, this measurement method is extremely accurate for low temperatures,
opposed to the high temperature range, where free carriers in the substrate crossing the band
gap can influence the band edge measurement by smearing it out. An additional problem
imposed is the fact that the system used for this thesis is not suitable for the measurement
of the band edges of antimony based materials. With their narrow band gaps, the band edge
moves out of the possible measuring range of the spectrometer.

Black Body Radiation Fitting
This method features a real-time, non-linear least squares fit of the measured radiation spectra
according to Eq. 3.1. Here the temperature T is the fitting parameter. If the emissivities of
the used materials are unknown in the relevant temperature and wavelength ranges,  and aT
may additionally be assigned as fitting parameters, yielding a physically more accurate fit.
When measuring temperatures of 400◦ C and below, it becomes increasingly difficult to do so
as the black body measurement curves shift towards lower energies which makes the fitting
unreliable. The fitting mechanism employed by this system starts to fit the curve according
to Wien’s displacement law as the radiation intensity decreases until it is shifted out of the
spectrometer range.

Methods Suitable for InSb Growth
As we will see in chapters 4 and 5, the optimal growth temperatures - depending on the desired
substrate material - for InSb based heterostructures roughly lies between 250◦ C and 650◦ C.
Crystalline InSb grows best at 350◦ C or slightly below, which is a problematic temperature
range to measure in real-time for the measurement methods and setups introduced above.
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To still guarantee full temperature control for each single growth run even at low temperatures,
we have beforehand calibrated the applied heating power for specific temperatures of a GaAs
substrate for every desired temperature used during a growth recipe. This technique does
not allow to known the effective growth temperature of the material deposited on top of
the substrate to full accuracy, however, if the epitaxial layer is considerably thinner (usually
around 2-5 µm) than the thickness of the substrate (500 µm), it can be safely assumed that
the temperature of the epilayers and the substrate are very similar. A similar calibration
technique was used for growth runs with GaSb substrates. The difference here being that
black body fitting instead of band edge detection was employed for the substrate temperature
calibration.

3.2

Characterization Methods

Sample characterization is vital to the optimization processes involved in MBE procedures. In
most cases, complicated heterostructure samples must be tailored according to the requirements of an intended physical experiment. It is not always trivial to fabricate a perfectly
working sample in a first growth run, which elicits an iterative process of growth and quality verification until the desired final product is obtained. This iterative loop can involve a
combination of in-situ and ex-situ structural as well as electrical characterization, depending
on the demands set by the experiment. In the following the main methods used for all our
characterization are reviewed.

3.2.1

In-Situ Reflection High-Energy Electron Diffraction

A very prompt possibility to characterize the epitaxial crystal growth is given by in-situ
reflection high-energy electron diffraction (RHEED), a very powerful tool which is heavily
taken advantage of in MBE. RHEED allows for a real-time observation of the sample’s surface
before, during and even after a growth run and hence provides insight on the growth conditions
at all time. Next to X-ray diffraction (cf. section 3.2.4) and transmission electron microscopy
(cf. section 3.2.5) it is a further investigation method to analyze layers which are henceforth
buried in the heterostructure and inaccessible to many other characterization methods.
The RHEED setup consists of an electron gun, the sample under scrutiny and a phosphorus
detection screen, all placed in line between two openings of the chamber (see Fig. 3.1 (7)).
Electrons are thermally emitted by driving a current through a filament in the gun and
are accelerated towards the sample by high voltages of up to 35 kV (our setup is standardly
operated at 15 kV). A set of magnetic deflection coils allows to focus the electrons to a narrow
beam and to direct the latter at a glancing incidence angle (on the order of fractions of a single
degree) onto the sample. From there the electrons are diffracted and the resulting pattern
can be detected on the screen. The small incident angle ensures that only the few topmost
monolayers of the sample surface are involved in diffraction events, making RHEED a true
method of structural surface analysis.
RHEED processes at the surface of the sample can be understood from kinematic theory
- a geometrical analysis in reciprocal space - where elastic scattering of electrons and their
subsequent constructive interference is required. Due to the small angle of incidence we are
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Figure 3.9: Schematic illustration of the RHEED process. Depicted is the Ewald construction with
spots arising from fulfillment of the Laue condition.

mainly concerned about the 2D lattice of the surface, which is degenerate in reciprocal space
to a set of infinite parallel rods. As a consequence of elastic scattering, incoming electrons
with a momentum vector of ~k0 = 2π/λ (where λ is the wavelength of the incident electrons)
will have an equally large momentum vector once scattered, such that |~k0 | = |~ki |. This implies
that both vectors lie on a sphere centered around the point of incidence, which is known as
the Ewald sphere [90]. Constructive interference of the scattered electrons is then possible
when the Ewald sphere intersects the reciprocal lattice of the sample surface, such that the
Laue condition
~k0 − ~ki = G
~
(3.2)
~ being a reciprocal lattice vector. The collection of all vectors ~ki constitute the
is met, with G
diffraction pattern on the screen. Diffraction patterns can show a variety of features resulting
from direct scattering events, such as bright spots and rings (Laue circles). When electrons
undergo multiple inelastic scattering events faint fan-like lines (Kikuchi lines) can appear (see
Fig. 4.3). A schematic representation of the Ewald construction is shown in Fig. 3.9.
Best growth conditions are set when the crystal can grow in a layer-by-layer mode described by
the TSK model encountered in section 2.1.2. Planar growth modes are represented by streaks
or lines in the diffraction pattern which is an effect of broadening of the reciprocal lattice
rods to a finite radius. This is mostly caused by the crystal steps on the surface which sets
an effective coherence length for the diffraction process, deviating from the spot-like pattern.
The interplay between spots and lines is the first step to characterizing the surface of the
sample. The spottier a RHEED pattern appears, the rougher the surface is. The apparent
arising contradiction to theory, which would suggest the broadened reciprocal lattice rods
to be a product of rough surfaces, can be attenuated at this point by considering scales in
reality. Especially during epitaxial growth, a sample’s surface is never atomically flat, which
suggests that the achievable optimal growth conditions are met when visible streaks appear
or if spots are strongly elongated along a single dimension. This is opposed to undesired 3D
growth where the surface is extremely rough and the RHEED image is transitioning to an
electron transmission diffraction pattern exhibiting distinct spots.
Due to the termination of the crystal, the surface atoms are forced to rearrange in compar-
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ison to the underlying bulk crystal. The lack of attractive forces from the top causes the
outmost layer to relax in vertical direction and shift horizontally to restore dangling bonds
which completes the reconstruction of the surface. Hence, the spacing between the spots and
streaks of the RHEED pattern is directly linked to the periodicity of this rearrangement.
The surface lattice vectors ~xs and ~ys of the reconstructions are often multiples of the bulk
unit cell vectors ~a and ~b, and yield the reconstruction’s notation (~xs × ~ys ). In the RHEED
pattern the multiples of ~a and ~b appear as weaker streaks in between the main diffraction
streaks of the bulk (cf. Fig. 4.20), when observing the pattern in respective 90◦ angles. Surface reconstructions are greatly influenced by the ambient conditions in the growth chamber,
which allows to experimentally determine phase diagrams for a large variety of materials
(see Fig. 4.19). Accordingly, RHEED diffraction patterns also permit to determine the type
of atoms that terminate the crystal, for example in a binary compound. At material transitions, this knowledge can prove to be of vital importance while growing multi-compound
heterostructures.
Surface reconstruction phase transitions are additionally useful for growth temperature calibrations, when standard temperature measurement devices have to be operated in unreliable
ranges (cf. section 3.1.4). All materials grown in this thesis rely on phase diagrams available
in literature [91, 92, 93].

Using RHEED for Growth Rate Calibration
RHEED provides an ideal method to calibrate crystal growth rates, which builds on the
oscillating reflectivity of the crystal surface for complete and incomplete 2D layers [95]. The
working principle is shown in Fig. 3.10, where the RHEED signal is focused on a spot of
constructive electron interference on the screen (right-hand side of the figure). We note
that this spot is elongated along distinct streaks, due to the mechanisms explained above.
Assuming a perfectly flat substrate as a starting point (Θ=0 coverage of the epitaxial layer),
the electrons constructively interfere, thus leading to an intensity maximum of the diffraction
spot on the screen. While the next monolayer starts to build by forming a few single-step
terraces, increasingly diffusive scattering sets in resulting in a reduced intensity signal. The
minimum intensity is reached when the surface coverage of the epitaxial monolayer is at
Θ = 0.5, which resembles maximal stray scattering. As more and more terraces connect
and start to cover the whole sample surface, the intensity of the spot increases again until it
reaches a maximum when the surface is fully covered (Θ = 1). If monitored over a period
of time, the growth of subsequent epilayers results in an oscillatory behavior of the RHEED
signal intensity. The frequency of oscillations can directly be related to the growth rate, where
one oscillation period corresponds to the completion of a single atomic layer thin film.
In reality, the nucleation of a second layer starts before the full completion of the first epilayer.
This evokes that the initial intensity maximum cannot be reached and the oscillation amplitude continuously decreases over time to a point where the surface is maximally diffusive and
oscillations seize to exist. The oscillatory behavior can be recovered if the growth is stopped,
which allows the atoms to rearrange on the surface and form uniform layers through surface
migration. The calibration of growth rates with RHEED only works for an island growth
mode (Vollmer-Weber growth). In the case of perfect step-flow growth, the diffraction intensity remains constant which prohibits oscillations.
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Figure 3.10: Schematic illustration of the growth rate determination by RHEED through the mechanism of diffraction spot intensity oscillations. Reprinted from M. Ohring [94].
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For binary and ternary compounds the growth rate is typically limited by the individual
rate of the group III elements. Sufficient group V element supply and of course the right
growth temperature guarantee optimal growth conditions for the crystal. However, for Sbbased material compounds the abundance of the group V element can seriously affect the
roughness of the surface (cf. section 4.2). The growth rate of ternary alloys is determined
by the combination of the individual growth rates of the group III elements. Typical growth
rates applied over the course of this thesis lie between 0.15 Å/s and 3 Å/s, which corresponds
to roughly between < 0.1 to 1 monolayer per second. The problematics with low growth rates
is the larger exposure time of the epilayer surface to the vacuum ambient, which increases
the incorporation probability of background impurities into the crystal. This effect is even
more enhanced if materials containing highly reactive aluminum are grown. How to solve this
problem will be discussed in chapters 5 and 6. Despite this downside, we value the advantage
of improved structural properties when using lower growth rates.

3.2.2

Optical Microscopy

Optical microscopes offer an easy and readily accessible way to characterize large areas of a
sample’s surface outside of the MBE system. No after-growth processing of the samples is
necessary for this characterization method, since faint surface features and defects related to
the dynamics in the source cells (cf. section 3.1.2) are already visible at low magnification,
sometimes even by bare eye. The surface defects can be highlighted even more if reflected
light differential interference contrast microscopy (DIC) is utilized, also known as Nomarsky
interference contrast microscopy.

3.2.3

Atomic Force Microscopy

Proposed and developed in 1986 by G. Binnig et al. [96], the technique of atomic force
microscopy (AFM) is concerned with measuring incredibly small forces of as small as 10−18 N.
A sensitivity which is on the scale of interatomic forces between single atoms and hence
highlights the core strength of the technique being capable of resolving sample surface features
on the order of Ångströms in both lateral and vertical direction.
The functionality of an AFM device is based on driving a silicon tip (with a single atom
residing at the very end) that is attached to a cantilever made from silicon nitride across the
sample’s surface. Once fixed to an assembly of piezoelectric elements, the cantilever resembles
a spring with a resonant frequency of
r
1
k
f0 =
,
(3.3)
2π m
where k is the spring constant and m the load on the spring. Two modes of operation are
common, a contact and a tapping mode. In contact mode, the tip is dragged along the surface
producing an image of the morphology of the surface according to the height deflection of
the cantilever. If the sample’s surface is sensitive to damage, this technique can be adjusted
such that the tip is kept at a distance to the surface. A current is then applied to the
cantilever and it is moved across the surface by keeping the tunneling current between tip and
surface constant, creating an exact image of the sample’s morphology. For the measurements
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presented in this thesis, the AFM device was operated in tapping mode. A constant oscillation
frequency around its resonant frequency f0 is applied to the cantilever while moving it over
the sample’s surface. In this way it is sensitive to small forces - for example Van der Waals,
electrostatic, magnetic or capillary forces - and will therefore experience a deflection form f0 ,
a shift in amplitude or in phase. This alteration in motion will then be detected by a laser
system which is aligned with a position-sensitive array of photodetectors. With the measured
shift in phase, materials of different composition can be distinguished. AFM is thus a powerful
tool to characterize the surface of a sample when the optical microscope fails to resolve ever
smaller features.

3.2.4

High Resolution X-Ray Diffraction

X-ray diffraction (XRD) methods work complementary to scanning-probe techniques, such
as AFM. Whereas scanning techniques are able to provide a direct picture of a surface area,
X-ray scattering provides a measure of the reciprocal space of a sample. Averaging over
large sample volumes, this non-destructive method provides structural information such as
for example material composition and thickness of epitaxial layers buried in great depth of a
heterostructure.
More interestingly, XRD further allows to analyze the strain and relaxation of an epitaxial
layer. The accuracy in their determination depends on the grade of deformation of the
substrate and can be enhanced if it happens on a relative scale rather than in absolute values.
Pseudomorphic systems of cubic materials grown onto (001) substrates experience biaxial
strain in their layers and the initially cubic material undergoes a tetragonal deformation
(see section 2.1.3). This usually requires two independent measurements, one perpendicular
and one parallel to the surface normal. It is achieved by measuring the Bragg diffraction
with symmetric and asymmetric scattering geometries. For thin layers, the in-plane lattice
mismatch can be measured nicely by grazing-incidence XRD.
A highly parallel incident beam of X-rays is commonly provided by CuKα1 radiation (λ =
1.5406 Å). This beam is set to impact the target at an angle αi to the investigated crystal
plane and diffracted by an angle αf to reach the detector of the setup. The mechanism is
governed by Bragg’s law [97]
nλ = 2dB sin θB .
(3.4)
Since the X-ray beam is prepared such that it has a constant wavelength, the angles θB
at which a diffraction peak appears are determined solely by the spacing dB between the
individual crystal planes.

Strain and Relaxation
As seen in section 2.1.3, the different lattice parameters aL and aS of the epitaxial layer and
the substrate result in a lattice mismatch
δL∞ ≡ f =

aL∞ − aS
,
aS

(3.5)
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where ’∞’ expresses the intrinsic lattice constant of the epitaxial layer. Considering the
biaxial nature of the cubic lattices, the strain components along distinct axes are
aLk − aL∞
aL∞
aL⊥ − aL∞
= ⊥ =
aL∞

xx = yy = k =
zz

(3.6)
(3.7)

with the parameters aLk and k parallel, as well as aL⊥ and ⊥ perpendicular to the material interface (cf. Fig. 2.3). From elasticity theory, the perpendicular and parallel strain
components can be connected by [98]
⊥ = −2

C12

C11 k

(3.8)

with the respective elastic constants C12 and C11 . This relation together with the lateral and
vertical lattice mismatches
aLk − aS
and
aS
aL⊥ − aS
=
aS

δLk =
δL⊥

(3.9)
(3.10)

offer an alternative expression to the misfit f in Eq. 2.1 of the epitaxial layer, which then can
be written as [98]
δL∞ =

C12
δL⊥ + 2 C
· δLk
11

1+

12
2C
C11

=

1−ν
2ν
· δL⊥ +
·δ .
1+ν
1 + ν Lk

(3.11)

Knowing the elastic constants, it is possible to give an exact Poisson ratio by [99]
ν=

C12
.
C11 + C12

(3.12)

The lateral and vertical lattice mismatches are measured from diffraction curves (so-called
rocking curves) in distinctively designed XRD experiments.
For a multi-material heterostructure, the lattice misfit f between the epitaxial layer and the
substrate causes an angular separation ∆ηi between the two individual Bragg peaks in the
rocking curve by [99]
∆ηi = ∆θB + ∆ϕ .
(3.13)
∆θB = θL − θS is the kinematic Bragg angle difference, which for symmetrical diffractions is
the derivative of Bragg’s law and is given by
∆θB = −δL⊥ tan θB .

(3.14)

For asymmetrical diffractions, ∆ϕ = ϕL − ϕS describes the different inclination angles ϕL
and ϕS of the diffracting lattice planes in the epitaxial layer and the substrate. This results
from the lattice distortion visualized by the shaded squares in Fig. 2.3.
The index i = ± denotes the two types of complementary setups for the asymmetric Bragg
diffraction being ∆η± = ∆θB ± ∆ϕ (see Fig. 3.11). Measuring the rocking curves in these
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Figure 3.11: Grazing incidence (left) and grazing exit (right) geometry setups for the two complementary Bragg diffraction situations η− and η+ , respectively.

constellations results in a shift of the Bragg diffraction peaks, which is illustrated in Fig. 3.12.
∆θB and ∆ϕ can be separated to
1
(η+ + η− ) and
2
1
∆ϕ = (η+ − η− ) ,
2

∆θB =

(3.15)
(3.16)

if refraction is not an issue.
It is now possible to express the tangential and lateral lattice mismatches in terms of the two
angles [99]:
δL⊥ = ∆ϕ tan ϕ − ∆θB cot θB

(3.17)

δLk = −∆ϕ cot ϕ − ∆θB cot θB

(3.18)

If the exact value of aS is known and the epitaxial layer is a multiple thinner compared to
the substrate, the degree of relaxation R is then defined as [98]
R=

aLk − aS
.
aL∞ − aS

(3.19)

The epitaxial layer is fully strained (R = 0) if δLk = 0 and maximally relaxed if aLk =
aL⊥ = aL∞ (R = 1). R can be calculated directly from measuring the values ∆ϕ and ∆θB
retrieved from the diffraction peaks in a rocking curve and making use of the above introduced
equations.
Rocking Curves
An exemplary rocking curve of an InSb quantum well heterostructure with the symmetric
(004) measurement together with the complementary directions (115+) and (115−) is shown
in Fig. 3.12. Resulting from an 8◦ scan, the curves reveal the diffraction peak of the GaAs
substrate, a thick GaSb layer including a AlSb/GaSb superlattice (SL #1), a thick In1−x Alx Sb
layer including a InSb/In1−x Alx Sb superlattice (SL #2), and the InSb QW (structural details
of the presented sample are described in chapters 4 and 5).
From the size of the full width at half maximum (FWHM) as well as the position and strength
of the intensity of the individual peaks, a first measure of quality, thickness, strain, and
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Figure 3.12: Rocking curves of an InSb quantum well heterostructure. Top: Symmetric (004)
measurement. Arrows indicate the materials and superlattices (SL) associated to the peaks. Bottom:
Complementary (115)+ and (115)− (green and red, respectively) measurement directions. The shift
of the peaks relative to the GaAs substrate in the (115)± data is a result of the grazing incident and
exit measurement method.

composition of the crystal can be assessed. In general, the thickness of a layer determines the
intensity of the peaks. The thick and high crystalline quality GaAs substrate on the right
hand side of the diffraction spectrum acknowledges this interplay by showing a sharp, large
peak, whereas the InSb QW peak is reduced in intensity. For high crystal quality structures,
first and second order peaks can be seen, stemming from short-period superlattices, as is
outlined by the arrows in Fig. 3.12.
The (115)± diffraction curves are normalized to the substrate peak, which unravels a shift of
the peaks of different material compositions relative to the (004) direction [100]. For these
types of measurements the signal intensity commonly decreases considerably, thus making a
clear emergence of peaks more complicated in general, as is expressed through the disappearance of the 1st and 2nd order superlattice peaks. A nice feature of these measurements allows
to qualitatively determine strained layers. If the (115)± diffraction curves reside upon each
other, the strain within the layer is approximately zero compared to the normalized substrate
material. In the case of our example in Fig. 3.12, the GaSb and the InAlSb layers are relaxed
compared to the GaAs substrate. The superlattices and the QW show shifts in angle and
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are therefore presumably strained. More details on these types of analysis can be found in
section 5.3.

Layer Thickness
In crystal structures of high quality, thickness fringes are a common occurrence in rocking
curves. These originate from multiple diffractions within the same layer and manifest themselves as small periodic oscillations around the layer peak. The layer thickness t then results
from [100]
λ
t=
,
(3.20)
2∆θp cos θB
where ∆θp is the interference periodicity of the fringes, λ the wavelength of the X-rays and
θB the Bragg angle determined by the measurement setup.

3.2.5

Transmission Electron Microscopy

Transmission electron microscopy (TEM) allows to gain the most elaborate and profound insight into the crystal structure, thereby revealing crystal defects and interfaces at the material
transitions with very high resolution. Developed by M. Knoll and E. Ruska in 1931 with the
goal to achieve atomic resolution, the technique had rapidly surpassed the maximal resolution
set by optical microscopes by 1933. The limitations were henceforth no longer imposed by
the nature of visible light, but rather by the progression in the development of TEM devices.
By 1944 details of 2 nm in size got resolvable with TEM, while the theoretical resolution of
optical microscopes is bound to sizes of the order of 200 nm. Modern TEM devices have
resolving powers of less than 1 nm, which truly makes a ’point to point’ investigation possible
on the atomic level. For this to take place, the investigated specimens undergo a lengthy
preparation process which has to be carried out with great care. For cross-sectional investigations (opposed to planar sample preparation) a sample piece has to be cut into small discs
of half a millimeter and mechanically ground to roughly 70 to 100 µm. The region of interest
will then be dimple ground to about 5 µm and further thinned with a precision ion polishing
system (PIPS) by a focused ion beam (FIB) of argon. Like this, free standing layers of less
than 100 nm are achieved [101]. The samples are now ready to reveal their structural nature.
In its very essence, the information carriers are charged electrons emitted from a tungsten
filament. They are accelerated with up to 300 kV down a pillar under high vacuum conditions
(10−6 mbar and below) to minimize electron scattering. This enables to guide them down a
series of electromagnetic lenses and apertures, through the sample piece and on to a fluorescent
screen or an array of CCD sensors. The actual TEM image on the CCD camera emerges from
elastic scattering of the electrons with the nuclei of the specimen as well as the constructive
and destructive interference of the electron beam. The minimal resolvable distance on the
sample is now defined by the diffraction limit and may be expressed by the Rayleigh criterion
dR =

0.61 · λ
,
n sin(α)

(3.21)
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(a) TEM overview of an InSb/In1−x Alx Sb heterostructure in BF mode.
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(b) In1−x Alx Sb diffraction image in the [110] zone
axis (ZA).

Figure 3.13: Typical TEM and diffraction measurements taken during the course of this thesis. The
BF mode image in (a) shows features stemming from strain in the top layer of the heterostructure.

where λ is the wavelength of the electrons (i.e. approximately 2 pm for 300 kV acceleration
voltage), n is the refractive index of the sample material and α is the semi-angular aperture
of the projector lens.
The contrast in TEM images is given by the mass-thickness relationship of the sample material
and the excluding or including of scattered beams of different angles θ through the objective
aperture. This allows to control the intensity profile on the image plane and therefore the
contrast. There are different modes in which a transmission electron microscope may be
operated, each of which having its own benefits. In high-resolution bright field imaging (BF)
where only transmitted electrons contribute to the intensity profile, areas with atoms of
heavier mass will appear darker due to increased coulomb scattering. For dark field (DF)
imaging the projector lenses are set in a way that larger scattering angles θ are collected and
the resulting contrast of the image is inverse to the BF case. In BF as well as DF mode,
contrast differences may also stem from strain within the sample. Heterostructures of layers
containing materials of different lattice constants are therefore predestined for these kind
of investigations. Fig. 3.13a shows an overview of a heterostructure of one of our samples,
revealing layers with increased internal strain (top layer in the figure) which is indicated by the
phase contrast differences. A method ideal for crystal defect detection in samples presented
in this thesis is given by scanning transmission electron microscopy (STEM) through highangle annular dark field imaging (HAADF). In this mode the advantage lies in the ability
to collect both types of measurements (BF and DF) simultaneously, increasing the signal
collection efficiency and therefore revealing subtle structural differences in the sample. In
diffraction mode, rays emanating from the sample piece that are parallel to each other come
to a focus in the back focal plane of the objective lens, resulting in a spot pattern with a
distribution distinct to the crystal structure of the material (cf. section 2.1.1). An example of
the zincblende diffraction pattern of In1−x Alx Sb is shown in Fig. 3.13b. The sample is tilted
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into the [110] zone axis and two exemplary points are denoted next to the main diffraction
peak in the middle of the typical hexagon.

3.2.6

Magnetotransport Characterization

One of the more fundamental investigation methods is performed by electrical characterization
through magnetotransport measurements. If conducted at low temperatures it allows to lower
the energy - hereby reducing disorder - in the system and to reveal the true nature and
quantum physics in a sample. The variety of setups and sample geometries used over the
course of this work are presented in the order of decreasing operating temperature.
Our room temperature measurement setup consists of two metal wire coils situated on either
side of the sample holder. The magnetic field is generated by driving a current through
both coils separately, which induces a nearly homogeneous field between them. Since intense
heat may arise from applying high currents in order to achieve higher fields, a water cooling
system is attached for internal cooling of the coils. Magnetic field values of up to 1.3 T may
comfortably be reached like this. The sample is then placed perpendicularly to the magnetic
field flux.
The second setup consists of a hollow magnet rod and a therein fitting sample rod, as well as
a dewar filled with liquid helium (4 He). A coil of superconducting wire defines the magnet
located at the bottom of the magnet rod. Once lowered into a filled dewar, it can generate a
perfectly aligned magnetic field of up to 6.7 T to the rod’s rotation axis. Two samples with
8 pins each are mountable on the sample holder in such a way, that the sample’s surface is
perpendicular to the magnetic field. Once the sample rod is lowered into the magnet rod,
the sample chamber can be flooded with liquid helium. This allows to measure at a stable
temperature of 4.2 K. By closing the needle valve and reducing the pressure in the sample
chamber with an external pump, the boiling point of helium can be lowered. Consequently
a stable measurement temperature of 1.3 K can be reached until the liquid helium in the
sample chamber is evaporated. A red LED with a wavelength of λ ≈ 740 nm allows to
conduct illuminated measurements. Several lock-in amplifiers provide a quasi DC current
(1 µA) when run at a frequency of 13.8 Hz. They are simultaneously used to read out the
occurring voltages. With this setup, a fast feedback loop is provided to determine the density
and mobility of a sample together with its magnetotransport measurements, since new samples
can be cooled down, measured and warmed up within mere minutes.
If even lower temperatures and higher magnetic fields are desired, a 3 He cryostat enables to
provide data on a decent time scale. The core piece of the setup is the sample rod which
contains a closed 3 He (gas) cycle with a copper connection - hence excellent heat conductance
- to the sample holder. The rod is then covered by an OVC and set under vacuum before
lowered into a superconducting magnet coil, which resides in a large dewar containing 4 He.
Through a pickup line and a pipe system the 4 He can enter the sample rod and thermally
connect to the 3 He cycle, without ever making contact to the sample itself. This thermal
connection liquefies the 3 He gas which may be then pumped by a built-in sorption pump to
reduce its boiling point. Temperatures of down to 250 mK are reached and transferred to the
sample. This temperature may be maintained for up to 20 hours if handling the needle valve
ideally - and with it the 4 He supply. The magnet of this setup is capable of reaching 14 T
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Figure 3.14: Schematics of the van der Pauw (left) and Hall bar (right, including top gate) measurement geometries with numbered contacts. The van der Pauw geometry also shows a standard
measurement setup used in our samples to acquire magnetotransport data.

under standard operation conditions and 16 T if so-called ’lambda-pumping’ is conducted.
Like the before described dewar system, the 3 He cryostat sample rod also has a LED for
red light exposure of the samples. Since the system is operated at far lower temperatures
than the 1.3 K system, considerably lower currents of between 100 nA and 500 nA are used
for our standard measurements to reduce heating effects. This system is also equipped with a
custom made sample heater, which allows to conduct relatively stable temperature-dependent
measurements.
The goal of the measurements performed in all of these systems was to retrieve the longitudinal and transverse resistivity (ρxx and ρxy ) of the samples. Measured in a perpendicular
magnetic field, this yields the carrier density and mobility according to Eqs. 2.61 and 2.62.
All measurements were realized on the two sample geometries described in the following.

Van der Pauw geometry

The by far simples and quickest way to characterize a sample is done by a van der Pauw
measurement geometry [102]. Van der Pauw proved that for homogeneous samples the resistivities in a four-point contact configuration are independent of the sample shape, as long
as there are no holes within it and the contacts are placed on the edge of the sample. Consequently, the ideal sample shape for our single crystals is rectangular, since they can easily
be cleaved along distinct crystal directions. A sketch of our typical samples is shown on the
left in Fig. 3.14. The 2DEG is contacted by scribing - i.e. scratching - the surface of the
sample with a sharp metal tool and subsequently soldering a drop of pure indium onto the
scratched spot. Unlike other material systems grown in our group where an annealing process
is required to properly make contact with the active region of the sample, the simple soldering
is sufficient for InSb-based heterostructures. A gold wire is now attached to the indium drop
as well as to the pins of the sample holder.
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According to van der Pauw, the longitudinal resistivity can now be determined by


R46,82
π R46,82 + R68,24
,
ρxx =
·f
ln(2)
2
R68,24

(3.22)

in which R46,82 represents the resistance obtained when running a current between contacts
4 and 6 and measuring the voltage between contacts 8 and 2 (equivalently for R68,24 ). The
correction factor f (x) is implicitly defined as



x−1
f
ln(2)
−1 1
.
(3.23)
=
cosh
exp
x+1
ln(2)
2
f
As mentioned before, van der Pauw was able to show that Eq. 3.22 remains valid for finite
samples of arbitrary shape and contacting schematics, provided they are at the samples edge.
The Hall resistivity is then determined from
ρxy (B) =

R48,62 (B) − R48,62 (0) + R62,84 (B) − R62,84 (0)
2

(3.24)

when measuring the respective resistances at low magnetic fields of for example 0.25 T.
Figure 3.14 also shows our standard contacting setup when performing Shubnikov-de Haas
measurements. A current is driven between contacts 1 and 5, while the longitudinal and
transverse voltages Vxx and Vxy are measured between contacts 8 and 6 as well as 3 and 7,
respectively.
Hall bar geometry
To gain more insight into the physics of the samples, we have fabricated devices which allow
to be measured in the Hall bar geometry, which is shown in Fig. 3.14 on the right. Although
the fabrication of Hall bars is more time consuming because a series of processing steps is
required, the advantage of being able to add a surface-covering metal top gate outweighs the
efforts. With the electric fields induced by the gate, the Fermi level and hence the charge
carrier density in the QW can be tuned (cf. section 2.2.6). The shape of the Hall bars is
obtained after photolithography and etching steps. A resistive, dielectric material (usually
Si3 N4 or Al2 O3 ) is placed between the semiconductor and the metal Ti/Au gate. More details
on the fabrication as well as dimensions of Hall bars and gates are found in section 6.2.1.
The transverse resistivity becomes
UH
(3.25)
I
for long and narrow samples in the Hall bar geometry. UH is the Hall voltage measured
between contacts 2 and 6 or between 3 and 5, where I represents the current driven through
the length of the sample, i.e. between contacts 1 and 4. Hence, the longitudinal resistivity is
then given by
U wH
ρxx =
,
(3.26)
I lH
where U is the voltage measured between either contacts 2 and 3 or 6 and 5. wH represents
the width of the Hall bar and lH the distance between the contacts along it. Contact 7 is the
gateway to applying voltages to the top gate and therefore altering the density in the sample.
ρxy =

Chapter 4

Buffer Designs
In the context of epitaxial crystal growth, the concept of buffer systems is a well established
method to account for imperfections originating from the substrate. Current ex-situ production processes of semi-insulating substrate material inevitably incorporate charged impurities
into the crystal. These impurities will allocate in the bulk and on the surface of supplied
substrates available on the market today. Their tendency to migrate towards and into epitaxial layers during the growth process poses a threat to high quality electron transport in the
active region of the structure due to scattering events. Furthermore, even the most meticulous substrate preparation will not provide surfaces smooth enough to grow high crystalline
quality QWs directly on top. It is therefore common practice to employ a series of crystalline
layers - the buffer system - consisting of one or multiple material compounds, which separate
imperfections of the substrate and the active QW region. The intended functionality of the
buffer system, however, differs considerably depending on the magnitude of lattice mismatch
between the substrate and the QW material.
For growth on nearly or perfectly lattice-matched substrates, buffer systems are needed to
correct deficits of the all but perfect substrate crystal. After desorption of the native oxide
layer, the surface shows a rough morphology (compare Fig. 3.8). Here, a buffer facilitates the
flattening of the interfaces for the upcoming 2D electron gas. A very useful feature within
a buffer system for almost lattice-matched materials are short period superlattices, typically
consisting of thin, alternating layers with a high aluminum concentration. Due to the high
chemical reactivity of the aluminum-containing layers, the migration of charged impurities
originating from the substrate can be retarded and potentially stopped. In addition, buffers
are also implemented to beforehand getter residual impurities from the background vacuum
preventing them of being incorporated into the active region, or to serve as a charge-insulating
layer for an electrostatic back gate by effectively inhibiting current leakage.
Whenever large lattice constant mismatches between the substrate material and the desired
QW material have to be overcome, the implementation of a more sophisticated buffer system
is of vital importance. Impeding the formation of defects - which inevitably appear due to the
relaxation of the crystal at the individual material transitions - is difficult to achieve in this
type of heterostructure, yet a prerequisite for the realization of high quality QWs. Typically,
thick metamorphic buffers are used to gradually adapt the lattice constant of the targeted
crystal. This allows propagating defects threading through the structure to self-annihilate,
63

64

CHAPTER 4. BUFFER DESIGNS

thus lowering the overall defect density in the active region. More ideally, with the right choice
of materials and growth conditions at an interface, the formation of threading dislocations
and point defects can be prevented in the first place.

4.1

The Challenge with InSb as Quantum Well Material

The difficulty in the case of InSb quantum wells is, that there are no insulating, high surface
quality, lattice-matched InSb substrates on the market. This forces the community to instead
establish GaAs or GaSb (of which the later only gets insulating at cryogenic temperatures) as
substrates with extremely large lattice mismatches of approximately 14.6% or 6.3%, respectively, to the QW material. Even though insulation is not a necessary attribute to the InSb
substrate for growing high crystalline quality active regions - e.g. doped substrates are used
for back-gating - it is nevertheless a beneficial feature allowing to solely probe the quality of
the active region, without any charge influence from the substrate.
A further issue is the lack of a lattice-matched barrier material in standard III-V MBE
systems, as is illustrated in Fig. 4.1. This introduces a trade-off situation between minimizing
strain in the InSb QW (compare sections 2.1.3 and 3.2.4) and at the same time providing
sufficient confinement potential for the charge carriers, which is usually driven by changing
the ratio of the group III elements in a ternary barrier compound (cf. section 2.2.2).
A promising circumvention of this trade-off situation would be the implementation of II-VI

Figure 4.1: Dependence of the band gap energy Eg on the lattice constant a0 of common materials
utilized in III-V MBE systems. The lines connecting the binary compounds describe ternary solutions
with the corresponding materials. The lattice mismatch between GaAs and InSb is roughly 14.6%,
whereas it is 6.3% between GaSb and InSb. Reprint from Schubert [103].
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cadmium telluride as a barrier material. With a lattice constant of a0 CdT e = 6.481 Å, CdTe is
a perfectly lattice-matched material compared to InSb with a0 InSb = 6.479 Å. Like InSb, CdTe
shows a zincblende crystal structure as well and a large band gap energy of beyond 1.6 eV at
cryogenic temperatures [104]. This is ideal for establishing a band alignment favoring electrical
confinement within the InSb, when indium [105] or iodine [106] are incorporated to introduce
n-type carriers into the 2D system. However, realizing high quality heterostructures of this
type has been impeded due to growth difficulties [107], which result in interface defects, crossdoping caused by inter-diffusion [108, 109] and chemical reactions leading to the formation
of In2 Te3 at the interface [110]. Plenty of these samples are plagued with very high electron
densities, such that inter-subband scattering determines the mobility limit [111, 112]. In
addition, the influence of II-VI materials on the high-mobility structures in terms of impurity
levels and scattering thereof, is relatively unexplored. It is not necessarily the tellurium of the
group VI that is of concern - in fact Te is used as dopant material in InSb heterostructures
[66, 113] - but more the cadmium which tends to show a long memory effect by residing
in the vacuum chamber for long periods of time. Since the current MBE system in our
laboratory is not equipped with a Cd source, a thorough investigation on these III-V/II-VItype heterostructures has not been launched.
Once the choice of the substrate material is made, the sheer variety of applicable material
combinations in III-V MBE systems opens a wide range of possibilities for elaborate investigation on their various effects on the morphology and integrity of the crystal. It is interesting
to note that despite the large lattice mismatch, nearly the entire research on the topic of InSb
QWs is focused on the growth on GaAs substrates. Very little research has been conducted
on GaSb substrates. While using GaSb substrates appears more reasonable due to the closer
lattice constant to InSb, the majority of our samples were grown on GaAs. This is mainly
due to the fact that the temperature control for low temperatures and the homogeneity of
the heat distribution over the wafer area during growth is much more difficult to achieve with
GaSb wafers (see section 3.1.3). In addition, the choice to grow on GaAs substrates is in favor
of higher yield in sample reproducibility. This becomes crucially important when the effect
of a change in a single parameter - e.g. a material component or a growth temperature of a
certain layer - on the full grown structure is studied.
Although a direct transition from GaAs to InSb - or InAlSb with a confinement-optimized Al
fraction - seems promising and has been investigated by several groups [114, 115, 116, 117],
the abundance of threading and misfit dislocations, stacking faults and micro-twins forming at
this very GaAs/InSb interface severely affects the integrity of the crystal structure, the surface
morphology [118] and the carrier mobility [119]. This suggests implementing a metamorphic
buffer allowing a moderate, step-wise adaption of the lattice constant between the substrate
and the active region. The main advantages being that a part of the occurring strain can
be released much earlier in the system and that an additional distinct material transition
is capable of releasing strain in an in-planar direction at the interface. With this, already
existing micro-twins and TDs are forced out of the crystal and away from the active region,
or their formation at either interface is prevented in the first place [18].
Compendiously, the strategy for a considerable improvement in the crystallinity of InSb QWs
grown on GaAs substrates must therefore include a step to the material group lying midway
in the 6.1 Å family. Although this realization is nothing but new, a thorough investigation
on transitions between these materials of different lattice constants is widely neglected or
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ambiguously described in literature. In the following, we therefore distinguish between a first
and a second intermediate buffer for InSb QWs and attach great importance to the growth
conditions in the bulk, but more rigorously to the specific material transitions.

4.2

First Intermediate Buffer

Of all the 6.1 Å family material members AlSb on GaAs has received the most attention as
first intermediate buffer in most of the investigation on InSb quantum well heterostructures.
A deeper comparison to GaSb or InAs has yet to be established. Due to the memory effect of
arsenic in an MBE chamber (see section 3.1.2) and the uncertainty on how arsenic impurities
affect the electronic behavior in InSb QWs, the intension is to switch the group V element
as early as possible over the course of the growth. We therefore will refrain from using
InAs as first intermediate buffer and concentrate on the differences between AlSb and GaSb.
Optimizing the first transition between GaAs and these materials is essential, since it is the
first step in shaping and determining the morphology of the subsequent heterostructure. If
it is possible to reduce the density of TDs and micro-twins at this stage of the growth, the
roughness and scattering potentials can be reduced considerably throughout the QW region
and therefore benefit device fabrication on a global as well as on the nanoscale.

4.2.1

Metamorphic AlSb buffer

The AlSb buffer described here, is a great example of
a metamorphic buffer system and at the same time
is the oldest buffer investigated in our group in connection with InSb QWs. It allegorizes the concept of
growing very thick layers to allow self-annihilation of
propagating crystal defects. Choosing a smart material sequence at the transition additionally cushions
the formation of defects and makes a smoothing of
the subsequent sample surface possible. With the incorporated strained-layer superlattice in AlSb, crystal
defects are further filtered.
Growing this AlSb intermediate buffer, we follow the
philosophy of changing only one element for each heterointerface at a time. Therefore, after the desorption
of the native oxide of the GaAs substrate (see section 3.1.3) and the growth of a 300 nm thick GaAs Figure 4.2: Schematics of the metasmoothing layer, a nearly lattice-matched thin layer morphic heterostructure representing the
of 60 Å AlAs is grown at the same temperature of be- AlSb transition on a GaAs wafer.
tween 600◦ C and 650◦ C, as is schematically illustrated
in Fig. 4.2. Merely the group V element has now to be changed to reach the lattice constant
of AlSb. Following a low temperature grown 50 Å thin AlSb nucleation layer, the roughly
1 µm thick AlSb core of the buffer is deposited at 540◦ C. The RHEED surface reconstruction
changes from (2×4) for GaAs to (1×3) for AlSb, of which the latter is shown in Fig. 4.3. This
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transition sequence is known to exhibit good two-dimensional growth after a short period of
time due to the quick nucleation of AlSb [120], which is promoted by the fact that aluminum
adatoms - opposed to gallium - tend to stick approximately where they land [121, 122]. The
drawback of it being that the created roughness at the nucleation layer seems to be preserved
during the course of the buffer growth. Although GaSb would be a better contender in terms
of smoother growth, we continue with AlSb for reasons of better transition to the second
intermediate buffer later on in the heterostructure. To account for dislocations threading
through these layers, we employ a strained-layer superlattice of quickly alternating AlSb and
GaSb layers with a thickness of 25 Å each and a total period number of 14. Differently than
explained in the introduction to this chapter, the functionality of the superlattice described
here is not to hamper the migration of charged impurities stemming from the substrate, but
to offer the possibility for an internal healing of the heterostructure. Constant stretching
and compressing of the crystal creates lateral strain which increases the probability of TDs to
bend away from the growth direction. This decreases the amount of defects for the subsequent
growth.
The temperature and the V/III BEP ratio
(Sb/Al) at which the AlSb nucleation layer is
grown crucially determine the morphology of the
subsequent heterostructure. To unveil this interplay and pin down their influence on the morphology, we grow the exact same transition as
depicted in Fig. 4.2 and investigate the surface
of the buffer 600 nm into the AlSb core excluding
the superlattice. If oxidization of the highly reactive aluminum develops unevenly, it can falsify
the true image of the surface in an AFM measurement and consequently the underlying morphology. Hence, we added a 5 nm thin, strained GaSb
cap layer on top of the structure to stabilize the
surface in air.
As a general principle with MBE, it is usually the
Figure 4.3: RHEED diffraction pattern of group III element which destines a perfect crysthe AlSb buffer layer, showing the (1 × 3) re- tal growth. Since their sticking coefficients are
construction. Left: Onefold reconstruction. principally larger than those of group V elements
Right: Threefold reconstruction.
[123, 124], the dynamics of the growth has to be
in a state where the V/III ratio has found its saturation for good stoichiometry on the substrate. This balance additionally depends on the
substrate temperature during growth. The higher the temperature, the more of the group
V element has to be supplied to guarantee stoichiometry on the surface of the sample, to
counteract the group V re-sublimation process and to hinder group III droplet formation. In
our experience from arsenic-based growth, once the saturation is reached an increased supply
of group V material hardly influences the morphology and the electron mobility of a sample.
While this holds true for GaAs growth at high and low temperatures, antimony-based materials do show an increased surface roughness if too much group V material is supplied at
a low substrate temperature. We can illustrate these effects nicely for the AlSb nucleation
layer and the subsequent buffer growth, which is summarized in the AFM data in Fig. 4.4.
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Figure 4.4: The two plots show the rms roughness Rq(5×5) for the transition to the metamorphic
buffer after a total growth of 600 nm of AlSb. Left: Broken scale plot of Rq(5×5) in dependence of the
V/III pressure ratio for two different nucleation temperatures. Right: Rq(5×5) for a pressure ration of
6 in dependence of the nucleation temperature.

The left-hand side plot in Fig. 4.4 shows the averaged rms roughness Rq over multiple windows
of 5 × 5 µm2 (which we denote Rq(5×5) from now on) in dependence of the V/III pressure
ratio - for a constant group III rate - for the two nucleation temperatures of 360◦ C and
450◦ C. We first note that the lower nucleation temperature yields a lower Rq(5×5) for any
material pressure ratio. For the higher temperature, the mechanism described earlier is
nicely revealed. The larger the group V pressure, the lower Rq(5×5) can be reached until the
stoichiometric saturation is met at a ratio of roughly 8. Further raising the group V flux has
very little effect on Rq(5×5) , which finds its minimum at 1.23 nm for a ratio of 12. For the lower
nucleation temperature of 360◦ C we contrarily find that a ratio increase enlarges the surface
roughness. To some extent, this is contradictory to the understanding that an overabundance
of group V material will be re-evaporated or simply not incorporated in the crystal at all.
At such low temperatures, however, far away from an ideal growth condition, the sticking
coefficients of the single adatoms can change considerably from material to material [125].
Hence, it is well plausible that increased amounts of antimony stick to the surface, creating
a stoichiometric imbalance due to aluminum shortage. In anticipation of these circumstances
and the problematics with aluminum [122], we have chosen a low group III growth rate. At
this low nucleation temperature - given we are growing in the group V saturation limit - it
allows the newly integrated molecules to slowly adapt the orientation of the homogeneous
GaAs/AlAs crystal. At the same time it minimizes the formation of possible crystal misfit
sites, which decreases the overall surface roughness. We can show this effect for samples
grown at very similar conditions by simply varying the aluminum growth rate and counting
the defects. Summarized in Tab. 4.1, the data shows nicely that for a decreased aluminum
growth rate, a reduction in the defect density can be achieved, accompanied by lower Rq(5×5) .
The difference in surface roughness and defect density is small for the samples grown at
1.07 Å/s and 0.35 Å/s, which is why we stick to the larger growth rate in order to reduce the
time of growth.
The optimized growth conditions yield a very low Rq(5×5) of 0.328 nm for a V/III pressure
ratio of 6. This denotes a considerable decrease of a factor of 3.75 compared to the higher
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Sample
E140211B
E140214D
E140214E

Growth rate (Å/s)
3.02
1.07
0.35
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Rq(5×5) (nm)
0.728
0.711
0.668

Defect density (cm−2 )
5.68 · 108
3.92 · 108
3.16 · 108

Table 4.1: Defect density reduction for decreasing Al growth rates in similarly grown samples without
superlattices.

nucleation temperature of the AlSb. In addition, the right-hand side plot in Fig. 4.4 indicates
that for an even lower nucleation temperature of 300◦ C at a ratio of 6, Rq(5×5) starts to increase
again, such that a further reduction of the temperature from the optimal 360◦ C turns out to
be disadvantageous. We can now show the temperature profile during a growth run for the
AlSb transition, which is illustrated in Fig. 4.5.
At this point some clarification concerning the growth of the AlSb core is necessary. All
the V/III pressure ratios adopted above have been applied throughout the AlSb deposition,
both for the nucleation and the bulk growth. Solely the temperature has been changed. This
implies that the saturation and therefore the crystal quality is steered by the high temperature
growth of the bulk, which in general demands greater group V pressures. The possibility that
an even further reduction of the ratio, just during the growth of the nucleation layer, can
decrease the overall roughness even more, has to be acknowledged here. We desist from such
a detailed analysis of this transition for now. Nevertheless, the considerations above give
reason to believe that we have found a good set of parameters for the GaAs/AlSb transition.
It illustrates the importance of the nucleation process for the subsequent growth.

Figure 4.5: Temperature profile of the transition between GaAs and AlSb, yielding the best surface
morphology for the subsequent growth. The blue line indicates the temperature measured from the
black-body radiation at elevated temperatures, whereas the green curve represents the measurement
of the band edge at lower temperatures. Colored regions mark the growth of the indicated material
compounds. The overlap in group V pressure assures that there is no counter pressure loss on the
sample surface at any stage of the growth.
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The impact on the crystal morphology of the large lattice constant difference between GaAs
and AlSb can directly be seen in AFM pictures, which is illustrated in Fig. 4.6. After smoothing the substrate with a 300 nm overgrown GaAs layer, the surface shows very flat and extended features (Fig. 4.6a). Zooming in (Fig. 4.6b), the single atomic steps and extended
platforms become visible, which are indicative of high quality crystal growth. Even if the
sample here does not show layer by layer growth with nice distinct steps, the rms roughness
Rq(5×5) being 0.225 nm implies that with the overgrown GaAs layer a considerable smoothing
of the surface takes place (compare Fig. 3.8). However, after the transition to AlSb the pattern
of the surface changes dramatically to a spotty, hill-like appearance, indicating the existence
of crystallographic defects which propagate through the structure (Fig. 4.6c and 4.6d). The
vast majority of these defects show round, spiral-like features stemming from screw-like defects at the material transition (Fig. 4.6e), even though the short surface diffusion length of
aluminum adatoms [122] should hamper or even inhibit screw defects from initializing spiral
growth [126]. Comparing the same scale AFM frames (Fig. 4.6b and Fig. 4.6e), it becomes
obvious that these features are substantially larger than any other feature after the GaAs overgrowth. Nonetheless, the roughness has not increased much after 600 nm AlSb deposition.
This result holds true for any V/III ratio investigated during the AlSb growth. Figure 4.6f
illustrates a typical post-growth occurrence for these structures ending predominantly with
AlSb. If a point-like particle (glaring spots) is capable of penetrating the protective GaSb
cap, oxidization of the highly reactive aluminum can take place in a creeping fashion. Since
we impute this process to take place while handling the samples outside of the MBE system,
we do not proceed in further investigation here.
We next investigate the role of the superlattice depicted in Fig. 4.2, by incorporating it at
either 100 nm or 500 nm within the 1µm thick first intermediate buffer and comparing it to
the AlSb buffer analyzed before. Again, the structures are capped off with a 50 Å thin GaSb
layer. The Rq(5×5) and the defect density are displayed in Tab. 4.2.
Making the comparison between the AlSb buffers with and without superlattice reveals that
the overall roughness increases if the superlattice is included. This may either be due to the
fact that for the samples containing the superlattice the thickness is increased which therefore
promotes the aluminum adding to the overall roughness [121, 122], or due to unideal conditions
(wrong V/III ratio, too high growth rates, etc.) during the superlattice growth. The fact
that the shallower embedded superlattice sample shows a larger roughness than the deeper
embedded one, suggests that the sample roughness is added with the superlattice itself. If
it is assumed that each superlattice adds the same amount of roughness to a sample, than
we conclude that the deeper the superlattice is embedded, the more time is available for a

GaAs substrate with oxide
GaAs substrate without oxide
GaAs overgrown after 300 nm
AlSb without superlattice
AlSb with SL after 100 nm
AlSb with SL after 500 nm

Rq(5×5) (nm)
0.256
0.781
0.225
0.328
0.411
0.548

Defect density (cm−2 )
3.12 · 108
2.60 · 108
2.59 · 108

Table 4.2: Overview of the AFM data concerning the metamorphic AlSb buffer and its transition.
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(a) 300 nm overgrown GaAs, 100 µm2 window.

(b) 300 nm overgrown GaAs, 1 µm2 window.

(c) 600 nm AlSb buffer, 100 µm2 window.

(d) 600 nm AlSb buffer, 25 µm2 window.

(e) 600 nm AlSb buffer, spiral growth.

(f ) Post-growth defects with oxidization.

Figure 4.6: AFM measurements of GaAs (a and b) and AlSb (c and d) growth on GaAs substrates.
Pictures e and f show defects typically found on these structures.
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surface smoothing during the subsequent AlSb growth.
Yet, we desist from further scrutinizing an optimization for this small part of the heterostructure, since our momentary main concern is to reduce the threading dislocation density (TDD).
This reduction indeed occurs from 3.12 · 108 cm−2 for the sample without superlattice to
2.6 · 108 cm−2 for the samples with superlattice. It implies that if an increased roughness is
not an issue, the exact location of the superlattice within the AlSb buffer can be chosen freely.

4.2.2

Interfacial Misfit Transition for GaSb buffer

The interfacial misfit buffer (IMF buffer) marks the second first intermediate buffer design we want to investigate for InSb QWs. Its schematics are depicted in Fig. 4.7. A
very detailed analysis of this buffer design has been pursued in our group in the context
of InAs and GaSb QWs [9]. Here, we want to outline the essentials as well as highlight
differences and similarities to the metamorphic AlSb buffer described earlier in section 4.2.1.
Apart from allowing a reasonably smooth transition
from GaAs to GaSb and self-annihilation of propagating defects due to extended layer growth, the main
reason for implementing this buffer is to control the
type and propagation direction of dislocations (see section 2.1.4) forming at the transition interface. Moreover, their emergence is actively encouraged to take
place before the critical thickness is exceeded. First reported by Huang et al. [127, 128], this transition comprises the formation of a periodic array with 90◦ misfit dislocations at the very GaAs/GaSb interface. In
their case, it reduced the TDD by two orders of magnitude for a GaSb layer grown on top of a GaAs substrate. Other than in common buffer systems (includ- Figure 4.7: Schematics of the IMF
ing the metamorphic AlSb buffer) where a combina- buffer on a GaAs substrate.
tion of 60◦ and 90◦ threading dislocations are present
[129], the IMF buffer enables strain relief [18] directly
at the interface which favors the transformation of 60◦ dislocations into 90◦ dislocations. This
results in the majority of TDs propagating in the growth plane and out of the heterostructure,
without ever reaching the active region.
Complete and careful control of several growth parameters and conditions is due, such as to
attain the 90◦ dislocation misfit array. After the deposition of the GaAs smoothing layer, a
gallium-rich surface is induced on the sample by arsenic desorption. Then, a single monolayer
of antimony is deposited, of which each atom will take the place of arsenic sites and react
with the excessive gallium atoms to form a monolayer of GaSb on the surface. However, the
larger GaSb lattice forces every 14th gallium site to be vacant and, therefore, parity of atoms
on the substrate is broken [122, 25]. With this, the 90◦ misfit dislocation array is formed on
a distance which is well below the critical thickness of GaSb on GaAs and well before the
actual buffer growth. Alternatively, an AlSb nucleation layer of roughly 4 monolayers can be
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Figure 4.8: Temperature profile of the IMF transition between GaAs and GaSb.

included to further assist strain energy relief within a few monolayers [130].
Following the results of Wang et al. [130], our group has developed a process idealized for our
MBE system, in which we have full control of the growth conditions and can achieve the IMF
transition. The temperature profile obtained from the blackbody fitting as well as according
group V shutter and valve openings are depicted in Fig. 4.8.
RHEED denotes the ideal tool to in-situ monitor the transition process, since it is conditioned
on the surface termination of gallium and antimony. Therefore, we monitor the surface
reconstructions and show the evolution of the diffraction patterns during the process in Fig. 4.9
As illustrated in Fig. 4.7, the GaAs surface is smoothed with 300 nm GaAs, overgrown at
between 600◦ C and 650◦ C. Then, the gallium shutter is closed while the arsenic valve is kept
open to protect the surface from a too extensive arsenic desorption at these high temperatures.
After lowering the substrate temperature to 540◦ C the group V valve is now closed, such that
a much more controlled and gentle desorption of arsenic from the surface can be initiated
without the group V stabilization pressure. At this stage, the RHEED diffraction pattern
changes from (2 × 4) to (4 × 2), as indicated in Fig. 4.9a and Fig. 4.9c. Even though the
arsenic desorption process takes place in a relatively quick fashion, some extra waiting time
is invested here. Not only to let the gallium rich surface become more uniform, but more
importantly to give more time for arsenic partial pressure reduction at the surface, which will
prevent intermixing with the deposited antimony. It is now that the substrate temperature
is even further lowered to roughly 480◦ C. Once the temperature is reached, the antimony
valve and shutter are opened. This evokes a (2 × 8) surface reconstruction in the observed
RHEED diffraction pattern (Fig. 4.9d) and is indicative that the correct atomic ordering of
the antimony adatoms on the crystal surface is present. By keeping the antimony flux on
for a short period of time, a proper soaking of the substrate surface is guaranteed. This is
the stage, where the 90◦ misfit array is induced. Now, a 4 monolayer thick AlSb nucleation
layer is grown, while the substrate temperature is kept constant at 480◦ C. This changes the
surface reconstruction to a point-like pattern (Fig. 4.9e), which is the sign of crystallographic
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(a) GaAs growth.

(b) Pause under As-flux.

(c) Ga rich surface.

(d) Sb rich surface.

(e) AlSb growth.

(f ) GaSb growth.

Figure 4.9: Diffraction patterns of the IMF transition process recorded with RHEED during growth.
Reprint from PhD thesis of T. Tschirky [9].
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Figure 4.10: Left: Dark field TEM measurements of the IMF transition. The darker shaded region
on the right is the overgrown GaAs, whereas the lighter shaded area is the GaSb buffer. The bright
zipper-like strip in between is the regular array of defects at the GaAs/GaSb transition. Right: Zoomed
in view of the misfit array in bright field mode. Reprint from PhD thesis of T. Tschirky [9].

3D island growth. If GaSb is now grown on top of the AlSb layer and at the same time
the temperature is raised to 540◦ C, the RHEED diffraction very quickly - and in a fluxional
fashion - develops lines of (1 × 3) form, dissecting the spots as the islands coalesce and
progressively vanish (Fig. 4.9f). This signifies that the transition has successfully consigned
a smooth 2D growth environment for the subsequent GaSb buffer growth and is confirmed in
TEM measurements of the transition, shown in Fig. 4.10.
A thorough optimization on the growth parameters and an investigation on the crystallographic impact from deviations of the ideal growth conditions have been conducted in our
group [9] and are not further elaborated on here. We continue with the ideal case resulting
from the growth process shown in Fig. 4.8. A fully optimized GaSb buffer therefore consists
of a 14-period AlSb/GaSb (25 Å thin layers each) superlattice residing 200 nm above the transition to help reduce the TDD even further. Once completed, a 1 µm thick GaSb layer will
enhance self-annihilation of these defects. This buffer is roughly 270 nm thicker than the one
presented before in section 4.2.1.
To directly compare the metamorphic AlSb buffer to the IMF buffer, we end the growth
600 nm into the GaSb layer, excluding the superlattice. The AFM measurements are displayed
in Fig. 4.11. The main difference in the surface morphology compared to the measurement
in Fig. 4.6c is, that the defect size increased considerably, which in turn increased the rms
roughness Rq(5×5) (see Tab. 4.3). This of course goes hand in hand with a notable defect
density reduction - which in our case amounts to a factor of 4 - and can be directly attributed
to the reduction of 60◦ dislocations at the IMF transition [130]. The fact that the size of the
mounds has increased, rather than the whole surface has flattened, is most likely an effect of
the surface mobility of the gallium adatoms [122], which tend to condensate or move close
to and around the TDs. It connotes that before a monolayer on the surface is completed,
the adatom preferably starts a new monolayer instead, which amplifies the mound size. Even
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Figure 4.11: AFM measurements of an IMF transition with a 600 nm thick GaSb buffer grown on
top without superlattice. Left: 100 µm2 overview showing propagating defects. Right: Spiral feature
stemming from a screw-like defect.

Sample
AlSb buffer
IMF buffer

Rq(5×5) (nm)
0.328
1.150

Defect density (cm−2 )
3.12 · 108
0.78 · 108

Table 4.3: AFM data comparison of the AlSb buffer to the IMF buffer. Both samples were grown
without superlattice.

though the type of dislocation does not necessarily have to be screw-like in these transitions
[126], we find that the vast majority shows the spiral feature encountered before (compare
Fig. 4.6e and right-hand side of Fig. 4.11). The shape of the spiral changed from a round
defect surrounding to a polyhedron shape (like a pyramid).
It can be shown that the dislocation filtering effect of the superlattice (Fig. 4.7) is present in
this type of buffer system as well [9].

4.3

Second Intermediate Buffer

Once the first stretch in terms of lattice mismatch between GaAs and InSb is covered, the
heterostructure is ready for the second transition from the materials of the 6.1 Å family to the
lattice constant of the active region and the InSb QW. At this stage of the heterostructure,
the material combinations for the transition and the buffer are equally rich in variety as
for the first intermediate buffer. They range from ternary to quaternary compounds with
different atomic percentages of the single constituents. From this veritable zoo of material
combinations, however, it is the relatively simple ternary compound In1−x Alx Sb that has
led to success in the past. This is mainly due to historical reasons, for it was the AlSb first
intermediate buffer commonly employed in regards of InSb QWs. By adding indium as a single
element, it is possible to glide down the line towards the QW material by merely changing
the relative atomic percentage of the group III elements indium and aluminum (compare
Fig. 4.1).
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Some aspects have to be taken into consideration at this stage:
• The primary goal is to grow a material acting as potential barrier which is nearly lattice
matched to the lattice constant of the InSb QW and allows good confinement with a
large enough conduction band offset. This interplay between band offset and lattice
constant mismatch will also determine the strain in the QW, which may have a direct
impact on the electron mobility of the sample. Though, there are no specific reports
on to what extent this effect influences the electrical performance in InSb QWs. The
second intermediate buffer should therefore be designed in such a way, that it ends up
being at an ideal lattice constant for maximum electrical performance.
• Other than for the first intermediate buffer transition, a similarly working IMF transition between either AlSb or GaSb and InSb has not yet been developed. Circumventing
this shortcoming suggests to implement a graded buffer system, in which the lattice
constant of the optimized barrier material is approached step-wise. On no account does
this propose to solely use one single material compound and its variety of compositions
for the second intermediate buffer in a single sample. It is however easiest to keep the
structure as simple as possible by not adding more unknowns to the problem.
• The transition is again a critical point in the process of the buffer gowth and is potentially different for each and every material. It predefines whether the amount of TDs
stemming from the first intermediate buffer stays the same, increases or - most ideally
- decreases. It is beneficial to invest resources in optimization here, to minimize the
transition’s influence on the crystal structure and the surface morphology.
Accordingly, our group has investigated several different approaches in achieving high crystal
quality InSb heterostructures. Though, our main focus lies on InAlSb as buffer material as
well. This gives us the opportunity to compare our results to existing samples from other
groups. In our case, the best results for the transition to InAlSb have been achieved with
optimized low temperature nucleation processes. We note here, that most of the investigation
of the structures presented in the following have taken place on the AlSb first intermediate
buffer.
We first want to present all the heterostructures involved and analyze the buffers later in
section 5.2.

4.3.1

Direct Transition Buffer

This buffer represents the simplest transition and material composition design of all our investigated buffers and is depicted on the left in Fig. 4.12. We introduce it mainly for demonstration purposes for later on. At the same time, it is the only second intermediate buffer
in which we implement a high temperature transition. The idea behind this transition is to
supply the surface with an increased amount of heating energy. With this higher temperature
the intension is to provide an environment with the possibility for increased surface mobility
of the incoming adatoms and therefore the capability for a smoother interface. Later we will
see that this transition and buffer are - though simple to implement - in many ways the most
unideal for high mobility InSb QWs.
The growth procedure is as follows. After finishing with the AlSb buffer, the growth is
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momentarily stopped and the substrate temperature is lowered from 540◦ C to roughly 450◦ C.
Now, a high temperature InAlSb layer with 10% aluminum content of 10 nm thickness is
deposited. The growth continues with a roughly 3 µm thick In0.9 Al0.1 Sb buffer, while at the
same time the substrate temperature is decreased to roughly 385◦ C for the bulk growth. A 10period strained-layer superlattice of 25 Å/25 Å thin layers of InSb/In0.9 Al0.1 Sb is incorporated
after 1 µm of bulk growth. The TD-reducing effect of superlattices like these is demonstrated
in section 4.2.1.

4.3.2

Linearly Graded Buffer

A first improvement on the structural side of the heterostructure is
incorporated in a linearly graded
buffer design. It involves a continuous gradient of the aluminum
content in the In1−x Alx Sb buffer.
Starting with an increased relative
aluminum content after the metamorphic AlSb buffer has the major
advantage, that the discrepancy in
the lattice mismatch between the
barrier material and the AlSb first
intermediate buffer can be alleviated, and at the same time the optimal barrier material composition
Figure 4.12: Schematics of two second intermediate buffers
can be reached. This technique with a high temperature direct transition (left) and a low
is known to be capable of provid- temperature transition including an aluminum linearly graded
ing nearly dislocation free epilayers buffer (right).
once the composition change in the
ternary material is completed [131], as well as confining dislocations within the compositionally graded buffer layers [132]. For the transition in this buffer, we make use of a low
temperature nucleation process in a similar fashion as with the AlSb first intermediate buffer.
It helps the In1−x Alx Sb to nucleate in islands [133] for a more effortless transition. Again,
the crystal quality of this nucleation layer determines the roughness of the subsequent growth
and is closely related to the surface morphology of the sample [116].
The growth procedure we employ is as follows. Once the AlSb buffer layer is finalized, the
growth temperature is lowered from the optimal 540◦ C for the AlSb to 300◦ C. A 10 nm thin
In0.7 Al0.3 Sb layer is deposited, serving as the low temperature nucleation layer. After its
completion, the In0.7 Al0.3 Sb buffer growth is initiated immediately, while the temperature
is continuously raised to 350◦ C. 200 nm into the buffer growth a 10-period 25 Å/25 Å InSb/
In0.7 Al0.3 Sb superlattice is deposited and yet another 100 nm of In0.7 Al0.3 Sb complete this part
of the buffer. Now - while continuously growing In1−x Alx Sb - the temperature of the aluminum
cell is lowered, which decreases the aluminum content in the ternary In1−x Alx Sb compound.
This stage is represented by a fading of the color scheme in Fig. 4.12 on the right. During
the time to cool down and stabilize the cell, 1.3 µm In1−x Alx Sb are grown. This completes
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the transition from 30% to 10% aluminum content. Another 10-period 25 Å/25 Å superlattice
with the new aluminum concentration is now implemented, before 600 nm of In0.9 Al0.1 Sb
mark the end of this buffer.

4.3.3

Interlayer Buffer

As the name foretells, the aluminum concentration
grading is implemented with discrete layers rather
than continuously. Even though further transitional
interfaces with materials of different lattice constants
are introduced with this method, it is nonetheless
highly advantageous because it may contribute to an
additional filtering of TDs when growing on AlSb
buffers [101, 134]. The abruptness of the interface and
the repeating lattice compression and expansion gives
an opportunity to release lateral strain at the interface
and therefore promotes existing TDs to bend away
from the growth direction. This effect is weighted
larger than the chance of new dislocations forming at
the respective interface.
Figure 4.13: Schematics of a second intermediate buffer with In0.7 Al0.3 Sb and

The growth procedure for the individual layer stacks In0.9 Al0.1 Sb interlayers, as well as a low
is as follows (compare Fig. 4.13). By the end of the temperature In0.7 Al0.3 Sb transition.
AlSb buffer growth, the indium cell has been heated
and has reached a stable temperature which is kept
constant over the course of this buffer growth. Solely the aluminum cell temperature is
altered, which allows for exact targeting of the wished relative group III ratio. Once the last
layer of AlSb is deposited, the antimony flux is immediately interrupted by closing the shutter
of the cell and the substrate temperature is lowered to 300◦ C. This assures that no excess
antimony is grown on top of the sample surface at the lower temperature, which could degrade
the interface quality. An excessive antimony desorption from the AlSb buffer and therefore
a degradation of the interface is unlikely, since temperatures which suppress desorption are
achieved in quick fashion (see Fig. 4.18). When the 300◦ C substrate temperature is reached,
the initialization of the second intermediate buffer is done with an In0.7 Al0.3 Sb nucleation layer
of 10 nm thickness. The substrate temperature is increased rapidly to 350◦ C, while 200 nm
of In0.7 Al0.3 Sb are deposited right before a strained 25Å/25Å, 10-period, InSb/In0.7 Al0.3 Sb
superlattice. The superlattice is then followed by 100 nm of In0.7 Al0.3 Sb and capped with
5 nm of InSb to prevent gettering of charged impurities at this interface with high aluminum
content. Closing the valve and the shutter of the antimony cell concludes the growth of the
first interlayer. Now, the temperature of the aluminum cell is lowered and stabilized, such
In0.9 Al0.1 Sb can be grown. Similar to the just described, 300 nm of In0.9 Al0.1 Sb are grown
with a 20-period InSb/In0.9 Al0.1 Sb (25Å/25Å) superlattice located 200 nm into the growth of
this section. Again, a 5 nm InSb cap prevents charged impurity incorporation. As indicated
in Fig. 4.13, this segment is repeated three times to increase the filtering effect for TDs.
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Step Graded Buffer

A more sophisticated buffer system is realized with a
step graded buffer design. The underlying strategy is
to adapt the lattice constant of In0.9 Al0.1 Sb step-wise
with distinct interfaces when changing the aluminum
concentration. Similarly to the interlayer buffer described above, this provides the possibility to enhance
dislocation filtering. An assisting feature in this regard is, that the aluminum gradient over the whole
buffer is not strictly linear, but rather alternating between layers of higher and lower aluminum content,
as illustrated in Fig. 4.14. Like this the number of
interlayers is increased considerably and layers of opposite strain effects are grown on top of each other
(see section 2.1.3). The general aluminum concentrations in decreasing order are chosen to be 75%, 60%,
40%, 30% and 10%. Since the majority of layers in
this buffer are of high aluminum concentration the
growth temperature has to be adjusted accordingly.
To resemble the optimal growth conditions of AlSb
more than the ones for InSb, the substrate temperature is only decreased to an intermediate value between the two ideals, which is visualized in Fig. 4.14 by
the arrows on the left hand side. At each temperature
change during the growth, a nucleation layer grown at
low temperature is implemented. As a further asset,
only lattices of low aluminum concentration (30% and
10%) contain superlattices to decrease the lattice constant discrepancy between In1−x Alx Sb layers and InSb
layers. In principle, In1−x Alx Sb/In1−y Aly Sb superlattices in layers with higher aluminum concentration are
feasible. However, the tremendous time consumption
to constantly change the individual temperatures of
the aluminum and indium cells in our MBE system
prompts to discard this alternative.
Figure 4.14: Schematics of the second
intermediate buffer with a step graded

The growth procedure is as follows. A low tem- aluminum content in the In Al Sb in1−x
x
perature nucleation process is implemented for the terlayers.
growth of a In0.25 Al0.75 Sb layer after the AlSb buffer
growth. For this purpose, the temperature is lowered
to 400◦ C while antimony is still saturating the surface and a 10 nm In0.25 Al0.75 Sb layer is
grown. Whilst still growing In0.25 Al0.75 Sb, the temperature is now raised to 450◦ C. This
layer is finished after a thickness of 300 nm and the growth is stopped. Now the temperature of the involved cells are changed and the surface is left exposed to the antimony flux.
Once the cell temperatures are stable, 300 nm of In0.40 Al0.60 Sb are deposited. This procedure
continues in the same fashion down to a layer of 300 nm with an aluminum concentration of
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30%. There, another low temperature nucleation profile is exerted. Even though this measure
seems unnecessary because the growth is continued with In0.7 Al0.3 Sb, we like to nucleate the
material every time the substrate temperature is changed. For this, the antimony flux is
prevented and the substrate temperature is lowered to 300◦ for the 10 nm thick In0.7 Al0.3 Sb
nucleation layer. Now, whilst the substrate temperature is raised to 350◦ C, a 300 nm thick
In0.7 Al0.3 Sb layer is grown and a 10-period InSb/In0.7 Al0.3 Sb (25Å/25Å) strained layer superlattice is incorporated after 200 nm. After growing 5 nm of InSb, the cell temperatures
are again adjusted while the group V flux is interrupted. 300 nm of In0.60 Al0.40 Sb and a 5 nm
InSb layer finish the step graded buffer sequence. From here, the same buffer structure as
for the interlayer sample described in section 4.3.3 is implemented, which concludes the step
graded buffer.

4.3.5

InGaSb Interlayer Buffer

An alternative material combination for the transition from the 6.1 Å family materials to InSb is InGaSb. The fact that gallium is involved suggests that
a smoother transition may be possible due to the large
surface mobility of gallium in general [122]. With
this buffer, we mimic the interlayer buffer described
earlier in section 4.3.3, by implementing an identical growth procedure, layer sequence and layer thicknesses for the first part of this buffer for In1−x Gax Sb
(compare Fig. 4.15). The differences here lie in the
number of repetitions of this section - which is now
two instead of three - and the composition of the superlattice. These superlattices consist of thin, nearly
lattice matched In1−x Alx Sb /In1−x Gax Sb layers with
aluminum and gallium concentrations matching the
content of the interlayer they are grown in. After the
last InSb protection layer, 1.3 µm of In0.9 Ga0.1 Sb are
grown at a temperature of 350◦ C, followed by a further 10-period In0.9 Al0.1 Sb/In0.9 Ga0.1 Sb superlattice
(25Å/25Å). The buffer is then completed with an ad- Figure 4.15: Schematics of the InGaSb
ditional 200 nm of In0.9 Ga0.1 Sb.
interlayer second intermediate buffer.
If grown at the right growth conditions, we accredit
this buffer material with great potential not only for smoothing of surfaces, but also with
possibly better dislocation filtering. However, the majority of our research time was spent on
historically existing buffers and trying to push them to the limits quality-wise.

4.3.6

Potpourri: Further Transitions

For completeness we show a range of transitions that were less successfully implemented with
regards to a high quality of the active region compared to any other combination of transition
and buffer described in section 4.3. The reasons for it being that the overall surface roughness
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(a) AlSb-InSb transition

(b) Indium dots transition

(c) InAs with indium dots transition

Figure 4.16: Three additional transitions used with the linearly graded buffer (compare section 4.3.2).
The structural and transport properties do not improve when applying the depicted transitions from
the first to the second intermediate buffer. (a) A thin layer of AlSb and In are grown on top of the
GaSb IMF buffer. (b) After the AlSb buffer growth, varying thicknesses of pure indium droplets are
used to imitate a second IMF transition. (c) An InAs layer including a thin wetting layer of indium
are used for this transition. The temperatures for the growth of the individual layers of all three
transitions are indicated on the left hand side of the figures.

for these samples increases drastically compared to samples with more suitable transitions.
This means that the TDD also increases to a critical level, hampering the electron mobility in
the 2DEG. Here, a deeper structural investigation is of minor significance to us momentarily.
Our focus shall be on the impact of the different transitions on the electron mobility. This
will be discussed in the later sections 5.2.2 and 6.1.
Nonetheless, we briefly introduce the underlying idea and the general layer sequences (see
Fig 4.16). As mentioned in section 4.1, this material transition is less closely investigated
in recent literature. However, a transition similar to the one used in the IMF buffer (section 4.2.2) could lead to a (second) perceivable reduction of TDs and potentially allow an
increased QW crystal quality. The aim is therefore to grow a layer allowing in-plane strain
relief. Our efforts have been to deposit pure indium on top of the first intermediate buffer,
resulting in a layer of indium droplets. By antimony diffusing from the underlying layer and
the antimony flux from the cell, a stained InAlSb- and InSb-like layer can be formed at this
interface. When the InAlSb buffer layer is grown, pre-existing TDs possibly find the strain
energy favorable to bend out of their growth direction. If this phenomenon is overweighting
the occurrence of newly forming defects, the transition was successful.
The growth temperatures for each layer are indicated on the left hand side of each respective
heterostructure in Fig. 4.16.
• AlSb-In transition (Fig. 4.16a): After the IMF buffer growth is completed, a few monolayers of AlSb are deposited at a low temperature. Then, solely the indium shutter is
opened for 3 s at a growth rate of 2.43 Å/s to wet the surface. The high surface mobility
of indium will force the indium to form droplets on top of the AlSb layer. Once this is
completed, the In0.7 Al0.3 Sb buffer growth can start.
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• Indium dots transition (Fig. 4.16b): The original idea with this buffer was to add
an additional set to investigate the differences between the AlSb and the GaSb first
intermediate buffer. Therefore, an indium wetting layer is grown directly on top of the
the AlSb buffer at a very low temperature, before the In0.7 Al0.3 Sb second intermediate
buffer.
• InAs-In transition (Fig. 4.16c): This buffer comprises the only transition which incorporates arsenic in a later stage of the whole heterostructure growth. Again, an indium
droplet layer aids to a IMF-like behavior of the transition. The In0.7 Al0.3 Sb buffer is
then grown at the well known 350◦ C.

4.3.7

Buffer Growth Optimization

The argument is no different than presented earlier in section 4.2: The more TDs stemming
from the first intermediate buffer as well as newly forming defects can be reduced at this stage
of the transition between first and second intermediate buffer, the more advantageous it will
turn out to be for the performance of the overlying 2DEG. This can be achieved with careful
optimization of the growth conditions at the material transition and of the buffer bulk, which
is shown in the following.
V/III Ratio Dependence of the In1−x Alx Sb Buffer
As done with the AlSb buffer (see section 4.2.1), we investigate the role of the V/III BEP
ratio and the growth temperature of the In1−x Alx Sb nucleation layer as well as of the bulk
of the buffer. To find an optimal ratio yielding the lowest Rq(5×5) and defect density, we
grew the AlSb buffer (Fig. 4.2) on top of a GaAs substrate and used the second intermediate
transition depicted on the left-hand side of Fig. 4.12. The growth was terminated after a
relatively thin layer of 100 nm of In0.9 Al0.1 Sb to represent trustworthy results on the impact
of the V/III ratio on the nucleation layer. Here, the high temperature In0.9 Al0.1 Sb nucleation
layer was grown at 450◦ C and the In0.9 Al0.1 Sb bulk at 360◦ C. In this case, a partial pressure
ratio measured for the antimony and the indium is sufficient, since the contribution of the
aluminum growth rate for a 10% containing layer is close to negligible in comparison to the
one of indium. Unlike other groups, we grow the In1−x Alx Sb buffer layers at low temperatures
[119] and keep it constant to the very end of the growth.
The data obtained by AFM is summarized in Tab. 4.4. It is apparent that a larger supply of
the group V element results in a notable reduction of the overall surface roughness as well as
the defect density. The high temperature transition and the low buffer growth temperature
Sample
E140729B
E140729A
E140731A

V/III ratio
2
3
4

Rq(5×5) (nm)
2.71
2.34
2.04

Defect density (cm−2 )
7.9 · 107
7.1 · 107
6.5 · 107

Table 4.4: Rq(5×5) for different V/III BEP ratios after 100 nm of In0.9 Al0.1 Sb growth on an AlSb
buffer with a high temperature transition.
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allow to reduce the defect density by a factor of 4 to 5 in comparison to the AlSb metamorphic
buffer, cf. Tab. 4.2. However, the overall roughness increases dramatically if compared to the
just mentioned buffer. The impact of the second transition is also reflected in the morphology
of the sample. Figure 4.17 reveals that compared to the AlSb buffer, Fig. 4.6c - the
presented In0.9 Al0.1 Sb buffer develops large
hillocks, which have formed around defects
originating from the interface or stem from
preexisting ones threading through the AlSb
buffer. As we will show later in section 6.3,
the Rq(5×5) increase does not pose a threat to
the performance of the electrons in the active
region.
Within this series, the changes in defect density and Rq(5×5) are small, such that no clear
advantage for either growth conditions can
be concluded. We have therefore continued
all our growth with a ratio of between 2:1 and
3:1 (Sb/In). This is mostly to allow more
margin for group III governed growth of
In1−x Alx Sb layers containing larger amounts
of aluminum.

Figure 4.17: AFM measurement of E140729A
with an In0.9 Al0.1 Sb buffer and a high temperature
transition between the first and second intermediate buffer.

Optimal Growth Temperatures
Mostly because of an increased brightness of our RHEED signal during the buffer growth, we
make the conjecture that the InAlSb nucleation process is enhanced at lower temperatures
due to better InAlSb island formation [116, 133]. This results in relatively flat surfaces at
the interface for the layer dimensions we chose [116]. While this is not based on a thorough
study, we try to show the effect with a few samples and the according AFM data.
We again implement the AlSb buffer (Fig. 4.2). The according nucleation temperatures Tnuc
and bulk temperatures Tbulk of the overgrown In0.9 Al0.1 Sb are listed in Tab. 4.5, along with the
averaged roughness. This buffer is 1 µm thick with a 10-period (25Å/25Å) InSb/In0.9 Al0.1 Sb
superlattice located 100 nm into the buffer growth. 10 nm of In0.9 Al0.1 Sb are employed as
nucleation layer, similarly to the buffer depicted on the left in Fig. 4.12. A V/III BEP ratio
of 3:1 has been chosen throughout the In0.9 Al0.1 Sb growth. As before, we are interested in
the Sb/In ratio only, since the 10% aluminum BEP becomes negligible.
All in all, the difference in Rq(5×5) with this low temperature nucleation technique is not as
pronounced as discovered before in the AlSb metamorphic buffer (cf. Fig. 4.4), while altering
Tnuc or Tbulk . Table 4.5 indicates however, that lower deposition temperatures yield lower
roughness. This is valid for the bulk (compare sample E140909A and E140902A) as well as
the temperature during the material nucleation (compare sample E140902A and E140918A).
Some points can be verified qualitatively:
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Sample
E140923A
E140918A
E140902B
E140902A
E140904A
E140909A

Tnuc (◦ C)
300
300
none
370
370
370
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Tbulk (◦ C)
360
400
400
400
420
440

Rq(5×5) (nm)
1.98
2.18
2.45
2.22
2.30
2.38

Table 4.5: Rq(5×5) for In0.9 Al0.1 Sb buffers with varying temperatures of the nucleation layer and the
bulk of the buffer, grown on an optimized AlSb metamorphic buffer.

• In comparison to the high temperature transition (see Fig. 4.12 on the left), Rq(5×5) can
be decreased slightly if implementing a low temperature transition technique. This is
shown with the samples E140729A and E140918A, for which Rq(5×5) decreases from
2.34 nm to 1.98 nm. These samples are comparable in terms of substrate temperature
during the bulk growth.
• Decreasing the nucleation temperature while keeping the bulk growth temperature constant smooths the surface of the samples, which is confirmed with samples E140902A
and E140918A.
• If the temperature is decreased for the bulk growth, Rq(5×5) becomes smaller as well.
The last three samples in Tab. 4.5 show this behavior nicely.
• The effect of the nucleation layer on the overall roughness and nucleation process is not
negligible (even if small), as is demonstrated by sample E140902B and E140902A. For
sample E140902B, the In0.9 Al0.1 Sb bulk has been grown directly after the AlSb buffer,
without In0.9 Al0.1 Sb nucleation layer.
Based on these facts, the temperature profile at the transition from the first to the second
intermediate buffer is optimized to take place at a low temperature. Fig. 4.18 thus shows the
black body and band edge temperature as a function of time during the transition from GaSb
to InAlSb for our optimized transition, in which the nucleation layer is grown at 300◦ C and
the entire rest of the InAlSb bulk at roughly 350◦ C. This profile is suitable for both, the
In0.9 Al0.1 Sb and the In0.7 Al0.3 Sb material combination.
The results above further implicate that a decreased roughness achieved due to the In0.9 Al0.1 Sb
(or InSb) nucleation growth at progressively decreasing temperatures, goes hand in hand with
a more pronounced formation of an interfacial misfit dislocation array [135]. Similar as explained in section 4.2.2, this may reduce the formation of TDs at the interface between the first
and second intermediate buffer. Further reducing the nucleation temperature is unfavorable,
since an increase in the TDD can be observed [135].

RHEED on In1−x Alx Sb and InSb
Depending on the V/III BEP ratio and the substrate temperature, the variety in possible
RHEED reconstruction patterns observable during (001) InSb growth is ample, and is illustrated in Fig. 4.19. Though, assertions on optimal growth conditions yielding the most stable
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Figure 4.18: Temperature profile of the second buffer transition, yielding the best structural basis
for an optimally performing active region.

Figure 4.19: The surface reconstruction phase diagram for (001) InSb during growth, showing the
dependency of the BEP ratio of Sb4 and In on the substrate temperature. The various symbols
represent data taken from different samples. Reprint from Liu et al. [93].

growth for the material or a well performing active region are still on debate. The situation
with In1−x Alx Sb varies slightly compared to the growth of binary InSb, because the BEP
of aluminum cannot further be neglected and the flux ratio becomes JSb2 /JInAl in this case.
However, the nature of the reconstructions remains the same as for InSb.
When growing In1−x Alx Sb at optimized substrate temperatures and BEPs suitable for
√ the
buffer
presented here (cf. Fig. 4.18), possible occurring reconstructions range from (2 2 ×
√
2 2)R45◦ (equal to c(4 × 4) in Wood’s notation [136, 137]), asymmetric-(1 × 3) (also referred
to as ’pseudo’-(1 × 3) [138]) and c(8 × 2) to a mixture of (4 × 2) with c(8 × 2) [139, 140, 141,
115, 93]. Structural models for InSb resulting in the c(4 × 4) and c(8 × 2) reconstructions
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(a) pseudo-(1 × 3)
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(b) c(8 × 2)

Figure 4.20: RHEED diffraction patterns of the In1−x Alx Sb buffer acquired during growth. The
blue lines serve as a guide to the eye, to distinguish main (long lines) and fractional-order (short lines)
streaks. (a) Shows the reconstruction for In0.9 Al0.1 Sb growth (of sample E140902A) at a substrate
temperature of 400◦ C. (b) Represents the growth of In0.7 Al0.3 Sb at a substrate temperature of 350◦ C.

were proposed and developed from core-level photoemission spectroscopy measurements [141].
They show that for the c(4 × 4) reconstruction the surface (i.e. the first bilayer) is terminated
by antimony dimers when the flux ratio JSb2 /JInAl is larger than 1 [141, 93], whereas the
c(8 × 2) reconstruction finds its termination in indium dimers when the flux ratio is less than
1 [138, 139]. At below unity BEP ratios and low enough temperatures, an atomic displacement
of indium dimers leading to an ordered array of vacancies can result in the (4 × 2)/c(8 × 2)
surface reconstruction [93]. The ’pseudo’-(1×3) observed at higher temperatures grown at flux
ratios greater than 1 is distinguishable from a symmetric (1×3) pattern by an uneven spacing
in the 1/3-order peaks [138], hence the attribute ’asymmetric’. A proposition explaining this
appearance utilizes the formation of domains - having (2 × 4) reconstruction - with varying
degrees of antimony coverage [92].
Figure 4.20 shows two RHEED diffraction patterns of InAlSb during growth, which firstly
indicate two-dimensional growth due to the clear visibility of the streaks and secondly confirm
that the nature of the diffraction pattern is similar to the ones observed for InSb. The pseudo(1 × 3) reconstruction seen in Fig. 4.20a stems from the bulk growth of sample E140902A
(see Tab. 4.5). Here, the reconstruction 1 is on the left and the reconstruction 3 on the
right-hand side. As a guide to the eye, the larger blue lines indicate an equal spacing between
the main streaks in both pictures and the smaller lines reveal the uneven spacing between
the fractional-order streaks. This result matches nicely with the expected reconstruction for
In0.9 Al0.1 Sb growth at 400◦ C with a V/III (Sb/In) ratio of roughly 3:1 (cf. Fig. 4.19). The
fact that the 1/3-order streaks are clearly visible is an indication for stable growth conditions
[93].
If In0.7 Al0.3 Sb is grown at 350◦ C - as is the case here - the increased aluminum BEP may
push the JSb2 /JInAl flux ratio close to or below unity. This leads to the reconstruction seen
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in Fig. 4.20b, which shows stable c(8 × 2) growth with the 2-fold reconstruction on the left
and the reconstruction pattern belonging to the 8-fold combination on the right-hand side
with clearly visible fractional streaks [142]. Again, the blue lines help with visualization.
It is evident that the fractional-order streaks are also unevenly spaced. It is not directly
obvious, how this reconstruction comes about. While one possibility may be that the growth
conditions at JSb2 /JInAl ≈ 1 put the system into a mixture of structures prominent in the
indium-rich and antimony-rich regimes, where c(4 × 4), c(8 × 2) as well as (1 × 3) can coexist
[93], it cannot be neglected that the surface reconstruction is governed by the group III dimer
formation in the second bilayer leading to a major array-like rearrangement of the surface
atoms lying directly above the dimers [143]. This can possibly lead to asymmetry in the
RHEED diffraction pattern, which would classify the observed pattern in Fig. 4.20b to be of
c(8 × 2) nature.
To further add to consideration, the temperature readings in Fig. 4.19 and in literature [138,
139] are done by thermocouple measurements. Depending on the temperature range, these
readings tend to be considerably larger than the effective sample temperature measured by
the band edge or the black-body radiation. De facto, this leads to a shift of the reconstruction
phase boundaries towards lower temperatures. Also, the regime boundaries determined by
the flux ratio - i.e. along the y-axis of Fig. 4.19 - might be shifted due to a higher sticking
coefficient of Sb2 over Sb4 [115].
These effects might explain why we see a c(8 × 2) reconstruction when growing In0.7 Al0.3 Sb
at 350◦ C with a Sb/In pressure ratio of ex. 2:1. Compared to the In0.9 Al0.1 Sb growth, the
increased aluminum BEP can lower the JSb2 /JInAl to a value close to 1.5, which is very close to
values reported to show c(8 × 2) [115]. In0.9 Al0.1 Sb on the other hand shows a clear c(4 × 4)
reconstruction, indicating that JSb2 /JInAl reaches just the level for which the linear phase
boundary has been crossed. Once we grow InSb with the optimal growth temperatures and
a 2:1 (Sb/In) ratio, a clear c(4 × 4) surface reconstruction is visible.
In summary, growing In0.7 Al0.3 Sb in a stable c(8 × 2) phase and In0.9 Al0.1 Sb as well as InSb
with a c(4 × 4) reconstruction has shown to yield the highest quality samples in terms of
electrical performance (see next chapter) and crystalline quality. This contradicts literature
[118, 144] which advertises the asymmetric-(1 × 3) to give the best results.

Chapter 5

Active Regions for InSb Quantum
Wells
A sea of electrons is established easiest at a single interface between two layers of semiconducting material of different intrinsic band gap energies. When brought together, this so-called
heterojunction will experience an alignment of the individual intrinsic Fermi levels, making
it favorable for introduced electrons to travel to and reside at the vicinity of the interface.
While doing so, a deformation of the energy bands of the structure takes place, assuring that
the conduction band of the one material is either drawn completely or partially below the
Fermi level. This forms a planar region within that material, in which the electrons can now
freely move with comparably low resistance and the 2DEG is hereby created.
The range of possibilities to induce a 2DEG in III-V semiconductor heterostructures is manifold and was developed in micro- to nanoscale devices in GaAs- and Si-based material systems.
However, the most elaborate ways to introduce carriers into the system are either to deposit a
metal gate on top of the heterojunction, or to do so artificially by dopant atom incorporation.
Intended for different research applications, there is a vast variety in different doping schemes
to increasingly improve the quality of a 2DEG. Historically, the very first ”true” 2D electronic
systems were developed in GaAs/AlGaAs heterojunctions [145], where the silicon doping is
incorporated in the GaAs layer and a broad-spread electron wave function builds up in that
sheet. Moving the silicon dopants into the AlGaAs layer, but still locating them in the
vicinity of the heterojunction, increases the electron mobility in the GaAs channel, but at
the same time gives rise to deep level DX centers in Al1−x Gax As layers with aluminum
composition of x ≈ 0.22 and above [29]. Additional electrons can be freed from these traps
by illuminating the samples which results in an increase of the electron mobility in the GaAs
channel [73]. Because of short-ranged, charged ion scattering due to coulomb interaction
between the spatially separated charged donors - remote ionized impurities (RII) - and the
electrons, the mobility of these samples is still limited, making it favorable to move the doping
area by a spacer distance s away from the 2DEG region. The reduction in RII scattering
is directly correlated to s [146] with its distance and complies with the proportionality of
1/s2.5 for values s > 50 nm [147]. When the silicon doping layer is changed from a roughly
50 − 100 nm thick layer down to a single δ-doping layer, the wave function’s location and
therefore the mobility remains within the measurable range of error. It is exactly this precision
89
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in layer thickness control achievable by MBE (roughly 0.1% of a monolayer for typical modern
2DEG structures with around 1012 silicon atoms per square centimeter [73]) that allows to
render crystallographic effects diminishing the performance of the 2DEG negligible. Pulling
the δ-doping layer further away from the active channel may reduce RII scattering very
effectively, however, the mobility cannot be increased infinitely while at the same time the
electron density is increased through increased doping strength. A reason for it being that
the conduction band at the location of the δ-doping sheet drops beneath the Fermi level,
which leads to the formation of a parallel conductive layer [73]. A further improvement of
the 2DEG performance was achieved by confining charge carriers into a narrow QW region
and adding a second doping layer in the opposite barrier material. The natural coupling
through coulomb interaction of the electrons and ions therefore repulses the wave function
from either side towards the middle of the QW and reduces RII scattering. It was not long
after the first development for silicon based structures [148, 149] that the technique would be
adapted to GaAs systems [150, 151], which led the structures into new heights in terms of
electron mobility [152]. As an additional measure to control the coulomb potentials arising
from the doping layers, short-period superlattice-doping was developed [153] and implemented
successfully [154]. A volume doping layer close to the surface can saturate further states
present there. All these techniques led to a considerable improvement and - more importantly
- control of the III-V semiconductor heterostructures in general.
Mostly used for research purposes, gating techniques allow to accurately manipulate the
electron density in the conducting layer through shifting of the Fermi energy level, leading to
good quality 2DEGs in - for example - heterostructure insulated-gate field-effect transistors
(HIGFETs) [155, 156, 157]. Unfortunately, the quality of these induced 2DEGs can usually
not compete with channels that are created by intentional doping [158, 159, 160], in which
the dopants adopt a similar role as would a gate voltage. An example of an industrial
implementation of gated samples is found in high electron mobility transistors (HEMTs).
Compared to the highly competitive and well-established GaAs and Si devices, InSb heterostructures are still relatively sparsely explored in terms of electron manipulation in the
active channel by metal gates. Where in HEMTs with high frequency response for industrial purposes the InSb channels are usually undoped [3, 161], the device quality and 2DEG
response is considerably increased by introducing n-type silicon doping layers into these heterostructures [162, 163, 164] while simultaneously moving the heterojunction deeper into
the structure. By far the highest electron mobilities are reached with modulation δ-doped
InSb QWs [66], making them interesting for (quantum well) field effect transistors (FETs
or QWFETs) [165]. However, the gate tunability of the 2DEG towards full depletion is
needed in split-gate devices. For InSb heterostructures this is not straight-forward, since
these structures are often plagued with parallel conduction channels causing depletion problems. Additionally, the narrow band gap materials trigger leakage in Schottky barrier gates
due to a low height of the barrier material [113, 166]. Problems in growing high quality gate
dielectrics arise in metal oxide semiconductor field effect transistors (MOSFETs) which leads
to hole accumulation or large gate hysteresis [167, 168] and therefore reduced performance.
Despite all these vexations, full depletion of gated InSb samples is possible [169].
The basis for any device of the above is a high crystal quality, layer-optimized, and highly
specialized epitaxial growth of the active region. We shall now not only focus on its structural
and electronic analysis, but also on the impact of the different buffers on the overall InSb
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QW performance and for the moment desist from metal gated samples.

5.1

Active Structure

Arguably, a good starting point in the optimization process of the active region is to adapt a
single heterojunction, since it represents the simplest heterostructure containing a manipulable 2DEG. Due to the limitations of this type of structure and the advancements made in the
field of GaAs 2D structures, we directly commence with more advanced structures containing
a QW. The three outlined structures in Fig. 5.1 mainly distinguish themselves in the doping
scheme.
With an uninterrupted growth from any of the second intermediate buffers presented in
chapter 4, the active region starts with a further In0.9 Al0.1 Sb buffering layer of 1.3 µm to
enhance self-annihilation of TDs. Here, a 20-period (25Å/25Å) InSb/In0.9 Al0.1 Sb superlattice
is implemented and 600 nm of In0.9 Al0.1 Sb are grown above, acting as lower potential barrier.
In the case of the single-side δ-doped (SSD) sample (Fig. 5.1a) the growth continues with
a InSb QW of thickness d. For the double-side δ-doped (DSD) and inverted SSD (ISSD)
samples, a thin (lower) silicon δ-doping sheet is incorporated and the QW with width d is
grown after an In0.9 Al0.1 Sb spacer of thickness s (cf. Fig. 5.1b and Fig. 5.1c). For the SSD
and DSD samples there is again an In0.9 Al0.1 Sb spacer of thickness s separating the top silicon
δ-doping layer from the well. Thereafter, 110 nm of In0.9 Al0.1 Sb are grown do bury the QW
into the structure and a 10 nm thin InSb layer acts as capping layer to prevent oxidization of
the materials. In case of the ISSD structures, the distance between the QW and the surface t
is variable and will be denoted in a later chapter. For all three structures, the top In0.9 Al0.1 Sb
layer acts as upper potential barrier for the QW.
The confinement potential for the InSb QW is tuned by altering the aluminum concentration
x in the In1−x Alx Sb barrier, such that electrons can be constrained optimally. The effects of
this tuning are illustrated in Fig. 5.2. If the Fermi level is assumed to have mid-gap pinning
in In0.9 Al0.1 Sb and InSb, the conduction band offset is 88.2 meV for a temperature of 0.25 K.
This is a relatively small offset, if compared to a standardly implemented GaAs/Al0.3 Ga0.7 As
quantum well with roughly 220 meV. Whilst the band offset remains the same with increasing
temperature, the effective band gaps of the individual materials decrease slightly towards room
temperature, as illustrated in Fig. 5.2b.
If the band offset were to be enlarged by increasing x, the critical layer thickness decreases
notably. This can be problematic since e.g. for the case of a SSD structure, additional defects
close to the interface - where the electrons are residing - may evoke further scattering and
therefore electron mobility loss. For an In0.9 Al0.1 Sb barrier tc in InSb is roughly 250 Å before
the crystal starts to relax and grow defectively, as is pointed out in Tab. 5.10. For example,
an increase in x of 5% raises the band offset by a modest 45.7 meV to 133.9 meV, yet reduces
tc by a considerable 100 Å. This should not pose a problem per se, but should be kept in mind
when balancing confinement and dislocation generation (cf. section 4.1).
Charge carriers are introduced through silicon atoms, which have one spare electron each if
grown into III-V compounds. Tuning of the doping strength plays an essential role in 2DEG
optimization and can reveal whether a system - with a fixed barrier height, QW thickness,
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(a) Single-side δ-doped InSb QW.

(b) Double-side δ-doped InSb QW.

(c) Inverted single-side δ-doped InSb QW.

Figure 5.1: SSD (a), DSD (b) and inverted SSD (c) InSb QW active regions with a sketch of the
respective conduction band alignments and Fermi levels. The wave functions |Ψ|2 are located within
the QWs and are indicated by lines of blue color.
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(a)
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(b)

Figure 5.2: The intrinsic band gap energy of In1−x Alx Sb as a function of the atomic concentration
x is plotted for T = 0.25 K in (a), starting from InSb (x = 0) and reaching In0.7 Al0.3 Sb . The data
line follows Eq. 2.13. (b) Shows the temperature dependence of the band gap energy for the barrier
material In0.9 Al0.1 Sb and the QW material InSb, according to Eq. 2.13. Used parameters for the
calculations are found in Tab. 2.1.

spacer distance, depth of the QW etc. - is in principle functional or not. Introducing silicone
as dopant material into In1−x Alx Sb will pull down the conduction bands of the barriers and
- for the SSD case - draw the allocation probability of the electron wave function towards the
respective interface (see conduction band schematics next to the heterostructures in Fig. 5.1).
The doping strength can be increased to a point at which the conduction band at the doping
plane gets pulled below the Fermi level [73]. This gives rise to a second (parallel) conducting
channel in the active region, which in most cases is undesirable. To enhance the reproducibility
of the samples however, the deployed doping density for all the SSD and DSD samples grown
here was kept constant and calibrated to be roughly 3.6 · 1012 cm−2 , if not declared otherwise.
This gives the advantage of optimizing structural properties first and unveiling small changes
therein by comparing transport features of the active region.

5.2

Structural and Transport Analysis

Due to the staggering amount of possible combinations of first and second intermediate buffer
systems for active samples, we try to give a comprehensive and expedient analysis on the
effects of changes in the deeply embedded structure with respect to the electron transport
in the InSb QW. While this analysis aims not to cover all possible growth tricks applied for
crystal quality and transport optimization, it highlights the most important differences and
improvements from a bottom-up perspective to achieve high-mobility InSb electron systems.
Comparability and reproducibility are hard to achieve with these types of heterostructures,
since single growth runs last for 7 to 8 hours on average and in extreme cases up to 14
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hours. This makes it difficult to maintain identical growth conditions over long periods of
time and thus, for example, for two consecutive growth runs. However, we account for this
by repeatedly monitoring the growth progress as far as possible (excluding the growth rates).
This allows us to trustworthily compare samples with similar structures amongst each other.

5.2.1

Influence of the First Intermediate Buffer

A simple way to solely compare the influence of the metamorphic AlSb (sample A) and the
IMF buffer (sample B - see also section 4.2) on the electron transport is to grow an identical
direct transition buffer (left scheme in Fig. 4.12) with a SSD active region (Fig. 5.1a) featuring
a spacer thickness of s = 50 nm and a QW thickness of d = 21 nm on top of either of the two
first intermediate buffers. Here we attempt to show that the usage of the IMF buffer is more
favorable over the metamorphic AlSb buffer.
AFM pictures reveal the surface morphology of samples A and B. The data is presented in
Fig. 5.3 in windows of 5 × 5, 10 × 10 as well as 30 × 30 µm2 . Single-step atomic planes are
visible indicating high crystal quality, layer-by-layer growth of these samples. The structural
analysis of the surface of these samples reveals that the threading dislocation density as
well as the hillock density (HD) are notably reduced when using the IMF buffer instead
of the AlSb metamorphic buffer. While the threading dislocations and their outcrops [6] i.e. merging terraces of single step atomic planes, indicated by a red arrow in Fig. 5.3b undergo a reduction of 43.6%, the HD is reduced by 45.8% as outlined in Tab. 5.1. With
values of 1.1 · 108 cm−2 (sample A) and 6.2 · 107 cm−2 (sample B), both samples exhibit total
defect densities well below typical structures with related buffer systems [144] or samples
with a direct transition from GaAs to InSb [170]. The results here are obtained by simply
counting the dislocation features on the AFM scans as is indicated by the red circles in
Figs. 5.3c and 5.3d - which in this case highlight hillocks - and taking a normalized average over
counts from multiple scans. Both samples show the for highly lattice constant mismatched
heterostructures typical spiral growth. A single spiral defect is indicated by a blue arrow
in Fig. 5.3b. Dash-like defects in characteristic crystal directions which would indicate the
existence of micro-twins [171] are absent in these samples.
The reduction of the HD by roughly a factor of 2 from 2.4 · 107 cm−2 to 1.3 · 107 cm−2 , results
in an overall decrease of the surface roughness, for which the values of different sized windows

TDD (cm−2 )
HD (cm−2 )
Rq(5×5) (nm)
Rq(1×1) (nm)
Rq(0.8×0.8) (nm)

AlSb buffer
(sample A)
1.1 · 108
2.4 · 107
3.050
0.558
0.539

GaSb buffer
(sample B)
6.2 · 107
1.3 · 107
2.379
0.417
0.318

percentage difference
43.6%
45.8%
22.0%
25.3%
41.0%

Table 5.1: Averaged threading dislocation and hillock densities, as well as rms roughnesses Rq of InSb
QWs with either an AlSb or GaSb buffer system. The percentage difference indicates the improvements
in favor of the GaSb buffer.
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(a) Visible crystal layers of sample A.

(b) Single-step atomic layers, sample B.

(c) Hillocks circled in red, sample A.

(d) Hillocks circled in red, sample B.

(e) Morphological overview, sample A.

(f ) Morphological overview, sample B.
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Figure 5.3: AFM data of active samples with both, AlSb (left column) and GaSb (right column)
first intermediate buffers and identical second intermediate buffers, on windows of 5 × 5, 10 × 10 as
well as 30 × 30 µm2 . (b) A typical spiral dislocation is highlighted with a blue arrow and a case of
merging terraces of single-step atomic planes is pointed out with a red arrow.
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and the percentages denoting the reduction in Rq(5×5) from the AlSb to the GaSb buffer are
displayed in Tab. 5.1. In addition, clear changes in the morphology are visible on large scale
scans of 30 × 30 µm2 . While for the AlSb buffer the hillocks appear unevenly distributed and
distinctively differ in size, they are more homogeneously distributed and leveled out in the
GaSb buffer samples. This is reflected in the Rq(5×5) retrieved from areas of 5 × 5 µm2 where
the reduction amounts to 22%. With Rq(5×5) being as low as 2.379 nm, the surface roughness
is comparable to similar untreated samples used for device fabrication [169].
The standard characterization of these heterostructures for identical van der Pauw square
geometries (see section 3.2.6) measured at 1.3 K, results in low magnetic field charge carrier
densities and electron mobilities of 4.56 ·1011 cm−2 and 3.21 ·104 cm2 /Vs for sample A, as well
as 3.05 ·1011 cm−2 and 7.54 ·104 cm2 /Vs for sample B, respectively. This denotes a major
increase by a factor of more than 2.3 in the electron mobility in favor of the IMF buffer
sample. It is also well in agreement with the observed reduction in the TDD, the HD as
well as the sample roughness and the enhanced sample quality therefrom. These results are
obtained from the magnetotransport measurements shown in Fig. 5.4. It cannot be concluded,
however, that the electron density difference between samples A and B is solely due to the
different buffers - and thus due to defect density reduction - since similar density variations
are observed in samples with comparable overall defect densities (cf. samples H, I and J in
section 5.2.2).
Figure 5.4 makes it clear that using the GaSb buffer instead of the AlSb buffer contributes
to an improved overall quality of the electron transport within the InSb QW. While the
bending of the transverse Hall resistance Rxy at low magnetic fields for both, samples A
and B, indicates a considerably large secondary channel limiting the electron mobility (the
whereabouts of which we are not interested in momentarily), the longitudinal resistance Rxx
of sample B shows much clearer oscillations compared to sample A. The latter is a first
indicator of a higher quality 2D system in the heterostructure. In addition, the plateaus in
sample B are more pronounced, allowing to see a correlation between the two data curves
and the filling factors ν. The small indentation of the longitudinal resistance Rxx at around
1.2 T (downwards facing black arrow) suggests that the quantization levels are spin split in
sample B, since the preceding dent is considerably larger. Similar features are not observable
for sample A.
All improvements in the crystal structure and electrical transport can be attributed to the
growth dynamics of AlSb and GaSb in the first intermediate buffer [122]. The different surface
mobility of the Ga and Al adatoms during growth can result in a distinctly different morphology of a sample. While Al adatoms tend to get incorporated into the crystal approximately at
sites where they hit the sample surface, Ga may show a higher surface mobility and therefore
makes a smoothing of the surface during growth possible [121, 126]. Hence, AlSb shows a tendency to conserve the morphology of underlying epilayers and will pass along the roughness
initially created at the transition interface. In contrast, GaSb allows for less distortion of the
QW caused by roughness from the interface, yielding higher electron mobility in the channel.
The results confirm the importance of the careful optimization of the first intermediate buffer
for InSb QW heterostructures and nicely illustrate the advantages of GaSb over AlSb.
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Figure 5.4: Magnetotransport measurements of samples A and B. Top: Longitudinal (red) and
transverse (blue) resistance of the active sample A with AlSb first intermediate buffer. Bottom:
Transport features of sample B with the GaSb first intermediate buffer.
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Influence of the Second Intermediate Buffer

We first investigate the impact of various material transitions on the electron transport, before
we put the spotlight on the barriers and the core of the buffer in the structure.

Material Transition
The benchmark sample C consists of the AlSb first intermediate buffer and the linear graded
second intermediate buffer. All samples compared here comprise the same second intermediate
buffer, spacer and QW thickness as sample C, which allows to pin down differences in transport
properties to the various assets of the material transitions. Table 5.2 shows the transport
data of the active QWs for the various transitions outlined in section 4.3.6. The goal of these
transitions is to mimic an IMF buffer similar to the one in section 4.2.2. However, the results
show clearly that none of the utilized transitions are suitable to replace the morphologically
optimized, low temperature nucleation transition described in section 4.3.7.
Samples E150630A and E150630B represent two similar structures as are shown in Fig. 4.16a,
containing either 12.5 Å or 20 Å of pure indium at the transition. While the electron density in these samples remains roughly the same compared to the one of sample C, the low
field mobility measured at 1.3 K decreases drastically by almost an order of magnitude from
1.774 ·105 cm2 /Vs to 3.22 ·104 cm2 /Vs. The same effect is observed if the indium is replaced
by an InSb interlayer at the interface with a scaled thickness of 6 Å, 12.5 Å and 18 Å. Here the
mobility decreases down to a point where measuring the sample becomes impossible (’nm’
= not measurable). Sample E150713A (cf. Fig. 4.16c) with a 15 nm thin InAs layer and
3 Å of pure indium shows a slightly lower mobility than sample C, but also a considerably
increased electron density. E150625B is another sample with a more exotic transition containing 12.5 Å of pure InAl at the interface, much like shown in Fig. 4.16b. The electron mobility
for this transition decreases slightly as well and shows a increased charge carrier density.
The changes in the electric performance can be attributed directly to the transitions and the
surface quality of the crystal it imposes on the subsequent growth. This is qualitatively visible
Sample
C
E150630B
E150630A
E150709A
E150706A
E150709B
E150713A
E150625B

Transition
specifics (Å)
12.5 In
20 In
6 InSb
12.5 InSb
18 InSb
150 InAs
12.5 InAl

electron density
(·1011 cm−2 )
3.433
3.149
3.256
2.945
3.240
nm
4.173
3.948

mobility
(·105 cm2 /Vs)
1.774
1.248
0.322
1.450
0.617
nm
1.672
1.374

Table 5.2: Transport data for samples with various different transitions between the first and second
intermediate buffers. The data for these samples were acquired in the low field range at a temperature
of 1.3 K. All samples comprise a SSD active region with s = 30 nm and d = 21 nm.

5.2. STRUCTURAL AND TRANSPORT ANALYSIS

99

in the longitudinal and transverse magnetotransport data shown in Fig. 5.5, which additionally emphasizes that the value of the low temperature electron mobility alone not necessarily
gives a full verdict on the performance. The data of sample C (top figure) reveals a oscillatory behavior of the longitudinal resistance Rxx and clear plateaus in the Hall resistance Rxy .
A small parallel channel in the heterostructure is present, which is manifested through the
bending of the curves for higher magnetic fields. Zeeman-splitting of the energy levels occurs
at roughly 1.5 T, which is a further indication of a high quality 2DEG. The high quality of
the InSb QWs is also seen in the samples E150709A and E150625B. Both show spin-splitting,
which is indicated by the black downwards facing arrows in the figures. Although high-quality
growth of InAs can be achieved in our group [9], the benefits to a potentially better interface
seem not to unfold for this material transition. The fourth plot in Fig. 5.5 shows, that at
least from a transport point of view, the 2D system suffers a considerable performance loss,
expressed through the distinct bend in both curves. It cannot be ruled out that depositing
pure indium at the interface has a diminishing effect on the magnetotransport of sample
E150713A, since a quality reduction is also seen in sample E150630B which comprises the
same transition. For sample E150730A, the 2DEG quality reduction is noticeable because
of the reduced number and more irregular spreading over the magnetic field range of the
oscillations in Rxx .
What the magnetotransport data also exposes, is a certain randomness in the results. Considering the magnetotransport traces, one would think that an increased electron density
compared to sample C leads to an enlargement of the parallel channel and therefore a reduction in the electron mobility and the 2DEG quality. However, sample E150625B proves the
contrary by having more clearly defined traces than sample C. This phenomenon is observed
in several of our samples throughout our growth campaign. Even identically grown samples
of two different runs can show very different transport traces. Thus we stick to the growth
procedures at the interface presented for sample C and optimize the growth from there, since
it proves to be the most reliable and reproducible transition.

Buffer and Lower Barrier
The influence of the different buffer types on the transport properties is quite striking, as is
revealed by the data displayed in Tab. 5.3. With increasing complexity of the buffer system,
the low magnetic field charge carrier mobility µ can be increased by a factor of 4 (samples
C through F, all composed of SSD active region type depicted in Fig. 5.1a). This is a direct
Sample
D
C
E
F
G

Buffer type
direcct
linear graded
interlayer
step graded
InGaSb

s
(nm)
50
30
30
30
30

d
(nm)
21
21
21
21
21

ne
cm−2 )
3.931
3.433
2.914
3.051
3.343

(·1011

µ
cm2 /Vs)
0.571
1.774
1.813
2.301
0.770

(·105

Table 5.3: Transport data for samples with various different second intermediate buffers, but similar
spacers s and QW thicknesses d, arranged in increasing order in structural complexity of the buffer.
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Figure 5.5: Magnetotransport measurements of samples with various second material transitions.
Top: Sample C. 2nd : Sample E150630B, 12.5 Å In transition. 3rd : Sample E150709A, 6 Å InSb
transition. 4th : Sample E150713A, 150 Å InAs transition. Bottom: Sample E150625B, 12.5 Å InAl
transition.
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result of the different dislocation filtering processes taking place in the various systems.
By far the biggest jump in mobility is observed between samples D and C when switching
from the direct transition (see section 4.3.1) to a linearly graded buffer (section 4.3.2). It
amounts to a factor of more than 3. The fact that the electron density only changes by about
0.5 ·1011 cm−2 between the two whereas the electron mobility is greatly affected, indicates
that there is a severe structural disadvantage when using the direct transition buffer. This
observation is supported by the magnetotransport data shown in the top plot of Fig. 5.6
and Fig. 5.5. Even though sampler C suffers from a small parallel system, it exhibits nice
oscillations in Rxx . However, sample D not only indicates a large parallel conduction channel,
but also gives strong evidence of an additional mechanism hampering the electron mobility
in the QW. Hence the absence of plateaus and oscillatory features in the two traces.
When implementing the interlayer buffer (cf. section 4.3.3) it is possible to decrease the
electron density by another 0.5 ·1011 cm−2 and increase the mobility up to 1.8 ·105 cm2 /Vs in
the main channel. The high quality of sample E allows to resolve the Zeeman spin-splitting
- indicated by the downwards facing arrow in the 2nd plot of Fig. 5.6 - and manifest flat
plateaus in the Hall trace, down to a filling factor of ν = 2. Comparing the traces of the
two samples C and E, directly implicates that the concept of introducing the interlayer buffer
type reduces parasitic channels in the electron transport [144]. Up to date it is relatively
unclear what exactly the impact of these dislocations is on the electron transport, apart from
structural and morphological effects. However, the electron density values shown by sample
C and E suggest it being well possible that dislocations are capable of introducing additional
carriers to the system.
In the step graded buffer sample F (cf. section 4.3.4) the electron density remains practically
unchanged compared to sample E. However, the mobility experiences a considerable increase
to 2.273 ·105 cm2 /Vs in the low field range. Though, the transport traces in the 3rd plot of
Fig. 5.6 indicate a parallel conducting channel and lack the nice features previously seen in
sample C and E. This diminishing in the transport quality can be explained by the increasing
complexity of the buffer system and the accompanying large amount of growth parameters
which determine the crystal quality. Accounting for the fact that In1−x Alx Sb layers containing higher aluminum concentrations require higher growth temperatures - since the growth
conditions should resemble the growth of AlSb more than that of InSb - seems to be only
the first step in further optimizing this structure. In principle, a similar layer sequence as
demonstrated in the interlayer buffer (Fig. 4.13) with superlattices and thin InSb layers can
be structurally advantageous. However, the growth time of such a structure would become
too long, considering that the ’simpler’ sample F was a 13.5 hour growth run. For example, to
save time while growing a In1−x Alx Sb /In1−y Aly Sb superlattice requires a second aluminum
cell, which is not present on our MBE chamber. Due to impracticality we have ceased further
investigation on this type of buffer.
The more exotic sample G comprising an InGaSb buffer (cf. section 4.3.5) can only partially
show an improvement over a direct transition sample D, by having a higher mobility of
7.7 ·104 cm2 /Vs at low magnetic fields. We accredit great potential to this type of buffer
structure if properly optimized, since it comprises highly surface-mobile gallium which can
simplify smoothing of the sample surface. The success with samples of other buffer types has
led us to focus on them instead.
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Figure 5.6: Magnetotransport measurements of samples with various second intermediate buffers.
Top: Direct transition sample D. 2nd : Interlayer buffer sample E. 3rd : Step graded buffer sample F.
Bottom: Sample G with an InGaSb buffer.

5.2. STRUCTURAL AND TRANSPORT ANALYSIS
Sample
H
I
J

TDD
(·107 cm−2 )
13.8
9.2
9.2

HD
(·107 cm−2 )
3.8
3.8
1.4

Rq(5×5)
(nm)
3.461
2.844
3.458
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ne
(·1011 cm−2 )
2.85
4.02
6.47

µ
(·105 cm2 /Vs)
2.17
2.41
2.91

Table 5.4: Characteristics of the GaSb buffer SSD (sample H), DSD (sample J) and GaSb substrate
SSD (sample I) InSb QWs. The charge carrier density ne and electron mobility µ measurements were
performed on square samples using the van der Pauw technique at a temperature of 1.3 K.

To some extent, the above samples exemplify that a deeper analysis in the structural and
morphological features is necessary to understand the transport data. We do this on the
basis of the analysis presented in section 5.2.1 and the interlayer buffer of sample type E
(here sample H is a representative with an IMF GaSb first intermediate buffer), since these
structures potentially show the best transport features and are sensitive to disruptions like
TDs. To pinpoint the problematics to the influence of the second intermediate buffer system,
we introduce an additional sample I which is an exact copy of sample H from the second
intermediate buffer onwards and is grown on a (100) GaSb wafer. Further more, the DSD
sample J allows to gain insight into structural differences between SSD and DSD samples.
The AFM data and the analysis thereof is summarized in Tab. 5.4, showing the threading
dislocation density TDD, the hillock density HD and the roughness Rq(5×5) , in addition to
the electron density and electron mobility. The overall TDD and HD are slightly larger if
comparing to the IMF sample B presented in section 5.2.1 (cf. Tab. 5.1). This stands in
contrast to the filtering effect from the built-in interlayers and superlattices, which should
lead to a decrease in the defect density [101, 172], but can not be observed in our samples
solely through AFM measurements. Sample H shows great amounts of distinctive dash-like
slip lines along the [110] and [11̄0] direction (see Fig. 5.7a) which are related to micro-twins
[171, 144]. Their appearance results in a higher TDD. The increased defect densities can be
explained by the considerably smaller thickness of the In1−x Alx Sb lower barrier implemented
in the interlayer system opposed to the case in Fig. 5.1a. This results in a reduced probability
for self-annihilation of TDs in the second intermediate buffer over the course of the shorter
growth. Moreover, it is possible that the transition from GaSb to In1−y Aly Sb presented here
and the interlayer compound are capable of offering additional TD nucleation sites, increasing
the overall defect density. Nonetheless, the presented samples still show defect densities of
lower order than previously reported [144, 170].
The defect densities between samples H, I and J are roughly equal. Assuming the GaSb
substrate to be defect free, this result strongly indicates that the main source of defects in
our samples is governed by growth conditions at the transition from the first to the second
intermediate buffer. It additionally confirms the effectiveness of the IMF and low temperature
transition for InSb QW heterostructures.
Using a GaSb rather than a GaAs substrate yields a by 17.8% reduced surface roughness
Rq of 2.844 nm. In addition, the mobility is increased to 241’000 cm2 /Vs at a density of
4.02 × 1011 cm−2 , which we mainly attribute to the decrease in Rq . The reduction in the
surface roughness can prove to be of vital importance for device processing, where flat surfaces
are sought for.
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The observed substantial jump in µ in comparison to samples A and B may additionally
be accounted for the application of more and thicker layers with higher Al concentration,
where Al being highly reactive can act as a getter of charged background impurities. A
larger amount of these impurities can then be incorporated deeper in the buffer, such that
their scattering potentials are out of range for the active region. This effect can be observed
in GaAs/AlGaAs heterostructures grown in our group. It suggests that the interlayers with
higher Al concentration of 30% in our InAlSb metamorphic buffers act as charged background
impurity traps.
Fig. 5.7 shows an overview of special features with regards to slip lines present in samples
of type H through J. The close-up of sample H shows that slip lines may form during the
development of screw-like dislocations, as well as begin or end within their own species. This
is indicated by the lines in Fig. 5.7b being terminated in T-shape. A very rarely appearing
slip line in sample I seen in Fig. 5.7c. It suggests that these profoundly determine the growth
of the crystal and do in fact not develop in post-growth strain-relief processes in the crystal.
The hereby emerging steps in the surface can range up to 8 nm in height. Fig. 5.7d highlights
that the slip lines starting from screw-like dislocations may extend far along the distinct
crystal directions and govern other hillocks by acting as a clear border. The growth of sample
J seems to be mostly free of such slip lines, which is expressed by the lowered values in TDD
and HD shown in Tab. 5.4.
It is further visible that, in comparison to samples A and B, the shape of the hillocks changes
from a rather round (as for example seen in Fig. 5.3b) to a diamond like structure with clearly
defined edges. This is very nicely demonstrated in Fig. 5.7e.
The fact that apart from the slip lines the surface morphology of samples H and J look very
similar, indicates that a different doping scheme (SSD vs. DSD) has little to no effect on the
structure. It is based on slightly varied growth conditions during the buffer growth in sample
H that this specific sample reveals slip lines.

5.2.3

Active Region

An effective lever to control the electron density ne in InSb channels is achieved by altering
the spacer width s. With this method it is possible to configure an optimized setting for a
fixed doping concentration ND and barrier height. By altering s, the electrostatics in the
active region change, such that the charge carrier mobility µ gets affected by the presence of and thus scattering effects caused by - ionized donor atoms. This effect can be seen in the top
graph of Fig. 5.8, which shows the transport data of SSD samples with d = 21 nm. s has been
varied between 200 Å and 600 Å (the 300 Å sample is already denoted sample C), while the
distance of the doping layer to the surface is kept constant at 120 nm. The electron density
increases for decreasing s. Since closing in on the QW with the ionized dopants leads to less
electron scattering events within the spacer layer, more charge carriers may reach the well
and are able to constructively contribute to the two-dimensional transport. This is expressed
through the increase in µ when lowering s from 600 Å down to 300 Å. Decreasing the spacer
layer thickness even further causes the electrons to either suffer from remote ionized impurity
scattering (by the potential landscape of the donor ions) or to start populating the second
subband of the quantized system in the well.
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(a)

(b)

(c)

(d)

(e)

Figure 5.7: AFM measurements of samples H, I and J. (a) An overview of sample H shows distinct
slip lines in the [110] and [11̄0] crystal directions. (b) Close-up of slip lines in sample H. (c) Sample
I revealing that slip lines develop during growth, indicated by the monolayers growing around them.
(d) Slip line in sample I stemming from the center of a spiral like defect and propagating over long
distances in the sample. (e) Overview of sample J.
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Figure 5.8: Top: The electron mobility µ (blue stars) and charge carrier density ne (black dots) for a
series of samples which differ by the spacer width s only. Bottom: Comparison between the calculated
electron density according to Eq. 2.56 and the values retrieved from the top graph.
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Figure 5.9: Left: Simulated wave functions resulting from a variation in the spacer distance s. Right:
The relative overlap of the wave function |Ψ|2 into the barrier material for each doping profile.

To estimate the effect of interface roughness scattering, we have conducted 8 × 8 k·p simulations to put a number on the relative percentage of the wave function |Ψ|2 overlapping into
the barrier material. The left hand graph in Fig. 5.9 illustrates the different ground states in
the 21 nm QW and the relative overlap percentages are plotted in the right graph. We first
note that changing s towards smaller values affects the triangularly shaped conduction band
by pulling it down towards lower energies. This on the other hand shifts the wave function
closer to the upper interface of the well, although the effect on the relative position is only
minimally. Consequently, the relative overlap for all samples in the series experiences a small
change by roughly 0.3%. Differences in the interface roughness scattering mechanism are
therefore presumably unaccountable for the clear increase in electron mobility.
The ’spacer series’ described here also gives rise to the question on how effective the ionization
procedure is and on where in the structure the dopant electrons actually migrate to. We
therefore calculate the sheet electron density ns in dependence of s according to Eq. 2.56.
Here, the built in potential is φB = 190 meV for InSb (cf. Tab. 2.1), the donor density is
ND = 3.6 · 1016 m−2 and the electron effective mass is m∗ = 0.248me (see section 6.2.2). The
result of the calculation is shown by the solid red curve together with the density values of
the spacer series samples in the bottom graph of Fig. 5.8. It is quite striking that a huge
discrepancy between the calculation and the measurement exists, indicating that from the
total amount of possibly ionized donor atoms only a very small fraction is contributing to
the electron population in the well. This suggests that scattering events within the spacer
layer or through remote ionized impurities cannot be the only source of electron loss. Further
loss paths include the saturation of vacant surface states, states arising from crystallographic
defects, or the presence of a considerable amount of deep donor (or acceptor) DX centers in
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s (Å)
200
250
300
400
500
600

ne (·1011 cm−2 )
dark
3.75
3.56
3.42
2.78
2.24
2.35

µ (·105 cm2 /Vs)
dark
1.631
1.729
1.761
1.662
1.132
0.972

ne (·1011 cm−2 )
illum.
3.86
3.60
3.50
2.90
2.41
2.40

µ (·105 cm2 /Vs)
illum.
1.738
1.825
1.855
1.801
1.369
1.166

Table 5.5: Transport data before and after illumination of the spacer series samples at 4.2 K.

s (Å)
200
250
300
400
500
600

ne (·1011 cm−2 )
dark
3.75
3.56
3.43
2.78
2.23
2.33

µ (·105 cm2 /Vs)
dark
1.638
1.749
1.774
1.668
1.146
0.978

ne (·1011 cm−2 )
illum.
3.84
3.58
3.49
2.90
2.33
2.33

µ (·105 cm2 /Vs)
illum.
1.723
1.790
1.844
1.785
1.297
1.120

Table 5.6: Transport data before and after illumination of the spacer series samples at 1.3 K.

the In1−x Alx Sb barriers [29].
Once the remote impurity screening is employed, the electron density and mobility in the
well can be tuned by illumination of the samples through an LED. It is common that from
the total amount of dopants incorporated in the system only a fraction gets ionized, i.e. the
number of dopant atoms differs from the active donors in the In1−x Alx Sb barrier. A part of
the electrons stemming form these active donors gets energetically trapped in DX centers.
These centers can be lifted through illumination of the sample and the trapped electrons
freed, such that they may find their way to the well and contribute to the 2DEG density.
As can be deduced from Tabs. 5.5 and 5.6, ne and µ measured at 4.2 K and 1.3 K roughly
remain constant within a specific sample between a measurement conducted in the dark and
after illumination (red light, 1 · 60 mA·s). This even holds true for continuous illumination in
our InSb samples, i.e. the measurement is quasi-stationary and the increase in ne saturated.
The effect of illumination is therefore rather subtle which is opposed to many examples in
silicon doped GaAs/AlGaAs systems [73, 173], for which the effect of lifting of DX centers is
substantial. It has to be taken into account that for our In0.9 Al0.1 Sb barriers a considerably
smaller fraction of aluminum is used in comparison to Alx Ga1−x As barriers with x > 0.22,
where DX centers become relevant [30]. In addition, the activation energy of deep donors in
Alx Ga1−x As barriers is of the order of 160 meV [29, 30] whereas the donor level in InSb lies
at around 25 meV with additional deep acceptor levels at 85 meV [174] (we assume that the
energy levels in In0.9 Al0.1 Sb are of similar order, due to the low aluminum concentration).
While the donor level energies in both materials are equally vanquished by the light emitting
diodes, the shallower donor level in InSb or In0.9 Al0.1 Sb facilitates electron-hole recombination
through possibly existing intermediate energy states, even at low temperatures. The effect
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of generating more electrons for the QW is thereby minimized which lets us come to the
conclusion, that DX centers in In1−x Alx Sb play a minor role in the InSb/In1−x Alx Sb system.
The findings above are further reinforced by the fact that the vast majority of our samples in
general show little to no persistent photoconductivity effect (PPC) at any low measurement
temperature. Electrons therefore get lost in other paths, the main ones of which we identify
with crystallographic defects which are present in both, the QW and the barriers, unoccupied
surface states or through vacant energy states in the lower bulk.
The interplay between the paths of loss is vivid. Trying to extinguish a single one usually
requires changing not only one, but several growth parameters and layer dimensions within
the heterostructure. At the same time an optimal band alignment for high quality transport
properties has to be guaranteed. We demonstrate this difficulty with a sample equal to sample
C in order to attempt to cut off the unoccupied surface states. The only difference between
the two samples is the depth of the doping layer, which is now 210 nm instead of 120 nm. For
the deeper buried sample ne = 3.44 ·1011 cm−2 and µ = 1.367 ·105 cm2 /Vs at 1.3 K and low
magnetic fields. While these results raise the illusion that an equal amount of electrons in the
well would lead to the same electron mobility, the reality shows a decrease in µ indicating a
change in the electrostatics and therefore the band alignment. This is further confirmed by the
transport traces of the two samples, in which the spacer series sample shows a slight parallel
channel and the deeper buried QW sample suffers from more than that. Another possible way
to decrease the urge of the donor electrons to migrate to the surface is feasible by changing
the aluminum fraction in the upper In1−x Alx Sb barrier. The conduction band can then act as
a more potent potential barrier towards the surface. We have grown a sample with the IMF
first intermediate buffer and a direct transition second intermediate buffer, using s = 30 nm
and d = 21 nm. During the growth of the InSb QW, the aluminum cell temperature was
increased such that x = 0.15 was gradually reached after the doping plane. With this sample
showing ne = 6.12 ·1011 cm−2 and µ = 272 cm2 /Vs it seems that a larger amount of electrons
reach the well, but at the same time the electrostatics within the active region are not suited
anymore for the chosen spacer width and Qw thickness. Further investigation on this type of
structure involves careful optimization of several interlinked parameters. We like to live up
to the philosophy of never changing a winning team and momentarily render more efforts in
these directions futile, with the knowledge that high mobility structures are achievable with
our existing standard systems (cf. chapter 6).
We direct our attention once again to the Qw interfaces and the option of implementing a
doping layer beneath the Qw, as is shown in Fig. 5.1c. A key property of SSD structures
is the bending of the conduction band of the QW towards the side of the doping layer.
This is figuratively shown next to the heterostructures in Fig. 5.1. As seen in Fig. 5.9, it
shifts the peak allocation probability |Ψ|2 of the electron wave function towards the interface,
making the electrons more susceptible to interface roughness scattering events. Comparing the
differences in transport properties between the structurally identical sample C (300 Å spacer
sample) and sample K (an ISSD sample with s = 300 Å and a distance t = 140 nm) shows
that solely changing the doping profile reduces the 2DEG quality, which is highlighted in
Tab. 5.7. This is most likely - but not exclusively - related to increased electron scattering
at the lower barrier interface, caused by localized crystal defects which form in the QW at
the vicinity of the lower interface due to the lattice mismatch to the In0.9 Al0.1 Sb lower buffer.
Newly forming TDs at the lower interface which substantially affect the electron transport
are less likely according to the increased mobility results of sample C and the fact that d < tc
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sample
C
K
J

doping type
SSD
ISSD
DSD

ne (·1011 cm−2 )
3.43
3.29
6.47

µ (·105 cm2 /Vs)
1.774
1.276
2.908

Table 5.7: Low field transport data at a temperature of 1.3 K for samples with three different types
of doping profiles.

sample
C
J

type
SSD
DSD

lower barrier (%)
0.64
1.40

upper barrier (%)
3.19
1.39

total overlap (%)
3.83
2.80

Table 5.8: Percentages of the overlap of the wave functions into the lower and the upper potential
barrier for a SSD and a DSD sample with s = 30 nm and d = 21 nm.

(compare list in Tab. 5.10).
DSD samples are ideal to minimize the influence of either interface on the transport properties.
The peak of the electron probability density squared |Ψ|2 is pressed towards the center of the
well, an effect which is caused by the second doping layer. This is illustrated with 8 × 8 k·p
simulations in Fig. 5.10 and the according results in Tab. 5.8 for samples C and J (both with
s = 30 nm and d = 21 nm). The results suggest that the total overlap of the electron wave
function into the lower and the upper barrier is decreased by 1% when employing a DSD over
a SSD sample. Hence, interface roughness scattering is minimized. Although the results here
suggest a quantification of the effect of interface roughness scattering, it is only in section 6.3
where we will see the relative impact of this mechanism in more detail. Since the transport
quality increases so dramatically from sample C to sample J, and the effect of wave function
overlap is rather small, we conclude that the major advantage of a second doping layer is a
saturation of parasitic states in the lower In1−x Alx Sb barrier and the underlying buffer.
As is common for DSD samples in the GaAs/Alx Ga1−x As system, the lower barrier doping
concentration is tuned to roughly a fourth of the upper one. Like this, the electron density
in the QW can be reduced and higher order subbands depopulated. Sample L therefore is
grown with a lower doping concentration in the lower barrier in comparison to sample J. As
predicted the ne in the well decreases to 4.75 ·1011 cm−2 while at the same time it allows
to increase µ = 3.144 ·105 cm2 /Vs slightly. More importantly, the effect of this measure is
reflected in the transport traces as seen in Fig. 5.11. It suggests that a strong parallel channel
is at work in sample J, which in the case of overdoping the structure most likely resides in
the lower doping plane. This effect is almost obliterate in sample L, where clear plateaus and
oscillations are visible. Sample L is an excellent example of how effective a second doping
layer can be implemented to saturate vacant bulk states.
The last parameter we want to tune in this section is the Qw thickness d. In this ’quantum
well series’ we increase d slightly with regard to reducing the influence of the interfaces even
further. Again, 8 × 8 k·p simulations indicate that this is well feasible, if comparing the
total wave function overlap of samples L through M (see Tab. 5.9). While ne remains similar
for all three samples, the mobility increases when widening d by 2 nm from d = 21 nm to
d = 23 nm. However, expanding d yet again by 2 nm lets µ decrease although the wave
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(b)

Figure 5.10: (a) Conduction band simulations for SSD (black) and DSD (blue) samples showing the
allocation probability of the electron wave function. Here, the surface is on the right-hand side. In the
case of the SSD sample simulation, a constant lower barrier potential is assumed. Both wave functions
are shifted to the Fermi energy at 0 eV and normalized for comparison purposes. (b) Closeup of |Ψ|2
revealing the differences in wave function overlap at the barrier/QW interfaces (non-normalized).

sample
L
M
N

d (nm)
21
23
25

ne (·1011 cm−2 )
4.75
4.90
4.85

µ (·105 cm2 /Vs)
3.144
3.489
2.800

wave function overlap (%)
2.80
2.36
2.05

Table 5.9: Low field transport data at a temperature of 1.3 K for samples of the QW series and the
according wave function overlap percentages retrieved from simulations.

function overlap drops by 0.31% between the two. The fact that the electron density between
samples M and N is nearly equal yields that while expanding d the second subband is lowered
and increasingly populated. In Fig. 5.12 the (to EF ) normalized first and second subband
for samples L through N are displayed with the according conduction bands. The results not
only indicate that the second subband progressively gets drawn towards the first subband,
but also that sample L might already be suffering from a parallel channel originating from
the second subband. This could also explain the slight upward bending of the oscillations in
the transport trace of sample L (bottom graph of Fig. 5.11). These findings get supported
by the magnetotransport measurements of samples M and N, illustrated in Fig. 5.13. For
these samples, the oscillatory trace of the measurement bends upwards while the Hall trace
is afflicted by a downwards bend, both features being indicative of parallel conduction.
This section has revealed the interplay between several parameters in the heterostructure and
the complexity of the InSb/In1−x Alx Sb system. It is by constant - and sometimes cyclic reevaluation of single parameters that an improvement in electrical transport can be achieved.
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Figure 5.11: Magnetotransport measurements at a temperature of 1.3 K of DSD samples with different lower to upper doping ratio. Top: Sample J with a ratio of 1:1. Bottom: Sample L with an
employed ratio of 0.37:1.

Figure 5.12: Conduction band simulations for samples L (black), M (blue) and N (red) of the ’QW
series’, showing |Ψ|2 in the first and second order, normalized to the Fermi energy at 0 eV. The surface
is situated on the right-hand side of the graph.
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Figure 5.13: Magnetotransport measurements at a temperature of 1.3 K of the ’QW series’ samples
M (top) and N (bottom).
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XRD Analysis

With XRD measurements the crystal quality and other properties of the heterostructures can
be further analyzed. The goal of this section is to gain more knowledge about the strain
in the InSb QW when adapting different second intermediate buffers. We therefore draw a
comparison between linearly graded and interlayer buffers with identical active regions, i.e.
a QW with thickness d = 21 nm. Whether the samples are SSD or DSD is irrelevant, since
the XRD measurement technique is insensitive to such negligibly thin silicon doping layers.
However, s = 30 nm for a SSD sample is used here (cf. Fig. 5.1a), thus defining clear distances
between the different material layers in the active region. All presented results are obtained
from aligning the X-ray beam to the (004) and (115±) crystal planes of the samples (cf.
Fig. 3.11).
It has to be noted here, that due to the low Al content in the In0.9 Al0.1 Sb buffer, the reflection
peaks in the rocking curves of these ternary compounds and the InSb QW are generally lying
close together in terms of angles of Ω/2Θ. This makes a clear detection of layers delivering less
diffraction signal more difficult and can affect an accurate assignment of the peak maximum
angle. Especially if there are InSb/In0.9 Al0.1 Sb superlattices involved, which in terms of
lattice constant lie exactly in the middle of the barriers and the well. This results in an
additional peak in between the two maxima of the well and the barrier, irregardless of how
deep the superlattice is buried. For the (004) diffraction peaks the difference between a
sample with and without superlattice is clearly visible, as is highlighted in Fig. 5.14 by the
two arrows. The figure shows the data of the active region for two similar samples. The
upper curve nicely shows the superlattice peak between the larger In0.9 Al0.1 Sb signal peak
and the broader InSb peak at around 28.35◦ . In the sample represented by the lower curve
the superlattices have been removed leaving a dip in the curve, which is pointed out by the
upwards facing blue arrow. It is now obvious that for the lower curve the maximum of the
InSb peak can be much more accurately determined. While these superlattices hardly affect
the outcome of calculations based on the results of the (004) measurements, a clear distinction
of maxima in the complementary (115)+ and (115)- directions becomes impossible, due to
overlapping of the peaks. We have therefore sacrificed the InSb/In0.9 Al0.1 Sb superlattices and
their structurally beneficial effects wherever possible in favor of InSb QW peak visibility in
the XRD rocking curves.
We first introduce sample O (linear gradient buffer) and sample P (interlayer buffer) for both
of which the growth has been terminated at the InSb QW. This choice is mainly thought
to increase the signal of the material as well as to attempt to measure the samples with
a horizontal alignment (unfortunately, the latter has not worked in our case). The rocking
curves for the (004) and (115)± directions are depicted in Fig. 5.15, including an outline of the
diffraction peaks of interest. All curves are normalized to the In0.9 Al0.1 Sb peak, which then
implies that the InSb QWs for both samples are strained due to the shifted peaks. It is obvious
that sample P still contains a InSb/In0.9 Al0.1 Sb superlattice, which makes the determination
of the InSb peak for the (115)+ diffraction direction difficult. We have therefore chosen a
range for the expected diffraction angle maximum of the peak, which is shaded in green in
Fig. 5.15b. Furthermore, the difference in buffer structure of sample O and P can be nicely
observed in the In0.7 Al0.3 Sb peaks. The interlayer buffer of sample P has distinct layers of
In0.7 Al0.3 Sb and InSb/In0.7 Al0.3 Sb superlattices which results in clear peaks in the rocking
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Figure 5.14: Rocking curves of the (004) direction of two samples with identical active region. The
upper curve reveals a peak stemming from an InSb/In0.9 Al0.1 Sb superlattice buried deep into the
heterostructure, which the curve measured from the second sample is missing (highlighted by arrows).
The InSb at around 28.35◦ is more clearly visible for the sample lacking the superlattice, thus its peak
maximum is more accurately determinable.

curve (the superlattice peak is located to the left of the In0.7 Al0.3 Sb peak and is only weakly
visible). In sample O the In0.7 Al0.3 Sb buffer peak is smeared out towards smaller diffraction
angles due to the gradient nature of the material.
Utilizing the data and plugging it into Eqs. 3.15 and 3.16 gives the degree of relaxation
from Eq. 3.19. It amounts to 69.9% for the gradient buffer sample and between 81.6% and
89.2% for the interlayer buffer sample. This leads to the conclusion that with increasing
complexity of the buffer system a nominally more relaxed QW material can be achieved. It is
interesting to compare this information with the critical thicknesses calculated from Eq. 2.6.
For the majority of material transitions encountered in our samples, tc is listed in Tab. 5.10.
Assuming a fully relaxed In0.9 Al0.1 Sb buffer, tc for InSb is calculated to be 253.4 Å (with the
more accurate Poisson ratio deduced from Eq. 3.12 and Tab. 2.1, tc is insignificantly different
with 247.3 Å). The XRD results suggest that a large fraction of the homogeneous strain energy
within the QW material has already been transfered to dislocation formation energy, despite
that the thickness of the InSb QWs are below - though in range to - the calculated value of
tc . XRD does not allow to determine whether the energy transfer occurs earlier and abruptly
during the QW growth or gradually over the whole thickness of the layer. The findings are
affirmative of the concept for tc being a rough estimate.
Next, we investigate samples Q and R, which are exact replicas of samples O and P, respectively, but include the top barrier and the InSb cap layer. For both of these samples the
diffraction space maps shown in Fig. 5.16 reveal more details about the quality of the crystal
structure. Where both samples show the In0.9 Al0.1 Sb and the InSb peaks, sample Q has the
additional superlattice peak in between. The results discussed above are reflected in these
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(a)

(b)

Figure 5.15: Rocking curves of the (004) (blue) and the complementary (115)± (red and green) directions of samples O (top) and P (bottom). The curves stemming from the asymmetric measurements
are normalize to the In0.9 Al0.1 Sb peak of the (004) measurement. The degree of relaxation is 69.9%
for sample O and between 81.6% and 89.2% for sample P.
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(a)

(b)

Figure 5.16: Diffraction space maps of samples Q (top) and R (bottom), measured for the (004)
crystal planes. The axis angles are taken relative to the absolute 2Θ◦ angles, where in the case of
sample Q, 2Θ = 56.65 and Ω = 28.93◦ . The color scale shows the natural logarithm of the number of
counts.
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Substrate
GaAs
GaAs
AlSb
AlSb
AlSb
GaSb
GaSb
GaSb
GaSb
In0.7 Al0.3 Sb
In0.7 Al0.3 Sb
In0.9 Al0.1 Sb
In0.9 Al0.1 Sb
In0.85 Al0.15 Sb

Epitaxial layer
AlSb
GaSb
InSb
In0.9 Al0.1 Sb
In0.7 Al0.3 Sb
InSb
In0.9 Al0.1 Sb
In0.7 Al0.3 Sb
AlSb/GaSb
In0.9 Al0.1 Sb
InSb/In0.7 Al0.3 Sb
InSb/In0.9 Al0.1 Sb
InSb
InSb

Misfit (%)
8.5
7.8
5.6
5.0
3.9
6.3
5.7
4.6
0.32
1.1
0.8
0.26
0.53
0.8

tc (Å)
2.8
3.8
9.4
11.4
17.1
7.4
9.0
13.2
437.6
104.3
149.9
583.5
253.4
152.7

Table 5.10: A range of critical thicknesses calculated from Eq. 2.6. Slashed binaries and ternaries
represent superlattices.

space maps as well. Comparing the two data sets makes it obvious that the peaks of the
linearly graded buffer sample Q are laterally more spread towards smaller angles of Ω/2Θ.
This, accompanied with the fact that more of the same material should lead to higher yield
in intensity, are signs of increased strain in a particular layer and is especially visible for the
InSb peaks in our samples.
An nice feature of the diffraction space measurement is visible within the InSb peak. Regularly
spaced fringes suggest that layers of high crystalline quality are present in these structures,
since their appearance is only guaranteed when the X-ray is capable of multiply reflecting
between the interfaces of a single material layer. In the case of sample Q, the periodicity
and distance of the fringes imply a thickness t = 139 ± 2 nm according to Eq. 3.20, which
is exactly the distance between the InSb QW and the InSb cap. Effectively, it shows the
overlain refraction from the In0.9 Al0.1 Sb upper barrier. The projection of the data onto the
x-axis of is shown in Fig. 5.17 and visualizes the equal spacing between the single fringes with
vertical lines. Like this the periodicity of roughly 8 to 10 is validated. For the observant eye,
the fringes are also faintly visible in the InSb peak of sample R.
All in all we can conclude that the crystalline quality of the samples H through N is very
high and that the strain in the InSb QWs can be reduced with the more complex interlayer
buffer system. Whether this is also the reason for the improved electrical transport seen in
the interlayer samples (see sample E, 2nd in Fig. 5.6) opposed to the linearly graded samples
(see sample C, 2nd in Fig. 5.5) is not so easily determinable. The strain within the QW
influences the band structure of the material, such that the band offset may change. Directly
depending thereupon is the electron density in the QW and ultimately the electron mobility.
The complexity of the problem becomes too elaborate to simply explain an improvement in
the transport quality by solely pinning it down to the different strains in the QW material.
Nonetheless are we able to show that an increased relaxation, and therefore most probably an
increased amount of dislocations in the QW, must not translate to reduced electron transport
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Figure 5.17: This graph shows the projection of all the data in plot 5.16a to the x-axis. The fringes
are equally spaced over a large period of 8, which is outlined by the vertical lines at an according peak
maximum.

features and sample quality.

5.4

TEM Analysis

Where AFM and XRD measurements enable to estimate the total amount of crystallographic
defects and strain within the heterostructure, it is with TEM that solid and ample clarification
about the actual location of emerging defects and threading dislocations is gained. Rather
than focusing on specific crystallographic directions of propagating dislocations or their actual
numbers and densities, our goal in this section was to get a qualitative and visual estimation
of the dislocations origins and orientations.
We compare samples fabricated under equal growth conditions with an IMF first intermediate
buffer and either a linearly graded or an interlayer second intermediate buffer, similar to
sample H (cf. section 5.2.2 and Tab. 5.4). A bright field TEM image serving as an overview
for both samples is given in Fig. 5.18, along with the corresponding layer specifics. At the
magnification of 2’900x it becomes apparent, that for both samples the thick epilayers of
GaSb and InAlSb are basically stress free (in contrast to Fig. 3.13a). This is confirmed by
the XRD measurements of our samples, in which the substrate and main epilayer peaks in
the complementary (115)± directions coincide (see Fig. 3.12). In addition, the BF images
are indicative of defects arising in large numbers at the interfaces on the one hand - which
is visible through the sudden change in contrast at the material transitions - while filtering
processes in either intermediate buffer adopt well on the other hand - which is expressed
through a density decrease of dark lines threading through the whole structure.
However, contrast differences in BF (or DF) measurements are often misleading and can
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(a)

(b)

Figure 5.18: TEM images in BF mode offering an overview of a linearly graded (a) and an interlayer
second intermediate buffer system (b). Both samples have an IMF GaSb first intermediate buffer.
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be tricky to interpret in terms of visualization of actual dislocations. We find that HAADF
measurements are more superior when it comes to detecting crystallographic defects and their
origin. Figs. 5.19a and 5.20a therefore show the HAADF images of the sample’s overviews
at equal magnification. The dislocations threading through the heterostructures are now
visible as bright lines. Qualitatively, it can be observed for both samples, that the density
of dislocations is in general lower for the first than for the second intermediate buffer. An
additional observation is that the material transition between GaSb and In0.7 Al0.3 Sb elicits
a greater amount of fibrillar lines than the one between GaAs and GaSb, which is a further
confirmation of our observations from the AFM measurements in the paragraph ’Buffer and
Lower Barrier’ of section 5.2.2 that the structural problems lie at this very interface.
The magnitude of defect formation at this interface becomes evident when looking at the
96’000 fold magnification of the second material transition in the linearly graded sample
(Fig. 5.19b) and the 48kx image of the same region for the interlayer sample (Fig. 5.20b).
For both samples, plenty of small fibers appear which tend to extend in various directions.
While moving further up in the structure, the self-annihilation process starts to diminish
the dislocations and thick threads in distinct directions become clearly visible, signifying the
extent of the damage taken from the transition.
In the linearly graded buffer sample, the area in which the aluminum content changes is clearly
visible (pointed out by the upper red arrow in Fig. 5.19b). Threading dislocations stemming
from the interface get terminated in this area by horizontal dislocation lines which are caused
by the material composition change. Fewer TDs pass this barrier and the filtering process is
therefore successful. The lower two arrows show an elongation along the interface of a single
TD [20], which propagates through the IMF buffer, along the interface and further into the
In0.7 Al0.3 Sb buffer. Though, these dislocations are sparsely distributed over our samples. The
superlattice in the In0.7 Al0.3 Sb part of the buffer contributes even further to the dislocation
filtering, which is visible by a termination of many fibers as well as a TDD decrease over its
thickness. All described processes are more clearly visible in Fig. 5.19c, that shows a 270kx
magnification of the area around the TD penetrating the interface presented in Fig. 5.19b.
Once the material transition is executed, the situation for the interlayer buffer sample is rather
different. While the TDs in the first interlayer (IL #1) experience similar self-annihilation
and termination in the superlattice, the clear transition from In0.7 Al0.3 Sb to In0.9 Al0.1 Sb is
only partially beneficial, for there are more dislocations forming at this very interface and only
few stemming from below are terminated. However, there is a clear dislocation reduction at
the lower interface of the second interlayer (IL #2) where the aluminum content is increased
again. The dislocation density seems to be preserved or decreased even further at the upper
interface of the interlayer. More interestingly, a transformation of vertical dislocations to
54.7◦ dislocations seems possible at the lower interface, as is pointed out by the arrow in
Fig. 5.20b and was described in section 4.3.3. Although this has been observed in InSb QW
heterostructures before [101, 134], the AFM measurements comparing linearly graded and
interlayer buffers (paragraph ’Buffer and Lower Barrier’ in section 5.2.2) were not indicative
of this fact in our samples. Since the TDDs between the two types of buffers presented in
this work are similar, the transport quality increase from the linearly graded to the interlayer
buffer is therefore most likely a result of decreased roughness after the material transition,
hence a decreased interface roughness for the QW later on in the structure. This stands
in favor of the interlayer buffer system, since it has clear and distinct transitions between
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(a) Overview at 2’900x magnification. Superlattices
are denoted SL.

(b) 96kx magnification of the GaSb/In0.7 Al0.3 Sb
material transition. The lower left arrows show a
threading dislocation penetrating the interface.

(c) 270kx image of the second transition showing
the same threading dislocation as in (b) (lower left
arrows) penetrating the superlattice (red arrow).

Figure 5.19: HAADF images of a sample with a linear gradient second intermediate buffer (cf.
section 4.3.2).
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(a) Overview at 2’900x magnification. Superlattices
are denoted SL and interlayers with ILs.

(b) 48kx magnification of two of the interlayers (IL
#1 and #2). The arrow points out a threading dislocation which bends outwards from a vertical direction to a 54.7◦ angle.

(c) 270kx magnification of the InSb quantum well
with a threading dislocation piercing through it that
reaches the surface.

Figure 5.20: HAADF images of a sample with an interlayer second intermediate buffer (cf. section 4.3.3).
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(a) IMF transition in an interlayer buffer sample at
a magnification of 39kx in BF TEM mode.

(b) IMF transition in a linearly graded buffer sample.

Figure 5.21: BF TEM measurements of the GaSb/In0.7 Al0.3 Sb transition in an interlayer graded
buffer sample (a) and in a linearly graded buffer sample (b).

In0.7 Al0.3 Sb and In0.9 Al0.1 Sb, rather than a transition which is hard to control by lowering
the aluminum cell during buffer growth. An interesting feature is pointed out in Fig. 5.20c,
in which the InSb QW can be seen as well as a dislocation piercing through it. The hereby
forming steps between the right hand and left hand side of the {111} dislocations that may
exist in these structures [119] are not discernible in our HAADF images.
We want to focus once more on the transition between the GaSb and In0.7 Al0.3 Sb buffer.
The low temperature transition we have employed here (see section 4.3.3) is known to be of
IMF character [135, 170]. BF images of this transition in the interlayer and linearly graded
buffer (cf. Fig. 5.21) reveal arches of varying contrast at the interface (pointed out by the red
arrows). These variations not only indicate that the interface is strained, but also that the
IMF transition for the low growth temperatures implemented in our samples is most likely
successful and is helping to reduce dislocation formation and propagation within a short
distance from the interface.
The formation and propagation of dislocations in the InGaSb second intermediate buffer
system is slightly different (cf. Fig. 4.15). Already visible in the TEM overview image,
there is a clear increase in dislocation density at the interface between the two intermediate
buffers (Fig. 5.22a), representing an increased amount of TDs. This is better visualized in the
HAADF overview image (Fig. 5.22b), which confirms a greater abundance of threads piercing
through to the top of the heterostructure. At larger magnification the problematics of this
type of structure is unfolded, by revealing that the extremely large number of defects which
propagate at various angles through the first interlayer are created at the GaSb/InGaSb interface (Fig. 5.22c). The filtering effect of the subsequent interlayers appears to be less effective
than it is for the structure types previously presented. In addition, the TDs seem to be unaffected by the incorporated superlattices and penetrate right through the latter (Fig. 5.22d).
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(a) TEM overview at a magnification of 2’900x.

(b) HAADF overview at 8’500x magnification.

(c) HAADF image of the GaSb/InGaSb transition
area, showing the interlayer buffer method.

(d) HAADF image of the transition between the first
and second intermediate buffer.

Figure 5.22: BF TEM and HAADF measurements of the InGaSb interlayer buffer sample (cf.
section 4.3.5).
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Conclusively, either the low temperature transition method applied to the InGaSb second
intermediate buffer needs further refinement with regards to growth parameters, or a higher
temperature transition might be more appropriate for this material choice. The investigation
on this buffer is however left as a topic for future research on InSb heterostructures.

Chapter 6

High-Mobility Samples
6.1

An Evolution

Developing and optimizing buffer systems and active regions in III-V semiconductor heterostructures can be a time consuming and difficult process, involving many steps to ultimately reach high mobility samples. Transport properties of InSb heterostructures in particular are very delicate to control due to the general complexity of the system and the thereof
ample opportunities for failure or quality reduction arising during long growth processes.
This effectively leads to a certain spread in sample performance. It is therefore interesting
to see how the complexity of the system affects the electron mobility µ. We show this in a
chronological summary for the data of relevant samples in Fig. 6.1. It primarily reveals that
the three major changes in second intermediate buffer design (see section 4.3) have a huge
impact on µ.
By choosing a linearly graded buffer over a direct transition buffer, the mobility encounters
a general rise accompanied with a larger spread in absolute value. The spread in mobility
between the two sample types can be explained by the fact, that various aspects of these
samples have been tested and changed to achieve maximal µ, while the sensitivity of the
individual systems to the changes is different. For example, a change of the doping profile in
a direct transition sample is much less effective than for the linearly graded samples, because
its mobility is more efficaciously limited by structural factors (i.e. threading dislocations)
than a small change in the doping density or maybe even the spacer width. An even more
important factor causing the spread is sample reproducibility. While results can be fairly
reproducible at a low level in direct transition samples (this is expressed through the series
of samples with similar mobility at numbers of around 17 to 23), it is much harder to copy
a sample when the buffer system becomes more complex, even when grown consecutively on
the same day.
The even larger spread in electron mobility for samples with the interlayer buffer system,
visualizes the sensitivity aspect nicely. In this more complex system the structural quality
for the InSb quantum well is improved compared to the two previous buffer systems (cf.
sections 5.3 and 5.4). This makes it possible to profit mobility-wise from the benefits of
slight changes employed in the active region (cf. section 5.2.3). With Fig. 6.2 we accentuate
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Figure 6.1: Chronological summary of the low field mobilities for samples of each indicated category
(T = 1.3 K).

Figure 6.2: Maximal low field mobilities µmax for the best quality samples of each indicated category
(T = 1.3 K). The complexity of the system increases towards the right side of the graph. Most of the
samples are pointed out in Fig. 6.1.
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sample
1
2
3
4
5
6
7
8

previous
annotation
A
B
(C)
H
I
F
M

doping
profile
SSD
SSD
SSD
SSD
SSD
SSD
SSD
DSD

QW width d
(nm)
21
21
21
21
21
21
21
23

spacer s
(nm)
50
50
30
30
30
30
30
30

ne
(·1011 cm−2 )
4.56
3.05
3.50
3.65
2.97
4.00
3.05
4.90

µmax
(·105 cm2 /Vs)
0.321
0.754
1.855
2.031
2.252
2.385
2.301
3.489

Table 6.1: Specifics for our highest mobility samples presented in Fig. 6.2. Some of the samples have
already been encountered in previous chapters.

this observation, by plotting the record mobility samples (labeled sample 1 through 8) for
each relevant category. The specific details of these samples are given in Tab. 6.1. It is now
obvious that the highest mobility samples for the direct transition and the linearly graded
buffer samples have been achieved with SSD samples. DSD samples in these categories were
not able to perform better. However, within the interlayer buffer system, the switch between
the two doping profiles allows to increase µ by almost 50%. All DSD samples in Fig. 6.1 with
interlayer buffers have mobilities above 2.5 ·105 cm2 /Vs (the one with the lowest µ amongst
them is sample 80). Sample 8 shows the highest mobility of all our grown samples and is only
short to a tellurium SSD-doped QW with an ungated mobility of µ = 3.95 ·105 cm2 /Vs at a
density of 3.28 ·1011 cm−2 [66].
The reason why our evolution of samples stopped at a relatively low number of samples in
the highest-mobility regime was caused by spending all of the material in our antimony cell.
After refilling, there was much investigation on our experimental setup and different heterostructures including GaAs and InAs QW systems. Unfortunately, growing high-quality
InSb samples was inhibited by what we assumed to be caused from low quality material
enriched with carbon-based residual impurities. Higher partial pressures of the elements 12
and 6 in the mass spectrum were affirmative in this regard. Our standard material purification techniques within the experimental setup were partly successful for InAs QWs, but
had little effect on the InSb heterostructure system. Identical samples to the ones grown
before the chamber opening were plagued with charge carriers of the opposite polarity. The
author is convinced that once the material quality in the setup is restored, further structural
investigation and optimization on the active part of the InSb system will lead to considerable
improvements in the sample quality.

6.2

Magnetotransport Measurements and Resulting Properties

In the previous chapter 5, van der Pauw characterization measurements were presented as a
benchmark for buffer design optimization and growth quality improvement. We now examine
the magnetotransport measurements of some of our high mobility samples in more detail.
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Figure 6.4 presents the magnetotransport data for the SSD sample 5 measured at T = 1.3 K as well as for the
DSD sample L (cf. chapter 5.2.3) measured at T = 250 mK. Both sets are
retrieved from a van der Pauw square
geometry (see Fig. 3.14). For both
samples, clear quantization plateaus
in the Hall resistance arise for values
of Rxy = h/ie2 (i = 1, 2, ...) at magnetic fields µB  1. The second and
third Landau levels for sample L are
displayed by arrows. The respective
minima in the longitudinal resistance
Rxx indicate single-subband occupation and exhibit single-period oscillaFigure 6.3: Close-up of the low magnetic field region
tions in both samples. A benchmark of the measurement of sample L, showing the onset of
indicator of the sample quality is given Shubnikov-de Haas oscillations and Zeeman spin-splitting.
by the onset of Shubnikov-de Haas oscillations and of the Zeeman spin splitting. Careful investigation of the longitudinal resistance in correlation with the Hall trace reveals that the oscillatory onset starts at a value
of ν = ne h/eB = 20 for sample 5 and at ν = 58 for sample L, the latter of which being
more clearly visible in Fig. 6.3. To determine the onset of the Zeeman spin splitting, the
first derivative of the Hall resistance was taken into account, which is shown in Fig. 6.5. It
reveals the slightest change in slope and therefore allows to exactly visualize the splitting of
the levels. Like this, the odd filling factors of ν = 11 for sample 5 and ν = 25 for sample
L can be assigned. These numbers are indicative of the presented samples exhibiting a large
Landé g-factor and corroborates the high quality of the InSb QWs.
An additional feature of these samples becomes apparent towards higher magnetic field values
of each plateau. Modest dips in Rxy develop in a large variety of our van der Pauw geometry
samples. They disappear once a Hall bar sample is fabricated from the same wafer, which is
shown in Fig. 6.6 for a measurement of sample 5 in Hall bar geometry. This dip effect can
also be observed in material systems like silicon [175, 176] or GaAs. Utilizing the screening
theory of the quantized Hall effect, the dip effect is explained to result from the collapse and
reconstruction of incompressible edge stripes while the sample width is enlarged [177]. For
sufficiently narrow samples the effect disappears, which is in accordance with our observation
from the Hall bar measurements.
Since the discovery of the fractional quantum Hall effect in 1982 [71, 72] the focus of studies
on 2DEG systems in the extreme quantum limit of ν < 1 has intensified. Electrons may
condense into a quasi-particle liquid - the experimental signature of which resembles the one
of the ordinary quantum Hall effect - at certain fractional filling factor values. The stability of
this liquid state is very fragile, however, and is susceptible to weakening of electron-electron
interactions through - e.g. - disorder in the system. While for GaAs- or Si-based materials
the FQHE has become readily accessible, it has only been in samples of our group that the
effect has been reported for InAs QWs [178]. Considering that the measurements of sample
5 and sample L up to 14 T show very low disorder of the 2DEGs and the extraordinary

6.2. MAGNETOTRANSPORT MEASUREMENTS AND RESULTING PROPERTIES 131

(a) Transport data of the SSD-doped sample 5, measured at T = 1.3 K. Filling factors ν for the onset of
Shubnikov-de Haas oscillation and the onset of Zeeman spin splitting are indicated by arrows.

(b) Transport data of sample L with clear quantization plateaus in the Hall trace, two of which are marked
by arrows. Measurements were taken at T = 250 mK.

Figure 6.4: Longitudinal resistance Rxx (red) and Hall resistance Rxy (blue) for high-mobility InSb
samples measured in van der Pauw geometry.

132

CHAPTER 6. HIGH-MOBILITY SAMPLES

(a) Sample 5

(b) Sample L

Figure 6.5: First derivative of the measured Hall resistance Rxy in sample 5 and sample L with
respect to the magnetic field B. It reveals the onset of the Zeeman spin splitting at a magnetic field
corresponding to ν = 11 in the case of sample 5 and ν = 25 for sample L.

material specifics of InSb in general, it was estimated that the FQHE might appear in our
InSb system as well at even higher magnetic fields. Such measurements were carried out in
collaboration with the group of Prof. Dr. Shayegan at Princeton University. The attempt
was to find the fractional states ν = 2/3 or ν = 1/3, since these states were assumed to show
the strongest response. The magnetotransport data of the exact same van der Pauw sample
5 as presented in Fig. 6.4a for magnetic fields of up to 30 T at T = 250 mK and T = 30 mK
is shown in Fig. 6.7. It is however apparent that no FQHE features are evident in our

Figure 6.6: Magnetotransport data of sample 5 measured at T = 250 mK in Hall bar geometry. The
dimensions of the Hall bar are wH = 350 µm and lH = 550 µm.
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Figure 6.7: Transport traces of sample 5 measured at T = 250 mK (solid lines) and T = 30 mK
(dashed lines) beyond B = 30 T. This data was obtained by driving a current between contacts 2 and
4 as well as measuring Rxx between contacts 3 and 7 and Rxy between 1 and 5 (red trace) as well as
8 and 6 (black trace). The measurement configuration is depicted on the left in Fig. 3.14.

samples at higher magnetic fields for either temperature, which indicates that the 2DEG has
not transited into an insulating phase which is characteristic to moderately disordered GaAs
systems [179]. The downwards bending of the Hall trace at magnetic fields beyond the ν = 1
plateau as well as a distinct behavior of Rxx has also been observed in related InSb samples
of similar electron density ne but considerably lower mobility µ [180]. The lack of the FQHE
in our samples which show considerably higher transport quality indicates that a potentially
higher mobility in combination of an early onset of Shubnikov-de Haas oscillations alone therefore accompanied by a narrow broadening of Landau levels - cannot be responsible for
the outcome of the measurement. However, it is unclear whether the behavior at magnetic
fields for filling factors ν < 1 is a consequence of disorder or if an intrinsic property of InSb
takes responsibility. The results presented here have led to the conclusion that sample L
would not show the FQHE either and conducting a time-consuming measurement for high
magnetic fields is rendered unpersuadable.

6.2.1

Gated Samples

It is at this point where a metallic top gate can be of considerable use, since the charge carrier
concentration in the QW becomes tunable. In the quest of finding the FQHE in the extreme
quantum limit (ν < 1) for InSb QW heterostructures, a reduction of ne is the alternative
to high magnetic fields. Plateaus and oscillation peaks of the transport traces are therefore
shifted towards smaller magnetic field values, providing the chance of seeing filling factors
beyond ν = 1 at smaller magnetic fields.
Where it is regarded as a standard procedure in GaAs-based systems, gating of InSb-based
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structures is more challenging (cf. introduction to chapter 5). Top gates are often plagued
with leakage currents between the actual gate and the 2DEG. Leakage is promoted by pervasive crystallographic defects situated at the sample’s surface or arising from deeper within
the structure.
We have nevertheless attempted to gate our
InSb structures. After chemically etching a
Hall bar out of the structure, a 100 nm thick
aluminum oxide (Al2 O3 ) gate dielectric was
deposited by atomic layer deposition (ALD)
at low temperature, i.e. at and below 150◦ C.
The gate dielectric is now removed from the
contacting areas with Ar reactive ion etching (RIE) and gold-germanium-nickel contacts are evaporated onto the contact pads.
Annealing the sample at 200◦ C allows for the
metal to alloy with the 2DEG. At the end, a
gold top gate is evaporated onto the region
of the Hall bar, as is shown with an optical Figure 6.8: Optical microscope image of a topmicroscope picture in Fig. 6.8. The AuGeNi gated InSb Hall bar.
contacts as well as the Au gate can now be
wire-bonded and the sample is ready for measurements. Applying high temperatures during
the fabrication process is known to have a destructive impact on the device’s performance
[169]. This is expressed through the data shown in Fig. 6.9, in which we show the transport
data of a Hall bar fabricated of sample 5 with AuGe/Ni contacts but without metal gate.
The magnetotransport traces for the un-annealed sample are colored in black. The longitu-

Figure 6.9: Hall bar magnetotransport measurements of sample 5 with AuGeNi contact pads before
(black) and after (red) annealing the exact same sample at 200◦ C. A clear shift of peaks towards higher
fields in addition to a resistivity increase of ρxx is visible.
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dinal resistivity ρxx has minima reaching zero for magnetic fields of above 2.3 T. Once this
exact sample is annealed at 200◦ C (red trace), the same minima differ from zero in addition
to the ρxx peaks shifting towards higher fields, yielding a decrease in sample quality. Given
that parts of our InSb structures are grown at temperatures of 300◦ C and below in the MBE
chamber, and that antimony tends to migrate easily within the structure, we have omitted
the AuGe/Ni contacting step and lowered the ALD deposition temperature for all samples
from which we present measurement data. Contacting InSb QWs is easily done by simply
point-soldering In at the desired spot, allowing the metal to diffuse into the structure and
to properly joint with the active region. InAs and GaAs quantum wells with In contacts
usually require an annealing step in an oven at elevated temperatures of 200◦ C and 450◦ C,
respectively. Even though measurements of the exact same sample were unaffected by a 2
hour post-annealing step at 150◦ C, we chose to stick to the standard In solder technique as a
matter of precaution. The standard dimensions used for our experiments in this section are
a Hall bar width wH = 350 µm.
After fully fabricating the gated devices a further problem occurs. We show the according data
for various measurement conditions for a sample similar to sample 8 (ne = 4.83 ·1011 cm−2 ,
µ = 2.995 ·105 cm2 /Vs) on the top of Fig. 6.10. The reference data of the van der Pauw
measurement is also included in the figure, which allows to qualitatively compare features of
the traces. In comparison to ungated samples the transport traces encounter shifts towards
higher resistivity in ρxx at a gate voltage of Vg = 0 V, which is indicative of a present secondary
channel in the system and confirmed by the downwards bending of ρxy at increasing magnetic
fields. Once the temperature is lowered from 4.2 K to 1.3 K some carriers seem to freeze and
the parallel channel is reduced slightly. This parasitic behavior can be cut off by applying
a negative gate voltage of Vg = −0.5 V, such that the original features of the van der Pauw
measurement are restored the prevalent secondary channel freezes out completely. Due to
a small applicable gate range before a leakage current sets in - in this particular case it
is Vg = [−0.5, 0.1] V, in other samples the maximum range was Vg = [−1.70, 0.25] V - the
Fermi energy cannot be further influenced. This phenomenon was encountered for all our
gated samples, which led to the assumption that the Al2 O3 dielectric may not be the prime
candidate in combination with InSb-based materials, that the low temperature compromises
the ALD processing, that the fabrication process evokes an additional screening layer at the
surface-dielectric interface, or that the silicon doping layer acts as screening layer itself.
Hafnium oxid (HfO2 ) with its ’high-k’ dielectric constant [181] on its own or in combination
with Al2 O3 [182] can be a good alternative gate dielectric material to reach larger gate ranges.
We have therefore attempted to make use of these properties and fabricated a gated sample
with 38 nm of HfO2 from sample 5 (cf. Fig. 6.6). The according data measured in our
250 mK setup is displayed in Fig. 6.10 in the middle and on the bottom. It is obvious
that these samples suffer from an initial degradation in performance as seen before with the
Al2 O3 samples, which is again expressed by the bending of ρxy and lack of resolution in the
oscillations of ρxx . As predicted, the gate range for this sample has increased dramatically to
Vg = [−5.5, 0.8] V (measurements with Vg < −2.5 V had little effect on the performance and
are not shown here). Yet it becomes apparent that the sensitivity towards the 2DEG is again
limited, since the change in ne is negligible when applying Vg = −1 V.
Although the goal of being able to better insulate the semiconductor from the top gate
was successfully reached here, the electric field induced upon the semiconductor is still
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Figure 6.10: Magnetotransport data of a gated sample similar to sample 8 with a 100 nm thick Al2 O3
gate dielectric (top two) and a gated version of sample 5 with 38 nm HfO2 gate dielectric (middle and
bottom). Both data sets are showing differences in ρxx and ρxy for various measurement conditions.
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screened by a charged layer. To rule out any influence from the fabrication process on the
electric leads, we have etched the Al2 O3
or HfO2 dielectric and contacted the sample subsequently, as is depicted in Fig. 6.11.
This measure had no impact on the results
and lets us conclude that the doping layer
between the 2DEG and the surface is likely
to act as screening layer.
Our efforts in the pursuit of the FQHE in
combination with high mobility top-doped
samples have hereby come to a halt for now.
We are however convinced that with refined
fabrication processes and optimized layer sequence growth in the active region the desired density modulation can be achieved in
this SSD type of InSb heterostructure. In
fact, we will see in chapter 7 that gating of
InSb QWs can be successfully implemented
when inverted doping structures are responsible for the population of the well.

6.2.2

Figure 6.11: Optical microscope image of a topgated InSb Hall bar with etched gate dielectric at
the contact area. The Al2 O3 gate dielectric is represented by the dark rim along the metal top gate.

Cyclotron Measurements and Effective g-Factor

An important parameter for many calculations in semiconductor heterostructure physics is
the effective electron mass m∗ . While there are numerous methods to extract the quantity
from accurate electronic measurements (see section 7.1.2), we make use of cyclotron resonance
measurements on a range of our high-mobility samples. The data retrieved from a THz timedomain spectroscopy setup is shown in Fig. 6.12 along with a linear fit according to [27]
ωc =

eB
,
m∗

(6.1)

where ωc is the cyclotron frequency. The accuracy of the fit allows for a reliable measurement
of m∗ , the results of which are shown in Tab. 6.2. We find good agreement of the results with
our 8 × 8 k·p simulations for the structures.
sample
L
M
N
5

m∗ (me )
0.0254 ± 0.13%
0.0248 ± 0.14%
0.0226 ± 0.15%

Bc1 (T)
0.371
0.718
0.513
0.606

Bc2 (T)
1.270
1.391
0.977
1.075

|g ∗ |
38.4 ± 0.5
41.6 ± 0.3
49.9 ± 0.4

τcr,f it (ps)
1.63 (1.64)
1.60 (1.57)
1.74 (1.61)

τcr,meas (ps)
1.794 ± 0.016
1.711 ± 0.013
1.462 ± 0.015

Table 6.2: Critical magnetic field values for the samples of the ’QW series’ as well as sample 5. The
retrieved electron effective mass from cyclotron resonance measurements along with the calculated
effective g-factor are displayed. The values for the cyclotron resonance decay time τcr are given for
the calculated and measured case at T = 4.2 K in the dark and illuminated (in brackets).
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Figure 6.12: Transmission spectra as a function of magnetic field, showing the cyclotron resonance
frequency ωc in dependence of the magnetic field B for samples L (top left), 8 (top right) and 5
(bottom), measured at T = 3 K. Pearson’s r for the linear fit is indicated by the line through the
resonance valley and is 0.9997 ± 0.0001 for all samples, corroborating the high accuracy of the fit.

The effective g-factor g ∗ could in principle be extracted from cyclotron resonance measurements. However, the requirement of seeing a second resonance peak indicating spin splitting
is not met in the presented measurement. Yet, a reasonable estimation of g ∗ of the 2DEG electrons can be found when closer investigating the role of the Landau level energy broadening Γ
(see section 2.3.3 and 2.3.4). If the Landau levels get resolved at a critical field Bc1 for which
the cyclotron energy exceeds Γ, the broadening is simply given by Eq. 2.77 (BSDH = Bc1 ).
Similar reasoning leads to a critical field Bc2 when the Zeeman energy exceeds Γ. If the level
broadening is field-independent between the two critical fields, the energies can be set equal
to give
~eBc1
= µB g ∗ Bc2 ,
(6.2)
m∗
with µB = e~/2me being the Bohr magneton. A simple expression for the effective g-factor
is then given by [183]
2me Bc1
g∗ =
.
(6.3)
m∗ Bc2
With the determined effective electron mass from the measurements above and the carefully
retrieved critical fields from the transport data (see Figs. 6.3, 6.4 as well as 6.5), the energy
comparison leads to very high |g ∗ |’s of between 38.4 and 49.9 for narrow-well InSb heterostructures. This exceeds values for structures of similar design [184] and tends towards the bulk
value of |g| = 51 [185]. The field independence of Γ in our samples is discussed in chapter 6.3.
We note that this method [183] and the outcome of the calculation crucially depends on
the exact determination of the critical fields Bc1 and Bc2 . In addition, the value of g ∗ for
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narrow QW structures is influenced by strain in the QW and the exchange interaction of the
electron wave function with the barrier [186], as well as the degree of non-parabolicity [187]
of the subbands expressed through the effective electron mass. Further influence may arise
form spin polarization [184], which manifests itself in an exchange enhanced spin splitting of
the individual Landau levels and therefore in an increased g ∗ . However, for 2DEGs exerting
large filling factors (as is the case for sample L) the contribution of the polarized states
to the total system ξ, and with that the broadening of the Landau levels due to exchange
interaction, becomes negligible and the effective g-factor is represented by the polarization
independent, ”bare” g0 . The simple picture described above should nonetheless be treated as
an approximation, rather than an exact determination of g ∗ .
Cyclotron resonance measurements may give additional insight into the quality of a 2DEG,
since the time-domain oscillations (valleys retrieved from frequency line cuts through the data
in Fig. 6.12) are a result of resonant optical transitions across the Fermi level between the
highest occupied and the lowest unoccupied Landau levels. The oscillations are linked to the
cyclotron resonance decay time τcr through the expression [188]
 
−t
E(t) = E0 + A exp
sin (2πfc t + θ0 ) ,
(6.4)
τcr
where fc is the cyclotron frequency, E0 is a DC offset, A is the initial field amplitude and
θ0 is the initial phase of the oscillations. The longevity of these resonances shed light on the
interplay of the band structure, the amount of disorder and the interaction effects in the active
region of the heterostructure. Hence, the mobility is directly connected to the line broadening
of the oscillations and therefore to τcr . Higher mobility results in narrower oscillation peaks
and vice versa. Table 6.2 shows the results from the fit to this equation, which we denote
τcr,f it . This decay time can be cross-checked with the measured magnetotransport values for
the density ne and mobility µ through [189, 190]


m∗
ne e
1 −1
τcr,meas =
+
.
(6.5)
e
(1 + nInSb ) · 0 c µ
Here, nInSb ≈ 4 is the refractive index of InSb. These results are also shown in Tab. 6.2 and
are in good agreement with the data resulting from the fit. In comparison to high-mobility
samples, where τcr can reach 28 ps [188] and above [189], the short decay times in our InSb
samples are a strong indicator of the charge carriers still suffering from disorder potentials.

6.2.3

Landau Level Broadening and Spin Splitting Analysis

One of the more attractive properties of InSb-based heterostructures and devices is the strong
spin-orbit coupling (SOC), which is expressed through a large spin splitting of the charge
carriers in the conduction band. Typical spin lifetimes measured optically in structures similar
to ours range between τs = 0.3 ps and τs = 0.5 ps at room temperature [191], which is
comparably short to other systems due to the large SOC of InSb. It is extremely difficult
to measure the SOC in InSb QW heterostructures experimentally. Two techniques which
enable to gain knowledge about the strength of SOC are either through the observation of
quantum interference corrections and the subsequent fitting to the weak anti-localization
theory [192] or through the analysis of low magnetic field beating patterns in ρxx [193]. The
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emergence of weak anti-localization peaks around zero magnetic field was reported for InSb
QWs [194], which corroborates the presence of strong SOC. The phenomenon is however
strongly suppressed when the mobility of a sample is high, of which we have thus found no
sign in our high-quality samples. Instead we want to investigate the low-field behavior of the
samples from the quantum well series presented in section 5.2.3.
Estimation of Level Broadening
The vast majority of our samples show little effect in the magnetotransport features when measuring at either T = 4.2 K or
sample Γ (meV)
T = 1.3 K. The Landau level broadening is therefore not preL
1.7
dominantly governed by a thermal contribution, but rather by
M
3.4
the inhomogeneity of the level broadening itself. Thus, a simple
N
estimation for the energy broadening Γ can be made as is de5
3.1
scribed by Eq. 2.77, which includes the electron effective mass
from Tab. 6.2. Along with the critical magnetic fields derived Table 6.3: Landau level
from our analysis of the magnetotransport measurements, the broadening energy Γ for a
range of samples, calculated
resulting broadening energies are presented in Tab. 6.3.
from Eq. 2.77

With Γ ranging between 1.7 and 3.4 meV, our samples exhibit
similar broadening energies as reported for high-quality InSb
QW samples [66]. It is well above values found in GaAs/AlGaAs [195] or InAs/GaSb systems [196, 197] with ΓGaAs ∼ 0.26 meV and ΓInAs ∼ 0.4 − 1.5 meV, respectively. Since the
broadening of the Landau energy levels depends strongly on the nature of disorder potentials
(see section 2.3.3), it is well plausible that the large Γ values encountered here in our samples
result from long range scattering centers related to remote ionized impurities (see section 6.3).
As Γ is very responsive to the potential landscape of a sample, slight variations caused by a
combination of varying QW width, doping scheme, interface roughness or impurities affect
the charge carriers capability to contribute to conduction. In some way, large broadening energies reflect the difficulties encountered in the growth process of InSb QWs grown on highly
mismatched GaAs substrates.
Spin Splitting
A system exhibits beating patterns, when two sets of SdH oscillations of carrier channels
with similar densities take part in the magnetotransport of a sample. The main difficulty in
observing these patterns in ρxx is given by the large g-factor in InSb-based semiconductors,
which leads to an early spin splitting at very low fields. If the broadening of the Landau levels
sets in at similar fields as the spin induced splitting, an observation of a beating pattern is
not only challenging but highly unlikely as well. From the SdH oscillations ρxx of samples
L through N, no beating pattern is visible. However, careful investigation of the second
derivative of ρxx with respect to the magnetic field B reveals ever so slight beating for larger
B in sample M (d = 23 nm), as is shown in Fig. 6.13a. It is apparent that the onset of
spin splitting interferes with the resolution of the beating pattern. Nevertheless, the envelope
of the oscillations unravel a second carrier density when taking the fast Fourier transform
(FFT) of the ρxx data [198], which can be seen as a tiny peak at just below 0.6 · 1012 cm−2 in
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(a)
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(b)

Figure 6.13: Fourier analysis of the DSD sample M with a 23 nm wide QW (cf. Fig. 5.13), showing
the second derivative of ρxx in B plotted against the inverse magnetic field (a) and the FFT spectrum
thereof (b).

Fig. 6.13b. The proximity to the main density peak (it lies at 5.07 ·1011 cm−2 and is therefore
very close to the value from the measurement) suggests that the two carrier systems have
similar effective masses and can thus be attributed to the spin counterparts of the lowest
energy band. From the Fourier analysis the density difference ∆n = n1 − n2 can be deducted,
where n1 and n2 are associated with the individual peaks. With ∆n the Rashba coefficient
αR may be extracted as [198]
r
∆n~2
π
αR =
.
(6.6)
∗
m
2(ns − ∆n)
The resulting αR = 4.81 · 10−11 eVm for the DSD sample M is larger than reported [66] or
theoretically calculated [199] for SSD InSb QWs.
Well aware of the inaccuracy of the here presented results and the room for interpretation, we
do treat the latter outcome warily. Nonetheless, this section can give a fairly rough estimate
on the magnitude of the SOC in our samples, which is in agreement with literature to some
extent.

6.3

Limiting Scattering Mechanisms

Due to its lowest effective electron mass in comparison to all the III-V semiconductor materials commonly implemented, InSb QW heterostructures should in principle exhibit the highest
electron mobility. Though, as we have established an understanding of the interplay between
crystallographic defects and the magnetotransport features in our samples in previous sections (e.g. section 5.2), structural as well as electrostatic difficulties have hampered a real

142

CHAPTER 6. HIGH-MOBILITY SAMPLES

breakthrough for this material system not only for us, but also in similar fashion for other
groups in the community.
In this section, we investigate the role of disorder in the system and give a better understanding
to the mechanisms that are predominantly responsible for the disparity to other high-mobility
systems.

6.3.1

Influence of Crystal Defects on Electron Transport

Minimal disorder and therefore ballistic transport of the electrons within the charge carrying
material is one of the key features to maximize transport qualities. Not only does this require
the charge carrying material to exhibit high crystalline quality with low defect densities, but
also for it to provide a 2D landscape in which the scattering potentials minimally affect the
chargep
carrier movement. Thus, two characteristic length scales, namely the Fermi wavelength
λF = 2π/ne and the electron mean free path (see Eq. 2.24)
r
le =

2π~2 ne µ2
e2

(6.7)

provide insight into the interplay between defects and electron scattering. Table 6.4 lists λF
and le for structural and transport benchmark samples, as well as the average distance between
the TDs, dT D , and the average extent LH in distinct crystal directions of the pyramid-like
hillocks retrieved from the AFM analysis.
Sample
1
2
5
6
8

le (µm)
0.358
0.683
2.025
2.521
4.031

λF (nm)
37.1
45.4
46.0
39.5
35.8

dT D (µm)
0.953
1.270
0.758
1.043
1.043

LH (µm)
2.585
2.087
2.254

Table 6.4: The electron mean free path le and Fermi wavelength λF determined by the electron
mobility and density for the first intermediate buffer test samples 1 (former A) and 2 (B), as well as
the high mobility samples 5 (SSD sample), 6 (grown on GaSb substrate) and 8 (DSD sample). dT D
denotes the average distance between the threading dislocations and LH the average extension of the
hillocks. Both are retrieved from the AFM analysis.

The electron mean free paths in our samples are considerably shorter (samples 1 and 2) and
longer (samples 5, 6 and 8) than the corresponding distances dT D . This means that for the
latter samples the contribution of the TDs in our large scale 2D samples does not limit the
elastic mean free path. In addition, it is mostly scattering potentials varying on the scale
of the Fermi wavelength (short-range scatterers) which affects electron transport in the QW
strongly. Because λF varies from 35.8 to 46.0 nm and the possible morphological scattering
centers in the horizontal dimension to the well are more than 2 µm in size, which is roughly 60
times λF , the hillocks act as a slowly varying, large-scale scattering potential for the electrons.
This indicates that the TDs and the hillocks [122] in our samples have a negligible effect on
the transport properties of the InSb QWs.
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Quantum Scattering Lifetime

Considering the minor influence of the crystal defects on the electron transport in our heterostructures, other scattering mechanisms must be responsible for limiting the electron mobility. The quantum lifetime τq can expose the long- or short-range nature of the dominant
scattering potentials in the structure when combined with the transport lifetime τtr , as already eluded in section 2.2.5. It describes the average time a charge carrier remains in a
particular momentum eigenstate when scattering is present (momentum relaxation) and for small magnetic fields - is related to disorder-induced broadening of the Landau levels by
Γ = ~/2τq [55, 200].
At any given temperature T , τq is extracted
from Dingle plots [201]. The slope of these
plots determines 1/τq and can be deduced experimentally from the envelope of the oscillations in the longitudinal resistivity ∆Rxx /R̄xx
by [56, 27]


∆Rxx
π
= 4X(T )exp −
,
ωc τq
R̄xx

(6.8)

where R̄xx is the non-oscillatory background
resistivity, ωc is the cyclotron frequency and
X(T ) = (2π 2 kB T /~ωc )/sinh(2π 2 kB T /~ωc ) is
the thermal damping factor. The result of the
analysis of sample L is shown in Fig. 6.14,
where the logarithm of the envelope of the
evaluated data from Fig. 6.4b divided by
X(T ) is plotted against the reciprocal magFigure 6.14: Dingle plot generated from the
netic field. The linearity of our calculated analysis of the transport data observed in Fig.
data seen in the Dingle plot, is indicative that 6.4b.
the Landau level broadening in sample L is
field-independent [183] between the onset of
the oscillations and the spin splitting, which supports the calculation of the effective g-factor
g ∗ previously expounded. The results also portend a valid fit [56] for τq since the intercept
at 1/B = 0 is 4. This additionally confirms that no adversely acting parallel conduction is
present, which is supported by the observed transport data. Analyzing the Dingle plot gives
the quantum lifetime τq = 0.12 ps for sample L.
An indication of the dominant angle of scattering in the 2DEG is given by the Dingle ratio
τtr /τq [55, 56, 57]. While τtr is weighted towards large-angle scattering, τq reflects scattering
mechanisms influenced by small and large angles. Consequently, if the Dingle ratio is close
to 1, isotropic short-range scattering is expected. The ratio can be considerably larger than
1, if the dominant scattering mechanism originates from long-range Coulomb interactions.
With τtr = 4.43 ps for sample L the Dingle ratio is τtr /τq = 37.9, which is comparable to
high mobility GaAs and SiGe quantum wells [56, 202], as well as to high mobility InAs
channels [203] at similar electron densities. This suggests the dominant scattering mechanism
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to predominantly originate from ionized impurities remote from the QW, exerting long-range
Coulomb interaction leading to small scattering angles.

6.3.3

Remaining Scattering Mechanisms

To disclose the remaining relevant scattering mechanisms, a transport lifetime model (cf. section 2.2.5) can give further insight in their relative ascendancy. In the transport formalism of
the relaxation time approximation, the averaged transport lifetime τtr determines the electron
mobility µ = µ(τtr ) (Eq. 2.23). The temperature dependence incorporated in the formalism
enables us to determine the dominant scattering mechanism within the heterostructure at
a given temperature range and therefore allows us to gain insight into possible adjustments
needed in structure engineering to further increase the mobility of the active channel, especially at cryogenic temperatures.
The intrinsic material parameters used for this investigation are s = 16.52, ∞ = 15.7,
ρd = 5790 kg/m3 , vs = 3700 m/s and ~ω0 = 25 meV [204, 205]. Furthermore, with the
effective mass m∗ = 0.0254 me retrieved from the cyclotron resonance measurements (see
section 6.2.2), a∗B = 35 nm and qT F = 0.057 nm−1 . The sheet density is noted in Tab. 6.1.
The depletion plane is d = 30 nm away from the w0 = 23 nm QW and we estimate its density
to be nd = 4.41 × 1012 cm−2 . We account for the low Al content of 10% in the barrier of
our samples by adapting the value NB = 1.5 × 1013 cm−3 , which is reasonable compared to
literature [113, 206]. The deformation potential Ξ for InSb has been studied extensively [207]
and shows a large variation in absolute value, strongly depending on the experimental method
applied. With the lowered Al concentration in the barrier [113], the deformation should in
principle be small, such that we chose Ξ = 7.2 eV. From the AFM analysis of samples similar
to sample 8 we find the average variation at the interface in z direction ∆ = 4.2 Å (step height
at the interface), as well as the measured roughness correlation length L = Λ = 48.2 nm, which
is in good agreement with literature [208, 209, 210] on heterostructures with morphologically
similar sample surfaces. FAD has been calculated from 8 × 8 k·p simulations, in which only
the part of the wave function entering the barrier has been taken into account.
Fig. 6.15 shows the temperature-dependent mobility measurement of sample 8, as well as the
mobility-limiting curves from Eqs. 2.23 and 2.25. The fit represented by the solid curve agrees
remarkably well with the measured data. From the analysis we find that the temperature
dependence of the charge carrier mobility enters through scattering on lattice vibrations. At
low temperatures, the vibrations freeze out and the mobility is limited by remote ionized
impurity scattering. This result is supported by the calculations of the Dingle ratio τtr /τq
being considerably larger than 1 in our InSb QW samples. Correlation effects in the doping
layer [211] are neglected here.
If scattering by charged background impurities was the dominant scattering mechanism, the
dominant scattering angle ϕ should, by nature, be large since the disorder potential is of
short range. Again, the Dingle ratio however suggests that the dominant scattering stems
from a small angle mechanism. Furthermore, with the second doping layer a considerable
amount of electrons is additionally added to the QW if compared to sample 5. These may
neutralize charged background impurities in the well and let the remaining surplus of charged
carriers contribute fully to the electron transport, hence increasing the mobility of the sample
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Figure 6.15: Temperature dependent mobility (open circles) for a 23 nm InSb QW heterostructure
with a 30 nm spacer (sample 8) and the fit (solid line) from the described transport lifetime model.
The dashed lines show the calculated mobility limitations from the individual scattering mechanisms.
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considerably. It should not be disregarded, that the lower doping layer is capable of shielding
the QW from charged background impurities in the lower barrier and the bulk.
From the calculations we find, that interface roughness scattering has a minor impact on our
high mobility sample 8, even though the QW stands at a relatively narrow 23 nm. This comes
as a surprise, as the QW width w0 enters with the 6th power into the random potential (see
Eq. 2.42), which greatly increases the sensitivity to the interface roughness disorder potential
as the QW gets narrower [113].
Alloy disorder (AD) is known to be prominent in QWs of ternary compounds [212, 213, 214]
where thereof induced strain additionally introduces disorder [215] or in narrow well structures
with high alloy concentration in the barrier [213]. From an engineering point of view, the
main factors able to influence the alloy disorder random potential are the strength parameter
VAD and the AD form factor FAD . With the choice of the barrier material, VAD is given
intrinsically. In comparison to a SSD structure, implementing a DSD structure allows to
reduce the probability of the charge carrier wave function residing in the barrier material.
This will reduce FAD and therefore increase the alloy scattering time τalloy . To fathom the
difference, we have performed 8 × 8 k·p simulations for samples 5 (SSD) and 8 (DSD). For the
lowest energy levels, the part of the total squared wave function residing in the barrier is 4.79%
(sample 5) and 2.36% (sample 8), which nicely shows the effect of centering on the probability
distribution of the wave function. Due to the small Al percentage in the barriers and the large
Dingle ratio, we evaluate the effect of alloy scattering being of minor importance. In fact, our
calculations confirm that the influence of alloy scattering is negligible in our samples.
At room temperature (RT), the sample shows a charge carrier density of 1.04 × 1012 cm−2
with a very high mobility of 58’000 cm2 /Vs, which is very close to the achievable bulk value
of roughly 77’000 cm2 /Vs and in range of the highest values reported [66]. Fig. 6.15 indicates
that the RT mobility of sample 8 is limited by the optical phonon branch. Since in the
transport model described by Davies [216] the effective mass and the QW width are the only
parameters defining τop which are sensitive to the design of the heterostructure, we assume
that for a well width of 23 nm the maximum possible RT mobility is nearly reached.
Perhaps the most remarkable realization from the analysis in this section 6.3 is, that the
2DEG performance of our high mobility samples seems not to be governed by dislocations
and their impact on transport, but by means of growth parameters for the active region. This
shows that the structural measures taken in this work to improve the crystal quality of the
QW were highly effective.

Chapter 7

Near-Surface InSb Quantum Wells
One of our motivations to grow near-surface InSb quantum well heterostructures is based
on recent and exciting findings of signs of the fundamental Majorana quasi-particle in high
spin-orbit coupling materials. It was suggested that a semiconductor material experiencing s-wave superconductivity induced by the proximity effect and exhibiting strong Zeeman
splitting hosts zero-energy Majorana fermion modes [217, 218]. Inspired by Oreg et al. [219]
and Lutchyn et al. [220], the observation of a magnetic field-induced zero-bias conductance
peak - one of the signatures for a zero-energy Majorana state - was demonstrated in InSb
nanowires [1, 2, 221]. Quantum computation could be performed in large-scale networks allowing the controlled manipulation of Majorana quasi-particles. However, it is most likely
that a top-down patterning approach is the key to pave the way for such a platform for
quantum information processing. This favors the implementation of heterostructures with
high-quality 2DEGs grown by MBE. Recent developments on InAs heterostructures showed
that the in-situ deposition of aluminum as a superconductor in the MBE system yields electrical transparency between the semiconductor and superconductor [222, 223, 224, 225], defying
diffusive scattering and information loss at the interface, and at the same time indicating
stable and strong uniform coupling between the two materials. Prerequisites to potentially
show Majorana zero-energy states are a high crystalline quality in the active region and
the absence of residual impurities. In this regard, an accompanying high electron mobility
serves as a benchmark indicator. This, in combination with smooth surfaces, creates a basis
for transparent interfaces between the semi- and superconductor at each point in a possible
large-scale network. With the knowledge gained from the previous chapters, we show that it
is possible to grow very high crystalline quality 2DEGs very close to the surface, which may
already meet expectations for such Majorana platforms on the basis of InSb QWs.
Besides the excitement around the Majorana physics connected to these hybrid superconductorsemiconductor devices, the coupling of a superconductor to a 2DEG creates many new research
and technological opportunities with fundamental aspects in mesoscopic superconductivity or
superconducting electronics. The proximity of the QW to the surface in itself additionally
facilitates the accessibility of the inherent carrier properties in InSb, thus providing a solid
structural basis to other interesting applications in semiconductor physics as is put forward in
the introduction of chapter 5. It is for these reasons that our interests are streamed towards
a successful implementation of near-surface InSb QWs.
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sample
9
10
11
12
13
14

surface distance t (nm)
140
90
50
25
15
0

ne (·1011 cm−2 )
3.29
2.08
1.29
2.81
na
2.97

µmax (·104 cm2 /Vs)
12.76
14.05
7.783
0.150
na
0.057

Table 7.1: Van der Pauw measurements of the ISSD samples series with a cap layer, grown on an
AlSb first intermediate buffer. The measurements took place at T = 1.3 K.

sample
15
16
17
18
19
20

surface distance t (nm)
140
90
50
25
15
5

ne (·1011 cm−2 )
3.25
2.65
2.34
2.61
2.43
2.86

µmax (·104 cm2 /Vs)
18.34
13.59
11.05
0.502
0.268
0.299

Table 7.2: Van der Pauw measurements of the ISSD samples series without a cap layer, grown on a
GaSb first intermediate buffer. The measurements took place at T = 1.3 K.

7.1

Inverted Structures

Implementing ISSD structures is most certainly the next step in successfully allowing electric
field induced interaction with the 2DEG, as we have already made the experience that it may
be the doping layer shielding our metal gate from the 2DEG charge carriers (cf. section 6.2.1).
In foresight of eventual Majorana devices, a screening layer between the 2DEG and the surface
would be detrimental as well.
The underlying idea of this section is therefore to investigate the transport properties when
continuously lowering the thickness t of the upper barrier in samples as shown in Fig. 5.1c.
We look at two different series of samples, with the difference between them being the incorporation or neglection of the InSb capping layer as well as the difference in first intermediate
buffer structure. While samples including the InSb cap were grown with the metamorphic
AlSb buffer (see Fig. 4.2), the samples having no cap were grown on the IMF buffer (cf.
Fig. 4.7). Sample growth specifics for the active region apart from t were kept unchanged,
i.e. d = 21 nm and s = 30 nm as well as a constant dopant strength. The according data of
van der Pauw measurements at T = 1.3 K is presented in Tabs. 7.1 and 7.2.
As t decreases and the influence of the surface gets larger, more and more electrons which
were intentionally introduced for the QW populate unoccupied surface states and contribute
to a decrease of ne . This effect is largest when decreasing t from 140 to 50 nm for both sample
series. Lowering t even further leaves the density roughly unchanged, however the impact
on µ is rather drastic. It experiences a veritable drop, which suggests that the disorder of
the imperfect surface influences the highly mobile channel in the QW dramatically. However,
the data for the ISSD series also confirms our findings from section 5.2.1 with the samples
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Sample
ne
µ
le
λF
dT D
LH
Rq(5×5)
Rq(0.85×0.85)

149
17
2.34 ·1011 cm−2
1.105 ·105 cm2 /Vs
0.882 µm
51.8 nm
1.043 µm
2.409 µm
3.399 nm
0.679 nm

Table 7.3: Structural and electronic characteristics of the ISSD sample 17 with the 2DEG residing
50 nm below the surface.

showing higher mobility when an IMF buffer is implemented. Even for the samples after the
mobility drop (18, 19 and 20), the crystalline quality of the surface appears to be better for
samples featuring the IMF buffer.
Combined with the fact that disorder potentials limiting the electron mobility are not of
structural nature in our samples (cf. section 6.3), the results above are highly interesting
in the prospect of Majorana physics specialized device fabrication. If brought closer to the
surface, the 2DEG’s performance and the potential of offering electrically transparent surfaces,
will thus not be affected by the defects in the crystal but more by the actual layer engineering
of the active region and the energy bands themselves, such that the electron wave function may
interact with a suitable superconducting material grown on top of the sample [223]. In fact,
with an AFM analysis for sample 17 (the characteristic data is displayed in Tab. 7.3), we can
show that the morphology of the sample does not affect the 2DEG. With le = 854 nm being
clearly shorter than the average distance dT D between the TDs and the Fermi wavelength
λF = 51.8 nm being a factor 46.5 smaller than the average hillock size LH , these possible
scattering potentials are again insignificant for the electron transport in the sample, hence
the very high mobility of 110’500 cm2 /Vs. The electron mean free path in sample 17 is
considerably larger than in typical high-mobility InSb nanowires [226, 227, 228]. We note
here that in windows with a side length of the order of le , sample 17 shows a very low rms
roughness of 0.679 nm.

7.1.1

Transport Analysis

A closer look at the magnetotransport data reveals the characteristics of the presented inverted
structure samples. The results of van der Pauw geometries measured at T = 1.3 K are
displayed in Fig. 7.1 for the two exemplary samples 11 and 20, which have a QW to InSb cap
distance of 50 nm and a QW to surface distance of 5 nm, respectively.
It becomes obvious that despite the relatively low mobility, sample 11 shows 2DEG behavior
nonetheless, by featuring oscillations in Rxx as well as plateaus in the Hall trace (see Fig. 7.1a).
However, the presence of two slopes in the Hall trace - i.e. a bend of Rxy towards higher
absolute magnetic field values - clearly indicates the influence of a second carrier channel. If
the distance to the surface is lowered further as is the case in sample 20, the electron transport

150

CHAPTER 7. NEAR-SURFACE INSB QUANTUM WELLS

(a) Sample 11

(b) Sample 20

Figure 7.1: Magnetotransport data of the ISSD samples 11 and 20, measured in van der Pauw
configuration at T = 1.3 K. Sample 11 with 50 nm distance between the quantum well and the InSb
cap still shows 2DEG behavior, while sample 20 with a very small distance of 5 nm between the QW
and the surface shows weak localization in the conducting system.

is dominated by the disordered surface (see Fig. 7.1b). The arising weak localization peak
at low magnetic fields supports the notion of the disordered surface contributing to diffusive
transport. Nevertheless, the start of clear oscillations in Rxx and steps in Rxy at large
magnetic fields indicate a 2DEG behavior of a low-mobility channel. All samples with larger
t than in sample 11 and smaller t than in sample 20 show respective similar behavior in the
magnetotransport data.
In collaboration with the group of Prof. Dr. K. Ensslin at ETH Zürich, a specialized top
gating technique used for InAs/GaSb coupled QWs [229, 230] using an 40 nm Al2 O3 dielectric material was successfully adapted to a variety of the ISSD InSb heterostructures at a
processing temperature not surpassing 150◦ C. The following presented data is the result of
measurements conducted at T = 1.7 K on a Hall bar of area size wH ·LH = 25·50 µm2 (sample
11) and wH · LH = 12.5 · 25 µm2 (sample 20).
The magnetotransport traces of sample 11 for a top gate DC voltage range of VT G =
[−0.8, 0.2] V are displayed in Fig. 7.2. By tuning the Fermi level with VT G , the interplay
between charge carrier depletion and accumulation in the highly conducting InSb channel
is visible. For large negative VT G , the InSb QW is mostly depleted and the measurement
represents a mix between transport properties of the well and the parallel channel. This finds
its true confirmation in the transverse resistance as well, which exhibits two slopes in the
trace. Once the gate voltage is increased and hereby the Fermi level raised, the QW gets
increasingly populated by electrons and develops clear evidence of the QHE accompanied by
SdH oscillations in Rxx .
With a two-band Drude model the densities and mobilities of both channels can be determined
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Figure 7.2: Magnetotransport data of sample 11 for a variety of top gate voltages VT G .
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(a) Gate-dependent electron density and mobility of the highly mobile channel in the InSb QW.

(b) Gate dependence of the low-mobility channel, originating from the first
subband in the QW.

Figure 7.3: Electron density and mobility of the two conducting channels in sample 11, deduced
from a two-band Drude model.
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for the complete gate range. The results are shown in Fig. 7.3 and reveal that a complete
pinch-off (i.e. n2 ≈ 0) of the high-mobility 2DEG channel is possible at VT G ≤ −0.95 V.
Replenishing the QW allows to reach a gate-induced mobility of µ2 = 2.5 · 105 cm2 /Vs. For
the second channel the electron density stays roughly constant at n1 ≈ 3 ·1011 cm−2 with very
low µ1 for a good part of the range. The spread in n1 and µ1 for VT G ≤ −0.80 V is a remnant
of the fitting process and the error bar contained in it (roughly 10%).
After establishing gate tunability
of the charge carrier density in
the QW to a complete pinch-off
of the highly conducting channel,
magnetic field dependent measurements allow for an investigation
on further parasitic channels. The
data of these measurements is displayed in Fig. 7.4 and shows a
nicely developed Landau fan over
the range of the top gate VT G and
magnetic field B. The longitudinal resistance ∆Rxx (retrieved after subtracting the background resistance) shows slight bending for
increasing VT G and ν. In supposition, this appearance can be attributed to an additional capacitance in the system which may arise
from the InSb cap layer present in
this device and is also seen in sim- Figure 7.4: Gate-dependent magnetotransport measurement of sample 11 showing a clearly visible Landau fan with
ilar devices with smaller 2DEG to
according filling factors ν.
gate distances [169]. Assigned with
numbers are the filling factors ν
which are deduced from the SdH data at VT G = 0.25 V with Eq. 2.70 and are shown in
Fig. 7.5. The onset of Zeeman spin-splitting starts for ν = 13 at B ≈ 1 T.
For measurements reaching out to even larger gate ranges and magnetic fields (cf. Fig. 7.6),
the emergence of a shifted second Landau fan gets visible which suggests either a double
subband system in the QW to be present in this sample or a second channel located outside
of the QW. Capacitance evaluations are currently being carried out to affirmatively attribute
the two densities n1 and n2 .
The same two-channel analysis is done for sample 20 which has no InSb cap and a remarkably
close distance of 5 nm between the QW and the In0.9 Al0.1 Sb surface. The data is shown in
Figs. 7.7 and 7.8. A similar behavior to the one of sample 11 is observable. In the gate
range of VT G = [−0.25, 0.55] V, oscillations for the replenishing gate mode can be seen in
the longitudinal resistance, whereas a secondary channel reveals itself with two slopes in
the Hall trace in depletion mode. From the analysis of the mobility and density of the two
channels it becomes clear that the high-mobility channel in the QW can be fully pinched off,
whereas the carrier density of the secondary channel remains roughly constant for the full gate
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Figure 7.5: Magnetotransport measurement of sample 11 with an applied top gate voltage of VT G =
0.25 V. The filling factors are indicated by arrows.

Figure 7.6: Second measurement of the gate-dependent magnetotransport of sample 11 with a wider
gate and magnetic field range, indicating the presence of two conducting systems in the InSb QW.
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Figure 7.7: Magnetotransport data of sample 20 for a variety of top gate voltages VT G .
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(a) Gate-dependent electron density and mobility of the InSb QW.

(b) Gate dependence of the low-mobility parallel channel.

Figure 7.8: Electron density and mobility of the two conducting channels in sample 20, deduced
from a two-band Drude model.
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Figure 7.9: Gate-dependent magnetotransport measurement of sample 20 showing linear behavior
of the Landau fan in dRxx /dVT G . According filling factors ν are highlighted with dashed lines.

range. The maximum gate-induced mobility for sample 20 saturates at µ2 = 6 ·104 cm2 /Vs
which is the largest to be reported for a near-surface InSb QW at this distance of t = 5 nm.
This saturation with increasing top gate voltage (i.e. increasing mobility) may be caused
by interface roughness scattering or boundary scattering, or a combination of both. Similar
boundary effects arising from the narrow restriction of the Hall bar geometry are also seen in
InAs QWs grown in our group [9].
A clear spike-like feature in Rxx at zero magnetic field (Fig. 7.7) reveals the emergence of
a weak localization peak (cf. section 2.2.5). This phenomenon is again attributed to the
proximity of the QW to the sample’s edge and the accompanying enhanced diffusive transport
that results from disorder potentials located at the surface (cf. Fig. 7.1b). The observant eye
may also recognize a weak localization peak in sample 11 for VT G = −0.8 V, which is visible
in Fig. 7.2.
Unlike sample 11, the near-surface QW in sample 20 shows a clearly linear Landau fan, as is
depicted in Fig. 7.9. It thus fortifies our presumption of an additional capacitance originating
from the capping layer in sample 11. For better data visualization the derivative dRxx /dVT G is
considered, effectively pinning the filling factors to the edge of the fringes. Quite remarkably,
the Zeeman spin splitting can already be detected at a filling factor of ν = 7 (cf. Fig. 7.10)
despite the considerably reduced mobility of the near-surface QW. It is however not visible
in the Landau fan due to the faintness of this feature.
An additional measurement of a wider gate and magnetic field range of sample 20, reveals a
second Landau fan which is shifted parallel to the former towards larger negative VT G (see
Fig. 7.11). Although its immediate appearance and the supporting fact of a positive slope
in Rxx for VT G = −0.25 V and magnetic fields strengths of 0.1 < B < 2.5 (Fig. 7.7) may
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Figure 7.10: Magnetotransport measurement of sample 20 with an applied top gate voltage of
VT G = 0.55 V. The filling factors are indicated by arrows.

Figure 7.11: Additional gate-dependent magnetotransport measurement of sample 20 with a wider
gate and magnetic field range, indicating the presence of two conducting channels in the structure
through a shifted Landau fan. The filling factors are assigned from Fig. 7.10.
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lead to the presumption that it originates from a second subband within the QW, careful
examination of the slopes corresponding to equal filling factors ν of the two systems, and
a more detailed investigation on the present capacitances in the sample, suggest a spatially
separated two-dimensional electron system in sample 20. Figure 7.7 portends this finding
with the beginning of oscillations in Rxx in depletion mode of the gate. We attribute the
second channel to be located in the Si doping plane. The relatively stable carrier density n1
shown in Fig. 7.8 further supports our findings. We note again, that the fitting model has
its limitations due to the incorporated multiplications of densities and mobilities, leading to
a relatively large error of 10%. Where we trust the values for n2 and µ2 , the values for the
secondary channel should be treated with suspicion. Further investigation on this matter is
still being carried out momentarily.
With µ2 and n2 retrieved from the magnetotransport measurements, the mean free paths in
full enrichment mode of the gate can be calculated according to Eq. 2.24 to be at a very
high 2.252 µm for sample 11 and 705 nm for sample 20. The results presented here for the
near-surface quantum wells are comparable or (although field-induced) exceed values found
in high-mobility InSb nanowires [226, 227].

7.1.2

Effective Mass and Effective g-Factor

A method to extract the effective mass m∗ through cyclotron resonance measurements was
already encountered in section 6.2.2. Deviations from the thereof resulting mass to the effective electron mass extracted from temperature-dependent magnetotransport measurements is
not a rarity. We therefore outline the retrieval of m∗ from the second method here.
At low magnetic fields, the shape of the SdH oscillations in ρxx is given by [27, 63, 200, 231,
232, 233]



m∗
hn
χ(T )
−π/(ωc τq )
ρxx (B, T ) = 2
cos 2π
,
(7.1)
1 − 4e
ne τ0
sinh (χ(T ))
2eB
where χ(T ) := 2π 2 kB T /~ωc , τ0 being the scattering rate for B = 0 and τq the quantum
scattering rate (see section 2.2.5). With this, the envelope function of the oscillations is
∆ρxx
χ(T )
= ± 4e−π/(ωc τq )
=: ± 4e−π/(ωc τq ) f (B, T ) .
ρ̄xx
sinh (χ(T ))
We have encountered this expression before by Eq. 6.8 to fit the Dingle plot with


∆ρxx
1
πm∗ 1
ln
+ const .
=−
ρ̄xx f (B, T )
|e|τq B

(7.2)

(7.3)

In principle, m∗ should be depending on the electron density, since the dispersion relation of
InSb is non-parabolic (Fig. 2.8b). Measurements of the longitudinal resistance oscillations for
a range of gate voltages (hence varying density) and temperatures yield m∗ when following
a method outlined by Braña et al. [234]. A very accurate determination also follows from
measurements of the temperature-dependent factor f (B, T ) in Eq. 7.2 at low magnetic fields.
Then, the only unknown parameter left is m∗ which is hidden in ωc (Eq. 6.1). Equation 7.2
can be rearranged to



 2

∆ρxx
2π kB me m∗
= − ln sinh
T
+ const .
(7.4)
ln
T
~e
B
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(a)

(b)

Figure 7.12: (a) Temperature-dependent magnetotransport data for a range of 1.3 K to 15 K for
sample 11. (b) ∆Rxx after background removal and normalization.

The slowly varying background ρ̄xx is determined by fitting a high order polynomial to the
temperature-dependent data shown in Fig. 7.12a. The temperature range measured here has
been between 1.3 K and 15 K. Once subtracted from the data and normalized with R̄xx , ∆Rxx
takes the form as shown in Fig. 7.12b for the low magnetic field range. It is now possible to
extract m∗ for sample 11 by fitting to the low field data for individual values of B according
to Eq. 7.4, which is shown in Fig. 7.13a [235]. m∗ converges to a value of 0.0196 me as
peaks of lower and lower B are chosen for the fit (Fig. 7.13b). The analysis of even lower
peaks in ∆Rxx proves to be difficult for the set of data obtained from the measurement, due to
increasingly smaller oscillation peaks being overcast by noise of the signal. The value for m∗ is
notably smaller from the roughly 0.025 me that was determined from the cyclotron resonance
measurements. These values increasingly converge towards the bulk value of 0.0135 me [37].
With the fitted m∗ we can now estimate g ∗ according to Eq. 6.3. Analyzing the oscillations
in the low magnetic field area (Fig. 7.14) shows a broadening of the Landau level at ν = 16
and a Zeeman spin splitting at ν = 9. This yields a very large |g ∗ | = 59.2, implicating that
the bulk value of |g| = 51 [185] is virtually reached. Explaining the larger value of g ∗ attained
here through exchange enhancement [236] is impermissible due to the large values of ν, at
which exchange interactions of spins cannot be dominating.
The presented results in this section 7.1 are quite remarkable. To the best of our knowledge,
larger values for µ and g ∗ , as well as nearly bulk values for m∗ in these types of InSb QWs
have not been reported up to date. It is a further confirmation that the growth procedures
allow to almost fully access the bulk properties of InSb with the near-surface, narrow QWs.

7.2

Superconducting Coupling to InSb Quantum Wells

With the intention of showing the superconductor-semiconductor (Sem) coupling capabilities of our InSb heterostructures, we take advantage of the high-quality near-surface ISSD
quantum wells and are on route with fabrication of mesoscopic devices towards the quan-
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Figure 7.13: (a) Fitting of m∗ for sample 11 according to Eq. 7.4. (b) 1/B dependence of the effective
mass.

Figure 7.14: ∆Rxx after background removal and normalization, showing the onset of Landau level
and spin splitting.
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tum regime. Fully aware that in-situ deposition of a SC is highly beneficial for electrical
transparency of the interface [223, 237], we had to redispose to ex-situ deposition of the superconducting material onto already grown samples, due to the problems encountered with
the MBE setup (described in section 6.1).
The common III-V materials loaded into our MBE system suggest aluminum to provide the swave superconductivity. Not least because of preliminary results found in our group of purely
MBE-deposited indium on top of InAs and GaSb heterostructures, revealing disconnected
patches and islands due to the high surface mobility of indium. This puts an extra difficulty
on the growth process of a continuous superconducting film with this material, which was not
encountered with MBE-grown aluminum films over the course of this work.

7.2.1

Devices

From a large variety of different types, the two main devices used here are schematically
shown in Fig. 7.15. One consists of a 5 × 5 mm2 square sample piece with a 1 × 5 mm2 thin
Al stripe of roughly 200 nm thickness, which is deposited by electron-beam physical vapor
deposition (EBPVD) and shown in yellow in Fig. 7.15a.
The second type of sample is chemically etched after a photolithographical step in such
way, that a thin stripe of 2DEG material remains, as is depicted by the dark gray line in
Fig. 7.15b. The etching process stops well below the silicon doping layer, thus denying any
cross-talk opportunity through this (though poorly) conductive layer. Now, Si3 Ni4 patches
are evaporated on both edges of the QW stripe, as is shown in the microscope picture in
Fig. 7.16. A thin Al stripe of 200 nm thickness is evaporated by EBPVD to lie vertically to
the 2DEG stripe, as is schematically shown in yellow in Fig. 7.15b. With the Si3 Ni4 patches,
the direct connection between the 2DEG and the SC is prevented, hence directing events
towards tunneling of electrons through the upper barrier (Fig. 7.16b). The connection areas
of the SC and the In0.9 Al0.1 Sb barrier of these samples range from 25×25 µm2 to 200×200 µm2
in alternate double-sizing of the stripe widths.

7.2.2

Establishing Superconducting Thin Films on InSb Heterostructures

Due to the use of the EBPVD process which is most likely inferior to in-situ grown Al [223],
it cannot be taken for granted that the deposited Al is of high enough crystalline quality at
the SC-Sem interface - i.e. if it does grow crystalline at all - to become superconducting at
low temperatures. We have therefore measured a four-point configuration (Fig. 7.15a) on a
stripe to detect the superconducting phase transition of the Al at cryogenic temperatures.
Devices in this configuration were processed for the full range of near-surface InSb QWs with
InSb cap (samples 9 through 14, cf. Tab. 7.1). The connection to the SC is established by
carefully pressing In droplets on top of it (green dots) and attaching gold wires to the sample
holder pins (blue dots).
A constant current I = 1 µA is driven through the Al stripe and the according resistance
is measured as a function of temperature. The results are shown in Fig. 7.17 for the ISSD
samples. We observe that the finite resistance in the Al layer vanishes in all samples for
decreasing T , which confirms a successful deposition of at least partially crystalline Al with
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Figure 7.15: Schematic top view of the measurement configurations for two different types of hybrid
SC-Sem devices used for our near surface ISSD InSb QWs. (a) A single stripe of Al (yellow) with a
thickness of roughly 200 nm on a square piece sample. (b) An etched stripe of QW material (dark
gray) with a stripe of Al (thickness 200 nm) in a cross-like arrangement.

(b)

(a)

Figure 7.16: Microscope images of the cross-like hybrid SC-Sem sample type. (a) Grid-like arrangement of different SC-Sem connection areas. The SC stripe is highlighted from top to bottom
(here, 100 µm wide). Si3 Ni4 patches beneath the SC are shaded dark and of rectangular type. Indium
droplets with gold wires connect the 2DEG stripes, as seen on the right-hand side of the Al stripe (in
this case: bottom 25 µm and top 50 µm wide). (b) Schematic illustration of the device in side view.
The Si3 Ni4 patches prevent a direct contact between the aluminum and the 2DEG.
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Figure 7.17: The resistance measured through the Al stripe as shown in Fig. 7.15a as a function of
temperature T .

the EBPVD process. The critical temperature Tc at which the resistance drop appears, varies
for the different samples and is clearly above the Al bulk Tc = 1.175 K. Such variation in
Tc may occur from the extent of granularity in the Al film [238], in which different patches
exhibit different critical temperatures resulting in a higher average Tc for the film. Another
source may originate from unintended oxygen implantation into the thin film, which is also
capable of increasing Tc for Al. It is well possible that such mechanisms are at play here, since
the vacuum quality of the EBPVD system used for the SC deposition is of inferior purity than
the one in an MBE system, in addition to a frequent practice of oxygen-enriched deposition
of a variety of metals. The steepness of the drop can vary not only for different thicknesses
of the layer, but also for different strengths of applied currents [239].
Peculiar is the seemingly strong dependency of the thin film’s resistance with the distance
t to the QW at temperatures above the sample specific Tc . For decreasing t the resistance
abates continuously, suggesting an incremental influence of a conducting layer in the InSb
heterostructure. The conjecture that a simple picture of a parallel conducting channel (i.e.
parallel to the SC) with an intrinsic resistance be responsible for this emergence is unlikely
ratified. This is due to the negligibility of the sheet resistances exhibited in the QWs (between
102 and 104 Ω for decreasing t) when adding up their inverse values with the one of the SC
to a total resistance. For this picture we have assumed the roughly 3 Ω SC resistance of the
t = 140 nm sample to act as reference for scaling.
To explain the appearance with a plate capacitor model, in which the silicon layer and the Al
each represent a plate of opposite polarity, is also not possible. The amount of charge carriers
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given by the doping layer is heavily overcast by the charge carriers offered in the Al, which
creates a high imbalance between the two fictional plates and hence makes contemplations in
this regard futile.
It is still an open question on how the relation between the resistance in the SC and the
thickness of the upper barrier material comes about. Nonetheless, the experiment shows that
indeed superconducting aluminum of sufficient quality can be deposited on to the surface of
InSb heterostructures by EBPVD.

7.2.3

Superconducting Tunneling

Our main interest now lies in investigating the coupling capability between the SC and the
InSb QW in dependence of the distance t to the surface. Having successfully implemented
a superconducting thin film on top of the InSb heterostructure encourages to proceed with
samples of smaller size. The influence of the InSb cap layer used in samples 9 through 14 is
relatively difficult to deduce from the data presented so far. Accounting for the above, we
have therefore fabricated cross-like devices which are shown in Fig. 7.15b from samples 15
through 20, i.e. without the Al oxidization-preventing InSb cap. The QWs are contacted
with a standard In solder, whereas the contact to the SC is made with a In wire bond (red
dots in Fig. 7.15b).
Antecedent to the following presentation of results, we note that samples with connection
areas of 100 × 50 µm2 (Al width × 2DEG width) were successfully measured for samples 19
and 20. Due to the immediacy of the topic of this chapter, we concentrate on these results.
The I − V curves for samples 19 and 20 in the measurement arrangement indicated in the
sketch are displayed in Fig. 7.18. At T = 250 mK and B⊥ = 0 mT perpendicular magnetic
field a clear signature of a superconducting gap can be observed, which is expressed through
a suppression of the tunneling current It for |V19 | < 91 µV and |V20 | < 105 µV, according
to the sample names. Increasing B⊥ yields a flattening of the tunneling current It and a
critical magnetic field of about Bc = 4 mT can be found for both samples. At a temperature
of T = 1.89 K > Tc the expected ohmic behavior sets in for both samples. The breakup
of the energy gap through either a magnetic field or increased temperature earmarks the
superconducting tunneling, as is outlined in section 2.4.
Fitting the curve to Eq. 2.87 (Fig. 7.19) in the tunneling
as well as the ohmic regime yields the energy gap ∆ in
sample ∆ (µeV) Rt (kΩ)
the DOS and the tunneling resistance Rt between the SC
19
91
4.51
and InSb QW (see Tab. 7.4). This is better visualized in
20
105
3.64
the differential current dIt /dV where ∆ can be deduced
from the nicely forming valley (half of peak-to-peak mea- Table 7.4: Energy gap ∆ and tunnelsurement). Figure 7.20 shows the conductance G in units ing resistance for the SC-Sem hybrid
of 2e2 /h for the derivative of the data in Fig. 7.19 (solid samples 19 and 20.
line) as well as for the fit (dashed lines).
The apparent non-zero subgap tunneling conductance (cf. Fig. 7.20 in between the peaks)
can be attributed to disorder - i.e. scattering - at the Sem-SC interface or in between the
QW and the SC. It can be modeled by a repulsive potential Hδ(z) and the thereof following
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(a) Sample 19

(b) Sample 20

Figure 7.18: Tunneling currents It for samples 19 and 20 in dependence of the voltage at different
perpendicular magnetic fields measured at T = 250 mK (solid lines) and at a temperature T = 1.89 K >
Tc (dashed line). The measurement configuration is displayed in Fig. 7.15b.
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(a) Sample 19

(b) Sample 20

Figure 7.19: Fitting of the superconducting tunneling current It to Eq. 2.87 (yellow dashes) as well
as an ohmic fit (red dashes).
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(a) Sample 19

(b) Sample 20

Figure 7.20: Derivative dIt /dV of the measured tunneling data presented in Fig. 7.19 (black solid
line) as well as of the fit (yellow solid line).
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dimensionless barrier strength Z = kF H/2EF [240]. The dependence of the shape of the
It − V and especially the dIt /dV curves on Z is significant. If Z is large, the curves resemble
a tunneling junction in which states within the energy gap are absent and essentially SC-Sem
tunneling is possible. For decreasing Z, the gap softens until the tunneling regime is left and
a broad differential conductance peak within the superconducting gap forms.
The origin of the disorder potential can be from an oxidized layer at the interface, which in
our case is well possible due to the ex-situ deposition of the SC and the therefore possible
oxidization of the sample surface during handling, or from inhomogeneities at the SC-Sem
connection area. The deviation of the shape of the curves from the predictions of the BCStheory at eV . ∆ can additionally originate from a disordered superconducting film within
the semiconductor heterostructure (for example in the 2DEG). It can be induced by the
proximity of the Al SC which broadens the coherence peaks [241], or by a weak coupling
between the SC and the 2DEG [242]. A contribution to the coherence peak broadening of an
inimical acting superconducting film stemming from the silicon doping layer is rather unlikely.
Silicon is only known to host superconducting states if it is doped with boron [243, 244], at
high pressures [74] or in the form of silicene [245].
Known to act adversely in nanowires as well [242, 246], the subgap tunneling effect was notably
reduced when an epitaxial deposition of the SC was introduced [247]. Recent experiments on
in-situ deposited Al on InAs/InGaAs QWs are able to show a low disorder at the SC-Sem
interface with a nearly vanishing conductance and a therefore forming hard energy gap [237].
The nearly perfect interface at the transition in these 2D structures leads to its electrical
transparency, hence Z is no longer dominated by the disorder at the interface, but by the
engineering of the barrier strength in the heterostructure.
This gives rise to some implications on the results exerted by our devices. On the one hand,
disorder at the interface is still present such that there is a non-zero contribution to the
conduction of states within the energy gap, implying the presence of possible quasi-particle
excitations which leads to decoherence of the superconducting state. This insinuates that the
device is not operating in the extreme tunneling limit. On the other hand, the SC-Sem interface is sufficiently transparent to allow a certain degree of coherence of the superconducting
state, indicating that the nature of Z is dominated by the actual In0.9 Al0.1 Sb barrier strength.
More importantly though, the results also confirm that the disorder within the crystal - for
example from threading crystal defects, cf. section 3.2.5 - is very low, for the superconducting
tunneling gap would otherwise be absent. Consequently, the emergence of the phenomenon
in our samples emphasizes that our InSb QW heterostructures are qualitatively suited for
Majorana favorable devices.
A certain ambiguity concerning the nature of the superconducting gap arises for the experimental measurement setup presented here. Whether the distinct differential conductance
feature is a manifestation of proximity-induced superconductivity in the QW or solely a result of probing the energy gap of the SC with the aid of the semiconductor is difficult to
deduce. This advertises the implementation micro-restriction acting as a tunneling probe,
which could confirm persistent Andreev reflection while operating the device in the tunneling
as well as the one-channel regime [237]. Attributed to the ex-situ processing of our devices,
the energy gap of between 91 and 105 eV is smaller in comparison to samples with similar
purpose [237], in which induced gaps of roughly ∆∗ = 190 µeV are reached. The small magnitude of ∆ could as well be an indication that the proximity of the Al nonetheless imposes
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sample
11
19
20

t
(nm)
50
15
5

ne
cm−2 )
3.08
(2.34)
4.94

(·1011

µmax
cm2 /Vs)
2.459
(1.11)
0.608

(·105

le
(µm)
2.252
0.882
0.705

m∗
(me )
0.019
-

|g ∗ |
59.2
-

Bc
(mT)
4
4

∆
(µeV)
91
105

Table 7.5: Summary of interesting parameters for Majorana physics of the near-surface ISSD InSb
QW samples.

superconductivity in the QW in our devices. An additional factor that can influence the width
of our gap in comparison to literature is the knowledge of the dependency of the energy gap
on the sheet thickness of the SC [248], where for increasing thickness of the Al, ∆ may become
smaller. Our SC thickness is a notable factor of 20 larger compared to the one presented in
the InAs/InGaAs devices [237].
One vital requirement for the topological regime necessary for Majorana physics in a SC-Sem
hybrid device is gµB Bc > ∆, while the superconducting gap remains open [237]. This condition is unreachable in the devices presented here due to the exerted critical magnetic field
of merely 4 mT, although g ∗ for our near-surface samples approach the bulk value (cf. section 7.1.2). In-plane measurement results of our samples do not exist and can unfortunately
not be carried out anymore, due to the long-term instability of the devices. When directly
depositing Al onto InAlSb, the antimony diffuses to form a large-gap AlSb layer at the interface, posing an impenetrable potential barrier Z to the charge carriers. This process could
be inhibited with the deposition of an additional few monolayers of a more stable material,
e.g. arsenic.
A summary of the interesting parameters for Majorana physics achieved in our near-surface
ISSD samples is shown in Tab. 7.5.

Chapter 8

Conclusions and Outlook
Buffer and Barrier Analysis
Owing to the shortcoming of both lattice-matched and insulating InSb substrates of adequate
crystal quality, the implementation of metamorphic buffers becomes a necessity when growing
on high-quality GaAs and GaSb substrates to hamper the formation and propagation of
defects and threading dislocations. We therefore thoroughly investigated a large range of
complex buffer systems for InSb-based heterostructures and analyzed their different effects on
the performance quality of the 2DEG. When growing on GaAs substrates, the investigation
is divided into two parts due to the complexity of the system. A first intermediate buffer
system allows overcoming the lattice constant mismatch between GaAs and the 6.1 Å family
of semiconductor materials (GaSb, AlSb and InAs) and a second intermediate buffer system
covers the leap to the lattice constant of InSb.
We found that when growing on GaAs substrates, an IMF transition to GaSb instead of a
standardly used low temperature transition for InSb QW heterostructures to AlSb, leads to
a noticeable reduction of threading dislocations and hillocks by roughly a factor of 2. The
surface roughness and therefore also the QW interface roughness can be reduced by more than
22% when resorting to GaSb. As a result, our InSb QWs grown early during the campaign
have developed a clear 2DEG behavior, which is expressed through periodic oscillations in
the magnetotransport measurements, as well as a higher electron mobility.
The investigation on a range of second intermediate buffer systems by TEM and XRD revealed, that an In0.7 Al0.3 Sb/In0.9 Al0.1 Sb interlayer design grown at 350◦ C with a low temperature IMF transition to In0.7 Al0.3 Sb at 300◦ C in a c(4 × 4) surface reconstruction mode yields
the crystallographic best results. Like this, a further threading dislocation density reduction can be achieved, hence improving the QW crystal quality notably which is additionally
confirmed by periodic reflection fringes in the performed XRD measurements. The strain
resulting from the lattice mismatch between the In0.9 Al0.1 Sb barrier and the InSb QW leads
to a relaxation of roughly 90% for QWs of 21 nm thickness. With an aluminum content of
10% using symmetric In1−x Alx Sb barriers, spacer widths of s = 30 nm and QW thicknesses
of d = 23 nm the best 2DEG performance was achieved.
Implementing GaSb substrates and structurally investigating the samples by AFM revealed
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that the mobility limitations are no longer determined by the first intermediate buffer, but
rather by the design and growth quality of the second intermediate buffer. The advantage
of using GaSb instead of GaAs substrates in addition to shorter growth times and higher
electron mobility, lies within the reduction of the surface roughness by about 18% to a low
rms roughness of Rq = 2.844 nm, which is of interest for high-quality device fabrication.

High-Mobility Samples
The highest-quality samples were achieved with the insights gained from the buffer optimization process and from adjustments made in the active region of structures exhibiting
well developed transport features. Single-side δ-doped samples reached electron mobilities of
µ = 2.30 ·105 cm2 /Vs at a density of ne = 3.05 ·1011 cm−2 when grown on GaAs substrates
and µ = 2.39 ·105 cm2 /Vs with ne = 4.00 ·1011 cm−2 for exact replicas of the second intermediate buffer and active region grown on GaSb substrates. With a double-side δ-doping profile
we were able to increase the low magnetic field mobility to µ = 3.49 ·105 cm2 /Vs at a density
of ne = 4.90 ·1011 cm−2 which is the second highest to be reported for any InSb QW up to
date. This high mobility was achievable because of an increase of the width of the QW from
21 nm to 23 nm. A further increase of the thickness exposed no improved transport characteristics. In room temperature van der Pauw measurements, a mobility of µ = 580 000 cm2 /Vs
at an electron density of 1.04 · 1012 cm−2 is achieved, which approaches the bulk value of
77’000 cm2 /Vs.
These high-mobility samples show nicely quantized Hall plateaus at zero longitudinal resistance and Shubnikov-de Haas oscillations up to filling factors of ν = 58. Spin splitting at a
high filling factor of ν = 25 is indicative of the electrons in the InSb QW exhibiting strong
spin-orbit coupling. By analyzing the SdH oscillations and applying a simple approximation,
we derive a very large effective g-factor in the range of |g ∗ | = 38.4 and 49.9, which portends that our samples approach bulk values for g ∗ in InSb. To get these values, cyclotron
resonance measurements of the effective mass were conducted, yielding figures of between
m∗ = 0.0226 me and 0.0254 me . From these measurements, we have extracted the cyclotron
resonance decay time τcr to be between 1.46 and 1.79 ps. It is a strong indicator that our
samples suffer from disorder potentials. With the parameters retrieved from the transport
and cyclotron results, we have estimated the Landau level broadening Γ to be in the range
of 1.7 to 3.4 meV. As Γ is very responsive to the potential landscape of a sample, which is
determined by a combination of factors like the QW width as well as the doping scheme, the
large values exhibited reflect the growth challenges encountered when growing InSb QWs.
We have hence investigated the scattering mechanisms in our samples more closely and found
that the main limitation for the electron mobility is not caused by crystal defects, but more
probably by ionized impurities remote to the QW, which are located in the doping layer.
With the fitted quantum lifetime τq = 0.12 ps and the transport lifetime τtr = 4.43 ps from the
magnetotransport measurements, a Dingle ratio of approximately 38 supports these findings.
This concludes that the 2DEG performance of our high-mobility samples seems to be governed
by the buffer growth no longer, but by means of very well controllable growth parameters for
the active region.
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Near-Surface Quantum Wells
By designing inverted δ-doped QWs with highly optimized buffers, we were able to grow highquality QWs as close as 5 nm to the surface. Decreasing the distance between the 2DEG and
the surface causes the charge carriers to get weakly localized as a consequence of the increasing
influence of surface disorder. The conducted transport analysis of Hall bars fabricated from
these near-surface samples indicates the presence of two active subbands, of which we are
able to pinch off the high-mobility channel.
Gate-induced mobilities of µ50 = 2.5 ·105 cm2 /Vs at an electron density of ne = 3.1 ·1011 cm−2
for a 2DEG residing 50 nm below the surface and µ5 = 6.0 ·104 cm2 /Vs at ne = 4.9 ·1011 cm−2
for a 2DEG being only 5 nm beneath the surface are reached. These are the highest to be
reported for this type of InSb heterostructure up to date. We have encountered an additional
capacitance expressed through a bending of the Landau fans for samples with an InSb cap.
The Landau fan of the 5 nm sample is unequivocally linear.
We inferred the electron effective mass from temperature-dependent magnetotransport measurements for a sample with the 2DEG being 50 nm from the surface to be 0.0196 me , which
is progressively approaching the bulk value of 0.0135 me . With the analysis of the Landau
and Zeeman energy broadening, an effective |g ∗ | = 59.2 can be estimated, implying that the
bulk value of 50 is basically reached.
We additionally conducted experiments, which feature superconductor-semiconductor hybrid
devices and are able to show that aluminum deposited by ex-situ EBPVD leads to high-quality
superconducting films. With a special device design fabricated on samples with 2DEG-tosurface distances of 5 and 15 nm, SC-Sem tunneling experiments clearly indicate coupling
between the two by exerting characteristic I −V and differential conductance superconducting
tunneling behavior. Critical magnetic fields of up to 4 mT are thereby measurable. By fitting
the tunneling curves we obtained a superconducting energy gap of between 91 and 105 meV.
The low values of both, critical magnetic field and tunneling gap, as well as the deviations in
shape of the observed measurement curves to the theoretically expected, are traced back to
the disorder at the interface that follows from the ex-situ EBPVD deposition in comparison
to in-situ MBE deposition of the superconductor. Mean free paths of 705 nm and above
are associated to these samples, which is well in range of modern InSb nanowire and InAs
near-surface devices.

Concluding Remarks and Outlook
In this work we were able to fabricate very high crystalline quality InSb QWs grown by MBE
and unveiled factors that limit their performance. Probably the most important realization
is, that the optimized buffer and barrier designs we present determine electron transport limitations no longer by structural means, but by means of the band alignment of the active
region and thus a well controllable layer design. It corroborates the successful implementation of the chosen buffer strategy. This result was mainly achieved because of abidingly
keeping the design of the active region more or less unchanged during the optimization process. Prospectively, a more in-depth investigation on the growth parameters which influence
the QW performance is hereby motivated, if the goal is solely to realize high mobility. From
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a structural point of view, the material transition between GaSb and InAlSb still has great
potential for optimization. This is extremely interesting for device fabrication, since the general roughness for subsequent layers is determined at the transition. We also advertise further
investigation on the InGaSb second intermediate buffer design as an alternative to InAlSb.
The fact that only one element has to be added to GaSb seems promising for optimizing
material transitions.
Experimental tunneling results presented with the superconductor-semiconductor hybrid devices have to be put into the perspective of a preliminary step on the endeavor towards
processing of small restrictions and devices based on InSb QWs, which ultimately shall be
capable to evoke and manipulate Majorana zero-modes on a large scale. An in-situ deposition of the superconducting aluminum is advertised in this respect as a result of the data and
discussion presented in the chapter. Nevertheless, by means of a simple tunneling experiment
we are able to show that there is a clear response between the 2DEG and the superconductor
due to the latter’s proximity to the InSb QW, even when depositing the superconductor by
EBPVD. More importantly, differential conductance measurements indicate that even the
ex-situ EBPVD processing of the hybrid device leads to electrically transparent interfaces.
Quite strikingly, we showed that the electrons in the near-surface InSb QWs exhibit far more
extreme properties and that the crystal quality is superior in comparison to InSb nanowires
and InAs near-surface QWs. These results motivate that the near-surface QWs are eligible
for larger scale contiguous and coherent Majorana networks of high-performing devices and
are becoming increasingly competitive to other pioneering material systems.
The extreme properties exhibited by the various InSb QW heterostructures grown in this
thesis advertise to push the frontiers of common semiconductor devices even further and
to conduct research on more fundamental phenomena in physics. For example in effects of
electron-spin-resonance or spin-polarization, as is currently done by our collaborators.
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ETH Zürich
• Transmission electron microscopy, Dr. Eszter Barthazy, ScopeM - Scientific Center for
Optical and Electron Microscopy (ScopeM), ETH Zürich
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